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Dissertation Director:

Dr. Rachel Somerville

We study the evolution of cold gas in distant galaxies by analyzing observations, semi-
analytic models (SAMs), and simulations of star-forming galaxies (SFGs) and damped Ly«
absorption systems (DLAs). First, we present individual and composite rest-frame ultravi-
olet (UV) spectra for 81 SFGs where we study the relations among Ly« emission, low and
high ionization absorption strength, rest-ultraviolet continuum slope, redshift, and velocity
offset. We find that galaxies with R < 25.5 and W,y > 20A have bluer UV continua, weaker
low-ionization interstellar absorption lines, weaker C IV absorption, and stronger Si II neb-
ular emission than those with Wi, < 20A. Next, we present our range of models which
include “standard,” “extended,” and merger-based disks as well as a metallicity-dependent
and pressure-based prescription for partitioning cold gas into atomic and molecular compo-
nents. Using these models, we “observe” a catalog of mock DLAs, which we compare to
observations. We find that extended disk models reproduce quite well the column density
distribution of absorbers over the column density range 19 < log Ny < 22.5, the observed
line density of DLLAs, Hr gas density, the Av distribution in the redshift range 2 < z < 3.5,
and the evolution of DLA metallicity with redshift. Using these models, we characterize the

properties of DLA host galaxies and compare them to model SFGs “observed” in the SAMs.
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We show that DLA host galaxies exhibit a broad range of galaxy properties spanning several
decades in stellar mass, star formation rate, and luminosity and fall upon common galaxy
scaling relations. Finally, we analyze the radial profiles and evolution of 15 galaxies in
numerical simulations and compare them to predictions from the SAMs. Galaxies’ cold gas
and stellar components are moderately well-fit by exponential profiles, although both gas
partitioning recipes predict more molecular gas and less star formation than is observed in
the numerical simulations. Nonetheless, both types of simulations predict similar evolution

in galaxy properties from z =2 to z = 0.
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Chapter 1

Introduction

1.1 Galaxy Formation

Galaxy formation is the process through which density fluctuations in the post-inflation
universe became the galaxies observed today. First, quantum fluctuations were magnified
by inflation, creating macroscopic density fluctuations. After inflation, baryonic matter and
radiation were coupled so that acoustic oscillations were prevented from growing in ampli-
tude, making it impossible for the first protogalaxies to collapse. The primordial universe
continued to expand and cool until neutral hydrogen atoms formed, causing matter and
radiation to decouple, allowing photons to travel freely. This decoupling occured 380,000
years after the Big Bang and caused the Jeans mass, the threshold for which an overdensity
will collapse, to drastically decrease, allowing the first dark matter overdensities to con-
dense (Coles & Lucchin 2002). Dark matter consists of noninteracting particles that are
unaffected by internal pressure due to heating, which resulted in them being the first to
collapse and form gravitationally bound structures. The gas interior to these dark matter
potentials radiatively cooled and collapsed, falling into the cental regions of the galaxy. This
gas held the same specific angular momentum as its dark matter halo. While collapsing,
conservation of angular momentum dictates that it form a rotating disk. In these disks,
smaller clouds of gas continued to cool and condense into the first stars, thereby creating
the first protogalaxies.

After the first galaxies formed, cold gas continued to flow into them along streams and
filaments, which fed further star formation. As stars near the end of their lifetimes, the
cores of the most massive ones collapse in energetic explosions called supernovae. These
supernovae in combination with stellar winds inject massive amounts of energy and mo-

mentum into the surrounding gas. Through repeated episodes of star formation, these



supernovae created cavities of hot gas, and if enough energy and momentum built up, they
could launch galaxy-scale winds. These winds drove gas out of the galaxy in massive out-
flows, which could potentially shut off star formation. Understanding these processes of
cold gas accretion, star formation, and feedback from supernovae at different epochs has
been the subject of much observational and theoretical work, in addition to characterizing

the types of galaxies in which they occur.

1.2 Cold Gas

Almost all visible matter in the Universe is made up of two basic components: stars and gas.
Of the latter, gas largely divides into three phases: ionized gas, neutral gas, and molecular
gas. After the Big Bang, the Universe was hot and dense enough for nucleosynthesis to occur.
During this period, nuclear reactions occurred, leading to 25% of the mass of hydrogen being
converted into helium along with trace amounts of heavier elements. As a result, 75% of
the mass density of gas in the Universe is in the form of hydrogen. For this reason, we refer
to ionized, atomic, and molecular gas as Hi1, Hi, and Hy respectively.

Hydrogen is neutral at a temperature of 7' ~ 10* K in typical conditions of the local
interstellar medium (ISM). At this temperature, the pressure from surrounding hot, ionized
gas forces it into clumps or clouds. These cold clouds of gas are difficult to observe as Hi
is only visible in absorption through one of the electronic transitions (e.g., Lyman series,
Balmer series, etc.) or in emission through the 21 c¢cm hyperfine structure transition. The
most common electronic transition to view HI in absorption is the Ly« transition at A =
1216A. However, this line occurs in the far ultraviolet (UV) where observations are limited
to only a few space-based telescopes, making it difficult to observe in nearby galaxies.

The 21 cm hyperfine structure line is caused by the atomic transition between two
hyperfine energy levels in the 1s ground state. Although this forbidden transition occurs
with only a small probability of 2.9 x 10715 s~1, large numbers of hydrogen atoms make this
line observable in clouds of quiescent neutral gas. Locally, through the 21 c¢m spectral line,
we can determine the mass, physical, and kinematic distribution of Hi, allowing for detailed

mapping of velocity structures. Through wide-field imaging surveys taken by interferometers



at radio wavelengths, maps of HI can be made of nearby galaxies.

Within these clouds of neutral gas, Hi can cool and condense into Hy. Observing Ho
is even more challenging, as its transitions are not observable at the energies and typical
conditions of molecular clouds. Its rotational transitions are forbidden and its vibration-
rotation lines only are excited near hard, ionizing sources or in shock fronts. Observations
of cold dense gas have revealed carbon monoxide, CO, to be a good tracer of Hs, as it
is the next most common molecule and not easily destroyed by UV radiation. CO has
several strong electric dipole moments whose frequencies occur at radio wavelengths that
are easily excited by collisions in typical conditions of molecular clouds. Observations of
these transitions yield information on the mass and distribution of CO, which can then be
used to infer the amount of Hy through an Xco conversion factor. Similar to mapping Hi,

interferometers at radio wavelengths can generate maps of molecular gas in nearby galaxies.

1.3 Star Formation

In star forming regions, young massive stars emit strongly in the ultraviolet due to their
high surface temperature. Hot young stars burn through their fuel at a much faster rate
than their smaller redder counterparts and consequently have shorter lives by up to several
orders of magnitude (1M, 10'0yrs; 5M), 6.5 x 107yrs Collins et al. 2003). The strength of
the UV continuua in galaxies is proportional to the number of high mass stars. Due to their
short lives, the ongoing star formation rate can be determined by scaling the initial mass
function, the mass distribution of stars, to the number of high mass stars then integrating
over it. The instantaneous star formation rate is then calculated through dividing the total
mass of stars formed in the high mass stars’ lifetimes and dividing by the typical lifetime.
In addition, hydrogen-ionizing photons, with a wavelength of A < 912A corresponding to
2 13.6 eV, ionize the surrounding ISM, which then produces strong hydrogen recombination
lines. Assuming case B recombination, during these recombinations, a large number of
Balmer Ha photons (A= 6563A) are produced. Thus, Ha emission also tracks the ongoing
star formation rate.

However for both UV and Ha star formation rate measures, a correction must be applied



based on the amount of dust surrounding the star-forming regions. Dust preferentially
absorbs bluer wavelengths, causing UV and optical emission to be quite sensitive to the
amount of dust. To take this effect into account, dust corrections must be applied (e.g.
Calzetti et al. 1994). As a result of this absorption, dust re-emits light in the infrared,
causing the total infrared (IR) luminosity (A ~ 3 — 1100um) to track the star formation
rate (e.g. Rieke et al. 2009).

Features in the radio and X-ray that are caused by short-lived objects are also good
tracers of the star formation rate. Synchrotron emission from SN remnants and free-free
emission in ionized gas at low radio frequencies (v ~ 1.4 GHz) have also been shown to be
correlated with the star formation rate (Murphy et al. 2011). Moreover, emission in the
soft X-ray (2-10 KeV) tracks high mass X-ray binaries, which have also been observed to
correlate with previously mentioned tracers (Ranalli et al. 2003). By observing galaxies in
these different parts of the spectrum, we can measure or infer the star formation rate.

Through mapping the distribution of cold gas and star formation rate in nearby spiral
galaxies and starburst nuclei, Schmidt (1959) and Kennicutt (1989, 1998) observed a cor-
relation between the star formation rate surface density (Xgpr) and the total gas surface
density (Xpg = Xur + Xp,). This relation, the classical “Kennicutt-Schmidt” (KS) relation,
is frequently approximated as a power law, Xgpr Zg , with NV ~ 1.4, above a critical total
gas surface density Y. Empirical studies have shown that Ye¢ ~ 3-10 Mgpc~2(Martin
& Kennicutt 2001). Due to the apparent simplicity of this relation, the vast majority of
cosmological simulations have relied on it as a recipe for describing how cool gas turns into
stars. Figure 1.1 (Figure 15 from Bigiel et al. 2008a) shows the star formation rate surface
density as a function of gas surface density in nearby spiral and starburst galaxies.

More recently using higher resolution maps of Hi and Hy in nearby galaxies, Wong &
Blitz (2002) showed that Ygpr is more tightly correlated with the density of molecular
hydrogen Yy, (as traced by CO) than with the total gas density. These results were
confirmed and expanded upon with the results from the THINGS survey (Walter et al. 2008)
combined with CO maps from BIMA SONG and HERACLES (Helfer et al. 2003; Leroy et al.
2009). These studies showed that Ygrr o EgQ with N very close to unity, implying that

star formation takes place in molecular gas with roughly constant efficiency (Bigiel et al.
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2008a, 2011). These results underlined the importance of modeling the partitioning of gas

into atomic and molecular phases in theoretical models of galaxy formation.

1.4 Star-Forming Galaxies at High-Redshift

Redshifting of light due to the expansion of the universe places the rest-frame ultraviolet
in the observed optical at the epoch of peak cosmic star formation (1 < z < 3), thereby
coinciding with the atmospheric transmission window (Madau et al. 1998). The bluest end
located at 32004 corresponds to an emitted ultraviolet photon ey = 12004 at a redshift

of z = 1.6 as can be seen from Equation 1.1.

Aobs = (Aem) (1 + 2) (1.1)

Thus, the large number of ground-based optical telescopes make extensive studies of
UV-bright galaxies feasible. Star-forming galaxies exhibit strong rest-frame UV continuua
because the majority of the galaxy’s luminosity emanates from young massive stars emitting
strongly in the ultraviolet due to their high surface temperatures. Identifying star-forming
galaxies based on their rest-frame UV features provides a convenient way to learn about

the early stages of galaxy formation where galaxies were evolving rapidly.

1.4.1 Lyman Break Galaxies

Lyman break galaxies (LBGs) were the first significant statistical sample of high-redshift
star-forming galaxies (Steidel et al. 1996b). At z ~ 3, they are selected to have a robust
detection in optical filters yet an absence in ultraviolet ones (UV dropouts), meaning they
have a much fainter observed U,-band magnitude than G- or R-bands. As only galaxies
with R < 25.5 are identified, this selection technique aims to search for star-forming galaxies
with a strong rest-frame ultraviolet continuum. A Lyman break or Lyman limit occurs at
a rest frame wavelength of 912A, the energy of a hydrogen ionizing photon. At z ~ 3 this
break is redshifted to between the U,,- and G-band filters. This technique relies on the fact
that light blueward of this wavelength is almost completely absorbed by neutral hydrogen

surrounding the distant star-forming galaxy. Figure 1.2 shows an example of how LBGs



are selected with the U,, and G band filters placed around the Lyman break as is seen in
the spectrum of the LBG. Observations of these galaxies have revealed them to be massive,
highly star forming, with small amounts of dust, and driving galaxy-scale outflows of gas
(Adelberger & Steidel 2000; Papovich et al. 2001; Shapley et al. 2001, 2005; Erb et al. 2006c¢;
Reddy et al. 2006; Gawiser et al. 2006a; Pirzkal et al. 2007; Gawiser et al. 2007; Nilsson
et al. 2007; Pentericci et al. 2007; Lai et al. 2008; Nilsson et al. 2009; Finkelstein et al. 2009;
Guaita et al. 2010). Observations using similar techniques with different filter sets have

revealed numerous other types of star-forming galaxies across a wide range of redshifts.

1.4.2 Lyo-Emitting Galaxies

A significant fraction of high-redshift LBGs exhibit Ly« emission (Shapley et al. 2001;
Tapken et al. 2007; Pentericci et al. 2009; Kornei et al. 2010), leading to a focus on un-
derstanding the properties of this spectral feature as well as new surveys which sought
to use it to identify high-redshift galaxies. Galaxies with a prominent Lya emission line
(A= 1216A or 10.2eV) can be selected by placing a narrowband filter at a wavelength target-
ing a certain redshift accompanied by encompassing broadband filters. Objects are selected
as Lya-emitting galaxies, LAEs, by having an excess narrowband flux density determined
by fitting the average broadband flux to the narrowband, equivalent to assuming no Ly«
emission. A generally accepted requirement for a galaxy to be classified as a LAE is having
a Lya equivalent width, a measure of the strength of a spectral feature, of [EWpq| > 20A,
which typically corresponds to a Lya emission line luminosity of Ly, > 102 ergs s—*
at z ~ 2 — 3 (e.g. Cowie & Hu 1998; Malhotra & Rhoads 2002; Ouchi et al. 2003, 2008;
Finkelstein et al. 2008; Gronwall et al. 2007; Nilsson et al. 2007, 2009; Guaita et al. 2010).
An example of this selection technique is shown in Figure 1.3. Most LAEs are found with
R > 25.5, as this selection technique does not require detection in the continuum, allowing
for the detection of fainter galaxies (e.g. Gawiser et al. 2006b; Nilsson et al. 2007; Gawiser
et al. 2007; Lai et al. 2008; Ono et al. 2010; Finkelstein et al. 2008; Yuma et al. 2010; Pirzkal
et al. 2007; Ono et al. 2010; Ouchi et al. 2010). In spite of their difference in luminosity,

LAEs typically have similar colors to LBGs although there is significant variation in their



1“ L ] | I L L] T 'I 1 1 I 'I_
- Galaxy @z=3.15 -
B -
6 U, G R =
-n»r--=|I F 1
4 -
sl
|
ﬂ i i I'QJ P L L J 1 i 1

4000 6000 8000
Observed Wavelength (A)
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properties (Gronwall et al. 2007; Guaita et al. 2010). One advantage of this selection tech-
nique is that it allows us to probe star-forming galaxies at the faint end of the luminosity
function where galaxies are less massive and the properties of galaxies in general are not
well understood (Zheng et al. 2010; Cassata et al. 2011).

Partridge & Peebles (1967) first predicted that young star-forming galaxies could form
enough massive stars to emit large quantities of hydrogen ionizing photons. They also
predicted that this could amount to a Lya emission of > 5% of the total luminosity of
these galaxies, initiating the first searches for LAEs. Assuming case B, appropriate for star-
forming regions, a Ly« photon will be emitted 67% of the time when a recombination occurs.
In case B recombination, the interstellar medium is optically thick enough to cause Lyman
line photons to be continually re-absorbed and re-emitted until they release a Balmer series
photon and a Ly« photon (or a small probability of two continuum photons). Lya photons
will continue to be re-absorbed and re-emitted, called resonant scattering, until they are
absorbed by a dust particle or escape the galaxy (Osterbrock & Mathews 1986).

The Ly« emission line is particularly interesting as its properties are strongly dependent
on not only the star formation rate of the galaxy, but also the amount of dust reddening,
the dust geometry, and the relative velocity structures of gas surrounding the galaxy. In
the simplest scenario, Ly« photons originate in star-forming regions that are devoid of dust
and undergoing one of their first starbursts. Since there is little or no dust to absorb Ly«
photons, nearly every Lya photon escapes the galaxy, and they will leave the galaxy with the
relative velocity of the last hydrogen atom that re-emits them. However, most galaxies have
at least trace amounts of dust, and hydrogen atoms re-emit the Ly« photon in a random
direction. As hydrogen accounts for 75% of the baryonic mass of the universe and stars
form in the most dense regions, Lya photons must random walk their way out of a galaxy.
This process results in much longer path lengths than continuum photons, making it more
likely that a Lya photon will collide with a dust grain and be absorbed. This causes Ly«
photons to be much more sensitive to the effects of dust (Atek et al. 2008). Any significant
amount of dust is expected to have a large impact on the Lya flux by suppressing it. To
further complicate this picture, most galaxies do not have a homogeneous ISM, but rather

a dusty and clumpy one (Verhamme et al. 2006; Dijkstra et al. 2007).
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Figure 1.3 Spectrum of a template Lya-emitting galaxy at z = 2.07 with the filter transmis-
sions curves for the U, B, and NB3727A filters overlaid. The LAE is identified as having
narrowband excess flux relative to the continuum as predicted from the U band filter while
also having a robust detection in the B band filter. Since these galaxies are selected based
on a strong emission line relative to the continuum, they do not have to have significant
continuum flux, permitting the identification of fainter galaxies than via the LBG selection
method. (Figure 1 from Guaita et al. 2010).
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1.5 Damped Lya Absorption Systems

Although stars form out of molecular clouds, these clouds are embedded in cold neutral gas.
Since neutral gas is more stable in the typical conditions of the ISM, it constitutes the bulk
of the cold gas mass. In nearby galaxies, the HI surface density can be mapped through the
hyperfine 21 cm line with radio telescopes, which places strong constraints on the density
distributions of cold gas within galaxies as well as providing an accurate local benchmark
on the total amount of cold gas in the local universe (e.g., Zwaan et al. 2005a; Martin et al.
2010). However, current radio telescopes are not yet powerful enough to be able to detect
21-cm emission in distant galaxies. Therefore in order to study Hr at high redshift (e.g.
2 2 0.5), we must observe HI through one of its electronic transitions (e.g., Lyman series,
Balmer series, etc.).

As the bulk of HI is located in cool gas clouds, one must observe these transitions in
absorption. Typically, HI is observed as one of the Lyman series lines in absorption, the most
prominent of which being the Ly« transition (Wolfe et al. 1986, 1995; Storrie-Lombardi et al.
1996; Storrie-Lombardi & Wolfe 2000a; Péroux et al. 2003). At low HI column densities
(defined as the number of atoms along the line of sight), corresponding to 107 < Ny <
10203 ¢cm~2, hydrogen is sufficiently dense to be optically thick yet is still mostly ionized.

0293 ¢cm~2, the gas becomes predominantly neutral

At higher column densities, Nyp > 1
and self-shielding. This threshold is an estimate of what was originally believed the Milky
Way disk would have if viewed face-on (Wolfe et al. 1994). Moreover, cold gas above
this threshold is sufficiently dense to cause the Ly« transition to be damped, a signature
absorption feature stemming from the characteristic damping wings of its Voigt profile.

In an electronic transition, due to the finite lifetime of the upper energy level and the

uncertainty principle, the absorption profile of any transition is naturally broadened and

follows a Lorentzian profile:
~
= —— 1.2
o) = A (12)

where 7 is determined from the lifetime of the upper energy level. Similarly, random

motions in the gas cause Doppler broadening in the line profile, which can be described as:
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¢(v) = exp[~(|Av]/Avp)?] (1.3)

where Av = v — 1y and vp = V20,10 /c is an assumed Gaussian velocity distribution
with dispersion ¢,. The convolution of natural broadening and Doppler broadening results
in a Voigt profile. Since the Doppler profile falls off as exp(—(Av/Ap)?) and the natural
broadening profile falls off as 1/(Av)?, the natural broadening profile will dominate for
large Av. At high column densities, these regions of the line profile become visible and
are called the damping wings. Due to the large values of Ny, Lya is saturated at the
center and has unit optical depth in the damping wings Av,—1 ~ [Ag fglNHI]l/ 2 when
Ngr > 10Pem™2 and o, < 70 km s~ where Ay and fo; are the Einstein spontaneous
emission coefficient and oscillator strength for the Ly« transition, respectively (Wolfe et al.
2005). This characteristic feature gives damped Ly« absorption systems (DLAs) their name
and allows us to identify clouds of neutral gas that are large reservoirs of cold gas.

Figure 1.4 shows the absorption profiles of two DLAs and several metal absorption lines
in the spectrum of QSO PSS0209 + 0517 from Wolfe et al. (2005). The absorption lines
with large widths and zero flux in the center have the characteristic damping wings of a
Voigt profile. There are two DLAs at A5913A (» = 3.864) and A5674A (2 = 3.667) as can be
seen by their broad velocity widths and characteristic damping wings. Quasars are used as
background illuminating sources to detect DL As (Wolfe et al. 2005) where in the majority of
systems, DLAs are at a sufficiently lower redshift than the background quasar, to make them
independent of the specific properties of the quasar. Moreover, DLAs contain the majority
of the neutral gas in the universe over a redshift range 1.6 < z < 5 (Storrie-Lombardi &
Wolfe 2000a; Wolfe & Prochaska 2000; Péroux et al. 2003; Prochaska et al. 2005; Noterdaeme
et al. 2009). At lower redshifts (¢ < 1.6), observing DLAs is difficult due to the atmospheric
cutoff at 3200A. Since the Ly line falls in the atmospheric transmission window, it allows
for efficient observations with large ground-based optical telescopes (Prochaska et al. 2005;
Schneider et al. 2010, e.g., the Sloan Digital Sky Survey, SDSS; the Keck telescopes). As
DLAs are easily observed in the spectra of quasars while containing most of the neutral

hydrogen, they are perhaps the most valuable tool for studying the evolution of HI and the
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Figure 1.4 Keck/ESI spectrum of QSO PSS0209 + 0517 showing two DLAs and a series
of metal absorption lines. Several key features of the DLA at z = 3.864 (A = 5913A) are
labelled in the figure. The second absorption trough at A = 5674A corresponds to a DLA
at z = 3.667. Note that both damped Ly« lines are significantly stronger and wider than
any of the Ly« forest or metal absorption lines (Figure 1 from Wolfe et al. 2005).

ISM in general at high redshift.

DLAs are of particular interest to galaxy formation as they allow us to study the gaseous
components of galaxies across cosmic time, thereby complementing surveys that target
galaxies in emission. At high redshift, the shape and normalization of the distribution of
DLAs with different column densities determines the cosmological density of neutral gas
in the universe as well as the fraction of neutral gas in different column density systems
(Prochaska et al. 2003, 2005; Noterdaeme et al. 2009, 2012). The number density of DLAs
at any redshift constrains the number of large reservoirs of cold gas, while the cosmological
neutral gas density determines how much fuel there is for future star formation (Wolfe

et al. 2005). We can use the metallicity of gas in DLAs to determine the amount of metals
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produced in the Universe (Wolfe et al. 2005; Rafelski et al. 2012; Neeleman et al. 2013).
The velocity widths of low ionization absorption lines yields information on the halo masses
and kinematics of cold gas within DLAs (Prochaska & Wolfe 1997; Hachnelt et al. 1998;
Pontzen et al. 2008; Fumagalli et al. 2011; Cen 2012). Using element ratios, the amount of
metal production and depletion of various elements by dust can be measured, which allows
for the amount of dust to be inferred. The star formation rates, impact parameters, and
properties of host galaxy counterparts yield further information on which types of galaxies
contain large amounts of cold gas. By tracking how each of these properties changes over
cosmic time, we can study the effect of cold gas accretion, star formation, and outflows
on the evolution of galaxies. Throughout this thesis, we discuss the relations among these

processes by studying the evolution of these properties of DLAs in simulations.

1.6 Semi-Analytic Models

Semi-analytic models (SAMs) are an ideal laboratory to better understand the nature of the
interstellar medium in distant star-forming galaxies and its connection to the evolution of
star-forming galaxies. SAMs are based on a cold dark matter (CDM) framework for struc-
ture formation (Blumenthal et al. 1984) whereupon physical processes govern the evolution
of galaxies. They produce a general picture of how density fluctuations in the primordial uni-
verse evolve into the observable galaxy population (Percival et al. 2002; Tegmark et al. 2004;
Eisenstein et al. 2005). Rather than solving detailed equations of hydrodynamics and ther-
modynamics for individual particles or grid cells, SAMs use simple but physically motivated
“recipes” to track bulk quantities such as the total mass in stars, hot gas, cold gas, metals,
etc, in various “zones” (e.g., within a galaxy, within a dark matter halo, in a halo infall
region, or in the intergalactic medium). In some cases, SAMs attempt to track these quan-
tities in radial bins within a galactic disc (Kauffmann 1996; Avila-Reese et al. 2001; Dutton
& van den Bosch 2009; Fu et al. 2010; Kauffmann et al. 2012). Although they cannot offer
the detailed spatial and kinematic information provided by fully numerical hydrodynamical
simulations, SAMs do have a number of advantages over these techniques. Numerical hydro
simulations of galaxy formation still must rely heavily on “sub-grid” recipes for important

processes such as star formation and stellar feedback. These are treated in a similar manner
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in SAMs, but the effect of varying the details of these recipes and their parameters can be
explored much more thoroughly because of their greater computational efficiency. SAMs
can provide “mock catalogs” for very large numbers of galaxies, comparable to modern
surveys, while this is still inaccessable for numerical hydro simulations. Finally, we still do
not understand many of the details of the physics that shapes galaxy formation. It is easier
to explore, albeit qualitatively, somewhat more schematic solutions in SAMs, which may
point the way towards more physically rigorous investigations with numerical techniques.

SAMs have been used extensively to investigate and interpret observations of nearby
and distant galaxies in emission. A recent generation of SAMs that incorporates feedback
from accreting black holes has been shown to be successful at reproducing a broad range of
observations. These include the stellar mass function and luminosity function, gas fraction
vs. stellar mass relation, and relative fraction of early vs. late type galaxies as a function of
stellar mass at z = 0, and the evolution of the global stellar mass density and star formation
rate density with redshift from z ~ 6 to 0 (Bower et al. 2006; Croton et al. 2006; De Lucia
& Blaizot 2007; Monaco et al. 2007; Somerville et al. 2008b; Hopkins et al. 2009a; Guo et al.
2010; Somerville et al. 2012). However, these models still fail to reproduce some important
observations. For example, they predict that low mass galaxies form too early and are too
quiescent at late times, reflecting star formation histories that apparently do not match
observational constraints (Fontanot et al. 2009; Weinmann et al. 2012). Numerical hydro-
dynamical simulations with similar implementation of “sub-grid” recipes largely show the
same successes and problems (Weinmann et al. 2012). It has been suggested (e.g., Fontanot
et al. 2009; Krumholz & Dekel 2012) that inadequacies in our modeling of star formation
and/or stellar feedback are likely culprits for these remaining difficulties in reproducing
observations of low-mass galaxies.

Several SAM-based studies have modelled the partitioning of gas into atomic and molec-
ular phases using various approaches, and studied the effect of using an Hs-based star forma-
tion recipe. Obreschkow et al. (2009) partitioned gas into atomic and molecular components
using the empirical pressure-based relation of Blitz & Rosolowsky (2006, hereafter BR) in
post-processing on the Millennium semi-analytic models. Lagos et al. (2011) and Fu et al.

(2010) implemented gas partitioning self-consistently into SAMs using two approaches: the



16

empirical pressure-based recipe of BR and the theoretically-motivated metallicity-dependent
recipe of Krumholz et al. (2009b, hereafter KMT09). These models then implemented an
Hs-based star formation recipe based on their computed Hs fractions. Using a similar ap-
proach, Somerville, Popping & Trager (in prep; SPT14) explored the partitioning of gas
using the BR recipe, the KMT recipe, and an additional metallicity dependent recipe pro-
vided by Gnedin & Kravtsov (GK), along with an Ha-based star formation recipe based
on the Bigiel et al. (2008a) observational results. They concluded that the GK recipe was
more successful and robust, particularly at low metallicities, than the KMT formulation
(see also Krumholz & Gnedin 2011). Popping et al. (2013a, hereafter PST14) presented the
predictions of these models for the gas content of galaxies in Hi, Hy, and CO from redshift
six to zero for direct comparison with upcoming surveys of gas tracers in emission.

The SAM developed by SPT14 and used in this work does not predict the internal struc-
ture of galaxies in detail, so we assume that the density profiles of the gas and stellar discs
are described by a smooth exponential function in both the vertical and radial dimensions.
We rely on simplified approximations to estimate the scale length of the gas disc from the
specific angular momentum (spin) of the host dark matter halo. This approach has been
shown to reproduce the evolution of stellar disc sizes (as traced by their optical light) from
z ~ 2 to 0 (Somerville et al. 2008b), and also reproduces the observed sizes of HI discs in
the nearby universe, the observed sizes of CO discs in local and high redshift galaxies for
the small sample currently available, and the spatial extent of the SFR density in nearby
and high-redshift galaxies (PST14). However, we also consider models in which the gas is
more extended than in our standard models, either because the gas that forms the disc or is
accreted onto the disc has higher specific angular momentum than the dark matter halo (as
some numerical simulations suggest; e.g., Robertson et al. 2004, 2006a; Agertz et al. 2011;
Guedes et al. 2011), accreted gas from cold streams deposit their angular momentum to the
inner parts of the halo (Kimm et al. 2011), or the gas is in a non-rotationally supported
extended configuration such as tidal tails (Stewart et al. 2011, 2013) or an outflow (Cen
2012).
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1.7 The Contents of This Thesis

Immense progress has been made in characterizing the properties and relations among
distant galaxies, as well as simulating these complex physical processes. In spite of this,
understanding these processes in detail and their effect on the evolution of galaxies and
their surrounding environment remains an open challenge. We focus on the dominant
physical processes that govern galaxy evolution and are associated with cold gas and star
formation, namely the accretion of cold gas, the formation of stars, feedback from star
formation and supernovae, and the ejection of gas from galaxies. Other processes including
supermassive black hole growth, winds and feedback from active galactic nuclei (AGN), mass
and environmental quenching, and merger events also significantly impact the evolution of
galaxies, but are not the focus of this work.

At a redshift of 1.5 < z < 3, the cosmic star formation rate was at a maximum (Madau
et al. 1998), indicating that the aforementioned physical processes were strongly affecting
the evolution of star-forming galaxies as well as the surrounding environment. Moreover,
the large number of observational surveys targeting star-forming galaxies and DLAs at this
epoch makes it a prime target for studying galaxy formation. Our method for understanding
the impact and interconnectedness of these processes is a combined study of DLAs and star-
forming galaxies where we focus on the neutral gas surrounding them during this pivotal
period.

In Chapter 2, we seek to characterize the complex spatial and velocity structures, the
covering fraction, and the nature of neutral and ionized gas in star-forming galaxies at
this epoch. Galactic-scale outflows are not only important in understanding how feedback
from star formation affects galaxy evolution, but also how they affect the metal enrichment,
ionization state, and physical state of the IGM. First, we present the properties of individual
and composite rest-UV spectra of 81 UV-bright star-forming galaxies at 2 < z < 3.5 where
59 have R < 25.5. We then divide the data set into subsamples based on properties
that we are able to measure for each individual galaxy: Ly« equivalent width, rest-frame
UV colors, and redshift. Among our subsample of galaxies with R < 25.5, we show that

the observed trends with Ly« emission are largely consistent with the mechanical energy
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from star formation and supernovae powering galaxy-scale outflows of neutral and ionized
gas. Evidence for these outflows is seen as strong blueshifted absorption in low- and high-
ionization gas as well as redshifted Hi Ly« emission relative to nebular features. We also
show that these outflows are well described by neutral clouds and dust being embedded
in ionized gas that cover a substantial fraction of the host galaxy. Finally, our sample of
galaxies shows little evolution over the redshift interval and a diverse range of properties,
indicating that while star formation and outflows are common amongst galaxies, they vary
greatly in detail from galaxy to galaxy.

Since the gas in and around these galaxies is poorly understood and has proven to be
quite challenging to “observe”, we then approach this topic from a different angle. We
use semi-analytic models to observe model DLAs, thereby allowing us to study the nature
of the cold neutral gas within and around these galaxies. In Chapter 3, we present the
semi-analytic models we use to do this analysis. We also discuss the distinct properties of
the models we make for studying the effects of partitioning cold gas and the size of our
cold gas disk on galaxy properties. First, we present three recipes for partitioning cold gas
into atomic and molecular components: a pressure-based recipe and two metallicity-based
recipes with a fixed and varying UV radiation field. Second, we generate three sets of models
for the size of cold gas disks in galaxies. We define a new parameter, f; = jg/jpm, which
is equal to the specific angular momentum of the cold gas divided by the specific angular
momentum of the dark matter. We set f; = 1 for “standard” disks, f; = 2.5 for “extended”
disks, and f; =1, 1.5, or 2.5 depending on whether the galaxy underwent no mergers, only
a minor merger, or a major merger in our merger models. In all of these models, cold gas
is distributed following an exponential surface density profile with an exponential vertical
density profile.

As semi-analytic models allow us to generate statistical samples of galaxies while also
changing the physical processes within them, we create a lightcone for each combination of
models described above, then generate catalogs of DLAs by “observing” them. In Chap-
ter 4, we present the properties of these model DLAs, then compare them to observations

in order to better understand the effects of changing these physical processes. We show
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that models with “standard” gas disks fail to reproduce the observed column density dis-
tribution, the line density of DLAs, the distribution of velocity widths (Av) as measured
by low-ionization state metal systems, the cosmological neutral gas density (Qmr), and
the metallicity distribution at z < 3, regardless of the gas partitioning. In contrast, our
models with “extended” radial gas profiles with either a pressure-based gas partitioning or
metallicity-based recipe with a varying UV radiation field reproduce quite well the column
density distribution, line density of DLAs, Qpr, and Awv distribution at z < 3. However,
all of the models investigated here underproduce DLAs and the Hi gas density at z > 3,
suggesting that DLAs at high redshift arise from a different physical phenomenon, such as
outflows, clumps of cold gas, or filaments. If this is the case, the flatness in the number
of DLAs and HI gas density over the redshift interval 0 < z < 5 may be due to a cosmic
coincidence where the majority of DLAs at z > 3 arise from intergalactic gas in filaments or
streams while those at z < 3 arise predominantly in galactic discs. We also show that our
favored models are in good agreement with the dependence of DLA metallicity on redshift
and Awv, particularly when we include the effects of metallicity gradients. The success of
our preferred models over previous ones in reproducing the evolution of neutral gas across
time in addition to the properties of local galaxies suggests an improved understanding of
the physical processes that govern Hs formation and the size of cold gas disks.

After improving our description and understanding of these key physical processes, we
shift our focus to studying the relations among the properties of galaxies that host large
reservoirs of cold gas and those that are highly star forming, during the peak epoch of
cosmic star formation. In Chapter 5, we study the properties of the galaxies that host
DLAs; the differences between properties of DLAs as measured along the line of sight and
the average for their host galaxies; and the relations among DLA host galaxies, star-forming
galaxies, and the underlying galaxy population at a given stellar mass. This work is the
first to use SAMs in a cosmological context to characterize the properties of DLA host
galaxies, thereby yielding information on their luminosities, colors, masses, star formation
rates, sizes, metallicities, and amount of dust. Through comparing the properties along
the DLA line of sight to the average DLA host galaxy properties, we seek to understand

how DLASs can be used to understand the distribution and composition of the interstellar
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medium in and around high-redshift galaxies. Finally, we use our catalogs of DLAs and
star-forming galaxies to study the relations between stellar mass and DLA cross section,
cold gas fraction, star formation rate, metallicity, and dust reddening as traced by galaxy
scaling relations. In this analysis, our models predict that galaxies with a wide range of
physical properties host large cold gas reservoirs, which are not well characterized by any
galaxy “type”’. They range from low mass, gas-dominated galaxies that are too faint to
see with current telescopes to massive star-forming galaxies that are likely powering galaxy-
scale outflows. Due to the rarity of massive galaxies relative to lower mass ones, massive
star-forming galaxies are more likely to host DLAs while the majority of DLAs originate in
low mass galaxies.

Our focus then shifts to seeking to better understand the distribution and properties
of cold gas within individual galaxies through the use of numerical simulations. We begin
by examining the azimuthally-averaged stellar, cold gas (HI and Hs), metallicity, and star
formation rate profiles of 15 individual galaxies in the GASOLINE numerical simulations
(Wadsley et al. 2004) from z = 2 to 0. Then, we apply the assumptions of the semi-analytic
models to these galaxies by fitting a double exponential to the bulge and disk components
for the cold gas and stellar profiles. Using the pressure-based and metallicity-dependent
cold gas partitioning as they are included in the semi-analytic models, we calculate the Hi
and Hy profiles for each galaxy, which we use to calculate the star formation rate profiles as
would be inferred from the semi-analytic models. Additionally, the numerical simulations
allow us to track the evolution of individual galaxies and study how their properties change
with redshift and stellar mass.

In Chapter 6, we show that in most galaxies in the numerical simulations, stellar and
cold gas profiles are moderately well-fit by a double exponential, although smaller scale
structure is missed. At z = 0, most cold gas disks are very flat and end at a given HI
gas density that varies for each galaxy. The metallicity-dependent and pressure-based Ho
formation recipes produce similar Hy density profiles; however in massive galaxies, both
produce substantially more Hy gas than is predicted by the numerical simulations. Using
the Ho-based star formation recipe input in the semi-analytic models and observed in local

galaxies (KS relation), we predict much lower star formation rates than are calculated in



21

the numerical simulations, indicating that in the numerical simulations either feedback is
more efficient at disassociating Hs or star formation is less efficient. Furthermore, most
galaxy metallicity profiles are very flat at z = 2 where the interior regions of the disk enrich
substantially with redshift. There is also a significant difference between star formation
weighted metallicities and average gas phase ones as star-forming regions typically have
higher average metallicities. As individual galaxies evolve from z = 3 to 0, their metallicities
increase where more massive galaxies’ metallicities increase at a faster rate and their stellar
disks grow by 2 2 in size. Moreover, cold gas disks become flatter and low mass galaxies’
cold gas disks become smaller relative to their stellar disks due to star formation in the outer
regions of the disk and cold gas disks becoming more compact. Galaxies in the numerical
simulations and semi-analytic models at z = 0 generally lie on the same r,-M; relation, f4-
M relation, [Z]—Ms, and SFR-Mj relation as observations of local galaxies. At z = 2, both
models predict similar rs-Mg, SFR-M;, and [Z]—M; relations, where they predict similar

stellar disk sizes and metallicities as observations, but lower star formation rates.
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Chapter 2

Stacked Rest-frame Ultraviolet Spectra of Lya-emitting and

Continuum-selected Galaxies at 2 < z < 3.5

2.1 Introduction

Narrowband and broadband selection techniques around the Lya emission line and Lyman
limit respectively have made isolating Ly« emitters (LAEs) and UV-bright, continuum-
selected galaxies quite effective at redshifts up to z = 7. Through stacking photometric
samples and stellar population modeling, numerous groups have uncovered a wealth of
information on these galaxies’ properties including stellar masses, star formation rates, ages,
amount of dust (E(B —V)), and star formation histories (e.g., Adelberger & Steidel 2000;
Papovich et al. 2001; Shapley et al. 2001, 2005; Erb et al. 2006d; Reddy et al. 2006; Gawiser
et al. 2006a; Pirzkal et al. 2007; Gawiser et al. 2007; Nilsson et al. 2007; Pentericci et al. 2007;
Lai et al. 2008; Nilsson et al. 2009; Finkelstein et al. 2009; Guaita et al. 2010). As a result,
there have been numerous follow-up rest-frame ultraviolet (UV) spectroscopic surveys (e.g.,
Shapley et al. 2003a; Erb et al. 2006d; Kornei et al. 2010; Talia et al. 2012; Jones et al.
2012). Rest-frame UV spectroscopy offers the ability to not only confirm redshifts, but also
to study galactic-scale outflows, stellar photospheres and dust reddening through interstellar
absorption line kinematics, the shape and strength of the Ly« emission line, P Cygni profiles
from massive stars, and the UV spectral slope (Leitherer et al. 1995; Pettini et al. 2000;
Shapley et al. 2003a).

In order to determine the impact of feedback from star formation on galaxy evolution, we
have targeted the peak of cosmic star formation density occuring at a redshift of 1.5 < z < 3
when galaxies and their surrounding gas were evolving rapidly. Understanding the relation
between star-forming galaxies and the surrounding intergalactic medium (IGM) at these

redshifts will give insight into this relation at higher redshifts where spectroscopy is much
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more difficult. It is well known that outflows can occur in starburst galaxies in the local
universe and, more recently, it has been shown that they are ubiquitous among high-redshift
star-forming galaxies (Steidel et al. 1996a; Pettini et al. 2000, 2001; Shapley et al. 2003a;
Martin 2005; Rupke et al. 2005; Tremonti et al. 2007; Weiner et al. 2009; Steidel et al.
2010). Analysis of these outflows has primarily been focused on modeling the complex
spatial and velocity structures, the covering fraction, and the nature of neutral and ionized
gas (e.g., Heckman et al. 1990; Lehnert & Heckman 1996; Martin 1999; Shapley et al. 2003a;
Strickland et al. 2004; Schwartz et al. 2006; Grimes et al. 2009; Steidel et al. 2010). Galactic-
scale outflows are not only important in understanding how feedback from star formation
affects galaxy evolution, but also how they affect the metal enrichment, ionization state,
and physical state of the IGM.

In order to understand the connection between LAEs and continuum-selected galaxies,
it is important to understand the different classifications for each type of galaxy, namely
the criteria by which they are selected. Continuum-selected galaxies are chosen via color
cuts and apparent magnitude limits, while LAEs are selected via equivalent width and
line flux cuts that are independent of their colors. As defined by Steidel et al. (1996¢),
Lyman break galaxies (LBGs) are continuum-selected galaxies at z ~ 3 and typically have
an apparent magnitude limit of R<25.5. Gawiser et al. (2006a) found LAEs at z ~ 3 with
Liya >4 x 10717 ergs s~ cm™2 to have a median apparent magnitude of R = 27. In spite
of this luminosity difference, Gawiser et al. (2006a) find that z = 3.1 LAEs have similar rest-
frame UV colors to LBGs, indicating that they are missed in continuum-selected surveys
primarily due to their fainter continua. Similarly, (Shapley et al. 2003a, hereafter S03) find
that 20 — 25 percent of their almost 1000 LBGs have strong enough Ly« emission lines
(Wo > 20A) to be classified as LAEs.

Given the faint nature of these galaxies (R > 23), previous analyses have focused on
stacking large numbers of low signal-to-noise spectra. Similar to stacking photometric
samples, this technique yields the average properties of a ’typical’ galaxy. S03 applied this
technique to almost 1000 LBGs at a redshift of z ~ 3 and found that they display a wide
distribution of properties, with Lya ranging from strong emission to absorption, varying

UV continuum slopes, a range of velocity offsets between Lya emission and interstellar
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absorption, and different strengths of interstellar absorption lines. Through dividing their
sample into quartiles of Ly« equivalent width, they found that the sample with strongest
Lya emission had bluer UV continua, weaker low-ionization absorption, smaller kinematic
offsets, stronger nebular emission, and older stellar populations. With the exception of
older stellar populations, these trends suggest that galaxies with stronger Lya emission are
less evolved, less rapidly forming stars, and likely less massive. Nonetheless, the presence of
older stellar populations implies more evolution, indicating that galaxies with strong Ly«
emission may be a heterogeneous population.

As the defining characteristic of LAEs, it is vital to understand the origin of the Ly«
emission line, which is largely dependent on the effects of radiative transfer. Lya photons are
subject to resonant scattering and therefore have much longer pathlengths than continuum
photons, making them more subject to extinction from dust. Thus, one explanation for
LAESs’ large Lya equivalent widths is that they are young, chemically pristine galaxies
undergoing one of their first major episodes of star formation. A second hypothesis suggests
that they are older, more evolved galaxies where dust is segregated into clumps that are
surrounded by a relatively dust-free intercloud medium (Neufeld 1991; Hansen & Oh 2006;
Finkelstein et al. 2009). In this scenario, Ly« photons scatter off dust clumps while UV
continuum photons penetrate them and are subject to extinction, thereby increasing the
relative strength of the Lya emission line. A lack of correlation between the spectral index
of the UV continuum slope and Ly« equivalent width is interpreted as evidence for the
decoupling of continuum and line extinction (S03) as would be expected if the neutral
medium was inhomogeneous. For 2 < z < 4 LAEs, Blanc et al. (2011) recently found
E(B-V) to correlate with Ly« escape fraction in such a way that Lya photons are being
extinguished by the same amount as UV continuum photons, leading them to suggest that
among LAEs, the Lya equivalent width is neither being enhanced due to a clumpy ISM nor
being preferentially quenched by dust.

Through stellar population modeling, LAEs have been shown to encompass a broad
range of physical properties. At an epoch of 2 < z < 4.5, many groups find that they are
characterized as young (< 100 Myr), relatively dust-free (E(B-V)< 0.3) galaxies with low

stellar masses (< 109 M) and low star formation rates (2—3 Mgyr—!) (Gawiser et al. 2006a;
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Pirzkal et al. 2007; Gawiser et al. 2007; Nilsson et al. 2007). Furthermore, LAEs have very
high specific star formation rates (7 x 1072 yr=1), defined as star formation rate per unit
mass, as compared to LBGs (3 x 1079 yr~!) indicating they are building up stellar mass at
a faster rate than continuum-selected galaxies. This picture is consistent with LAEs being
chemically pristine and at the beginning of an evolutionary sequence. On the other hand,
various authors have found LAEs to exhibit a broader range of properties with ages ranging
up to > 1 Gyr, stellar masses up to 10'° M), and Ajaqp (defined as the absorption at 1200A)
as high as 4.5 (Pentericci et al. (2007); Nilsson et al. (2009); Finkelstein et al. (2009)). These
results indicate that some LAEs are older, dustier, more evolved galaxies similar to LBGs.
Furthermore, Lai et al. (2008) and Guaita et al. (2010) found IRAC detected objects to
exhibit properties similar to LBGs, motivating Lai et al. (2008) to suggest they may be a
lower mass extension of LBGs.

In this chapter, our goal is to understand the relationship among Ly« emission, inter-
stellar kinematics, multiphase gas, nebular emission, and spectral slope for a sample of
2 < z < 3.5 UV-bright star-forming galaxies. We subdivide our sample in terms of their
Lya equivalent width, rest-UV colors, and redshift to examine the relationships among
these properties. This chapter is organized as follows. In Section 2.2, we present the spec-
troscopic sample including details of the observations and data reduction. We discuss the
spectroscopic properties of our individual spectra in Section 2.3. In Section 2.4 and 2.5, we
describe the stacking technique and analyze the composite spectra as subdivided based on
Lya equivalent width. Selection effects and trends among the outflowing component and
galaxy properties are presented in Section 2.6. Finally, in Section 2.7, we summarize our

conclusions.

2.2 Observations and Methodology

The galaxies that will be presented and analyzed in the following sections include narrowband-
excess objects and continuum-selected sources. The latter category includes U band drop-
outs at z ~ 3 and galaxies with prominent Lya decrements at z ~ 2 (LBGs and “BX”
galaxies, based on Steidel et al. 1996¢, 2004). The imaging data used to select our tar-

gets were collected using the MOSAIC II CCD camera on the CTIO Blanco 4 m telescope
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(http://www.astro.yale.edu/MUSYC/). The narrowband data consisted of a series of expo-
sures taken through 50A wide full width at half-maximum (FWHM) filters at A5007A and
AM990A for z = 3.1 LAEs and A3727A for z = 2.07 LAEs. The details of these observations
are presented in Gronwall et al. (2007) and Ciardullo et al. (2012) for LAEs at z = 3.1 and
Guaita et al. (2010) at z = 2.07. Our LBG selection criteria is presented in Gawiser et al.
(2006¢), which covers a redshift interval of 2.6 < z < 3.5, while our BX selection criteria is
presented in Guaita et al. (2010) and spans 2 < z < 2.7. Our spectroscopic candidates were
chosen from these two photometric surveys. In this paper, we present spectra taken from
two spectroscopic surveys using the FORS and VIMOS instruments on the Very Large Tele-
scope (VLT). The first survey, using the FORS instrument, targeted primarily z ~ 2 LAEs
and BXs, along with a few z ~ 3 LAEs and LBGs. The primary targets for observation
using the VIMOS instrument were X-ray sources analyzed in Treister et al. (2009) with z ~

3 LAE and LBG candidates used to fill the remaining slitlets.

2.2.1 FORS Spectroscopy

For our FORS spectroscopic sample, the primary targets were chosen by first prioritizing
z = 2.1 LAE candidates, followed by BX candidates and finally z ~ 3 LAEs and LBGs were
used to fill available slitlets. The targets covered six 7/ x 7/ masks in the CDF-S, however
one of these masks was unusable due to poor observing conditions and has been omitted
from the dataset. Each of the five remaining slitmasks consisted of ~ 30 targets with ~ 70%
expected to be at z ~ 2.

These data were obtained using the FORS2 spectrograph on UT1 with the B1200 grism,
the €2V UV-sensitive CCD, an atmospheric dispersion corrector, and 1.”0 slitlets. This
configuration led to a dispersion of 0.86A per pixel corresponding to a nominal spectral
resolution of 3.4A (FWHM) or R~1400 over a spectral coverage of 3200 — 6000A for each
slitlet. The small angular size of our targets caused the actual spectral resolution to be
seeing limited in almost all cases, which varied from 0.”7 to 1.”2 leading to a minimum
spectral resolution of 2.4A. The observations were taken in a series of four exposures with
exposure times of 1800 — 2400 seconds per mask. We also note that the throughput at
A3727A is ~2 times worse than that at A5000A.
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The data were reduced using the standard FORS pipeline. This process included
bias-subtraction, flat fielding of science data, sky subtraction, and wavelength calibration
through arc lamp exposures. For 5 objects, we had difficulty wavelength calibrating the
3200 — 4200A region. We found an optimal wavelength calibration by lowering the thresh-
old for identifying arc lamp lines and adding two lines to the arc lamp file at 3612.87A (Cd
I) and 3663.00A (Hg I). We removed three objects that had data in this region for which
we were not able to correctly calibrate their wavelengths. The spectra were then divided
into individual spectrograms whereby one dimensional spectra were extracted using IRAF’s
apall task. Finally, each one-dimensional spectrum was corrected for atmospheric extinc-
tion and flux calibrated using observations of spectrophotometric standards observed with
a 1.”5 long slit using the same B1200 grating. A one sigma error array was then extracted

according to the FORS reduction pipeline.

2.2.2 VIMOS Spectroscopy

Targets observed with the VIMOS instrument were distributed across four slitmasks in the
CDF-S, each with a field of view of 7/ x 8, covering an area of 15’ x 16’. These observations
typically targeted ~5 LAEs and ~40 LBGs per mask for a total of 23 LAEs and 164 LBGs.
We used the VIMOS spectrograph with the MR grism and an OS-blue filter mounted at
the Nasmyth focus B of UT3 to obtain these spectra. The pixel scale of the EEV 4k x
2k CCD was 0.”2 pixel ™', which, in conjunction with the MR grism, led to a dispersion
of 2.57A per pixel (R~ 400) and a spectral coverage of 4300 — 6800A on each slitlet. The
nominal spectral resolution in combination with the 1.”0 slits is 12.5A (FWHM). For these
observations, the seeing was required to be better than 1”. Each mask was observed for
three hours and eighteen minutes. The VIMOS data were reduced using the standard ESO
VIMOS pipeline version 2.1.6. For more information on the observations and reduction,
see Treister et al. (2009). One dimensional spectra were then extracted using IRAF’s apall
task.

The VIMOS spectra were not flux calibrated to a spectrophotometric standard. As a
result, we empirically flux calibrated the individual spectra based upon the FORS spectra.

This procedure consisted of fitting a powerlaw to the A > 1220A rest-frame continuum of
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FORS and VIMOS spectra via a least-squares algorithm. The individual VIMOS galaxy
spectral slopes were then adjusted by the difference between the median FORS and VIMOS
spectral slopes ensuring the same relative spectral slope. The VIMOS spectra were then
normalized individually by convolving their fluxes (F)(A)) with the V-band transmission
curve, then rescaled to match the observed V-band magnitude.

Due to the artificial flux calibration, we also extracted the one sigma error spectrum
empirically. For each spectrum, a 515A wide top hat, corresponding to 200 pixels or 40
resolution elements, was shifted down the spectrum wherein, for each pixel, we recorded
the median number of counts and relative root mean square deviation. Our error spectrum
is conservative as we only masked the Lya emission line and the A5577 skyline, but no other
features. To check the accuracy of empirically extracting the error spectrum, we applied the
same routine covering the same number of resolution elements to the FORS spectra. This
process recovered an error spectrum comparable to the formal error spectrum produced by

the FORS reduction pipeline.

2.2.3 Redshift Identification

Spectral identification and redshifts were assigned by interactively examining the observed
spectra in both one and two dimensions. All redshifts were independently confirmed by
two investigators. Because our spectra lack systemic redshifts from nebular emission lines,
redshifts were determined from the Lya emission line. There were four continuum-selected
galaxies with interstellar absorption lines and no Lya emission. For these objects, redshifts
were determined from the observed wavelength of the Si II 1260A and C II 1334A absorption
lines, as they are the strongest lines that are not affected by blending. We then calculate
their expected Lya emission line redshift by applying a median offset of Ly« emission and
interstellar absorption (< v >= 650 km s~!) found to be characteristic of z ~ 3 LBGs
by S03. For stacking purposes, we use each object’s Ly« emission line redshift to shift
them into the rest-frame. We note that varying kinematic offsets between emission and
absorption will artificially broaden the absorption lines.

For a large fraction of our LAEs, redshifts are determined solely from the Lya emission

line. There are many dangers involved in single line redshifts, which makes it very important
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to correctly identify this line as high-redshift Ly«. Since we use an [O II] A3727 and an [O
ITT] A5007 filter to select redshift z=2.1 and 3.1 LAEs, it is unlikely that local [O II] and
[O III] emitting galaxies will survive the color cuts. However, intervening high-equivalent
width [O II] A3727 emission line galaxies (z = 0.34) can be mistaken as z=3.1 LAEs. The [O
IT] doublet A\ 3726, 3729 is just resolved in our FORS z = 3.1 sample, which would identify
the galaxy as a low-redshift [O II] emitting interloper. Unfortunately, the VIMOS spectral
resolution is insufficient to resolve the two components of the doublet, making it difficult
to distinguish [O II] from Lya. Gawiser et al. (2006c) and Gronwall et al. (2007) do not
find any interlopers among LAEs observed with the Inamori Magellan Areal Camera and
Spectrograph (IMACS) covering a wavelength range 4000—10000A that would show multiple
emission lines. Nonetheless, as the transmission fraction of the IGM due to H I absorption is
~0.7 at z = 3 (Madau 1995), we can identify [O II] A3727 emitting galaxies from their lack
of a Lyman decrement. We do not find any low-redshift emission line interlopers. Among
the targets observed with the FORS spectra, we spectroscopically confirmed 13 of 36 z = 2.1
LAEs, 24 of 55 BXs, 23 of 25 z = 3.1 LAEs and 3 of 16 LBGs. Of the z ~ 3 VIMOS targets,
we spectroscopically confirmed 17 of 23 LAEs and 40 of 132 LBGs.

2.3 Individual Galaxy Properties

In this section, we analyze the individual galaxy spectra included in the composites. For
individual spectra, the faint nature of high-redshift SFGs limits us to studying trends based
on only a few parameters that are measurable for each galaxy: Ly« equivalent width,
redshift, rest-frame UV color, and rest-UV continuum luminosity. For certain galaxies with
Lya emission and interstellar absorption, we are also able to measure a relative velocity
offset. Due to the complexities associated with selection effects, we do not attempt to study
the relationship between rest-UV continuum luminosity and other galaxy properties. As a
maximum apparent magnitude of R<25.5 is used for broadband-selected objects, the rest-
UV luminosity threshold for z ~ 2 BX galaxies will be ~0.5 magnitudes brighter than for
2z ~ 3 LBGs. Additionally, we find that 5 BX galaxies, 3 z = 2.1 LAEs, and 4 LBGs, i.e., 22%
of our R<25.5, Ly« emission line galaxies, show multiple-peaked Lya emission. Similarly,

Kulas et al. (2011) found that ~ 30% of their Ly« emission line galaxies at 2 < z < 3
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showed multi-peaked Lya emission. We also note seeing evidence for fine-structure Si IT*
emission in the individual spectra of 7 BX galaxies and 3 LBGs.

In 8 of 17 BX galaxies and 15 of 28 LBGs, the only visible feature is Lya emission.
In 2 BXs and 2 LBGs, we observe multiple absorption lines and no Lya emission, and
in 3 of these 4 galaxies, Lya appears as broad absorption. In these cases, interstellar
absorption lines are used to measure the redshift. In the remaining 7 BXs and 11 LBGs,
Lya emission and interstellar absorption are present allowing a measurement of the relative
velocity offset. For 77 of 81 galaxies, redshifts were measured from the Ly« emission line.
This fraction differs significantly from S03, as nearly one third of their LBG spectroscopic
sample had Ly« only in absorption. This difference is likely due to lower S/N in our spectra
making absorption line-only redshifts difficult. The top left panel of Figure 2.1 shows the
distribution of Lya equivalent widths for our entire spectroscopic sample (black, solid line)
and UV-bright LAEs (red, dot-dashed line). We discuss the impacts of the different Ly«
equivalent width distribution in Section 2.6.2.

Among the narrowband-selected galaxies, in all except for one, the only visible spectro-
scopic feature is Ly« emission. This is likely due to the intrinsically faint nature of their
continua. In the top right panel of Figure 2.1, photometric versus spectroscopic rest-frame
equivalent width is plotted for z ~ 3 LAEs as black stars and z ~ 2 LAEs as red dia-
monds. We find that for z ~ 3 LAEs, photometric equivalent widths are systematically
overestimated as the median photometric equivalent width is Wpyhet3 = 69.2A while the
median spectroscopic equivalent width is Wypec,3 = 36.6A. However, for z ~ 2 LAEs, these
two equivalent width measurements are consistent as W12 = 27.3A and Wepec,2 = 31.5A.
Photometric equivalent widths are calculated by using broadband filters (U+B at z ~ 2, and
B+V at z ~ 3) to estimate the continuum flux density and a narrowband filter to estimate
the amount of excess Lya flux. For details on the photometric equivalent width calculations,
see Gronwall et al. (2007); Guaita et al. (2010). For particularly faint objects, spectroscopic
equivalent widths may be biased low as a result of fake continuum in individual spectra.
Since we weight each object in the composites by signal divided by noise squared, these
objects will have a minimal effect on the composite spectra of which all equivalent widths

are measured spectroscopically. A more detailed analysis of photometric and spectroscopic
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Figure 2.1 Top left: the rest-frame Ly« equivalent width (W) distribution for our spectro-
scopic sample (black solid line) and our UV-bright LAE subsample (red dot-dashed line).
All reported equivalent widths are in A. Top right: Wpper v. Wo for z ~ 3 LAEs (black
stars) and z ~ 2 LAEs (red diamonds). Bottom left: Awvey_aps v. spectroscopic Wy where
errors in Avem_abs are the range values found for different transitions. Bottom right: spec-
tral slope index, 8 (Fy o< M%), as calculated from the photometric colors, v. Wy for
R>25.5 galaxies (cyan crosses), z ~ 3 R<25.5 galaxies (red squares), and z ~ 2 R<25.5
galaxies (blue triangles). A typical error measurement is plotted in the upper right corner.
LAEs from Guaita et al. (2011) (black X’s) and Nilsson et al. (2009) (black crosses) are also
plotted. The vertical line is the traditional cut for LAEs (Wo = 20A) and the horizontal
line is the division between the blue and red spectral slope composites.
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equivalent widths is necessary to fully understand the cause of this discrepancy.

In galaxy spectra with both Ly« emission and interstellar absorption, we measure the
average relative velocity offset, Avem_aps. In the bottom left panel of Figure 2.1, the
distribution of Avem_aps as a function of Ly« equivalent width is plotted where the errors
represent the range in velocity offsets measured from different transitions. The median
velocity offset is AvVem_abs = 584 km s~ similar to S03 who found Avem_abs = 650 km s~
In all of our galaxies, Ly« emission is at a higher redshift than interstellar absorption. This
result is consistent with S03 who find that nearly all of their 323 LBGs show Ly« at a higher
redshift than interstellar absorption. These velocity offsets indicate that most likely the
emission is coming from the farside component of the outflow while interstellar absorption,
Lya absorption, and blueshifted Lya emission are coming from the nearside component.
Large-scale outflows are caused by feedback from star formation and supernovae, as first
reported in z ~ 3 LBGs by Steidel et al. (1996a). In general, stellar systemic redshifts are
measured from photospheric features from hot stars. In the rest-UV, photospheric features
are too weak to be seen in individual spectra. Systemic redshifts can also be determined
from rest-optical nebular emission lines, but these were not available. Therefore, in the
rest of our analysis, we measure the relative velocity offset between Lya emission and
absorption. While velocity offset tends to decrease with increasing Lya equivalent width,
we do not find this trend to be very significant. Furthermore, none of the UV-bright SFGs
with Wiyq > 40A have visible interstellar absorption lines.

The spectral slope of the UV continuum is largely dependent on the star formation
rate and amount of extinction. For UV-bright, star-forming galaxies, the unreddened UV
continuum remains fairly constant for ages 10Myr to 1Gyr where the spectral slope index,
B (Fx oc M), ranges from -2.6 to -2.1 (Leitherer et al. 1999). Both narrowband- and
continuum-selected galaxies at 2 < z < 3.5 have typical ages within this range (Papovich
et al. 2001; Shapley et al. 2001; Erb et al. 2006d; Gawiser et al. 2007; Kornei et al. 2010)
indicating that large differences in UV spectral slope reflect varying amounts of dust extin-
tion. For a large number of our galaxies, the individual spectra are of insufficient S/N to

accurately measure a UV continuum slope. However, using broadband photometry, BVRI
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for z ~ 3 and UBVRI for z ~ 2 SFGs, we calculate the UV spectral slope index after correct-
ing for IGM extinction and Lya equivalent width for each galaxy. The bottom right panel
of Figure 2.1 shows the distribution of UV spectral slopes as a function of Lya equivalent
width for R<25.5, 2 < z < 2.7 galaxies (blue triangles), R<25.5, 2.7 < z < 3.5 galaxies (red
squares), and R> 25.5 galaxies (cyan crosses) with a typical error measurement in the upper
right corner. LAEs from Guaita et al. (2011) (black X’s) and Nilsson et al. (2009) (black
crosses) are also plotted. We find a median spectral slope of f = —1.4, then create a red
(8 > —1.4) and a blue (8 < —1.4) spectral slope subsample. Galaxies with nondetections
in the B, V, and/or R bands have been omitted from this plot. We find a large range in
B values from 8 = —2.7 to B = 0.1, however, for galaxies with rest-frame Wy, > 20A, B
ranges from § = —2.7 to f = —0.8 indicating a relation between stronger Ly« emission and
bluer spectral slopes. UV-bright SFGs with Wiy, < 20A subset have a mean spectral slope
of < 8 >= —1.22 4+ 0.47 while UV-bright SFGs Wy, > 20A have a bluer mean spectral
slope of < 8 >= —1.52 4+ 0.45 where errors represent the standard deviation on the mean.
Moreover, the red and blue spectral slope subsamples have median Lya equivalent widths
of Wy = 15.1A and Wy = 32.2A respectively. These trends display a relation between in-
creasing Ly« equivalent width and bluer spectral slope, which has previously been observed
in z ~ 3 LBGs (Shapley et al. 2003a; Steidel et al. 2010; Kornei et al. 2010).

Through dividing the sample into two redshift bins, 2.0 < z < 2.7 and 2.7 < z < 3.5,
we find that galaxies at both redshifts show a similar relationship between Ly« equivalent
width and spectral slope. Surprisingly, galaxies at z ~ 2 show bluer continuum slopes on
average (< f >= —1.87 £ 0.51) than galaxies at z ~ 3 (< 8 >= —1.34 £ 0.33), which
appears as a systematic offset independent of Ly« equivalent width and is further discussed
in § 2.6.5. This trend is still observed when using the same observed photometry (BVRI)

to determine rest-UV slopes at both redshifts.

2.4 Stacking Procedure

In generating the following composite spectra, we begin by identifying a subsample of galaxy
spectra to be combined. We exclude LAEs whose spectra are plagued by poor sky subtrac-

tion or have minimal wavelength coverage. Of the 52 spectroscopically confirmed LAEs,
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we include 26 observed with the FORS instrument and 10 with the VIMOS instrument.
Additionally, SFGs lacking precise redshifts determined by either the Ly« emission line or
several interstellar absorption lines are also excluded from the composite. These criteria
yield 28 VIMOS LBGs and 17 FORS BXs out of 73 spectroscopically confirmed continuum-
selected galaxies. The effects of omitting LBGs without detectable Ly« emission redshifts

is discussed in section 2.6.1.

Table 2.1 Subsample Criteria

Type Magnitude Wrya Nrpors Nvimos Niotal
UV-bright SFG R<255 all 29 30 59
UV-bright non-LAE R <255 <20A 15 12 27
UV-bright LAE R<255 >20A 14 18 32
UV-bright blue R<255 - 14 11 25
UV-bright red R <255 - 11 17 28
UV-faint LAE R>255 >20A 14 8 22

We proceed to shift the extracted, one-dimensional, flux-calibrated spectra into the rest
frame. The spectra are subsequently rebinned to a dispersion of 1A per pixel correspond-
ing to roughly the FORS resolution. We then renormalize them to their 1250 — 1300A
continuum. Outlying data points due to cosmic-ray events and sky subtraction residuals
are systematically masked, totaling less than 0.2% of the data. Finally, using an optimal
weighting routine where weights are defined as 1250 — 1300A continuum strength divided
by noise squared, we co-add the individual spectra (Gawiser et al. 2006c). We note that a
variety of UV spectral slopes in conjunction with the majority of the VIMOS spectra cov-
ering only A < 1600A causes the S /N to drop rapidly and the continuum level to become
uncertain above this wavelength.

In order to understand the connection between UV-bright star-forming galaxies with
and without strong Lya emission, we divided our dataset into three subsamples: UV-bright
non-LAE, UV-bright LAE, and UV-faint LAE. In Table 2.1 we present our selection cri-
teria for and the number of galaxies in each composite. We also define a UV-bright SFG
subsample with R<25.5 which is composed of the UV-bright non-LAE and UV-bright LAE
subsamples. The UV-bright non-LAE and UV-bright LAE subsets differ slightly in mag-

nitude, < Ryv_prightnon—LAE >= 24.46 and < Ryv_prightrAE >= 24.84 with a scatter of
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Figure 2.2 Composite continuum-normalized rest-frame UV spectrum of 59 SFGs (R<25.5)
with the composite one sigma error spectrum plotted in red. H I Ly« emission and low- and
high-ionization interstellar absorption originating from the outflowing component are the
most prominent features. Weaker features such as stellar emission from P Cygni profiles
and fine-structure emission (Si II* and C II*) are also visible.

+0.68 and 40.42 respectively, although this difference is not significant. This difference is
in part due to the fact that larger Lya line fluxes make spectroscopic identification easier.
Selection effects based on luminosity and Lya equivalent widths are discussed in detail in
Section 2.6.1. The primary goal for these different spectroscopic subsamples is to under-
stand the effects of increasing Ly« emission and decreasing magnitude on galaxy properties.
We do note that our R< 25.5 LAE subsample contains galaxies with a broad range of
properties including galaxies with strong interstellar absorption lines, Si IT* fine-structure
emission, and faint continua where the only feature seen is Lya emission. We also subdivide
our dataset into a red (f > —1.4) and blue (8 < —1.4) spectral slope subsample based on
their intrinsic rest-UV colors. We exclude 6 narrowband-selected galaxies with B, V, or R
band magnitudes greater than 1 magnitude from these composites as their spectral slopes

are not well constrained.
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2.5 Analysis of Composite Spectra

The absorption and emission features observed in these spectra are produced in gas associ-
ated with galactic-scale outflows, H II regions, and the winds and photospheres of massive
stars. Figure 2.2 shows the UV-bright SFG composite spectrum of 59 R<25.5 SFGs. The
most prominent features in the rest-UV composite spectra are blueshifted interstellar ab-
sorption and H I Lya. These features trace large-scale outflows of interstellar medium,
which have been modelled in detail for high-redshift LAEs and LBGs (Verhamme et al.
2008; Laursen et al. 2011). In individual galaxy spectra, due to low S/N, only redshifts can
be determined from strong interstellar absorption. However, with higher S/N, composite
spectra allow for more robust measurements of their equivalent widths as well as revealing
fainter features such as nebular emission.

In Figure 2.3, the top panel displays our composite UV-bright non-LAE spectrum (27
UV-bright non-LAESs), the middle panel shows our UV-bright LAE composite spectrum (32
UV-bright LAEs) and the bottom panel shows our UV-faint LAE composite spectrum (22
LAEs). For our UV-faint LAE composite spectrum, limited spectral coverage in conjunction
with all of these LAEs being at z = 3.1 causes our sample size to drop to 8 galaxies (35%)
at A < 1340A. In addition, we have masked the region around 1360A due to residuals
from the A5577A skyline. For this reason, we limit our analysis of the LAE composite to
wavelengths blueward of 1340A.

Across the UV-bright LAE and UV-bright non-LAE composites, the most striking trends
are the decrease in interstellar absorption and increase in Si II* nebular emission with
increasing Lya emission. In this section, we first focus our analysis on the Ly« emission and
absorption line profile. We then discuss low- and high-ionization interstellar absorption line
features. Finally, we proceed to discuss nebular features and fine-structure Si II* emission

within the systemic component of the galaxies.

2.5.1 Lyman Alpha Emission and Absorption

Lya photons originate from recombinations in H II regions around massive stars, yet a

number of effects impact the strength, shape, and relative velocity of the emergent Ly«
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Figure 2.3 A series of continuum-normalized spectra for our three subsamples: top - UV-
bright non-LAE, middle - UV-bright LAE, bottom - UV-faint LAE. The galaxies used
to construct these spectra were shifted into the rest-frame using their Lya emission line
redshifts. The one-sigma composite error spectrum is plotted in red at the bottom of each
composite. With increasing Ly« emission, interstellar absorption features become weaker,
Si IT* A\ 1265, 1309 emission becomes stronger, and the spectral slopes is bluer. The A5577
skyline has been masked in the UV-faint LAE composite (green) at 1360A as all UV-faint
LAEs lie at z = 3.1.
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profile; including intrinsic star formation rate, amount of dust, dust geometry, covering
fraction, and the kinematics of the outflowing gas. For a more in depth discussion on the
shape of the Ly« profiles in this dataset, see Gawiser et al. (in prep.). Nonetheless, we are
still equiped with the overall strength of Ly« emission and absorption as well as its relative

velocity offset with respect to other spectroscopic features.

Table 2.2 All-SFG Spectroscopic Features
Ion Arest (A) f Wo (A) o (A) Avem_aps (kms™1)
Lya, 1215.67 - 19.1 1.5 -

-2.7 0.3 2400

Lyap, 1215.67 -

SiIl 126042 1.007 -13  0.15 520
Ol 130217 0.0489  -2.1 0.2 760
SiIl 130437 0.094  -2.1 0.2 540
CII 133453 0.128  -1.7 0.2 590
SiIl 1526.71 0.130  -1.2 0.3 580
Fell 1608.45 0.058  -0.7 0.3 590
AITl 167079  1.83  -1.2 0.4 560
NV 123882 0.157  -0.9 0.2 1320
NV 124280 0.0782  -0.9 0.2 1320
SiIV 1393.76 0514  -15 0.2 550
SiIV  1402.77 0.255  -0.9 0.2 630
CIV 154820 0.191  -1.7 0.3 800
CIV  1550.78 0.0952  -1.7 0.3 800

Note. — Lyar and Lyay, refer to the redshifted emission and blueshifted absorption of the Lya profile.
All values of Av are relative to Lya,. Transition oscillator strengths as in Pettini et al. (2002). Wo, o,
and Awv values listed for O I A1302 and Si IT A1304 refer to the line profile for these two blended features
assuming the rest wavelength is A = 1303.27A. Similarly, the values for N V X X 1238.82, 1242.80 and C
IV X X 1548.20, 1550.78 refer to the blended line profiles assuming a rest wavelength of A = 1240.81A and
A\ = 1549.48A respectively.

For our UV-bright SFG composite (Fig. 2.2), we measure a rest-frame Ly« emission
equivalent width of W, = 19.1 & 1.5A. We also note that there is evidence for weak
blueshifted emission at a velocity offset of Avem_ans ~ 5000 km s~! separated by Lyo
absorption. Lya photons are much more likely to escape from a galaxy if their relative
velocities have been shifted off resonance with respect to the bulk component of the neutral
material. We find it interesting that there is blueshifted emission at a very high velocity

offset as the UV-bright SFG composite represents an average of all the UV-bright galaxies

including several with strong Lya absorption. For the main Lya absorption, we measure
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an equivalent width of W, = —2.7 + 0.3A at a velocity offset of Avem_abs ~ 2400 km
s~!. Equivalent widths and velocity offsets for our UV-bright SFG composite spectra are
presented in Table 2.2. Since the composite spectra include galaxies observed with the
FORS and VIMOS instruments, we smooth all spectra by the VIMOS resolution (v ~ 650
km s~1), which we calculate to be 3.0A under optimal observing conditions. We also set an
upper bound of 3.1A on our spectral resolution as the minimum FWHM value measured
among the strong interstellar features. Assuming an effective spectral resolution of 3.0A and
subtracting the instrument FWHM from the observed FWHM in quadrature, we compute
a deconvolved FWHM (Lya) = 530 + 30 km s~! in the UV-bright SFG composite. While
the UV-bright SFG composite represents the average strength of Lya emission among our
R<25.5 SFGs, this is not representative of the entire population of SFGs due to selection
effects. For instance, spectroscopic identification is easier using an emission line rather than
an absorption line. As objects become fainter, the fraction of galaxies with Ly« in emission
increases. We discuss the implications of this effect in Section 2.6.1. Additionally, the weight
causes brighter galaxies to contribute more to the composite. These factors have opposing
effects on the strength of the Ly« feature in Figure 2.2, so it will not necessarily be that of
the average SFG. However, we do find the median Ly« equivalent width of the UV-bright
SFG sample (Wo = 21.0A) to be consistent with that of the UV-bright SFG composite. A
wide distribution of Ly« equivalent widths and line profiles is seen in our individual spectra,
which we discuss in Section 2.6.2. In Section 2.6.3, we discuss the relationships among the
strength of the Ly« line and other galaxy properties.

In the UV-bright non-LAE composite (top panel of Fig. 2.3), we observe Ly« both in
emission and blueshifted absorption with an average velocity offset of Avem—_ans ~ 2400 km
s~!. The blueshifted absorption extends from the Lyc emission line to Avem_aps > 4500 km
s~ with an equivalent width of W, = —4.940.9A. For the emission component, we measure
a Lya emission line equivalent width of W, = 8.4 + 0.9A, which we find to be comparable
to the second highest Lya equivalent width quartile of S03 (W, = 11.00 & 0.714). Our
results for the UV-bright non-LAE and UV-bright LAE composites are presented in Table
2.3. The observed FWHM is right at our instrument resolution, so we set a 3o upper limit

of FWHM(Lya) < 200 km s~ 1.
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Table 2.3 Spectroscopic Properties
UV-bright non-LAE

UV-bright LAE  UV-bright SFG

Nya 27 32 59
R 24.46 24.84 24.72
5phot -1.3 -1.5 -1.3
Bspec -1.50 -2.25 -1.90
AV —abs 640 + 10 610 + 60 630 + 20
FWHMy ;g 340 £ 100 420 £ 90 430 £ 60
WLyar 84+0.9 50.0 £4.8 19.1+£1.5
Wiya, —4.940.9 1.240.8 —2.740.3
Wit 1193 —-1.940.3 - 2.0£0.2
Wit 1260 —-1.4+£0.25 —-1.2+£0.2 —-1.3£0.15
Wor4silt,1303 —2.5%+0.3 —-1.7+0.3 —2.14+0.2
Weit, 1334 —1.5£0.25 —-1.8+£0.3 —-1.7£0.2
Wit 1526 —1.84+0.3 —0.5%£0.3 —1.24+0.2
WelL, 1608 ~1.1404 - —0.740.3
Wi, 1670 —1.5£0.45 —1.0£0.5 —-1.2+0.3
Wxv 1240 —1.0£0.35 —-1.14+04 —0.94+0.2
Wsirv,1393 —-1.5+£0.3 —1.4+0.35 —-1.5+£0.2
Wsitv, 1402 —-1.0+0.3 —0.4+£0.35 —0.94+0.2
Warv 1549 —2.2+0.35 —-1.1+£04 —-1.7£0.3
Worlt, 1664 - 0.8 +0.45 -
Note. — R and Spnot refer to the median values of the individual galaxies. Bspec refers to the spectral

slope of the composite. The UV-bright LAE and UV-bright non-LAE subsets contain a similar fraction
of galaxies observed with FORS and VIMOS. Avem—abs and FWHM ;s refer to the average values of the
low-ionization lines.

The UV-bright LAE composite (middle panel of Fig. 2.3) has a complex Ly« profile, as
it includes galaxies with redshifted absorption and multiple-peaked emission. For the main
Lya emission line component, we measure deconvolved FWHM (Lya) = 410 4 100 km s+
and an equivalent width of W, = 50.0 + 4.8A. The faint blueshifted emission at very high
velocity offset in this composite is the origin of the same feature in the UV-bright SFG
composite. We measure a velocity offset of Avem—_abs ~ 4600 km s~!, which agrees with
the maximum velocity offset of the Ly« absorption in the UV-bright non-LAE subsample.
In the individual galaxy spectra contributing to the UV-bright LAE composite, we do
not find any significant emission at this velocity offset, but we do note that the stacking
procedure can reveal features too faint to be seen in individual spectra. The majority of

Lya photons will be absorbed at the relative velocity of the bulk of the outflowing neutral
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medium. However, Lya photons farther in velocity space from the line center are less
likely to be re-absorbed. Steidel et al. (2010) find outflows around z = 2.3 SFGs to best
be characterized by a powerlaw with larger velocities at larger radii. If the blueshifted

Lis real, it reveals extended emission of Lya photons

emission at Avey_abs ~ 4600 km s~
from a diffuse component of H I. Steidel et al. (2011) recently found extended Ly« emission
in a sample of 92 continuum-selected galaxies at z ~ 2.65.

In our UV-faint LAE composite (bottom panel of Fig. 2.3), we see no strong evidence
for blueshifted emission. We measure a Lya equivalent width of Wy = 42.1 + 6.2A and a
velocity FWHM of FWHM(Lya) = 380 & 110 km s~!, consistent with the UV-bright LAE

composite.

2.5.2 Low-Ionization Absorption Lines

Blueshifted singly-ionized metal absorption lines probe the neutral component of outflowing
interstellar material on the nearside of the galaxy. Among our composite spectra, there are
a host of low-ionization interstellar absorption lines. Due to limited S/N, we restrict our
analysis to the strongest low-ionization lines that we detect at high significance: Si II
A1260, O T A1302 + Si IT A1304, C IT A1334, Si IT A1526. All of these features have been
well-studied in high-redshift LBGs (Pettini et al. 2000, 2002; Shapley et al. 2003a; Cabanac
et al. 2008; Quider et al. 2009; Dessauges-Zavadsky et al. 2010; Talia et al. 2012; Jones
et al. 2012) and nearby starburst galaxies (Heckman et al. 1998; Leitherer et al. 2011).
We also find Fe IT A1608 and Al IT A\1670 at low significance, but they are located in a
region of the spectrum where we have fewer galaxies contributing to the composite and
therefore lower S/N. For these reasons, we only record their equivalent widths. Table 2.3
reports measurements of equivalent widths and average velocity offsets of the interstellar
lines. As we observe a distribution of velocity offsets among our individual galaxies, the
FWHMs of all transitions other than Lya will be artificially broadened to some extent.
Due to the intrinsically faint nature of our UV-faint LAE galaxies’ continua in combination
with continuum normalization, we do not observe any significant interstellar features in the
UV-faint LAE composite. As a result, we restrict our analysis to the UV-bright LAE and

UV-bright non-LAE composites for the rest of the analysis.
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Figure 2.4 Zoomed-in regions of the UV-bright LAE (top panel) and UV-bright non-LAE
(bottom panel) composite spectra shown in Figure 3. The adjusted scale allows for a more in
depth look at the interstellar absorption line profiles as well as the nebular emission feature
Si IT* AX 1265, 1309. Note the strength of the A 1265 emission as compared to the lack of
A 1309 emission in both composites. The low-ionization transitions are all blueshifted with
respect to Lya and the N V A\ 1238, 1242 transition has a significantly higher velocity
offset in the UV-bright non-LAE than LAE composite. The vertical lines indicate the Ly«
rest-frame wavelengths with respect to Lya emission for low-ionization absorption (dotted
line), high-ionization absorption (dashed line), and Si IT* emission (solid line).
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The strong low-ionization interstellar lines are useful for measuring the kinematics of
the neutral gas component within the outflow. Figure 2.4 and Figure 2.5 show zoomed in
regions around the strong absorption lines for the UV-bright LAE composite (top panel) and
UV-bright non-LAE composite (bottom panel). The vertical lines indicate the rest-frame
wavelength of each transition with respect to Lya emission. Relative to Lyca, we measure

L and

an average velocity offset of the low-ionization features of Avem_aps = 640+ 10 km s~
AVem—abs = 610 &+ 60 km s~! for the UV-bright non-LAE and UV-bright LAE composites.
Using the Si II A1260 and C II A\1334 absorption lines, which are the least affected by
blending, and assuming a spectral resolution of 3.0A, we measure a deconvolved FWHM =
430460 km s~! for the UV-bright SFG composite. We subsequently measure a FWHM in
the UV-bright LAE and UV-bright non-LAE composites of FWHM = 420 + 80 km s~! and
FWHM = 340 4 100 km s~! respectively. The different velocity offsets among individual
galaxies in the UV-bright LAE and non-LAE composites is likely biasing the FWHM in
the UV-bright SFG composite to larger values. Our results are consistent with S03, who
stacked 811 LBGs at a spectral resolution of 2.6A and found an average FWHM(LIS) =
450 4 150 km s,

We measure the degree of saturation of the Si II transitions by comparing the equivalent
widths of Si IT A1260 and Si IT A1526. On the linear part of the curve of growth, the
ratio of Wy(1260)/W(1526) > 5, while we measure W (1260)/Wq(1526) = 1.1 £ 0.2 in
the UV-bright SFG composite, consistent with unity and the material being optically thick.
This ratio is W (1260)/Wq(1526) = 2.4 + 1.5 in the UV-bright LAE composite, as the
A1526 transition is marginally detected, making the uncertainty quite large. S03, Erb et al.
(2006d), and Steidel et al. (2010) find the Si IT transitions to be consistent with saturation
in each of their composites, and S03 report a W((1260)/W(1526) = 0.95 in their all-
LBG composite. Since the strong low-ionization transitions are all saturated, they are not
useful for determining chemical abundances. Metal abundances can be derived from weaker
features lying on the linear part of the curve of growth in conjuction with H I column
densities (e.g., Pettini et al. 2000, 2002). We do not observe any of these features with
high enough S/N and cannot measure H I column densities, so we focus our analysis on

the strong transitions. We do note that Erb et al. (2006a) used the metallic absorption
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lines near A1370 and A1425 to confirm their rest-frame optical metallicity measurements.
We find these regions in our UV-bright SFG composite to be consistent with the low-mass
composite of Erb et al. (2006a) which had a metallicity of Z < 0.33Z5. Finkelstein et al.
(2009) measured limits on the metallicities of two LAEs using rest-frame optical emission

lines to be Z < 0.17Z5 and Z < 0.287.

2.5.3 High-Ionization Absorption Lines

In addition to low-ionization absorption, we also detect several high-ionization interstellar
absorption lines at high significance, namely N V A\1238, 1242, Si IV AA1393, 1402, and C
IV A\1548,1550. These transitions trace gas at T > 10* K that has been ionized by feedback
from supernovae, stellar winds, and collisional processes associated with the outflow. They
are therefore useful for probing the ionized component and ionization state of the outflow.
We analyze the most prominent high-ionization features first (SiIV and C IV), then interpret
the N V line profile, which we detect at lower significance.

In the UV-bright non-LAE composite, for the A A 1393,1402 Si IV transitions, we
measure comparable velocity offsets of Avem_abs ~ 560 km s™! and Avem—_abs ~ 590 km s~
In contrast, for the UV-bright LAE composite, we measure velocity offsets of Avem—abs =
440 km s~ and Avem—_abs = 870 km s7! respectively. The UV-bright LAE composite shows
strong absorption at A1393 while having marginally detected absorption at A1402 likely
due to redshifted emission from a P Cygni component filling it in, and thereby biasing our
velocity offset to a higher value. We also find the signature of a P Cygni profile in the UV-
bright non-LAE composite, although at lower significance and it does not appear to have a
significant effect on the velocity offset of the A1402 absorption. For a doublet ratio of 2:1,
the Si IV A\ A 1393, 1402 transition is on the linear part of the curve of growth and therefore
optically thin. In the UV-bright SFG composite, this ratio is 1.9:1, however, this ratio
is 3.5:1 in the UV-bright LAE composite and 1.4:1 in the UV-bright non-LAE composite.
The higher doublet ratio in the UV-bright LAE composite is again due to P Cygni emission
filling in A1402 absorption. In the UV-bright non-LAE composite, continuum uncertainty
due to broad stellar absorption makes measuring this ratio difficult and may bias this ratio

towards 1:1. Thus, we conclude that the Si IV transition appears consistent with being
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Figure 2.5 Analogous to Figure 4, except showing the Si IV A\ 1393, 1402, Si IT A1526 and
C IV A\ 1548, 1550 transitions for the UV-bright LAE composite (top row) and UV-bright
non-LAE composite (bottom row). This view shows the lack of Si IV A1402 and Si IT A\1526
absorption as well as the strength of the Si II* A 1533 emission in the UV-bright LAE
composite. In the left panels, the Si IV redshifted emission is more apparent and the Si
IV A\ 1393, 1402 absorption are seen at similar velocity offsets for each composite. In the
right panels, the decrease in Si II* A1526 emission and increase in Si IT A1526 and C IV A\
1548, 1550 absorption with decreasing Lya emission is clearer.
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optically thin in all composites.

For the UV-bright SFG composite, we find the relative velocity offset of the Si IV A A
1393, 1402 transitions (Avem—abs ~ 590 km s_l) to be in good agreement with the average
velocity shift of the low-ionization absorption lines (Avem_abs = 550 km s~!). Moreover,
the average deconvolved FWHM of the Si IV doublet is FWHMg, ;v = 420 4+ 110 km s,
also consistent with that of the low-ionization absorption lines FWHM} ;¢ = 360 & 60 km
s

In the UV-bright SFG composite, for C IV blended at A1549.5, assuming a doublet ratio
of 1:1, we measure Avgm_ans = 800 km s™1, significantly larger than the low-ionization lines.
However, the velocity width of FWHM¢y = 450 £ 60 km s—! is consistent with the low-
ionization lines. There appears to be some broadening due to stellar winds along with
redshifted emission characteristic of a P Cygni profile, which may be biasing the velocity
offset to larger values. For both the UV-bright LAE and UV-bright non-LAE composites,
we find comparable velocity offsets to the UV-bright SFG composite, which are in all cases
larger than that of the Si IV A1393 transition and the low-ionization absorption lines.

In the UV-bright LAE composite, we see weak C IV absorption, yet in the UV-bright
non-LAE composite, we find significantly stronger C IV absorption corresponding to an
increase in absorption strength of ~100%. S03 also report seeing more C IV absorption
in their Wiy, = 11A composite than their Wiya = 52A composite, although they only
measure an increase in strength of ~30%. The relatively weak C IV absorption seen in
the UV-bright LAE composite is particularly interesting given that the strength of the Si
IV A1393 absorption is comparable in both the UV-bright LAE and UV-bright non-LAE
composites, and the velocity FWHMs of the high-ionization transitions are comparable
across all composites. We further note from the relative strength of the interstellar C
II 1334 absorption to C IV A\1549 absorption that the outflowing component of carbon
appears to have a higher covering fraction in a lower ionization state, as it is unlikely that
the velocity FWHM of the neutral gas is higher than that of the ionized gas.

Significant N V absorption is visible in the UV-bright SFG composite with a large
velocity FWHM (FWHM~ 1200 km s~!) and velocity offset (Avem_aps = 1150 km s71).

The N V line profile shape is consistent with that of a P Cygni profile, indicating that there
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is both a stellar and an interstellar component. The velocity offset of the N V absorption is
significantly larger in the UV-bright non-LAE composite (Avem_abs = 1300 km s~!) than
the UV-bright LAE composite (Avem_abs = 600 km s~1). In spite of this difference in
velocity offset, the velocity width is consistent among all three composites (FWHM~ 1200
km s~!). We interpret the larger velocity offset in the UV-bright non-LAE composite as
evidence for a significant amount of interstellar N V absorption in the outflowing component.
In this composite, both the N V velocity offset and velocity FWHM are significantly larger
than that of the Si IV and C IV absorption.

2.5.4 Stellar Features

The radiation pressure from hot massive stars can generate winds of 2000-3000 km s~!

(Groenewegen et al. 1989). These winds are seen spectroscopically as broad absorption in
low density environments or P Cygni profiles, blueshifted absorption followed by redshifted
emission, in higher density environments (Leitherer et al. 1995). In the far UV, the most
prominent stellar features are N V A\1238, 1242, Si IV A\ 1393, 1402, C IV A\ 1548, 1550,
and He II A1640. There is no evidence for He IT A1640 emission in any of the composites,
however, the S/N in that region is much lower due to limited spectral coverage and an
uncertain continuum level. For the Si IV and C IV transitions, a combination of strong
interstellar and photospheric absorption contribute to the line profiles, which can be difficult
to differentiate. In the UV-bright LAE composite, we find evidence for O III] A1664 nebular
emission, which is not detected in the UV-bright non-LAE composite. Due to low S/N
and an uncertain continuum level, we do not attempt any further analysis. This result is
qualitatively consistent with S03 who reported significantly stronger O II1] A\1664 emission
in their highest Ly« equivalent width quartile relative to their lower three Lya equivalent
width quartiles. A number of weak stellar features are also visible in the UV-bright SFG
composite, the strongest being C III A1176 absorption at a velocity offset of Avgm—_ans = 380
km s~!, which further confirms that Lyc is typically redshifted from the systemic redshift
of SFGs at these redshifts by ~400 km s~! in excellent agreement with Steidel et al. (2010).

The stellar wind component of the Si IV transition is only significant for blue giant

and supergiant stars. In the UV-bright SFG composite, we observe extended absorption
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1 as well as redshifted

that ranges from zero velocity offset to Avem_ans = 1600 km s~
emission characteristic of a P Cygni profile, consistent with high velocity stellar winds from
massive stars. We observe a similar profile in the UV-bright LAE composite except with
redshifted emission filling in the Si IV A1402 absorption. Although the UV-bright non-LAE
composite shows weak redshifted emission, there does not appear to be significant broad
absorption. Given the strength of Si IV A 1393, the most significant difference between
these two composites is the much lower amount of Si IV A1402 interstellar absorption in
the UV-bright LAE composite. The shape and strength of these line profiles indicates the
presence of a population of young blue giant and supergiant stars.

The stellar wind contribution to the C IV profile is most dependent on the presence
of main-sequence, giant and supergiant O stars. We observe strong C IV A\ 1548, 1550
absorption in the UV-bright non-LAE composite, though it is difficult to disentangle the
stellar wind component from the interstellar absorption component. We find evidence for
weak extended absorption in the UV-bright SFG and UV-bright non-LAE composites, but
not in the UV-bright LAE composite. We also find significant redshifted emission in the
UV-bright non-LAE composite. A P Cygni profile indicates the presence of M>30M, stars
(Leitherer et al. 1995; Pettini et al. 2000). This emission is also seen in the UV-bright SFG
composite.

In both the UV-bright LAE and UV-bright SFG composites, there is significant blueshifted
absorption and redshifted emission in the N V line profile, characteristic of a P Cygni profile.
We interpret the low velocity offset (Avem—abs = 600 km s_l) and large velocity FWHM
(FWHM~ 1200 km s~%) of N V absorption in the UV-bright LAE composite as evidence
for stellar emission and absorption dominating the N V profile (see Fig. 1 in Groenewegen
et al. 1989). Given the shape of the N V line profile in the UV-bright SFG composite,
we interpret this as evidence for a significant amount of high-ionization absorption in the

outflow as well as emission and absorption due to stellar features at the systemic redshift.

2.5.5 Si IT* Emission Lines

An advantage of composite spectra is the ability to reveal weak features that are typically

undetected in individual spectra. Among these features, the most prominent are the Si IT*
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fine structure emission lines at A1265, A1309, and A1533. These transitions have also been

observed in z ~ 3 LBGs by S03 and z ~ 4 LBGs by Jones et al. (2012).

Table 2.4 Si IT* Emission in UV Bright SFG Composite
)\rest Aul WO Av
(A) (s (A)  (kms
1264.74 23.0 0.6+0.2 280
1309.28 7.00 0.0+0.2 -
1533.43 7.40 0.7+0.3 140

Note. — Properties of Si IT* Emission in the UV-bright SFG composite. Einstein A—coefficients from
the NIST Atomic Specta Database (http://physics.nist.gov/cgi-bin/AtData/main_asd). The Si II* A1309
feature is not seen, so we do not report a Awv.

The close proximity of these lines to strong absorption features (Si IT A1260, O I + Si
IT A1303, and Si IT A1526) may attenuate the blue edges, biasing the centroids to the red.
Our results for Si II* emission in the UV-bright SFG composite are presented in Table
2.4. In the UV-bright non-LAE composite, we observe significant Si IT* A1265 emission yet
we do not see the A1309 and A1533 transitions. For the A1265 emission, we measure an
equivalent width of Wy = 0.5+0.2A at a velocity offset of Avem_ans = 300 km s~1. We find
slightly stronger Si IT* A1265 in the UV-bright LAE composite with an equivalent width of
Wo = 0.7+ 0.2A at a velocity offset of Avem_abs = 120 km s~. In this composite, the Si
II* A1265 emission is double-peaked, which is likely due to only individual galaxies having
Si IT* emission at different velocity offsets. We observe A1533 emission at a much higher
signficance in the UV-bright LAE composite than the UV-bright non-LAE composite with
an equivalent width of Wy = 1.2 + 0.4A compared to Wy < 0.3A at velocity offsets of
AVem—abs = 30kms™! and Avem—_abs = 380kms™! respectively. We do not find any evidence
for A1309 emission in any of the composite spectra. In contrast, both S03 and Jones et al.
(2012) observe Si IT* A1309 emission in their composite spectra.

Si IT* emission likely stems from photoionized regions around massive stars in the sys-
temic component of the galaxy where electron densities are N, = 10? — 10%> cm™3 with
temperatures of T = 10K. In this environment, the Si IT and Si III relative abundances are
determined from radiative recombinations for which the recombination rates are comparable

to the collisional excitation rates (Shull & van Steenberg 1982). S03 find, through modeling



50

the LBG nebular emission lines with the CLOUDY96 software package, that all models
that simultaneously match their O, C, and H/f line ratios overpredict the Si II emission-line
strengths by more than an order of magnitude. This result leads them to conclude that the
Si II emission lines cannot originate from H II regions. As we do not observe these other
transitions, we are unable to comment on the plausibility of Si II* fine structure emission
stemming from H II regions.

A different explanation for Si IT* emission is that these lines originate instead from the
outflowing component. In this scenario, each UV photon absorbed at a resonance transition
(A = 1260,1304, 1526) or a fine-structure transition must be re-emitted through either a
resonance or a fine-structure transition. In the absence of dust, the sum of the resonance
and fine-structure emission should equal the amount of absorption. Our UV-bright non-
LAE composite has significantly stronger resonance absorption than fine-structure emission
while our UV-bright LAE composite shows a much larger ratio of fine-structure emission
to resonant absorption. In contrast, SO03 observe the fine-structure emission lines to be an
order of magnitude weaker than the resonance lines. The discrepancy between the emission
and absorption components could be due to the presence of dust extinguishing Si IT photons
during resonant scattering. Furthermore, we observe the Si II* fine-structure lines to have
narrow velocity widths, whereas we would expect the emission to come from the full range
of outflow velocities and to therefore be as broad as the Ly« emission line. For these
reasons, we find it unlikely that the Si II fine-structure lines originate from the outflowing

component.

2.6 Discussion

Combining the spectra of both continuum- and narrowband-selected galaxies has allowed
us to study the average properties of 2 < z < 3.5 SFGs. Among these properties, we are
able to examine trends based on Ly« equivalent width, rest-frame UV color corrected for
IGM extinction, redshift, and R band luminosity for each individual galaxy. Due to the
complexities associated with selection effects, we do not attempt to draw any inferences from
different R band luminosities. We have divided our sample based upon Ly« equivalent width

for galaxies with R<25.5 and will first examine trends associated with different amounts
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of Lya emission. Due to the faint nature of our objects’ continua, we parameterize their
observed colors in terms of their photometrically measured rest-UV spectral slope after
correcting for IGM extinction and Lya equivalent width, then divide our sample in half
based on this parameter. Additionally, our spectroscopic sample divides evenly into two
redshift bins (2 < z < 2.7, 2.7 < z < 3.5) allowing us to look for any trends across this
redshift interval. This allows us to study trends in spectroscopic properties in relation to

spectral slope and redshift.

2.6.1 Selection Effects

As our subsamples of galaxies are determined on the basis of different selection criteria,
it is important to identify any photometric or spectroscopic biases that may affect our
analysis of the underlying galaxy populations. For continuum-selected galaxies, one of
the most influential effects is the dependence of color selection criteria on luminosity and
redshift due to Ly« forest absorption. Another major bias stems from the prevalence of
spectroscopic redshifts determined solely from Lya emission in conjunction to a minimum
Lya flux necessary for Lya emission to be seen. For galaxies without distinct absorption
lines, this causes spectroscopic identification of Lya to be flux dependent.

The selection process for our continuum-selected objects creates two major biases that
affect our resultant galaxy population. First of all, our continuum-selected LBGs were
chosen to have V-R < 1.2 thereby targeting objects within a redshift range of 2.6 < z < 3.5.
However, the V band is extinguished by the Ly« forest making it redshift dependent. At
z = 2.5, the amount of IGM extinction in the V band is AV= 0.0 mag, while at z = 3.5,
AV= 0.5 mag. For this reason, the range of intrinsic colors of the continuum-selected
population is a function of redshift. Secondly, the colors of continuum-selected galaxies is
also a function of R band magnitude. The combination of requiring our targets to have very
faint U band magnitudes ((U — V)ap > 1.2) and U band images having a finite depth will
indirectly restrict the range of V-R color to bluer colors at fainter luminosities.

Spectroscopic success rate is not only dependent on apparent magnitude, but also on the
fact that it is easier to measure a redshift from an emission line rather than an absorption

line. Our spectroscopic incompleteness as a function of R band magnitude is plotted in Fig
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Figure 2.6 Spectroscopic incompleteness as a function of R band magnitude and spectral
type is plotted for the entire catalog. Top panel - the black solid histogram indicates the
total number of narrowband-selected objects targeted spectroscopically and the red dot
dashed line shows the number that were spectroscopically confirmed. Bottom panel - the
black solid histogram indicates the total number of broadband-selected objects targeted
spectroscopically, the red dot dashed line shows the number that were spectroscopically
confirmed, and the blue dashed line shows the number that were spectroscopically con-
firmed galaxies without Ly« in emission. Our spectroscopic confirmation rate is 33% for
broadband-selected objects and 60% for narrowband-selected objects. The vertical dashed
line represents the canonical R < 25.5 cut for broadband-selected galaxies.
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2.6 for narrowband-selected objects (top panel) and broadband-selected objects (bottom
panel). In each panel, the black line indicates the total number of objects observed spec-
troscopically and the red dot dashed line shows the number of spectroscopically confirmed
galaxies. The blue dashed line shows the number of spectroscopically confirmed galaxies
without Lya emission. Our confirmation rates are 63% for narrowband-selected objects and
33% for broadband-selected objects. Only 5% of broadband-selected objects have redshifts
determined solely from absorption lines. Due to the low S/N of our individual spectra, we
found it difficult to robustly measure redshifts for galaxies without Ly« emission. Galax-
ies without Ly« emission line redshifts likely have Ly« equivalent widths below a certain
threshold as a function of luminosity. We assume this to be consistent with no Lya emission.
Steidel et al. (2000) find that roughly half of their z ~ 3 spectroscopically-confirmed LBGs
show Ly« in absorption. Assuming a similar distribution among our broadband-selected

objects, this would imply a spectroscopic confirmation rate of 56%.

2.6.2 Individual Galaxy Ly« Profiles

Laursen et al. (2011) used cosmological hydrosimulations to examine the effect of the IGM
on the Ly« line profile escaping high-redshift, star-forming galaxies. Their findings qualita-
tively agree on the shape and strength of the redshifted Lya emission line, however, they
predict more blueshifted emission than has typically been observed for high-redshift SFGs.
At a redshift of z = 3.5, they find the effect of the IGM is insufficient to explain the lack
of a blueshifted Lya emission line. For our sample of 12 multiple-peaked Ly« emission
line galaxies, we find a mean velocity offset of < Avpeg—_piue >= 660 £ 229 km s~!. This
measurement is in good agreement with Kulas et al. (2011) who found a mean velocity
offset of < Aveq—piue >= 741 + 39 km s~! (errors represent the standard deviation of the
mean). However, we do find a larger range of velocity offsets than Kulas et al. (2011) from
AVred—pive = 330 km s7! t0 Avyed—piue = 1080 km s™1. We note that this result is consistent
with Steidel et al. (2010) who found a broad range of Ly« emission line velocity offsets
(Av = +485 4 175 km s~ ') with respect to the systemic redshift. This distribution is also
comparable to the observed velocity offset between Ly« emission and interstellar absorption

seen in individual spectra (Fig. 2.1).
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Among the spectroscopic sample, there is a broad distribution of Ly« line strengths and
profile types, which fall into four categories: emission only, absorption only, both emission
and absorption, and neither emission nor absorption. Out of the continuum-selected galaxies
in our composites, we find 45% have Ly« emission lines strong enough to be classified as
LAEs (Wrya > 20A) while only 10% show Lya only in absorption. This fraction of UV-
bright LAEs is roughly a factor of two larger than the 20 —25% that S03 report for their z ~
3 LBGs. However, due to the poor S/N of our data, it was difficult to determine redshifts
for LBGs without Ly« in emission and we remove any galaxies lacking precise redshifts.
Removing all galaxies without Lya emission, our fraction of LBGs that would be classified
as LAEs rises to 50% and the fraction of LBG-LAEs from Steidel et al. (2000) increases to
~40%. Excluding LBGs with Ly« in absorption, we report a median Ly« equivalent width
of Wrye = 20.0A. Similarly, two of our R<25.5 narrowband-selected objects did not yield
spectroscopic Lya equivalent widths high enough to be classified as LAEs and were included
in the UV-bright non-LAE stack. We find that 24% of our continuum-selected galaxies have
both Ly« in emission and absorption. For these objects, we use their emission line equivalent

widths in our analysis.

2.6.3 Composite Lya Dependences

Through dividing our bright galaxies (R<25.5) into a UV-bright non-LAE and a UV-bright
LAE composite, we can look for trends based on Lya equivalent width. The clearest trend
across these two composites is stronger interstellar absorption with decreasing Ly« emission.
The top panel of Figure 2.8 shows the highest Lya equivalent width quartile of S03 (top, red;
Wiya = 52.63A) and the UV-bright LAE composite (bottom, black; Wiya = 50.0A) while
the bottom one shows the second highest Lya equivalent width quartile of S03 (top, red;
Wiya = 11.00A) and the UV-bright non-LAE composite (bottom, black; Wiy = 8.4A).
Across these two pairs of composite spectra, there are many interesting differences including
Si IT* emission, low- and high-ionization absorption strength, UV spectral slope, and velocity
offset. In both the UV-bright LAE and UV-bright non-LAE composites, we find stronger
Si IT* emission at A1265 and weaker Si II* emission at A1309 than the Wy, = 52.63A and

Wiya = 11.00A composites of S03. Furthermore, for both our composite spectra and that
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of S03, Si IT* emission becomes stronger with increasing Ly emission.

Due to poor S/N in the A\ > 1600A continuum, we only use the bluest low-ionization
absorption lines (A1260, A1303, A\1334, A1527) in determining the average low-ionization line
equivalent widths. Figure 2.7 shows the dependences of various spectroscopic features on
Lya equivalent width. As can be seen in the top left panel of Figure 2.7, the average
low-ionization equivalent width decreases from Wpjg = —1.8A to W9 = —1.25A for a
change in Lya equivalent width of Wy = 8.4A to Wy = 50.0A. We find a similar trend in
low-ionization absorption strength with respect to Ly« equivalent width as S03. Note that
the average low-ionization equivalent widths for the four S03 quartiles are different from
figure 9 of S03 as we do not include the Fe II A\1608 and the Al IT A 1670 transitions in our
measurement. For the same set of transitions, we find systematically stronger low-ionization
absorption at a given Lya equivalent width. In the UV-bright LAE composite, the Si II
A1526 transition is only marginally detected, which differs from the highest Ly« equivalent
width quartile in S03. The degree of saturation of Si II can be measured from the ratio of
Si IT A1260 to Si IT A1526, which is optically thin for W (1260)/W(1526) > 5. The ratio of
Si IT absorption line equivalent widths is W(1260)/W(1526) = 0.8 0.2, consistent with
unity in the UV-bright non-LAE composite while it is W (1260)/W(1526) = 2.4+1.5 in the
UV-bright LAE composite. While this may indicate that Si IT is not optically thick in the
UV-bright LAE composite, the faint nature of both transitions makes this ratio uncertain.
With increasing Lya equivalent width, we observe an average decrease of > 50% in the
strength of the Si II A A 1260, 1526 and O I + Si IT A1303 absorption. However, we note
that the strength of C IT A1334 instead increases by 20% with larger Ly« equivalent width.

Robustly determining Si IV equivalent widths is challenging given the uncertainty in the
continuum level, which is affected by broad stellar absorption as well as redshifted emission.
In the top right panel of Figure 2.7, Si IV A X 1393, 1402 equivalent widths are plotted
for this work (red diamonds) and S03 (black points). The UV-bright LAE Si IV \1402
equivalent width measurement is likely being filled in by redshifted emission, and the A1393
transition is the same strength as in the UV-bright non-LAE composite. For this reason,
we find no significant change in Si IV equivalent widths and conclude that the transition

is consistent with being optically thin, which for Si IV corresponds to a doublet ratio of
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Figure 2.7 Top - the highest Lya equivalent width quartile composite (Wryo = 52.63A)
from S03 in red and the UV-bright LAE composite (Wry, = 50.0A) in black. Bottom - the
second highest Ly equivalent width quartile composite (Wryo = 11.00A) from S03 in red
and the UV-bright non-LAE composite (Wryq = 8.4A) in black. Our composite spectra
show similar trends in both interstellar absorption and Si II* emission as those of S03. In
the top panel, S03 find stronger Si IT* A\1309 emission, weaker Si IV A1402 nebular emission,
and a more prominent C IV A\ 1548, 1550 profile. Note that the average low-ionization
equivalent widths for the four S03 quartiles are different from figure 9 of S03 as we do not
include the Fe IT A1608 and the Al II A 1670 transitions in our measurement.
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Figure 2.8 Dependences of UV spectroscopic properties on Lya equivalent width for the
UV-bright non-LAE and UV-bright LAE subsamples as red diamonds, the UV-bright SFG
composite in blue and the four Lya equivalent width quartiles from S03 in black. Top left
- average low-ionization equivalent widths (Si II A 1260, O I 4+ Si IT A\ 1302,1304, C II A
1334, Si IT X\ 1526). Top right - Si IV equivalent widths. Bottom left - spectral slope, S,
as measured from the composite spectra. The error bars for our 8 values reflect the error
in spectral slope index and do not take into account the uncertainty in the artificial flux
calibration of the VIMOS spectra. Bottom right - velocity offset Avem_aps. The errors in
velocity offset represent the range of velocity offsets for different low-ionization lines. The
trends in spectroscopic properties with increasing Ly« emission originally observed by S03
are confirmed for our smaller sample of SFGs spanning a larger range in redshift.
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Wis93/Wi402 = 2. Furthermore, we do observe a significantly smaller C IV absorption
strength in the UV-bright LAE composite Wgry = —1.1 4 0.35 than the UV-bright non-
LAE composite Wy = —2.2 4+ 0.4, corresponding to a decrease of ~ 100%. S03 reported
finding 50% weaker high-ionization equivalent widths (Si IV and C IV) in their highest
Lya equivalent width quartile Wiy, = 52.63 with respect to their other three quartiles.
However, they only find a decrease of ~ 30% in C IV equivalent widths. Due to the increase
in C II equivalent width with increasing Lya equivalent width, this may indicate that the
neutral gas has a larger covering fraction than the ionized gas, which likely has a larger
range of velocity offsets.

As can be seen in the lower left panel of Figure 2.8, for increasing Ly« equivalent
width, the UV continuum slopes of the composite spectra become bluer. We do note that
the spectral slopes of the VIMOS spectra were scaled so that their average spectral slope
matched that of the FORS spectra. By fitting a power law to the 1250 — 1600A region of
the composite spectra, we find a UV spectral slope (Fy o A\?) of f = —2.25 and 3 = —1.50
for Lya equivalent widths of Wy = 50.0A and W = 8.4A. S03 also find a bluer continuum
slope for galaxies with stronger Lya emission. Similarly, we find a UV spectral slope
of 6 = —1.85 and f = —1.40 for the highest and second highest Lya equivalent width
quartiles from S03 respectively. The bottom left panel of Figure 2.8 shows the relation
between spectral slope index and Ly« equivalent width. Although we find the same trend
of bluer continuum slopes with increasing Lya equivalent width, we do find systematically
bluer continuum slopes than S03, which may be impacted by the VIMOS flux calibration.
Using photometrically determined (§ values, we find a mean spectral slope among individual
galaxies of < 8 >= —1.52 +£0.45 and < § >= —1.22 £ 0.47 for the UV-bright LAE and
non-LAE composites.

Across the UV-bright non-LAE and UV-bright LAE composites, we measure the average
velocity offset between low-ionization absorption and Ly« emission to remain constant from
AVem—abs = 640410 km 57! t0 Avem—abs = 610460 km s~! with increasing Ly« equivalent
width. As is shown in the bottom right panel of Figure 2.8, our measurements are plotted
as red diamonds while those of S03 are in black. Our results are also consistent with S03,

who found velocity offset to decrease monotonically with increasing Ly« equivalent width.
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We do note finding consistently higher velocity offsets than S03 at each Lya equivalent
width. Steidel et al. (2010) found a median velocity offset of Avem_apns = 609 km s~ with
a scatter of 32km s~! for their sample of 89 z ~ 2.3 SFGs. With the exception of baryonic
and dynamical mass, they report not finding any significant correlations between velocity

offset and other galaxy parameters.

2.6.4 Intrinsic UV Color Dependences

The spectral slope of the far-UV continuum is determined by the star formation rate history
and the amount of extinction. A continuously star-forming galaxy has an unreddened UV
spectral energy distribution shape that remains fairly constant for ages 10Myr to 1Gyr
whose spectral slope, 3, ranges from -2.6 to -2.1 (Leitherer et al. 1999). UV-bright, 2 <
z < 3.5, star-forming galaxies typically have ages within this range (Papovich et al. 2001;
Shapley et al. 2001; Erb et al. 2006d; Gawiser et al. 2007; Kornei et al. 2010) indicating
that large differences in UV spectral slope reflect varying amounts of dust extintion. Due
to uncertainties in the star formation histories and the form of the dust extinction law, we
report trends based on the spectral slope index. Continuum spectral slopes are too difficult
to measure in individual spectra, however, broadband photometry allows us to parameterize
our data set based on spectral slopes as calculated from intrinsic UV colors.

Figure 2.9 displays two composite spectra composed of the red (5 > —1.4) and blue
(8 < —1.4) half of our UV-bright galaxies. Through fitting a power law to the observed
photometric colors, we find spectral slopes of < § >= —1.05+0.34 and < § >= —1.73 £
0.34 for the red and blue composites respectively where the errors represent the standard
deviation. Since the spectral slopes of the VIMOS spectra were scaled so that their average
spectral slope matched that of the FORS spectra, we use the photometric 5 values when
examining the relationship among galaxy properties and spectral slope. Figure 2.10 shows
the dependence of Lya equivalent width on 3 (left panel) and the dependence of average
low-ionization equivalent width on S (right panel) for this work (red diamonds) and S03
(black points). With bluer spectral slope, Lya equivalent width increases from Wg =
11.0 £ 1.1A to Wy = 27.0 &+ 1.8A. Similarly, the average low-ionization absorption line

strength decreases from Wrig = —1.83A to Wrig = —1.35A. We note that similar to
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Figure 2.9 Composite spectra of SFGs divided into two subsamples based on intrinsic UV
spectral slopes as calculated from photometric colors. Top - the red UV continuum slope
composite (Bpnot > —1.4). Bottom - the blue continuum slope composite (Bppor < —1.4).
With bluer spectral slope, Ly« emission increases, low-ionization absorption become weaker
and there is significantly stronger Si IV A1402 nebular emission.
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Figure 2.10 Left - the dependence of Lya equivalent width on spectral slope, 5, when the
dataset is subdivided based on spectral slope for this work (red diamonds) and S03 (black
points). Right - the dependence of low-ionization absorption on spectral slope. The trends
in decreasing Ly« emission and increasing low-ionization absorption for bluer spectral slopes
observed by S03 are confirmed.

the UV-bright LAE and non-LAE composites, while Si IT absorption decreases significantly
with bluer slopes, C II absorption does not. Additionally, the change in Lya equivalent
width is not sufficient to fully explain this decrease in low-ionization absorption strength,
and therefore a correlation must exist between spectral slope and low-ionization absorption.
In contrast to the UV-bright LAE composite, the ratio of Si II absorption line equivalent
widths is W (1260)/W(1526) = 1.0 £ 0.5 and W(1260)/W((1526) = 0.8 £ 0.2 in the blue
and red composites respectively, both consistent with unity. A ratio of unity indicates that
Si IT is optically thick, suggesting this is the case in both composites.

The Si IV A1393 and C IV A1549 high-ionization line strengths do not vary substantially
with spectral slope. With bluer spectral slope, the Si IV A1402 absorption line strength
decreases by ~50% due to P Cygni emission filling in the absorption. Moreover, relative

to the red composite, the N V P Cygni profiles are more prominent. The N V A 1240
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Table 2.5 Spectroscopic Properties of z ~ 2 and z ~ 3 UV Bright Composites
z~ 2non-LAE 2z~ 3non-LAE z~2LAE z~3LAE 2z~ 2SFG z~ 3 SFG

Ngai 16 11 12 20 28 31

R 24.55 24.36 24.69 24.94 24.62 24.85
Bphot -1.3 -1.2 -1.7 -1.4 -1.4 -1.2
AVgm —abs 640 740 600 590 630 660
WLya, 8.2+0.7 106 £1.4 29.5+5.5 66.5+ 6 12.3+0.8 52.3+3.5
Wirya,, —4.1+0.5 —5.0+1.5 1.8+1.3 - —3.9+0.9 -
Wisirr, 1193 —2.24+04 —1.6+0.6 - — —2.8+04 -
Wisitt, 1260 —1.3+0.2 —2.0+£0.25 -1.2+04 - —-1.3+£0.15 —-1.2=£0.25
Wo1+si11,1303 —2.6+0.3 —2.0+0.3 —22+04 —-08+£0.5 —2.3+0.2 —1.1+0.3
Werr, 1334 —1.5+£0.25 —1.6 £0.25 —2.3+£0.5 - —1.7+£0.2 —-1.3+£0.3
Wisitt, 1526 —1.7+0.4 —2.0+0.4 —0.6£0.5 - —1.3+£0.25 —1.0+£0.3
WNv, 1240 —1.1+0.5 - -1.0+03 —-08+£04 —-1.0£0.25 -
Wsitv,1393 —1.4+£0.35 —1.5+£0.45 —1.6£0.5 - —-1.7£025 —-1.5£0.35
Wsirv,1402 —0.94+0.35 —1.54+0.45 —0.4+0.5 — —09+025 —-0.7£0.35
Werv, 1549 —2.1+0.4 —3.4+£0.45 —-1.5£06 —-09=£0.5 —1.8+£0.3 —2.0£0.3

absorption equivalent width is Wy = 0.8 + 0.3 with a large velocity offset, Av > 1200 km
s~!. Nebular features originate from H II regions at the systemic redshift and indicate a
larger presence of high mass O- and B-type stars. On the other hand, we do not find a C
IV A1549 P Cygni profile in the blue spectral slope composite while we do observe one in

the red one. Finally, there is no significant change in Si IT* emission strength with spectral

slope, in spite of a difference in Lya equivalent width.

2.6.5 Redshift Evolution

There are roughly the same number of UV-bright LAEs and UV-bright non-LAE objects
at z ~ 2 and z ~ 3, allowing us to divide our sample based on redshift and Ly« emission,
generating four composite spectra. The low-redshift sample (2< z <2.7) is composed almost
entirely of FORS objects while the high-redshift sample (2.7< z <3.5) is mostly VIMOS
objects. In Figure 2.11, the top panel shows the two UV-bright LAE composites for z ~ 2
(red, upper) and z ~ 3 (black, lower). The bottom panel is the same as the top panel except
for the UV-bright non-LAE composites. In this figure, the Lya dependences discussed in
Section 2.6.3 are also apparent. These trends are observed at both redshifts, as the two
UV-bright LAE composites show significantly stronger low-ionization absorption. The S/N
of the low-redshift composites degrades quickly blueward of Lya due to poor atmospheric
transmission and low throughput of the spectrograph below 3600A. We present equivalent
widths, velocity offsets and continuum spectral slopes for these composites as well as a z ~

3 all-LBG and z ~ 2 all-BX composites in Table 2.5.
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Figure 2.11 Composite spectra of UV-bright LAEs and UV-bright non-LAE objects for
2.0 < z < 2.7 BXs in red and 2.7 < z < 3.5 LBGs in black. Top - a composite of 13
BX-LAEs is plotted in red above a composite of 21 LBG-LAEs in black. For our sample
of galaxies, few features are seen in the z ~ 3 composite, however we do see a decrease in
Ly« emission with redshift. In spite of the low S/N of the BX-LAE composite, the relative
strength of Si IT* A\ 1265, 1533 emission to resonant Si II absorption is significantly higher
than any other composite. Bottom - the BX-only composite composed of 15 BXs is plotted
in red above the LBG-only composite consisting of 11 LBGs in black. These composite
spectra are quite similar and show no significant evolution of spectroscopic properties across
this redshift interval.
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For UV-bright LAEs, there are several interesting trends with decreasing redshift, includ-
ing weaker Ly« emission, stronger interstellar absorption, stronger Si IT* emission, and bluer
spectral slopes. The change in Lya emission line strength is the clearest trend, as from z ~
3 to z ~ 2, the Lya equivalent width decreases from W = 66.5+6.0A to Wy = 29.5+5.5A.
We find interpreting this result difficult as there are a multitude of effects that contribute
to the strength of the Lya emission line. However, Nilsson et al. (2009) and Guaita et al.
(2010) both find LAEs at z ~ 2 to appear more evolved than those at z ~ 3, although they
do find comparable photometric Ly« equivalent widths. Aside from Lya emission, very few
features are seen in the z ~ 3 UV-bright LAE composite, which may be due to the faint
continua of z ~ 3 UV-bright LAEs resulting in a low S/N. For this reason, it is difficult
to determine if the differences between these two composites reflects an evolution in galaxy
properties. In the z ~ 2 composite, the weak absorption strength of the Si II resonant
lines are again apparent as the A1260 transition is faint and there is no A1526 absorption.
In contrast, we do find evidence for Si II* fine-structure emission at AA 1265, 1533, but
again we do not see Si IT* A1309 emission. We also note that the relative strength of Si IT*
emission with respect to Si II resonant absorption is significantly higher in our low-redshift
UV-bright LAE composite than either the high-redshift UV-bright LAE composite or the
high-Lya equivalent width quartile composite of S03, which was also composed of z ~ 3
galaxies.

In the UV-bright non-LAE composites, we find little evolution in galaxy properties from
z ~ 3 to z ~ 2 with the exception of stronger high-ionization absorption at higher redshifts.
The high-ionization interstellar absorption strengths are on average ~ 50% stronger in
the high-redshift subsample. However, we note that the z ~ 3 subsample is dominated
by VIMOS LBGs with a larger instrument FWHM. As can be seen in Table 2.5, we find
comparable Ly« equivalent widths, low-ionization equivalent widths, and velocity offsets.
Therefore, this discrepancy may not reflect an actual evolution in high-ionization strength.
Furthermore, there is Si II* emission at A1265 of the z ~ 2 composite, although we find
no other evidence for Si II* fine-structure emission at either redshift. Thus, the relative
strength of Si II* emission for SFGs appears to be stronger at z ~ 2 than z ~ 3. As was

previously seen in the UV-bright LAE and UV-bright non-LAE composites, Si [T* emission
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is stronger with stronger Lya emission.

As discussed in § 2.3, the spectral slopes of individual galaxies were measured based on
their photometric colors for which we found bluer spectral slopes at lower redshift. This
trend is marginally significant among the UV-bright non-LAE and LAE subsets. We find
bluer mean spectral slopes of Sr,pg—oniy = —0.97 £ 0.58 to Bx—oniy = —1.39 £ 0.24 for
UV-bright non-LAE galaxies and fr,pg_rap = —1.34£0.33 to Bgx_rap = —1.8710.51 for
UV-bright LAE galaxies (errors represent the standard deviation of the mean). The errors
due to photometric uncertainties are comparable to the standard deviation of the mean. We
do not attempt to measure the spectral slope from the continuum of the composite spectra
as all of our high-redshift subsamples are composed almost entirely of VIMOS objects
whose individual spectra were scaled to match the FORS spectra. Bluer spectral slopes at
lower redshifts would indicate that UV-bright non-LAE galaxies and UV-bright LAEs are
becoming less evolved or less dusty with cosmic time. While this trend of bluer spectral
slopes with decreasing redshift is both surprising and interesting, more observations will be
necessary to understand if it is real. Finally at each redshift, we also find bluer spectral
slopes with stronger Lya emission indicating a connection between line and continuum

extinction at both redshifts.

2.7 Conclusions

We have combined and analyzed the spectra of both narrowband- and continuum-selected
star-forming galaxies across a redshift range of 2 < z < 3.5. Through placing a canonical
flux limit of R<25.5, we are able to study the relationship among Ly« emission, intrinsic
UV spectral slope, redshift, outflow kinematics, low- and high-ionization absorption, and
nebular emission for a sample of galaxies spanning a similar luminosity range. Our results

are summarized below.

e UV-bright SFGs have spectral slope indices, 8, that span a large range from —2.7
to 0.1 while UV-bright LAEs (W e > 20A) have bluer spectral slope indices with
—2.7 < f < —0.8. Of the 59 R<25.5 SFGs, 10 have Si II* emission and 12 have

multiple-peaked Ly« emission.
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e UV-bright LAEs with rest-frame Wy, > 20A have weaker low-ionization absorp-
tion, weaker C IV absorption, bluer spectral slopes, and stronger Si II* fine-structure
emission than UV-bright non-LAE galaxies with rest-frame Wy, < 20A. Among
low- and high-ionization absorption strengths, individual elements also show different

dependences on Lya emission.

e SFGs with bluer spectral slopes have more prominent N V. A\ A 1238,1242 and Si IV

A1402 P Cygni profiles, weaker low-ionization absorption, and stronger Ly« emission.

e From 2.7 < z < 3.5 to 2.0 < z < 2.7, SFGs exhibit bluer spectral slopes and stronger
Si II* fine-structure emission. Additionally, those with rest-frame Wy, < 20A have
comparable low- and high-ionization absorption strengths as well as similar Lya emis-
sion strengths. In contrast, there is a significant decrease in Lya emission strength
in the subsample with rest-frame Wy, > 20A, but we caution this may be due to

selection effects.

The observed trends with Lya emission are largely consistent with the physical pic-
ture put forth by S03 where the mechanical energy from star formation and supernovae in
high-redshift UV-bright SFGs is powering galaxy-scale outflows of ionized and neutral gas.
Evidence for these outflows is seen as strong blueshifted absorption as well as redshifted H I
Ly« emission relative to nebular features at the systemic redshift. Amongst the individual
galaxies, a wide range of velocity offsets between Lya emission and interstellar absorption

1 is observed. In spite of this

from Avem—abs ~ 200 km s7! t0 Avey—abs ~ 900 km s~
range in velocity offsets, we do not find a significant change in Avem_ans With respect to
Lya emission strength in the composite spectra. We note that our velocity offsets decrease
slightly with Lya emission and are also consistent with S03 who found velocity offset to
decrease monotonically with increasing Ly« emission strength. The velocity offset of our
UV-bright SFG composite of Avem_abs = 630 km s~! is also remarkably similar to the
average velocity offset of Avem_ans = 609 km s~ from Steidel et al. (2010) for a sample of
89 continuum-selected galaxies at z ~ 2.3.

Within the outflowing component, the high-ionization features have similar kinematic

properties to and span a similar velocity range as the low-ionization features. However, this
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information says nothing about the physical distribution of the absorbing gas. Steidel et al.
(2010) find significant absorption of both low- and high-ionization species displaying similar
radial dependences at galactocentric radii spanning 3 — 125kpc. This indicates that both
ionized and neutral gas share not only the same velocity envelope, but also similar physical
distributions.

Using the low-ionization absorption lines as a probe of the outflowing neutral gas, we
find a direct correlation between Lya emission strength and the average strength of low-
ionization absorption. This trend is most clearly demonstrated by Si II ions. In the out-
flowing component, a difference in line strengths indicates a change in either the velocity
dispersion, covering fraction, or both. While the Si IV transition is consistent with being
optically thin in all composites, the Si II transition and the other low-ionization transitions
are optically thick. We do note that among galaxies with rest-frame Wry, > 20A, Si II
absorption is significantly weaker and the A\1526 transition in the UV-bright LAE composite
is marginally detected leading to a Si II A1260 to A1526 ratio that is greater than one, which
would be expected if Si IT were not optically thick. While Steidel et al. (2010) found Si II
to be unsaturated at b ~ 63kpc, those authors did find it to be saturated at b ~ 3kpc and
b ~ 40kpc. We also note that due to the low S/N, the ratio of these two line strengths
is fairly uncertain. Given the similar kinematic properties of different Si ionization states,
different ionization state dependences on Ly« emission, and similar physical distributions,
we find it likely that the outflowing neutral gas is in the form of neutral clouds embedded
in ionized gas as previously theorized by Steidel et al. (2010).

Similar to the results of S03, we find a significant correlation between bluer spectral
slopes and weaker low-ionization absorption strength. SFGs with ages between 10Myr and
1Gyr and constant star-formation histories have similar UV spectral slopes, so the shape of
the observed spectral slope is largely dependent on dust extinction. UV-bright SFGs and
LAEs at z ~ 2 and z ~ 3 are well-characterized by these ages and star formation histories
(Shapley et al. 2001; Lai et al. 2008; Nilsson et al. 2009; Guaita et al. 2010). Therefore, we
interpret this result as evidence for the presence of dust in the outflowing component. In
addition, these outflows must also cover a region sufficiently large to extinguish a significant

amount of the UV continuum surface brightness. The increased prominence of nebular
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features for bluer § values is not surprising as bluer spectral slopes indicate either a lower
amount of extinction, the presence of hotter more massive stars, or both. Each of these
effects would make stellar photospheric features more visible.

From a redshift of 2.7 < z < 3.5 to 2.0 < z < 2.7, the UV-bright non-LAE spectra look
remarkably similar. They have comparable Lya emission strengths, interstellar absorption
strengths, and kinematics consistent with no significant evolution in SFGs with rest-frame
Wiya < 20A or the nature of their outflows across this redshift interval. In contrast, for
SFGs with Wryo > 20A we find significantly weaker Ly« emission in the lower redshift
sample. If this trend is real, then it is consistent with UV-bright LAEs being more evolved
at lower redshifts. Low- and high-ionization absorption also appear to be stronger in the
low-redshift sample, although due to the faint continua of z ~ 3 UV-bright LAEs, this may
not indicate an evolution in galaxy properties. For both subsets of SFGs, the lower-redshift
composites have bluer spectral slopes, which is confirmed at marginal significance for the
UV-bright LAE composite from the photometric spectral slopes of individual galaxies. As
there are many systematic effects that can contribute to the spectral slope, additional inves-
tigation specifically a better constraint on their rest-UV spectral slopes would be needed to
conclude that lower redshift continuum- and narrowband-selected galaxies are less evolved,

as their bluer colors would imply.
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Chapter 3

Semi-Analytic Models

3.1 Semi-Analytic Models

The semi-analytic models (SAMs) used in this work to compute the formation and evolution
of galaxies within a ACDM cosmology were originally presented in Somerville & Primack
(1999) and Somerville et al. (2001), with significant updates described in detail in Somerville
et al. (2008b, hereafter S08), Somerville et al. (2012, hereafter S12), and most recently in
Somerville, Popping, & Trager (2014, in prep., hereafter SPT14). The S12 SAM includes
the following physically motivated properties: (1) the growth of dark matter structure in
a hierarchical clustering framework as described by ‘merger trees’, (2) shock heating and
radiative cooling of gas, (3) conversion of cold gas into stars via an empirical ‘Kennicutt-
Schmidt’ relation, (4) evolution of stellar populations, (5) a combination of feedback and
metal enrichment of the interstellar and intracluster medium from supernovae, (6) ‘quasar’
and ‘radio’ mode black hole growth and feedback from AGN, (7) starbursts and morpholog-
ical transformation due to galaxy mergers. Here, we briefly summarize these ingredients —
a more detailed description of the models is provided in S08, S12, and SPT14. Throughout
this work, we assume a standard ACDM universe (Komatsu et al. 2011) and a Chabrier
stellar initial mass function (IMF; Chabrier 2003).

The merging histories (or merger trees) of dark matter haloes are constructed based on
the Extended Press-Schechter formalism using the method described in Somerville & Kolatt
(1999), with improvements described in S08. These merger trees record the growth of dark
matter haloes via merging and accretion, with each “branch” representing a merger of two
or more haloes. We follow each branch back in time to a minimum dark matter progenitor
mass M,.s. We refer to M, as the mass resolution of our simulation where we have adopted

M,es = 10°°Mg, in all the models presented here. Our SAMs give nearly identical results
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when run on the EPS merger trees or on merger trees extracted from dissipationless N-body
simulations (Lu et al. 2013, Porter et al. in prep.).

Whenever dark matter haloes merge, the central galaxy of the largest progenitor becomes
the new central galaxy, and all others become ‘satellites’. Satellite galaxies lose angular
momentum due to dynamical friction as they orbit and may eventually merge with the
central galaxy. To estimate this merger timescale we use a variant of the Chandrasekhar
formula from Boylan-Kolchin et al. (2008). Tidal stripping and destruction of satellites
are also included as described in S08. We have checked that the resulting mass function
and radial distribution of satellites (sub-haloes) agrees with the results of high-resolution
N-body simulations that explicitly follow sub-structure (Maccio et al. 2010).

Before reionization, each halo contains a mass of hot gas equal to the universal baryon
fraction times the virial mass of the halo. After reionization, which we assume to be complete
by z = 11 (Hinshaw et al. 2013), the photoionizing background suppresses the collapse of
gas into low-mass haloes. We use the results of Gnedin (2000) and Gnedin et al. (2004) to
model the fraction of baryons that can collapse as a function of halo mass after reionization.

When a dark matter halo collapses or experiences a merger that more than doubles
the mass of the largest progenitor, the hot gas is shock-heated to the virial temperature of
the new halo. This gas then cools and collapses based on a simple spherically symmetric
model. Assuming that the density profile of the gas decreases monotonically with increasing
radius, and the cooling rate is more rapid for dense gas, at any moment we can define the
cooling radius as the radius within which all the gas will have had time to cool within a
characteristic time t.,,;. We assume that the gas starts out at the virial temperatue, then

compute the time required for gas to radiate away its energy

3 pmpkT

teool = m (3.1)

where pm,, is the mean molecular mass, 7' is the virial temperature T, = 35.9[V,ir/(km
sD]?K, py(r) is the radial density profile of the gas, A(T,Z)) is the temperature and
metallicity-dependent cooling function (Sutherland & Dopita 1993), and Z, is the metal-

licity of the hot halo gas. Then, assuming that the initial density profile of the gas is a
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singular isothermal sphere (pgas = Mpot/ (47rrv,~rr2) ), writing the expression for the mass

within 7., and differentiating, the cooling rate is given by

dmiool o 1 Teool 1

= 5Mhpot
dt 2 Tvir teool

(3.2)

where my; is the mass of the hot halo gas, 7 is the virial radius of the dark matter
halo and 7., is the cooling radius. In the models of S08, and also here, t.,,; is assumed
to be equal to the halo dynamical time, tgy,, X 7yir/Viir, where Vi, is the virial velocity of
the halo, following Springel et al. (2001) and Croton et al. (2006). If r.o0 > 74ir , then the
cooling time is shorter than the dynamical time. In this case, we assume that the cooling
rate is given by the rate at which gas can fall into the halo, which is governed by the mass
accretion history.

For simplicity, we assume that cold gas is accreted only by the central galaxy, even
though realistically, satellite galaxies should receive some fraction of the new cold gas. All
newly accreting gas collapses to form a rotationally supported disc, where a fixed fraction of
the halo’s original mass in the form of baryons is able to collapse into a disk. The scale radius
is based on the initial angular momentum of the gas and the halo profile, assuming angular
momentum is conserved and the self-gravity of the collapsing baryons causes contraction
in the inner part of the halo (Blumenthal et al. 1986; Flores et al. 1993; Mo et al. 1998).
Similarly, a fixed fraction of the halo’s angular momentum is given to the disk, and specific
angular momentum is conserved. We assume a thin disk with an exponential surface density
profile ¥(r) = ¥pexp(—r/rq), where r4 and X are the disk scale length and central surface
density and are related to the disk mass by mg = 2%207‘3. Then, the angular momentum

of the disk is

Jy=2m / V. (r)r2dr (3.3)

Since the initial dark matter density profile is a singular isothermal sphere and we neglect
the self-gravity of the disk, the rotation velocity V.(r) is constant and equal to V., and

the angular momentum of the disk reduces to
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Jy = Ao Vers = 2mgrqViir (3.4)

The spin parameter, a dimensionless measure of the relative angular momentum of the
halo, is defined as A\ = Jj, | Ej, |1/? G_1M1;§/2 (Peebles 1969), where Ej, is the total energy

of the halo, and we can use this to write

/\GM3/2 Jd/md

vir

B 2Vvir | Eh |1/2 JH/mm'r

Td (3.5)

where jgas = Jg/mq and jpm = Jp /My are the cold gas specific angular momentum and
dark matter specific angular momentum, and define f; = jgas/jpar. Accordingly, the infall
limited cooling regime (7'¢oo > i) is associated with cold flows, in which gas streams into
the halo along dense filaments, without ever getting heated (Birnboim & Dekel 2003; Dekel
& Birnboim 2006; Keres et al. 2005). Somerville et al. (2008a) showed that this approach
reproduces the observed size versus stellar mass relation for discs from z ~ 0 to 2 when
fi=1

In these models, star formation occurs in two modes, a “normal” mode in isolated discs,
and a merger-driven “starburst” mode. Star formation in the “normal” mode is modelled as
described in Section 3.1.2. The efficiency and timescale of the merger driven burst mode is
a function of the merger mass ratio and the gas fractions of the progenitors, and is based on
the results of hydrodynamic simulations of binary galaxy mergers (Robertson et al. 2006b;
Hopkins et al. 2009b).

Some of the energy from supernovae and massive stars is assumed to be deposited in
the ISM, resulting in the driving of a large-scale outflow of cold gas from the galaxy. The
mass outflow rate is parameterized as a function of the galaxy circular velocity times the
star formation rate, as motivated by the “energy driven” wind scenario.

Some fraction of this ejected gas escapes from the potential of the dark matter halo,
while some is deposited in the hot gas reservoir within the halo, where it becomes eligible to
cool again. The fraction of gas that is ejected from the disc but retained in the halo versus
ejected from the disc and halo is a function of the halo circular velocity (see S08 for details),

such that low-mass haloes lose a larger fraction of their gas. The gas that is ejected from
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the halo is kept in a larger “reservoir”, along with the gas that has been prevented from
falling in due to the photoionizing background. This gas is allowed to “re-accrete” onto the
halo as described in S08.

Each generation of stars also produces heavy elements, and chemical enrichment is
modelled in a simple manner using the instantaneous recycling approximation. For each
parcel of new stars dm,, we also create a mass of metals dMyz = ydm,, which we assume
to be instantaneously mixed with the cold gas in the disc. The yield y is assumed to be
constant and is treated as a free parameter. When gas is removed from the disc by supernova
driven winds as described above, a corresponding proportion of metals is also removed and
deposited either in the hot gas or outside the halo, following the same proportions as the
ejected gas.

Mergers are assumed to remove angular momentum from the disc stars and to build
up a spheriod. The efficiency of disc destruction and spheroid growth is a function of
progenitor gas fraction and merger mass ratio, and is parameterized based on hydrodynamic
simulations of disc-disc mergers (Hopkins et al. 2009b). These simulations indicate that
more “major” (closer to equal mass ratio) and more gas-poor mergers are more efficient
at removing angular momentum, destroying discs, and building spheroids. Note that the
treatment of spheroid formation in mergers used here has been updated relative to SO8 as
described in Hopkins et al. (2009¢c). The updated model produces good agreement with
the observed fraction of disc vs. spheroid dominated galaxies as a function of stellar mass
(Hopkins et al. 2009¢, Porter et al. in prep).

In addition, mergers drive gas into galactic nuclei, fueling black hole growth. Every
galaxy is born with a small “seed” black hole (typically ~ 100 Mg in our standard models).
Following a merger, any pre-existing black holes are assumed to merge fairly quickly, and
the resulting hole grows at its Eddington rate until the energy being deposited into the
ISM in the central region of the galaxy is sufficient to significantly offset and eventually
halt accretion via a pressure-driven outflow. This results in self-regulated accretion that
leaves behind black holes that obey the observed correlation between BH mass and spheroid
mass or velocity dispersion (Di Matteo et al. 2005; Robertson et al. 2006a; Somerville et al.
2008c).
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There is a second mode of black hole growth, termed “radio mode”, that is thought to
be associated with powerful jets observed at radio frequencies. In contrast to the merger-
triggered mode of BH growth described above (sometimes called “bright mode” or “quasar
mode”), in which the BH accretion is fueled by cold gas in the nucleus, here, hot halo
gas is assumed to be accreted according to the Bondi-Hoyle approximation (Bondi 1952).
This leads to accretion rates that are typically only about ~ 1073 times the Eddington
rate, so that most of the BH’s mass is acquired during episodes of “bright mode” accretion.
However, the radio jets are assumed to couple very efficiently with the hot halo gas, and
to provide a heating term that can partially or completely offset cooling during the “hot
flow” mode (we assume that the jets cannot couple efficiently to the cold, dense gas in the

infall-limited or cold flow regime).

3.1.1 Multiphase Gas Partitioning

Throughout this chapter we refer rather loosely to “cold” gas, which is gas that according
to our simple cooling model has been able to cool below 10* K via radiative atomic cooling.
Most previous cosmological simulations have considered all of this “cold” gas to be eligible
to form stars. Here, we partition it into components that we label atomic, molecular, and
ionized, and only allow the “molecular” component to participate in star formation. As we
do not explicitly track the temperature or density of the “cold” gas in our models, this is
obviously still extremely schematic. However, when we refer to “cold” gas, we are referring
to gas that is in one of these three states and is dynamically associated with the galactic
disc (rather than in an extended hot halo, an outflow, etc).

At each timestep, we compute the scale radius of the cold gas disc using the angular
momentum based approach described above, and assume that the total (Hr + Hy) cold gas
distribution is described by an exponential with scale radius rg,s. We do not attempt to
track the scale radius of the stellar disc separately but make the simple assumption that
Tgas = XgasTstars With Xgas = 1.7 fixed to match stellar scale lengths at z = 0. Bigiel &
Blitz (2012) showed that this is a fairly good representation, on average, for the discs of
nearby spirals. We then divide the gas disc into radial annuli and compute the fraction of

molecular gas, fi,(r) = Xu,(7)/[Xn,(r) + Zmi(r)], in each annulus, as described below.
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Ionized Gas

Most (if not all) previous semi-analytic models have neglected the ionized gas associated
with galaxies, which may be ionized either by an external background or by the radiation
field from stars within the galaxy. Here we include a simple analytic estimate of the ionized
gas fraction motivated by the model presented in Gnedin (2012). We assume that some
fraction of the total cold gas in the galaxy, fion,int, is ionized by the galaxy’s own stars.
In addition, a slab of gas on each side of the disc is ionized by the external background
radiation field. Gas is assumed to be ionized if it lies below a critical threshold surface
density Y. Throughout this paper we assume fion int = 0.2 (as in the Milky Way) and
Yum = 0.4, Mgpc~? (Gnedin 2012). Applying this model within our SAM gives remarkably
good agreement with the ionized fractions as a function of circular velocity shown in Fig. 2
of Gnedin (2012), obtained from hydrodynamic simulations with time dependent and spa-
tially variable 3D radiative transfer of ionizing radiation from local sources and the cosmic

background.

Molecular Gas: Pressure Based Partitioning

We consider two approaches for computing the molecular gas fractions in galaxies. The
first is based on the empirical pressure-based recipe presented by Blitz & Rosolowsky (2006,
BR) who found that the molecular fraction Ry, = Ypo/Xm; is correlated with the disc

hydrostatic mid-plane pressure P:

P QBR
mol = | &5~ 3.6
R = (77 (3:6)

where Py and apr are free parameters that are obtained from a fit to the observational
data. We adopted log Py/kp = 4.23 cm? K and agr = 0.8 from Leroy et al. (2008).
We estimate the hydrostatic pressure as a function of the distance from the center of

the disc r as (Elmegreen 1989, 1993; Fu et al. 2010):

P(r) = ZGEgas(r) [Sgas (1) + fo (1) Z(r)] (3.7)
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where G is the gravitational constant, ¥, is the cold gas surface density, X, is the
stellar surface density, and f, is the ratio of the vertical velocity dispersions of the gas and

stars:

fo(r) = Tene (3.8)

O«

Following Fu et al. (2010), we adopt f,(r) = 0.14/%, /3, where S, ¢ = m./(27r?),

based on empirical scalings for nearby disc galaxies.

Molecular Gas: Metallicity Based Partitioning

Gnedin & Kravtsov (2011) performed high-resolution “zoom-in” cosmological simulations
with the Adaptive Refinement Tree (ART) code of Kravtsov & et al. (1999), including
gravity, hydrodynamics, non-equilibrium chemistry, and simplified radiative transfer. These
simulations are able to follow the formation of molecular hydrogen through primordial
channels and on dust grains, as well as dissociation of molecular hydrogen and self- and
dust- shielding. These simulations also include an empirical Ho-based star formation recipe.

Blitz & Rosolowsky (2004, 2006) showed that, empirically, the fraction of molecular to
molecular plus atomic gas, fr, = Mgy, /(Mg + Mp,), in nearby spirals is tightly correlated
with the disc midplane pressure. Ostriker et al. (2010) proposed a theoretical explanation
for this relationship, arguing that the thermal pressure in the diffuse interstellar medium
(ISM), which is proportional to the UV heating rate and therefore to the SFR, adjusts until
it balances the midplane hydrostatic pressure set by the vertical gravitational field. Other
recent theoretical work has argued that, as Ho forms most efficiently on dust grains, the
metallicity of the gas, along with its surface density, should be an important factor in deter-
mining fg, (Krumholz et al. 2008, 2009a; Gnedin & Kravtsov 2010). Using high resolution
numerical simulations of isolated galaxies with detailed chemistry and an Hs-based star
formation recipe, Robertson & Kravtsov (2008) showed that fr, depended on metallicity,
gas surface density, and the UV background radiation. Gnedin & Kravtsov (2010, 2011)
characterized this dependence in detail with high resolution numerical cosmological simula-

tions with detailed chemistry. The impact on the structural properties of disc galaxies of
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using an Ho-based star formation recipe rather than a traditional KS recipe has recently
been explored with high resolution “zoom-in” cosmological simulations (Christensen et al.
2012b).

Gnedin & Kravtsov (2011) presented a fitting function based on their simulations, which
effectively parameterizes the fraction of molecular hydrogen as a function of the dust-to-gas
ratio relative to the Milky Way, Dyw, the UV ionizing background relative to the Milky
Way Umw, and the neutral gas surface density Xpryp,. Following Gnedin & Kravtsov
(2010), we take the dust-to-gas ratio to be equal to the metallicity of the cold gas in solar
units, Dyiw = Z/Z. The ionizing background is defined as the ratio of the interstellar
FUV flux at 10004, Jiggo, relative to the Milky Way, Jyw = 106 photons cm™2 s~ sr—?
eV~! (Draine 1978; Mathis et al. 1983), Untw = J1000/Jamw. In this work, we create two sets
of models: one where the ionizing background is fixed to the Milky Way value (Uyw = 1)
(Murray & Rahman 2010; Robitaille & Whitney 2010) , and one where it is equal to the
star formation rate Uyyw = SFR M(T)l yT.

The fitting functions from Gnedin & Kravtsov (2010) are intended to characterize the
formation of Hy on dust grains, which is the dominant mechanism once the gas is enriched
to more than a few tenths of Solar metallicity. However, other channels for Ho formation in
primordial gas must be responsible for producing the molecular hydrogen out of which the
first stars formed. Studies with numerical hydrodynamic simulations containing detailed
chemical networks and analytic calculations have shown that Hs can form through primor-
dial channels in dark matter haloes once they grow above a critical mass of My ~ 10° Mg
(e.g. Nakamura & Umemura 2001; Glover 2013). This gas can then form “Pop III” stars
which pollute their surroundings and enrich the ISM to Zm; ~ 10737, (Schneider et al.
2002; Greif et al. 2010; Wise et al. 2012). Since these processes are thought to have taken
place in haloes that are much smaller than our resolution limit, we represent them in a
simple manner. By setting a “floor” to the molecular hydrogen fraction in our haloes,
fH2,A00r, We “pre-enrich” the initial hot gas in haloes, and the gas that is accreted onto
haloes due to cosmological infall, to a metallicity of Zyre—enrich- We adopt typical values
of fu2 foor = 10~% and Zpre—enrich ~ 1073 Zq, based on the numerical simulation results

mentioned above (Haiman et al. 1996; Bromm & Larson 2004). Moreover, the results are
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not sensitive to reasonable changes in these values (see SPT14).

3.1.2 Star Formation

The “classical” Kennicutt-Schmidt (KS) recipe (Kennicutt 1998) assumes that the surface
density of star formation in a galaxy is a function of the total surface density of the cold neu-
tral gas (atomic and molecular), above some threshold surface density Y. This approach
has been used to model star formation in most previous SAMs and numerical hydrodynam-
ical simulations. Here, we instead use a star formation recipe based on the Hy content of
the galaxy, motivated by recent observational results.

Bigiel et al. (2008b) found, based on observations of spiral galaxies from the THINGS

survey, that the star formation timescale in molecular gas is approximately constant, i.e.
Ssrr = Agr S, (3.9)

with Ngp ~ 1.

Observations of higher density environments, such as starbursts and high redshift galax-
ies, suggest that above a critical Hy surface density, the star formation timescale becomes a
function of Xy, such that the star formation law steepens. Recent work in which a variable
conversion factor between CO and Hs is accounted for suggests that Nsp ~ 2 for high
Yu, (Narayanan et al. 2012b). This steepening is also expected on theoretical grounds
(Krumholz et al. 2009¢; Ostriker & Shetty 2011). Therefore, in SPT14 we also considered

an Ho-based star formation recipe of the form

Y ZHQ Nsr
Y.sFr = Agp EHQ/(loM@pC ) <1 + T) (3.10)
2,crit

In SPT14, we found that the “two-slope” star formation recipe produces better agree-
ment with observations of star formation rates and stellar masses in high redshift galax-
ies, so we adopt it in all of the models presented in this work. We additionally adopt
Agp = 6.0 x 1073 Mg yr ! kpc_2, YHyerit = T0Mg pc=2, and Ngp = 1.0, based on the

observational results of Bigiel & Blitz (2012).
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3.1.3 Model Variants

We consider nine main variants of our models: three recipes for gas partitioning (the
pressure-based BR recipe and the metallicity-based GK recipe with a fixed/variable UV
radiation field), and three choices for the specific angular momentum of the gas relative to
the dark matter halo, parameterized by f;. We consider fixed values of f; = 1 and f; = 2.5,
and also a set of models in which f; is set based on the merger history of the galaxy. The
f; = 2.5 models result in stellar and gaseous disks with higher specific angular momentum
than their dark matter halos, and are motivated by numerical simulations that suggest this
situation may arise due to stellar driven winds and/or cold flows (see Section 4.1 for a more
detailed discussion and references). In the merger models, we compute the disc properties
and star formation rates using the f; = 1 models, then place the gas in a more extended
distribution based on the halo’s merger history, as we discuss further below. These model
variants are denoted GKfjl, GKj1, BRj1, GKf{j25, GKj25, BRj25, GKfjm, GKjm, and BRjm
and are summarized in Table 3.1. While we only model azimuthally symmetric extended
cold gas discs, we consider them as a proxy for other processes thay may cause the gas to
be more extended.

Although we use the same Hs-based star formation recipe in all of our models, both the
choice of f; and the gas partitioning recipe can affect the star formation efficiency. A larger
value of f; leads to larger discs and lower gas densities overall, less efficient formation of
Hy and less efficient star formation. Similarly, the different gas partitioning recipes lead to
different Hy fractions as a function of mass and redshift (see PST14) and therefore again
to higher or lower star formation efficiency, since only Hs can form stars in our models.
Increasing the disk sizes causes the f; = 2.5 models to overpredict the sizes of disks as
measured by their SFR half-light radii by a factor of 1.5 to 2 both locally and at z = 2
relative to the results of Leroy et al. (2008) and Tacconi et al. (2013).

Our merger-based models are very crude and are used to investigate the impact of
mergers on the angular momentum of the gas discs. In these merger models, we begin with
the BRj1 and GKj1 models respectively. In post-processing, we boost the f; value to 1.5 or

2.5 after the galaxy has had a minor or major merger, respectively. These models reflect the
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Table 3.1 Model Definitions
Model  fg, Uupw  fj = jgas/JDM

GKfil GK 1 1.0
GKjl  GK oSFR 1.0
BRjl BR - 1.0
GKfi25 GK 1 2.5
GKj25 GK oSFR 2.5
BRj25 BR - 2.5
GKfim* GK 1 1.0, 1.5, 2.5
GKjm* GK o«SFR 1.0, 1.5, 2.5
BRjm* BR - 1.0, 1.5, 2.5

* fj = 1.0, 1.5, 2.5 depending on if the galaxy has undergone no mergers, only minor
mergers, or at least one major merger respectively.

idea that some of the orbital angular momentum of the merging galaxy may be transferred
to internal (spin) angular momentum following a merger. This effect has been observed in
numerical simulations (e.g. Robertson et al. 2006a; Robertson & Kravtsov 2008; Sharma
et al. 2012), which suggest that major mergers have a larger effect on the specific angular
momentum distribution. Our f; values in these models contain a small, but arbitrary offset,
comparable to their results. One important inconsistency in the merger models is that by
increasing the cold gas angular momentum, we decrease the cold gas density, which in turn
will decrease the star formation rate. Since f; is increased after running the semi-analytic
model, the stellar masses and star formation rates reflect those of the f; = 1 models and
are artificially high. We discuss the implications of these effects in section 4.2.1. For these
reasons, we treat the ‘merger’ models more as toy models that provide some information
on the different effects of the distribution of cold gas on DLA properties; however, we focus
the majority of our analysis on the four other models.

The semi-analytic models contain a number of free parameters. These are kept fixed
to the same values used in SPT14, which were found to reproduce fundamental galaxy
properties at z = 0 in their baseline models. We note that SPT14 and PST14 only consider

models corresponding to our f; = 1 models.
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Chapter 4

Damped Lya Absorption Systems in Semi-Analytic Models
with Multiphase Gas

4.1 Introduction

Observations of DLLAs provide important constraints on the gas content of galaxies at high
redshift, and indirectly constrain how gas is converted into stars, and how gas and metals
are cycled into and out of galaxies in inflows and outflows. These, in turn, provide key
constraints on some of the most uncertain aspects of our models of galaxy formation.
There has been a significant amount of observational activity and progress in this area
in recent years. Large surveys such as the Sloan Digital Sky Survey (SDSS Schneider et al.
2010) and BOSS (Eisenstein et al. 2011) have provided extensive target samples of optically
detected quasars, yielding greatly improved statistics for samples of high redshift absorbers
(1.5 £ 2 £ 4.5). These improved statistics have greatly tightened the constraints on the
shape of the column density distribution function, comoving line density of DLAs, and the
evolution of the cosmological neutral gas density (e.g., Noterdaeme et al. 2012). Font-Ribera
et al. (2012) employed a cross-correlation analysis of DLAs from the BOSS survey with the
Ly« forest and were able to obtain constraints on the DLA cross-section as a function of halo
mass. Rafelski et al. (2012) have published metallicities for a large number of DLAs in the
redshift interval 2 < z < 4, providing constraints on the build-up of heavy elements in the
cold gas phase of galaxies across cosmic time. In addition, the UV-sensitive Cosmic Origins
Spectrograph (COS) on the Hubble Space Telescope (HST) is now enabling studies of DLAs
at lower redshift z < 1, which may be more easily connected with populations detected in
emission and with the present day galaxy population (Meiring et al. 2011; Battisti et al.
2012). Recent studies with COS have also yielded a wealth of information on ionized gas

within low-redshift haloes (e.g. Tumlinson et al. 2011).
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Two different pictures for the origin and nature of DLAs have been debated in the lit-
erature. Based on the observed kinematics of low-ionization metal systems in DLAs, Wolfe
et al. (1986) and Prochaska & Wolfe (1997, hereafter PW97) presented a picture in which
thick, extended disc galaxies give rise to DLAs, yet explaining how a sufficient number of
large disc galaxies could have formed by z ~ 3 remains a challenge. In contrast, in the
context of the hierarchical picture arising in a Cold Dark Matter (CDM) cosmogony, many
DLAs would be expected to be associated with smaller, lower mass systems (e.g., Hachnelt
et al. 1998). However, reproducing the distribution of DLA kinematics has remained a sig-
nificant challenge for hierarchical models (Maller et al. 2001; Razoumov et al. 2008; Pontzen
et al. 2008). These two scenarios have very different implications for galaxy evolution — the
former requires large disc galaxies to be in place by z ~ 3, and the latter has implications
for the expected star formation rates, stellar masses, and kinematics of DLAs and their
counterparts.

A number of previous theoretical studies have made specific predictions for the properties
of DLAs in the framework of the CDM paradigm (e.g., Kauffmann & Charlot 1994; Kauff-
mann 1996; Gardner et al. 1997; Haehnelt et al. 1998; Maller et al. 2001, 2003; Nagamine
et al. 2004b,a, 2007; Pontzen et al. 2008; Fumagalli et al. 2011; Altay et al. 2011; Cen
2012; van de Voort et al. 2012; Kulkarni et al. 2013; Altay et al. 2013). Early numerical
hydrodynamic simulations typically neglected feedback from stellar and supernova-driven
winds, or contained weak forms of stellar feedback. These simulations had moderate success
in reproducing the column density distribution, cosmological neutral gas density, and line
density of DLAs at high redshift (1 < z < 4), although they had difficulty reproducing the
turnover in the column density distribution at log Ngr ~ 22 atoms cm ™2 (Nagamine et al.
2004a). These simulations were not able to discriminate between different phases of gas,
and it was speculated that the turnover could be due to the Hi-Hs transition. However,
recent observational results from the BOSS survey (Font-Ribera et al. 2012) have shown
that while these high column density systems are rare, they do exist, relaxing some of
this tension, although the origin of the turnover still remains something of a puzzle (Erkal
et al. 2012). Many of these simulations had relatively small volumes and modeled the DLA

column density distribution by characterizing the relationship between DLA cross-section
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and dark matter (DM) halo mass, then convolving this relationship with a DM halo mass
function from larger volume dissipationless simulations.

More recent simulations found that the inclusion of more effective stellar feedback and
winds had a significant effect on the predicted DM halo mass to DLA cross section rela-
tionship. For example, Nagamine et al. (2007) found that in simulations with strong winds,
galaxies in low mass haloes ejected much of their gas, resulting in a lower DLA cross section,
thus shifting the DLA population into higher mass host haloes. Qualitatively similar results
have been found by Pontzen et al. (2008), Fumagalli et al. (2011), and Cen (2012), although
the detailed slope, normalization, and redshift dependence of the predicted halo mass to
DLA cross section relationship are different in these different simulations. Recently, Cen
(2012) particularly emphasized the importance of outflows for reproducing the observed
properties of DLAs including their kinematics.

CDM-based models have also had difficulty reproducing the observed metallicities of
DLAs (Somerville et al. 2001; Maller et al. 2001; Nagamine et al. 2004b, 2005; Pontzen
et al. 2008; Fumagalli et al. 2011). They have consistently predicted higher average metal-
licities, and none have reproduced the tail to very low metallicity, although again, simula-
tions with strong stellar feedback and winds have been more successful. Cen (2012) find
that a significant number of z 2 3 DLAs originate in intergalactic gas. A combination of
these intergalactic DLAs and the ejection of metals by galactic winds lowers the average
metallicities, bringing them into better agreement with observations.

Meanwhile, recent observational and theoretical work has greatly advanced our under-
standing of the physics that regulates star formation on galactic scales. The vast majority
of previous cosmological simulations relied on the classical “Kennicutt-Schmidt” (KS) re-
lation as a recipe for describing how cool gas turns into stars. The KS relation, based on
observations of nearby spiral galaxies and starburst nuclei, says that the star formation rate
surface density (Xsrgr) is proportional to the total gas surface density (Xg = X7+ Xp,)
(Schmidt 1959; Kennicutt 1989, 1998). The KS relation is frequently approximated as a
power law, Ygpr o Eg, with NV ~ 1.4, above a critical total gas surface density Ycit.
Empirical studies have shown that Y. o~ 3-10 Mgpce~2(Martin & Kennicutt 2001).

However, Wong & Blitz (2002) showed that Y grp is more tightly correlated with the
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density of molecular hydrogen Yp, (as traced by CO) than with the total gas density.
These results were confirmed and expanded upon with the results from the THINGS survey
(Walter et al. 2008) combined with CO maps from BIMA SONG and HERACLES (Helfer
et al. 2003; Leroy et al. 2009). These studies showed that Ygpp o ZZQ with N very close
to unity, implying that star formation takes place in molecular gas with roughly constant
efficiency (Bigiel et al. 2008a, 2011). These results underlined the importance of modeling
the partitioning of gas into atomic and molecular phases in theoretical models of galaxy
formation.

In this chapter, we make use of the SAMs developed in SPT14 and PST14 and de-
scribed in Chapter 3 to explore for the first time the predictions for the properties of DLAs
in semi-analytic models with partitioning of gas into different phases and an Ho-based star
formation recipe. We investigate the impact of the gas partitioning, star formation recipe,
and assumptions about the structure of the cold gaseous disc on the main observable prop-
erties of DLAs and confront our predictions with the latest observations. The chapter is
organized as follows. In 4.1.1, we also describe how we compile mock catalogs of DLAs. In
section 4.2, we present our predictions for key DLA observables, including the DLA column
density distribution as a function of redshift, DLA cross-section as a function of halo mass
and redshift, comoving density of DLAs and cosmological neutral gas density as a function
of redshift, distribution of DLA velocity widths, DLA metallicity distribution, and DLA
metallicity as a function of velocity width and redshift. We discuss the implications of our
results in section 4.3, and summarize and conclude in section 4.4. Throughout this chapter,
we adopt the following values for the cosmological parameters: Q, = 0.28, Qx = 0.72,
Hy =70.0, 0§ = 0.81, and ng; = 0.96. Our adopted baryon fraction is 0.1658. These values
are consistent with the seven-year Wilkinson Microwave Anisotropy Probe (WMAP) results

(Komatsu et al. 2011). All quoted metallicities are relative to solar.

4.1.1 Selecting Hi1 absorption systems

We obtain a catalog of host haloes by extracting haloes along lightcones from the Bolshoi
simulations (Klypin et al. 2011; Behroozi et al. 2010). These lightcones cover a 1 by 1 deg?

area on the sky over a redshift range 0 < z < 5 and contain galaxies with dark matter
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halo masses from 109 to ~ 105 M. However, the Bolshoi simulation begins to become
incomplete at or below V,; =~ 50 km s~!, Mj, ~ 101°Mg; see Klypin et al. (2011) for more
details. These haloes are then populated with galaxies as described above.

The molecular and atomic hydrogen gas is distributed in a disc with an exponential
radial and vertical profile. The vertical scale height is proportional to the radial scale length,
Zg = X2Tg, Where x, = 0.4 is a constant, in agreement with observations of moderate redshift
galaxies (Bruce et al. 2012). We explore different values of ., although reasonable values
of x, (i.e. not razor-thin discs) have a minimal effect on our results.

The central gas density is then defined as ng = Mg/ (47mmHT§zg), where M, is the
atomic and molecular gas, m is the mass of the hydrogen atom, and p is the mean molecular
weight of the gas. The atomic gas density as a function of radius along and height above

the plane is given by
nui(r, z) = n0<1 — fm, (7‘)) exp(—i> exp (—H> (4.1)

In Figure 4.1 we show gas profiles for three galaxies with cold gas masses of log M4/ Mg =
8, 9, 10 and metallicities log Z/Zc = —2.5, — 1.5, —0.5 at 2 < z < 3 for the f; =1
and 2.5 models in the SAMs (as seen face-on). Each row shows the difference in cold gas
partitioning for our three models and three fiducial galaxies. Star formation is much more
efficient in low mass halos in the BR and GK models than the GKf models due to the
high cold gas density threshold for Hy formation in the latter. However once a significant
amount of metals have been produced, the star formation efficiency converges in all three
models as can be seen in galaxies with high masses and metallicities. For reference, a neu-

2 corresponds to a gas surface density

tral hydrogen column density of Ng; = 2 x 1020 cm™

of ¥y = 10 My, pc~2. Figure 4.1 demonstrates the impact on the gas distribution of the

different assumptions for gas partitioning, star formation, and gas angular momentum.
The models provide the radial distance from the central galaxy for each satellite galaxy,

and we assign a random azimuth and polar angle ¢ and 6 for each satellite’s position with

respect to the central. With the positions determined for every galaxy in each lightcone,
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Figure 4.1 Cold gas radial profiles for three typical galaxies in the f; = 1 (solid line) and
fj = 2.5 (dashed line) models with redshifts 2 < z < 3. The HI gas (black), Hy (red), and
Hir(blue) surface densities are shown. Cold gas mass and metallicity increase from left to
right from log Z = —2.5 to —0.5 and log Muq/Ma = 8 to 10. The top row shows the
GKf models, the middle row the GK models, and the bottom row the BR models. Since
stars form based on the density of Hy (red), this illustrates that the f; = 1 models are more
efficient at forming stars than the f; = 2.5 models. Moreover, star formation is much more
efficient in low mass halos in the BR and GK models than the GKf models (note the lack
of any Hy in the lowest mass galaxy in the GKfj25 model). However, the star formation
efficiency becomes similar in all three models at high masses and metallicities.




87

we generate 20,000 random sightlines and integrate the three-dimensional gas density dis-
tribution along the sightline. Each galaxy is given a random orientation angle with respect
to the sightline. All sightlines as well as the properties of all haloes with observed column

2 are then saved as our catalog of

densities above a threshold of Ny > 10 atoms cm™
absorption systems.

We then generate low-ionization line profiles by assuming the gas is distributed in small
clouds within the disc, using a similar approach to that of Maller et al. (2001). The relevant
parameters are: oy, the internal velocity dispersion of each cloud; N., the number of
clouds; and o, their isotropic random motions. Following PW97, we take ;¢ = 4.3 km
s~L. PWO7 derived this value from Voigt profile fits to their observations with N, = 5
being the minimum acceptable number of components. Increasing the number of clouds to
as high as 60 did not improve the goodness of fit for a disc model since the model discs
are relatively thin. Following Maller et al. (2001), we assume the gas discs are cold and
set 0¢e = 10 km s™'. We combine these internal velocities with the rotational velocity of
the disc as well as the relative orbital velocity of the satellite galaxy with respect to the
central (when applicable). For each sightline, we treat the gas density distribution as a
continuous probability distribution for the positions of the clouds (Maller et al. 2001). We
then generate low ionization line profiles by randomly distributing 20 clouds with the same
optical depth along the line of sight. Finally, we ‘measure’ the velocity width, Awgg, by
taking the difference between the pixel containing 5% and 95% of the total optical depth.

In generating the low-ionization line profiles, we make a number of simplifying assump-
tions. Satellite galaxies are assumed to be on circular orbits. Gas discs are assumed to have
a simple radial profile in addition to being axisymmetric. The gas distribution is indepen-
dent of galaxy environment or Hubble type. We do not account for distortion in gas discs
due to the gravitational effects of other galaxies or effects due to previous merger events,

except very crudely in the merger (“m”) models as described above.
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4.2 Results

In this section, we compare the predictions for our suite of models with a set of observations
of DLAs. To calibrate our models, in Section 4.2.1 we present the z = 0 stellar, H1, and Hs
mass functions for our models along with observations from local galaxies. In Section 4.2.2 -
4.2.4, we present column density distribution functions, the comoving line density of DLAs,
the cosmological neutral gas density in DLAs (2pr4), and DLA cross sections and halo
masses as a function of redshift for all of our models and high-redshift DLLAs. The DLA
metallicity distribution, the cosmic evolution of DLA metallicities, the effects of metallicity
gradients, and DLA kinematics are presented in sections 4.2.5 and 4.2.6. In Sections 4.2.5
and 4.2.6, we only consider the f; = 1 and 2.5 models as the merger-based models have
very similar metallicities to the f; = 1 models. Additionally, we feel that our merger-based
models are too crude to meaningfully attempt to predict the kinematics. We focus the
majority of our analysis on the GK;j25 and BRj25 models, since the f; = 1 models fail to
reproduce the column density distribution, the number of DLAs, and the mass of HiI in
DLAS (although the f; = 1 models are actually the closest to the ‘fiducial’ model presented
in previous SAMs, e.g. S08 and S12). The GKfj25 model produces a large number of low
mass “pristine” halos, which experience no star formation and so contain gas close to the
pre-enriched metallicity, which we believe to be unphysical. Note that in this chapter, we
focus on the observational properties of the DLAs themselves. In the next chapter, we

present the optical properties of the DLA host galaxies in our models.

4.2.1 Local Stellar and Cold Gas Mass Functions

The usual approach used in semi-analytic models is to calibrate the models using a subset
of observations of z ~ 0 galaxies. The galaxy stellar mass function and cold gas fractions,
or mass functions of cold gas, are commonly used quantities for this calibration procedure.
A more extensive comparison with observations for the GKfjl, GKjl, and BRj1l models is
presented in SPT14 and PST14. In addition, the BRj1 model produces extremely similar

predictions to the models presented in S08 and S12. Here we examine the impact of varying
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the Hy formation recipe and the distribution of cold gas (f;) on several fundamental calibra-
tion quantities: the local galaxy stellar mass function (GSMF), Hr mass function (HIMF),
and Hy mass function (H2MF).

Figure 4.2 shows the z = 0 GSMFs, HIMFs, and H2MF's for all of our models. We
do not show the GKfjm, GKjm, and BRjm mass functions as they are the same as the
GKij1l, GKj1, and BRjl models respectively, since the gas is redistributed only in post-
processing. As can be seen in the top row, the predicted z = 0 stellar mass function is
extremely similar for the f; = 1 models, and is in reasonable agreement with observations
of the local GSMF. The f; = 2.5 models tend to produce too few galaxies with large stellar
masses, with the largest discrepancy around the knee of the GSMF. Of the f; = 2.5 models,
the BRj25 model is in the best agreement with the observed GSMF. In the models with
extended gas distributions, the lower gas densities cause star formation to be less efficient.
In the GK models, Hy formation is more efficient in gas with higher metallicity, but more
Hs is photo-dissociated if the UV background is high. In the GK model with a fixed UV
background, star formation becomes very inefficient in low mass, low-metallicity halos. In
the GK model with a varying UV background, the UV radiation field intensity is also lower
in these low-mass halos, which goes in the opposite direction, leading to a larger net fraction
of Hy and therefore less suppression of star formation relative to the GKf model.

We also find that the GK and BR extended disk (f; = 2.5) models produce reasonable
agreement with the observed GSMF and galaxy star formation rate function for galaxies
selected via their stellar emission at z ~ 2. We show these results along with a more detailed
comparison of our model predictions with the optical properties of DLA host galaxies in
the next chapter.

The middle row of Figure 4.2 shows the HIMFs for the models along with local 21-cm
observations from the HIPASS and ALFALFA surveys (Zwaan et al. 2005a; Martin et al.
2010), which highlights the power of using cold gas observations to discriminate between
models. None of our models matches the observed Hi mass function well in detail. The
BRj1 and GKj1 models provide the best match to the observations, but produce slightly too
few systems with intermediate HI masses (108 Mg < My < 1019 Mg). The GKfjl model

overproduces the number of systems with Mg; < 10%° M. The BRj25 and GKj25 models
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Figure 4.2 Top left - galaxy stellar mass functions (GSMFs) for all galaxies in the GKfjl
(dotted lines), GKj1 (dashed lines) and BRj1 (solid lines) models at z = 0. The local GSMF's
are overplotted, with Baldry et al. (2008, 2012) in bold above and Panter et al. (2007) and
Li & White (2009) in bold below log M,/Mg = 10.65 to emphasize where each is more
reliable. Middle left - same as top left except for the HI mass functions at z = 0, with the
local HIMF from Zwaan et al. (2005a, gray) and Martin et al. (2010, black) overplotted.
Bottom left - same as top left except for the Hy mass functions (H2MFs) at z = 0, with
the local H2MFs for a constant and variable X¢o factor from Keres et al. (2003, gray) and
Obreschkow et al. (2009, black) overplotted. Right column - similar to left column except
for the GK{j25 (dotted lines), GKj25 (dashed lines) and BRj25 (solid lines) models. The
middle panels highlight how the HI gas content of galaxies can help to constrain galaxy
formation models.
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are more successful at reproducing the slope of the observed HIMF at low masses, but
significantly overpredict the number of systems with high Hi masses. The GKfj25 model
produces too many galaxies at all HI masses. In general, the model HIMFs show that
galaxies in the fixed-UV GK models have more HI than in the varying-UV and BR models,
for the reasons discussed above. Similarly, galaxies with more extended gas distributions
have more HI and shallower slopes for their HIMFs than the traditional disc models.

The bottom row of Figure 4.2 shows the z ~ 0 H2MFs for the models along with the
inferred H2MF from the FCRAO Extragalactic CO survey (Keres et al. 2003) assuming a
constant Xco = 2x10%° factor and using a variable X0 factor as computed by Obreschkow
et al. (2009). The H2MFs for the f; = 1 models are almost identical to each other and are in
good agreement with both observational estimates at low M g9, but overproduce the number
of high-M o systems. The predictions of the BRj25 and GKj25 models are very similar to
the f; = 1 models, but have a slightly better fit at high-Hy mass. the GK{j25 model produces
substantially fewer systems with low Mpgs, leading to a flatter H2MF' low-mass end slope.
For all four models, the high mass end of the H2MFs are in better agreement with the
observational estimates of Keres et al. (2003), which assumed a constant conversion factor
between CO and Ho(Xco). However, the estimates obtained by Obreschkow et al. (2009)
with a variable X¢o are likely to be more accurate. In Keres et al. (2003), the highest mass
bin contains a number of CO luminous starburst galaxies. PST14 provide a more detailed
comparison between the observed CO luminosity function and the f; = 1 models.

In addition, PST14 show a comparison of the radial sizes of galaxies in the f; = 1 models
with observations, finding good agreement for the HI radii and SFR half-light radii from
z =0 to 2. The f; = 2.5 models produce SFR half-light radii that are still consistent with
observations at z = 0, but are about a factor of two larger than the f; = 1 model disks
at z = 2, in apparent conflict with observations. However, it is unknown to what extent
the observed z ~ 2 star forming galaxies may be biased towards compact objects, due to
selection. PST14 also show the ratio of HI mass to stellar mass, ratio of Ho mass to stellar
mass, and ratio of HI to Homass, as a function of galaxy stellar mass and surface density,
showing good agreement with observations for z = 0 disk-dominated galaxies in the f; =1

models. We have carried out this comparison for the f; = 2.5 models as well, and find that
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relative to the f; = 1 models they tend to produce slightly higher gas fractions overall, and
slightly less Ho relative to Hi. However, the results are still within the uncertainty on the

observational values.

4.2.2 Column Density Distribution

The HI column density distribution function, f(Npgr, X), is one of the best constrained
observational quantities for H1 absorption systems. It is defined as the number of absorbers
with column densities in the range [Npr, Ngr + dNyp| per comoving absorption length

(X, X + dX]

Jrr(Nur, X)dNur dX = npra(Nur, X) (4.2)

where dX = %(1 + 2)2dz. Absorption systems with a constant comoving density and
proper size have a constant density per unit X along the sight-line. Observations indicate
only mild evolution in the column density distribution function with redshift (e.g. Prochaska
& Wolfe 2009).

The top panel of Figure 4.3 shows the predicted column density distribution function
at 2 < z < 3.5 for the f; = 1 models in the range 10" < Ngr < 10?2 em~2 compared
with the SDSS DR results from Noterdaeme et al. (2012) and observations of sub-DLAs
(10' < Nyi) from Zafar et al. (2013). We can see that all models do moderately well
at reproducing the number of high column density systems, but greatly underproduce the
lower column density systems. This result has been shown before by Maller et al. (2001),
and may indicate that the gas discs in the f; = 1 models are too compact. An alternative is
that there are a large number of DLAs that are hosted in haloes below our resolution limit
or that do not arise from gas in galactic discs, although neither of these effects seems to be
very likely to make a large contribution, based on recent results from numerical simulations
(e.g. Fumagalli et al. 2011; Cen 2012). In addition, we find this scenario to be unlikely as
they would have small velocity widths, inconsistent with observations.

022 cm—2

Historically, no DL As were known with column densities log Ng; > 1 m~“, and

simulations had difficulty reproducing this very sharp cutoff (e.g. Nagamine et al. 2004a;
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Figure 4.3 Top panel - column density distribution function for H1 absorption systems in
the f; = 1 models (GKfjl: green triangles; GKjl: red squares; BRjl: blue diamonds) in
the redshift range 2 < z < 3.5. Middle panel - same as top except for the f; = 2.5 models.
Bottom panel - same as top except for the merger models (GKfjm: green triangles; GKjm:
red squares; BRjm: blue diamonds). The model errors represent the maximum field-to-field
variation for four subfields of 0.5 x 0.5 deg™2. The fixed- and varying-UV GK models have
similar errors. The SDSS DR results from Noterdaeme et al. (2012) are overplotted in
black and the sub-DLA results from Zafar et al. (2013) in gray. The f; = 1 models have a
shallower slope in f(NNy1), causing them to produce too few low- Ny systems, which is most
apparent at log Ngr < 21. The f; = 2.5 models provide the closest fit and are a good
match to the data.
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Pontzen et al. 2008). Recently, larger volume surveys such as SDSS DR9 have revealed
that although rare, these high HI column density systems do exist. We note that, in the
paradigm in which metallicity is a fundamental parameter controlling the Hi-Hy transition,
it is more likely to produce high H1 column density systems at high redshift as the threshold
density for forming Hy becomes higher for lower metallicity gas (e.g. Schaye 2004; Erkal et al.
2012). In our models, this is reflected in the larger numbers of high column density systems
predicted in the metallicity-dependent GK models. We include Hil gas, but find it makes
no significant difference to the predicted column density distribution.

Motivated by the discrepancies in the number of low column density systems in the
models with f; = 1, we explore a simple model with a more extended distribution of cold
gas with f; = 2.5. The bottom panel in Figure 4.3 shows the column density distribution for
the GK{j25, GKj25, and BRj25 models. These ‘extended gas’ models do significantly better
than the f; = 1 models at matching the observed column density distribution function,
reproducing the general shape of the column density distribution over a wide range of
column densities. The BRj25 model is not as successful at reproducing the number of
DLAs at all column densities especially at high- Ny specifically at log Ny; 2 21.6, although
uncertainties due to cosmic variance are larger in this regime. Again, all models produce
DLAs with log N1 2 22 em™2, although they are rarer in the BRj25 model than the GK
models, due to the differing amount of gas and the density threshold for the Hi-Hy transition,
discussed further below. The success of the f; = 2.5 models suggests that either the gas that
forms discs has higher specific angular momentum than the dark matter halo material, or
DLAs arise from gas in an alternate extended distribution such as an outflow or tidal tails,
although we have not specifically modeled these configurations here. The picture of DLAs
arising from extended gas is supported by numerical simulations, which have shown that
stellar driven winds can preferentially remove low-angular momentum material, leading to
a higher average specific angular momentum (e.g. Brooks et al. 2011). In addition, the gas
specific angular momentum can also be boosted by cold flows and mergers (Robertson et al.
2006a; Agertz et al. 2011; Stewart et al. 2013).

To explore the possible boosting of specific angular momentum by mergers, we also

consider a simple merger-based model in which f; is increased following major and minor
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mergers, as described in Section 3.1.3. The resulting column density distribution for the
GKfjm, GKjm, and BRjm models is shown in the middle panel of Figure 4.3. Interestingly,
these simple models do fairly well at reproducing the column density distribution over the
whole range shown, much better than the f; = 1 models, although they slightly underpro-
duce the number of DLAs at all Ny;. As they contain the same amount of HI as the f; =1
models, their success suggests that the cold gas may be in an extended distribution in a
subset of galaxies due to the conditions of their formation.

At the low- Ny end of the column density distribution, sub-DLAs (19 < log Nur < 20.3)
in the f; = 2.5 models are in agreement with the results of Zafar et al. (2013), although
our results become more uncertain at log Ng; < 19.5. Low column density systems are
more likely to have been produced in outflows and filaments of cold gas. Furthermore, the
distribution of gas in exponential discs likely does not extend smoothly down to arbitrarily
low-Nyp, and haloes below our mass resolution (log M/ Mg < 9.5) may also make a
significant contribution to sub-DLAs. Therefore, we restrict the rest of our analysis to
systems selected as DLAs (log Ny > 20.3 atoms cm™2) as the majority are likely produced
in cold dense gas that is closely associated with galaxies.

Figure 4.4 shows the column density distribution function at 2 < z < 2.5, 2.5 < z < 3.5,
and 3.5 < z < 4.5 for the GKj25 and BRj25 models with the SDSS DR5 observations at
the same redshifts overplotted (Prochaska & Wolfe 2009). The models at 2 < z < 3.5 are
consistent with observations, although at 3.5 < z < 4.5, both produce fewer DLAs than
are observed. The shape of the column density distribution functions become flatter at
higher redshifts in both models, consistent with observations. However, in the models this
flattening results in a reduced number of low- Ny systems in the highest redshift bin, which
is in conflict with observations. All of our models fail to reproduce the observed number
of DLAs at z 2 3 (see section 4.2.3), and we see this here reflected in the column density
distribution.

We also show the column density distribution function of the BRj25 and GKj25 models
where gas is left unpartitioned, BRj25-up and GKj25-up respectively. In these models, the
total cold neutral gas density, regardless of whether it is in HI or Hs, is used to compute

the column density, as in most previous models. These models allow us to study the effect
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Figure 4.4 Similar to Figure 4.3 except the column density distribution function is plotted
for DLAs at redshifts 2 < z < 2.5 (top), 2.5 < z < 3.5 (middle), and 3.5 < z < 4.5
(bottom) in the GKj25 (red squares) and BRj25 (blue diamonds) models. Open points
show the total cold neutral gas column density including Hy. Observations from SDSS DR5
(Prochaska & Wolfe 2009) at the same redshifts are overplotted (black), along with the
SDSS DR results at 2 < z < 3.5 (gray) for reference. Both the models and observations
show a flattening of the column density distribution at higher redshifts. Each model shows
a decline in the number of low-Nyg; DLAs with redshift yet a comparable number of high-
Ny DLAs. At 3.5 < z < 4.5, observations produce this flattening with more high- Ny
DLAs. Additionally, the unpartitioned models indicate that the Hi-Hs transition becomes
important at log Ng ~ 21.7, in qualitative agreement with the observations.
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Figure 4.5 Left panel - the comoving line density of DLAs as a function of redshift for the
BRjl (red), BRj25 (blue), and BRjm (green dot-dashed) models. Right panel - same as the
left except for the GKjl, GKjm, and GKj25 models with the GKfjl and GKfj25 models
(dashed) overplotted. Observations of Mg II absorbers (Rao et al. 2006) and high-redshift
DLAs from Prochaska & Wolfe (2009) are overplotted in light gray while those from Zafar
et al. (2013) are shown in dark gray. Observations of local galaxies (Zwaan et al. 2005b)
and high-redshift DLAs (Noterdaeme et al. 2012) are overplotted in black. All models fail
at z > 3, and the f; = 1 models produce too few DLAs at all redshifts. The BRj25 and
GKj25 models are in the best agreement with the observations at z < 2.5, and the merger
models are only a modest improvement over the f; = 1 models.
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of multiphase partitioning on the column density distribution function. We can see by
comparing the partitioned and unpartitioned models that the H1 -Hs transition does lead to
a slightly steeper drop in the number of high column density systems. This transition can be
seen in Figure 4.4 at log Ny ~ 21.7, qualitatively consistent with observations. The small
number of high- Ny systems causes there to be significant scatter at high column densities.
Both models produce more DLAs with very high column densities at higher redshifts, while
these very high- Ny DLAs are only seen in the unpartitioned models at z ~ 2, suggesting

that the Hi-Hs transition may occur at lower density at high redshift.

4.2.3 Comoving line density and (,(z)

The column density distribution function gives the number of DLAs per unit absorption
path length for a given column density. The zeroth moment of this distribution is the line
density of DLAs, which measures the number of DLAs per comoving absorption distance:
oo
Ippa(X)dX = (N, X)dN dX (4.3)
N2o.3
Figure 4.5 shows the comoving line density of DL As as a function of redshift for the BR
models (left) and fixed- and varying-UV GK models (right). Observational estimates of the
line density of high redshift DLAs from Prochaska & Wolfe (2009) and Noterdaeme et al.
(2012), and that inferred from Mg IT absorbers from Rao et al. (2006) are also overplotted.
As compared to the f; = 1 models, the larger HI masses in the BRj25 and GKj25 models,
discussed in Section 4.2.1, are also reflected in the larger number of DLAs at all redshifts,
in much better agreement with observations at z < 2.5. The compact gas distributions
of galaxies in the f; = 1 models cannot reproduce the observed number of DLAs at any
redshift. Additionally, the merger-based models are only a modest improvement over the
f; = 1 models. Relative to the other models, the GKfj25 model gives rise to significantly
more DLAs at all redshifts. As we will see later, a large number of DLAs in the GK{fj25
model are hosted in low mass dark matter haloes. These systems have low metallicity, and
in the GKf models, they are inefficient at converting gas into Hy and subsequently into stars,

so they have large HI masses. Therefore a large number are selected as DLAs, boosting the
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line density. The BRj25 and GKj25 models produce the best agreement with the data at
z < 3.

At z > 3, all of our models produce far too few DLAs, and show the opposite trend as
observations (the number density of DLAs decreases, rather than increases, with increas-
ing redshift). The reasons for this fairly dramatic discrepancy are unclear. Two possible
explanations are that an increasing number of DLAs are associated with gas in filaments
or outflows at higher redshifts, or that the distribution of gas in galactic discs evolves over
cosmic time. Note that the gas would have to be more extended at higher redshifts to
alleviate this discrepancy.

Fumagalli et al. (2011) and Cen (2012) found that large amounts of DLA column density
gas arise in filaments extending up to the virial radius at z = 4. This fraction of DLA column
density gas in filamentary structures is significant at z 2 3 and decreases monotonically
with cosmic time, in keeping with the discrepancy between our models and observations.
Moreover, the majority of missing DLAs in our models are at low- Ny, as would be expected
for intergalactic DLAs. If intergalactic DLAs, produced for example in filaments of cold gas,
make up a significant fraction of the DLA population, then many DLAs will not be included
in our models. Alternatively, if a significant number of high-redshift DLAs are associated
with haloes of mass log (My/ Mg) < 10, then the discrepancy might be a resolution effect
since our simulations are incomplete below this mass. Since DLA metallicities at these
redshifts are very low, and the formation of Hs in this regime is not well-understood, the
amount of neutral hydrogen gas in a given halo and the number of DLAs may be affected.

Using the column density distribution function and the comoving line density of DLAs,

we can calculate the total neutral hydrogen gas mass density in DLAs using:

mHHQ EN(HI)
CPc,0 AX

Qpra = (4.4)

where mp is the mass of the hydrogen atom, Hj is the Hubble constant, p. ¢ is the critical
density at z = 0, and the sum is calculated for systems with log N(HI)> 20.3 across a total
absorption pathlength of AX. Figure 4.6 shows the total cold gas density (Qmuit+n,(z2)),

neutral hydrogen density in all galaxies (Qp1(2)), and the neutral hydrogen density inferred
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o GKfj25

Figure 4.6 The cosmic density of HI contained in DLAs (ppa) as a function of redshift
(solid shapes) and the amount of HI in all galaxies (Qpr; dashed line) along with the total
amount of cold neutral gas in all galaxies Qprip, (solid line). Observations of DLAs and
Mg IT absorbers (Zwaan et al. 2005a; Péroux et al. 2005; Rao et al. 2006; Prochaska & Wolfe
2009; Noterdaeme et al. 2009; Guimaraes et al. 2009) are overplotted in light gray. The
dark gray observations of DLAs and sub-DLAs are from Zafar et al. (2013). Both the SDSS
DRY observations of high-redshift DLAs (Noterdaeme et al. 2012) and observations of local
galaxies (Braun 2012) are shown in black. Upper left panel - BRj1 (red squares) and BRjm
(green triangles) models. Upper right panel - BRj25 model. Lower left panel - GK{j1 (blue
diamonds), GKj1 (red squares), and GKjm (green triangles) models. Lower right panel -
GKfj25 (blue diamonds) and GKj25 (red squares) models. The BRj25, GKj25, and GKfj1
models are in reasonable agreement with observations at z < 2.5 while the GKj1, BR;j1, and
merger-based models underproduce 2pr,a at all redshifts. The GKfj25 model is the only
model that is remotely close to the data at z £ 2.5, but it predicts Qppa somewhat higher
than observational measurements at lower redshift, and the column density distribution is
in conflict with observations.
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from systems selected as DLAs (2pra) in the BRjl and BRjm (top left) models; BRj25
(top right) model; GKfjl, GKjl, and GKjm (bottom left) models; and GK{j25 and GKj25
(bottom right) models. Observational estimates of Qpra(z) from DLAs and Mg IT absorbers
are overplotted for reference (Péroux et al. 2005; Rao et al. 2006; Noterdaeme et al. 2009;
Prochaska & Wolfe 2009; Guimaraes et al. 2009; Braun 2012; Noterdaeme et al. 2012). As
can be seen in Figure 4.6, the f; = 1 and merger-based models underproduce the amount
of Qpra(z). The GKfjl, GKj25 and BRj25 models produce the best fit to the Qppa(2)
distribution. The GKfjl model produces too few DLAs and too many high- Ny DLAs (see
Figure 4.3), causing it to be a coincidence that it reproduces the observed amount of Qpr,a.
On the other hand, the GK{j25 model produces too much HIi while the BRj1, GKj1, and
merger-based models produce too little HI at these redshifts. This is consistent with the
conclusions drawn from their respective column density distribution functions and comoving
line densities. As already anticipated from Figure 4.5, all of our models contain less HI in
DLAs than is observed at z 2 3. Only the GKfj25 model is marginally consistent with the
observations at these redshifts.

Note that the different models make different predictions for the total amount of cold
gas in galaxies, as well as for the amount of HI in galaxies and the fraction of HI in systems
that would have been selected as DLAs. The GKfj25 model predicts the largest amount of
cold gas overall, as well as the highest values of Q1(2) and Qppa(z). This is because in this
model, a lot of gas has low metallicity and is at low surface density, leading to inefficient Ho
formation and star formation in many systems. It is interesting to note that while the total
cold gas density and Qpy tend to rise with decreasing redshift in all models, the fraction of
gas in systems that are selected as DLAs decreases, leading to a flatter dependence of Qpr,a
on redshift, in better agreement with observations. Overall, the f; = 2.5 models predict a
lower fraction of HI to be contained in DLAs than the f; = 1 models. As high- Ny systems
make the largest contribution to {2pr,A and the f; = 1 models have relatively more high- Nyp
DLAs due to a flatter column density distribution function, we expect a larger fraction of
the total cold gas to come from the central regions of galaxies. Although there are more
DLAs in the GKjm and BRjm models, the reduced number of high- Ny systems is evident

as Qpra(2) for the GKjm model is comparable to the GKjl and BRj1 models at all redshifts.
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An overproduction of high- Ny DLAs in the BRj1 model causes the inferred amount of Hi
in DLAs at z ~ 4 to be slightly larger than the total amount in all galaxies. In spite of
a significant decrease in the number density of DLAs at z > 3 in all models, the Qpa(2)
distribution remains relatively flat. This result is in agreement with the flattening of the
column density distribution as was discussed in section 4.2.2.

Returning to the discrepancy between our model predictions and observations at z 2 3,
it is first interesting to note that in the BRj1 model, even the total cold gas density at z 2 3
is lower than the observational estimates of Qgr from DLAs. Indeed, this model is quite
similar to the model presented in S08, and this discrepancy has already been pointed out
in that work (see their Figure 14). It can also be seen from the results presented in S08
that the predicted Qpryn, at high redshift is quite sensitive to the assumed cosmological
parameters, in particular the power spectrum normalization og. This suggests that part of
the problem may be due to too-efficient star formation and/or overly efficient ejection of
gas by strong stellar winds at these epochs in these models.

At redshifts z < 2, all of the models predict a relatively flat dependence of Qppa on
redshift, in qualitative agreement with observations, although the normalization is too low
in the BRj1/BRjm models and a bit high in the GKfj25 model. This is the case even in
models (BRj25, GKj25) with much more rapidly rising total gas density and Q. The large
amount of HI in galaxies that would not be selected as DLAs in the BRj25 and GKj25 models
arises from HI in lower column density systems in low mass haloes (log M, / Mg < 10),
which have low gas surface densities and small DLA cross sections.

Taken together, our model results suggest that the rather flat dependence of Qpra
on cosmic time from 4.5 < z < 1 derived from observations of DLAs could be a cosmic
coincidence: at z X 3, Qpra may be ‘contaminated’ by cold gas that is not closely associated
with galaxies, while at lower redshifts (2 < 3), Qpra may significantly underestimate the
total atomic gas content of all galaxies. These results show the danger in assuming that

Qpra = Qeold or even Q.
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4.2.4 DLA Halo Masses and Cross-sections

The DLA cross section represents the area in kpc? for which a galaxy’s gas surface den-
sity (corrected for inclination) would be high enough for it to be selected as a DLA. It
is straightforward to compute this quantity in our models, as using our assumed density
profile we can easily compute the projected area within which the column density is greater
than log Ny > 20.3, which is its DLA cross section. Figure 4.7 shows the distribution of
DLA cross sections as a function of halo mass for our sample of DLAs in the GKjl1, GKj25,
and BRj25 models at redshifts z =1, z =2, z = 3, and z = 4. We only show these models
as each of the f; = 1 models has a similar distribution of DLA cross sections at a given
halo mass as the GKjl model. The GKj25 and GK{fj25 models are also similar.

We can see that in all models and at all redshifts, DLAs are predicted to occupy haloes
with a fairly broad range of masses, 101°M¢, < M;, < 10'2My. Moreover, the DLA cross-
section versus halo mass relation evolves mildly with time in any of the models. This has
implications for DLA kinematics which we explore in a later section.

The DLA cross-section at a given halo mass grows with cosmic time in all of our models.
By z =1, DLAs in the f; = 2.5 models have halo masses and DLA cross sections that are
both typically ~ 1.5 decades larger than at higher redshift while they both span a similar
dynamic range. Conversely in the f; = 1 models, there is a significant fraction of small,
compact DLAs at all redshifts and evolution is seen as an increase in the number of higher
mass DLAs. Additionally, our merger tree mass resolution limit of M, = 10°° Mg and
the completeness limit of the host halo catalog (Vii = 50 km s™1) also significantly reduces
the number of low mass DLAs. These effects are relatively small at low redshift, especially
in the f; = 2.5 models. However the average halo mass decreases with increasing redshift
causing the mass resolution of our models to become increasingly important, especially in
the f; = 1 models.

Recently using observations of DLAs at 2 < z < 3.5 from the BOSS survey, Font-Ribera
et al. (2012, hereafter FR12) found that DLAs with a mean redshift of < z >= 2.3, have
a large range of halo masses with an average halo mass of M;, = 6 x 10! M. For DLAs

residing in haloes of mass M, ~ 10" Mg, they also find a mean DLA cross-section of
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Figure 4.7 Number density distribution of DLA cross section versus halo mass for our
sample of DLAs in the GKjl (left column), GKj25 (middle column), and BRj25 (right
column) models at 0.5 < z < 1.5 (top row), 1.5 < z < 2.5 (second row), 2.5 < z < 3.5
(third row), 3.5 < z < 4.5 (bottom row) with the best-fit slope of the opra — M}, relation
for each model at z = 2 (green line). At high halo masses, the oppa — M}, relation flattens.
The data point (blue circle and line) from Font-Ribera et al. (2012) shows their estimate for
opLA at < z > = 2.3 with the best-fit opr.a — M}, slope. We also show the range of opr.a
values and halo masses at z ~ 3 for several sets of numerical simulations: the best-fit power
law at 1.4 < z < 4 of Fumagalli et al. (2011, measured, yellow; extrapolated, yellow-black);
and the best-fit power laws at z = 1 (dotted), z = 1.6 (dot-dashed), and z = 3 (dashed)
from Cen (2012). Compared to Font-Ribera et al. (2012), opra, My, and « in the GKj25
model are in the best agreement. Conversely, the f; = 1 models produce opr,a and a values
that are significantly lower than Font-Ribera et al. (2012).
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Table 4.1 Halo mass vs. DLA cross-section (M}, — opr4) Relation

GKfjl GKfj25 CKj1 CKj25 BRj1 BRj25 FRI12

< (log My/Mg) > 49x10" 53 x10"° 83 x10" 1.1x10" 85x10" 86x10" 6x 10"
< opra/kpc™? >* 4904450 10304740 5704660 11204850 5704660 9004710 1400
oY 0.86 0.86 0.90 0.91 0.78 0.88 1.140.1

Our results for DLAS at (z) = 2.3 correspond to the same mean redshift as Font-Ribera et al. (2012). Note,
a changes with halo mass where higher mass halos have flatter M}, — opra relations.

* for DLAs with 11.8 < log My, /Mg < 12.2 where the errors show the scatter about the mean.

opLa = 1400 kpc?, and a opr,a—My, relation that scales as opra o M where o = 1.140.1
with a minimum halo mass of M;, = 10° M. In order to make an accurate comparison to
Font-Ribera et al. (2012), we select all DLAs in each of our models with redshifts 2 < z < 2.6,
which corresponds to a mean redshift of (z) = 2.3. Table 4.1 shows our My, oppa, and «
values for DLAs in each of our models. Our f; = 2.5 models produce DLAs with halo masses
and DLA cross sections that are the most similar to Font-Ribera et al. (2012). The BR;j25
and GKj25 models produce slopes of a ~ 0.9, significantly flatter than that calculated in
FR12. The second row of Figure 4.7 shows model DLAs that are at a comparable redshift to
these observations. This also shows that the f; = 2.5 models produce the most comparable
DLA cross sections in massive haloes M), ~ 10'2 M as FR12. The f; = 1 models produce
significantly lower values of opra.

Font-Ribera et al. (2012) also find that DLA halo mass does not correlate with column
density. This result indicates that the column density distribution function has a similar
shape at low and high halo mass. When we divide our sample in half based on halo mass
(log M /Mg > 101, log M;, /My < 10'), we also find no correlation between DLA halo
mass and column density. The results of Font-Ribera et al. (2012) strongly support the
picture of a significant population of DLAs at z ~ 2.3 arising from extended gas associated
with more massive galaxies.

We also compare our results to predictions from several different numerical hydrody-
namic simulations. We overplot the results from Fumagalli et al. (2011) at z = 1.4 — 4, and
at z = 1.0, 1.6, 3.1 from Cen (2012) in Figure 4.7. DLAs in the GKjl model are more
compact than DLAs observed in any numerical simulation at any redshift. In contrast, the
BRj25 and GKj25 models are in very good agreement with the results of Fumagalli et al.

(2011). Our f; = 2.5 models are in fair agreement with the predictions of Cen (2012) at
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z = 1 while DLAs in our models have a much steeper oppa—My relation. At z ~ 3, Cen
(2012) finds much larger oppa values at a given halo mass than our models or the other
simulations predict. This appears to be due to outflows boosting the DLA cross-section.
Our models do not directly model outflows, although they may indirectly contribute to
our extended disk models. Note that an increasing contribution to the DLA cross-section
from outflows or filaments with increasing redshift could manifest in just this way, as larger
values of opp,A at a given halo mass.

At z ~ 4, more DLAs may arise in haloes below our resolution limit since our models
show a decrease in halo mass and opr,s with redshift, especially in the GKj1 model. However,
the gas fraction in haloes with log My, /Mg < 9.5 also drops rapidly due to the “squelching”
of gas infall by the photoionizing background after re-ionization implemented in our models.
At z < 3, the steep slope and low fraction of low-halo mass DLAs (M, ~ 10° M) in the
fj = 2.5 models suggests that there are likely not many DLAs arising in haloes below our
resolution limit. If oppa at a given halo mass also increased with redshift, then we would
expect even more DLAs to arise in these low mass haloes. Both Fumagalli et al. (2011)
and Cen (2012) discuss the contribution of DLAs arising from streams and clumps to the
DLA population at higher redshifts, although the simulations from Cen (2012) only probe
haloes more massive than My, > 10'%° My. At z ~ 3 — 4, both find that a large fraction
of DLAs originate in filamentary structures and gas clumps extending as far as the virial
radius. Conversely at z < 3, these intergalactic DLAs make a much smaller contribution to

the total DLA population, in keeping with the picture suggested by our results.

4.2.5 Metallicities

Figure 4.8 shows the distribution of cold gas-phase metallicities for all galaxies identified
as DLAs at 2 < z < 3.5 in all of our models compared with SDSS-DR3 and SDSS-DR5
results from observed DLAs in the same redshift range from Rafelski et al. (2012). In this
initial set of plots, we show the mass-weighted mean metallicity of the cold gas in our model
galaxies. Later, we consider the effects of metallicity gradients.

Our f; =1 and GKj25 models show a roughly lognormal distribution of DLA metallici-

ties with a peak around log Z ~ -0.8. Both the fixed-UV models show flatter distributions
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Figure 4.8 Upper panel - distribution of metallicities for all DLAs in the redshift range
2 < z < 3.5 for the GKfjl (red), GKj1 (green), and BRj1 (blue) models in the upper panel.
Lower panel - same as top except for the GK{j25 (red), GKj25 (green), and BRj25 (blue)
models. The observed distribution of DLA metallicities in the same redshift range are over-
plotted in gray (Rafelski et al. 2012). All the models except GK{fj25 produce a distribution
with a width similar to that of the observed one, with the BRj25 model producing the best
agreement with the observed DLA metallicity distribution. The GK{fj1 and GKf{j25 models
produce a significant number of DL As with metallicities near the “pre-enriched” metallicity
(log Z = —3).
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with a large fraction of DLAs with metallicities near the pre-enriched metallicity of log Z
~ —3, indicating that a substantial number have never undergone significant star forma-
tion. We discuss these interesting systems further in a moment. DLAs in the merger-based
models exhibit metallicity distributions very similar to the f; = 1 models, and so are not
shown. Both the GKj25 and the BRj25 models are a good fit to the observed metallicity
distribution in both the average metallicity and width. We note that at z > 3, our models
begin to miss a substantial fraction of DL As, which likely have lower metallicities on average.
This would have the effect of skewing the observed distribution to lower metallicities.

The population of very low metallicity, Hi-rich, nearly “pristine” galaxies predicted by
the metallicity-based, fixed-UV GK models is interesting. Scaling the UV radiation field by
the galaxy’s star formation rate increases the Ho fraction in low mass galaxies relative to
the model with a UV field fixed to the MW value, allowing these galaxies to form significant
stellar components. In the fixed-UV models, the “pristine” galaxies are hosted by low-mass
haloes (log (Mj,/Mg) < 10) and have stellar masses below log M,/Mg < 6.5. A feature
of the metallicity-based picture for Hy formation is that if gas is low metallicity and low
density, Hy formation is extremely inefficient, the galaxy forms few stars and the gas never
becomes enriched, so star formation stalls out. Star formation can be “kick-started” — if
the galaxy manages to form even a small amount of stars, e.g., through a merger-triggered
burst, this enriches the gas leading to more star formation and enrichment, and the galaxies
rather quickly become enriched to significant levels — hence the double peaked distribution.
The population of “pristine” haloes is more prevalent in the GKfj25 model because the
extended gas configuration leads to more low surface density gas. A similar population has
recently been reported in numerical hydrodynamic simulations using a similar metallicity-
based prescription for Hp formation (Kuhlen et al. 2013). It is interesting that DLAs
are observed down to log Z = -2.5, but no DLAs have been conclusively shown to have
metallicities as low as the “pristine” haloes in the fixed-UV GK models, although they
could have been detected if they existed. The presence of a DLA metallicity floor of log Z
% -2.6 has been discussed by Wolfe et al. (2005) and Rafelski et al. (2012) while systems
with lower metallicities have been observed in the Lya forest (Schaye et al. 2003; Simcoe

et al. 2004). Qian & Wasserburg (2003) model star formation in DLAs with a chemical
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evolution code and find that star formation in pristine gas enriches it quickly, making the
probability of detecting a DLA with log Z < -2.6 very small. Additionally, we consider
whether these pockets of “pristine” gas could really be common at intermediate redshifts,
or whether this prediction perhaps reflects limitations in our understanding of how Hs
formation and star formation take place in these environments. We also note that Gnedin
& Kravtsov (2010) report that their fitting formulae, used in our GK models, may become
unreliable below log Z < — 2.5.

Figure 4.9 shows the probability of selecting a DLA with a given metallicity as a func-
tion of redshift for DLAs in the GKfj25 (top), GKj25 (middle), and BRj25 (top) models
compared with observational estimates from Rafelski et al. (2012). We also show the best
linear fits to DLA metallicity as a function of redshift for each model ([Z] = az — [Z0]). In
order to examine the trends with redshift, we exclude DLAs with metallicities below log Z
< —2.5 from the fits. Although all of our models predict a shallower evolution in Z with
redshift than seen by Rafelski et al. (2012), the agreement with observations is considerably
better than in many previous studies. Moreover, our results are also in agreement with
Jorgenson et al. (2013) who found evidence for a lack of metallicity evolution over the red-
shift range 2.2 < z < 4.4. We present our best-fit parameters and those from Rafelski et al.
(2012) and Jorgenson et al. (2013) in Table 4.2. We can see that the population of “pristine”
DLAs predicted by the GKfj25 model is present at all redshifts, and the distribution of
metallicities in the ‘enriched’ population is as broad as that in the BR models. From this
plot, it is apparent that the metallicities of DLAs in our models are in better agreement
with the observational estimates in the lower part of the redshift range, z < 2.

Results from integral field unit spectroscopy (e.g. Forster Schreiber et al. 2006) indicate
that star-forming galaxies at z ~ 2 exhibit typical metallicity gradients of dZ/dr = 0 to
-0.3 dex kpc™! (Jones et al. 2010; Pilkington et al. 2012; Swinbank et al. 2012) and up
to dZ/dr ~ —0.4 dex kpc™! in quasars (Jones et al. 2013). If DLAs sample the outskirts
of galaxies, e.g., with impact parameters of b ~ 10 kpc at 2 < z < 3.5 (typical in our
extended disc models), a metallicity gradient could have a significant effect on typical DLA
metallicities. Moreover, metallicity gradients in star-forming galaxies are typically measured

along the disc while DLA column density gas likely also samples a significant amount of cold
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Figure 4.9 Conditional probability of DLA metallicity as a function of redshift in the GK{j25
(top), GKj25 (middle), and BRj25 models (bottom). The best linear fits to the average
metallicities for DLAs with log Z > —2.5 (to exclude the very low metallicity population)
are overplotted (blue and white). Observation of DLAs from Rafelski et al. (2012) with the
1o scatter in DLA metallicity are also overplotted. The GKj25 and BRj25 models show a
shallow decrease in metallicity with increasing redshift, similar to observations, although
the normalization is higher by ~ 0.5 dex in the GKj25 model. A significant number of DLAs
in the GKfj25 model have metallicities near the “pre-enriched” metallicity, indicating that
essentially no star formation has occured in these objects.
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Table 4.2 DLA Metallicity vs. redshift Best-Fit Parameters
Qdz_g [ZO]%:O dz__g [ZO]%:_O'1

GKfj1 -0.10 -0.61 -0.07 -0.93
GKfj25 -0.11 -1.03 -0.01 -1.55
GKj1 -0.11 -0.64 -0.09 -0.91
GKj25  -0.15 -0.55 -0.19 -0.60
BRj1 -0.14 -0.43 -0.12 -0.71
BRj25 -0.09 -1.10 -0.08 -1.32
R12* -0.22 -0.65 - -

J13* -0.04 -1.06 -

Linear fits ([Z] = az + [Z0]) for DLAs at z < 5
* observations of DLAs at z < 5 from Rafelski et al. (2012) and 2.2 < z < 4.4 from
Jorgenson et al. (2013)

gas above the disc where metallicities are almost certainly lower. Recently, Fu et al. (2013)
studied the effects of metallicity gradients in semi-analytic models and found they depend
on the fraction of metals directly injected into the halo as well as recent mergers, which can
re-establish a metallicity gradient. Following the observational studies mentioned above,
we implement a metallicity gradient of dZ/dr = —0.1 dex kpc~! where the average galaxy
metallicity is set to the radius of the average cold gas mass (rqve = 1.6787¢). Thus, galaxies
with larger cold gas masses will have more extended cold gas distributions. In general,
DLAs arising in these galaxies will have larger impact parameters and subsequently be
more affected by a metallicity gradient. As Hs formation in the GK models is metallicity-
dependent, if included self consistently, metallicity gradients could also affect other galaxy
properties, and might produce results that are different in detail from those shown here.
We show the results of the post-processed gradients only to qualitatively illustrate how they
can potentially affect the distribution of DLA metallicities. However in the BR models,
Hs forms based on the midplane pressure, so introducing metallicity gradients would not
impact other galaxy properties.

The top panel of Figure 4.10 shows the distribution of DLA metallicities in the redshift
range 2 < z < 3.5 before and after implementing a metallicity gradient. For dZ/dr = —0.1
dex kpc~!, the average shift in DLA metallicity is AZ = [Zppa] — [Zga1] ~ —0.3 0.4 with
a tail extending to AZ < —1. DLAs in each of our models have a similar average shift

in metallicity. The broadened distribution reflects the large scatter in impact parameter,
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Figure 4.10 Top panel - predicted distribution of metallicities for DLAs at 2 < z < 3.5
with a metallicity gradient (dZ/dr = —0.1 dex kpc™!, solid) and without one (dashed).
We exclude the fixed-UV and f; = 1 models for clarity as they exhibit similar shifts in
metallicity. Observations of DLAs from Rafelski et al. (2012) are also shown in gray. Middle
and bottom panels - conditional probability of DLA metallicity versus redshift including a
metallicity gradient as above, for the GKj25 and BRj25 models respectively. Best linear
fits (log Z > —2.5) for three metallicity gradients are overplotted: dZ/dr = 0 dex kpc™*
(black and white dashed line), dZ/dr = —0.1 dex kpc™! (blue and white dot-dashed line),
and dZ/dr = —0.2 dex kpc™! (green and white long-dashed line). Metallicity gradients can
have a significant impact on the DLA metallicity and its evolution.
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which can be as high as tens of kpc, explaining the tail to low metallicities. Although it is
possible for the outskirts of galaxies to have metallicities below log Z= —3, we set this as the
floor to the DLA metallicity as it corresponds to the metallicity of pre-enriched gas. The
predicted mean metallicity of DLAs in this redshift range in our models is now in quite good
agreement with the observations, and the shape of the distribution in the BRj25 models is
in good agreement with the observations, though it does produce more systems with very
low metallicities. The addition of a metallicity gradient causes the GKj25 model to move
into better agreement with observations.

The middle and bottom panels of Figure 4.10 show the conditional probability distribu-
tion of DLA metallicities with a metallicity gradient dZ/dr = —0.1 dex kpc™! as a function
of redshift for the GKj25 and BRj25 models. The linear fits to models with imposed metal-
licity gradients of dZ/dr = 0 dex kpc™!, dZ/drZ = —0.1 dex kpc™!, and dZ/dr = —0.2

1 are shown for reference. Metallicity gradients cause a systematic shift in the

dex kpc™
redshift-metallicity relation for the BRj25 model while they make the slope steeper in the
GKj25 model.

These trends indicate that sightlines through DLAs in the BRj25 model are sampling
similar impact parameters relative to the distribution of cold gas at all redshifts, while
those in the GKj25 model are preferentially selecting larger impact parameters at higher
redshift. On the other hand, Fumagalli et al. (2011) and Cen (2012) found cold gas to be
more extended at higher redshifts, coming from nearby streams flowing into the galaxy.

Overall, the addition of a metallicity gradient yields DLA metallicities in the GKj25
model in better agreement with observations, where stronger metallicity gradients make
the above effects more pronounced. We find that a metallicity gradient of dZ/dr ~ —0.3

dex kpe™!

would be needed to bring the GKj25 metallicities into agreement with observa-
tions while no fixed metallicity gradient produces satisfactory results with the BRj25 model.
In reality, the slope of the metallicity gradient probably varies from galaxy to galaxy and
may be correlated with other galaxy properties. However, this simple exercise highlights
the importance of understanding and accounting for metallicity gradients in modeling ab-

sorption systems.

Pontzen et al. (2008) found DLA metallicity to be correlated with halo mass, where



114

the majority of low metallicity DLAs (log Z < — 1.5) were found in haloes with masses
M}, < 109° M. By comparison, our simulations do not probe this mass range and we find
the typical DLA to reside in much higher mass haloes. We also look for a similar trend
between halo mass and metallicity by dividing our sample roughly in half based on halo mass
(M, < 10!t Mg, My, > 101 M), and comparing their metallicity distributions. For each
model, DLAs with halo masses M} < 10 Mymake up the vast majority of low metallicity
systems where the difference in metallicity for each subset ranges from -0.5 to -1.0 dex.
Finally, Neeleman et al. (2013) find a correlation between Ny and metallicity where DLAs
with higher column densities have higher metallicities. We also see a similar, but weak
trend in our model DLAs. Interestingly, the addition of a metallicity gradient causes this
correlation to be stronger as it causes sightlines that sample the interior regions of galaxies
to preferentially have higher metallicities than those sampling the outskirts of galaxies.
Therefore, a strong correlation between metallicity and Ny may also be suggestive of the
presence of metallicity gradients in DL As. A more detailed comparison between metallicities
measured through absorption studies and via emission lines in star-forming galaxies, will

be presented in the next chapter.

4.2.6 Kinematics

Observationally, low ionization line profiles in DLAs exhibit multiple components with small
individual velocity dispersions, yet the relative velocities between each component can be
quite large. Therefore, Prochaska & Wolfe (1997) defined a number of statistical measures
to probe the characteristics of line profiles. The velocity interval, Avgg, is defined as the
difference in velocity between the pixel containing 5% and 95% of the total optical depth.
We calculate this statistic for each of our DLAs based on their low ionization absorption
line profiles as detailed in Section 4.1.1. This quantity has proven to be the most difficult
to reproduce in theoretical models, so we focus on Avgg for our analysis.

Figure 4.11 shows the distribution of velocity widths, Awvgy, for DLAs in the f; = 1
and f; = 2.5 models with the Avgy values measured from observed DLAs overplotted
(Neeleman et al. 2013). Historically, hierarchical models have had difficulty reproducing

this distribution, tending to overproduce low-Awvgg objects and underproduce the number
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Figure 4.11 Upper panel — distribution of Awvgg values for DLAs in the redshift range 2 < z <
3.5 for the GKfjl (red), GKjl (green), and BRj1 (blue) models. Lower panel — same as top
except for the GK{fj25 (red), GKj25 (green), and BRj25 (blue) models. The observed Awg
distribution from Neeleman et al. (2013) is overplotted for reference. The GK;j25 model
has a Awvgg distribution most consistent to observations of high-redshift DLAs. DLAs with
Awvgy > 300 km s~! are shown at Avgg = 300 km s~!. The f; = 1 models produce too many
low-Awvgy DLAs as has been shown in previous analyses of DLAs in semi-analytic models
(e.g. Maller et al. 2001).
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Table 4.3 DLA Awvgy K-S Test

D Pk-s
GKfjl  0.18 2.5e-4
GKfj25 0.14 0.017
GKj1 0.23 2.5e-3
GKj25 0.12 0.27
BRj1 0.23 2.6e-3
BRj25 0.18 0.035

For DLAs at 2 < z < 3.5, compared to observations from Neeleman et al. (2013).

of high-Awgg systems (e.g. Maller et al. 2001; Pontzen et al. 2008). The f; = 1 models have
Avwgg distributions that peak at low Awgg, which is due to the large number of DLAS hosted
by low-mass dark matter haloes. On the other hand, the f; = 2.5 models are noticeably
better at reproducing the observed distribution of Awgy. Table 4.3 shows the probability
that the distribution of DLA Awgg values in each model are taken from the same distribution
as the observed Awvgy values as well as the D-statistic from the Kolmogorov-Smirnov test.
All f; =1 models have a < 1% chance of being from the same distribution as the observed
Awvgg values. However, the f; = 2.5 models are more successful, with the GKj25 model
producing the most realistic Avgg distribution with a probability of 27%. This kinematic
distribution is a significant improvement over those from previous semi-analytic models (e.g.
Maller et al. 2001, 2003) and many numerical simulations. Our models do not include other
effects such as galactic winds or cold accretion, which will likely increase the Awvgg value of
a given DLA (e.g., Cen 2012). Note that the f; = 1 models are in slightly better agreement
with the data than the f; = 1 discs from previous semi-analytic models (e.g., see Figure 1
in Maller et al. 2001).

The improvement in the Awvgg distribution in the f; = 2.5 models is primarily due to two
effects. Most importantly, more extended cold gas discs cause DLAs to originate in more
massive haloes with larger rotational velocities, as we saw in Figure 4.7. As a secondary
effect, more extended gas distributions make it more likely for DLAs to arise from ‘multiple
hits’ or lines of sight passing through more than one galaxy within a parent halo. The large
number of low mass galaxies in the GK{j25 model causes an excess of DLAs with low Awgg
values. The improved success of the f; = 1 models is due to the increased cold gas masses

of DLAs in all models causing more higher mass DLAs to be selected. We note that when
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cold gas discs are made very thin (e.g. very small values of x,), the Avgy distributions also
become peaked at low values.

The upper row of Figure 4.12 shows the distribution of halo masses for DLAs in our
models over the redshift interval 2 < z < 3.5. The lower row shows the probability of finding
a DLA with a given Awvgg value at a given halo mass at the same redshift. The average disc
circular velocity and 1o scatter for galaxies at a given halo mass are also overplotted. We
find a similar trend between Awvgy and disc velocity as Haehnelt et al. (1998) who found that
Avwgg tracked disc velocity following Awgg ~ 0.6v4;sc With a large scatter. As can be seen
in the top and bottom panels of Figure 4.12, the extended gas distributions cause DLAs
in the f; = 2.5 models relative to the f; = 1 models, specifically the GKj25 and BR;j25
models, to originate from more massive haloes, which in turn have higher disc velocities.
Conversely, the large number of pristine systems in very low mass haloes in the fixed-UV
GK models lowers the average halo mass and Awvgg value relative to the other models. DLAs
with large Awvgg values and low halo masses typically arise from ‘multiple hits’, which are
more common in the f; = 2.5 models as can be seen in the bottom row of Figure 4.12.

Figure 4.13 shows the conditional probability distribution of DLA metallicity as a func-
tion of Awvgg for the GKI{j25, GKj25, and BRj25 models. The best-fit power law to the
metallicity-Awvgg relation for our models and observations is also shown for reference, and
the best-fit parameters are given in Table 4.4. In the f; = 2.5 models, systems with high
Awgg values have metallicities comparable to observations, while they are slightly higher in
the f; = 1 models. At low Avgg, DLAs in the BRj25 model are in reasonable agreement with
observations while those in the GKj25 model typically have slightly larger metallicities than
is observed. Alternatively, the GKfj25 model produces a significant number of low metal-
licity, low Awgy systems, but again the metallicity distribution of these objects is peaked
towards lower values in the models than the observations indicate. DLAs in the f; = 1
models are not shown as they predict metallicities and Awgy values that are significantly
higher and lower, respectively, than observations.

Numerous authors have proposed that the Awgg-metallicity relation may be the DLA
version of the well-known mass-metallicity relation (e.g., Prochaska et al. 2008; Mgller et al.

2013; Neeleman et al. 2013, and references therein). If the motions of neutral clouds giving
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Figure 4.12 Upper left - histogram of the fraction of DLLAs with a given halo mass for the
GKfjl (red), GKjl (green), and BRj1 (blue) models at 2 < z < 3.5. Upper right - same as
upper left except for the GKfj25 (red), GKj25 (green), and BRj25 (blue) models. Lower left
- conditional probability of Awvgg versus DLA halo mass for the GKjl model. Lower right
- same as lower left except for the GKj25 model. The BRjl and BRj25 models produce
similar Awgg-halo mass relations as the GKjl and GKj25 models respectively. The average
disc velocity (solid line) and 1o scatter (dashed lines) are overplotted for reference. The
higher halo masses of DLAs in the f; = 2.5 models cause them to produce more high-Awg
systems. DLAs with low halo mass and high Awvgg values seen in the bottom row arise from
‘multiple hits’ or lines of sight passing through more than one galaxy in the same halo.
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Figure 4.13 Conditional probability of metallicity versus Awgy for DLAs in the redshift
range 2 < z < 3.5. Top panel - GKfj25 model. Middle panel - GKj25 model. Bottom
panel - BRj25 model. The best-fit power law for each model is shown by the red and white
dashed line. We overplot the observed DLA Awgg versus metallicity relation from Wolfe
et al. (2005, crosses), Ledoux et al. (2006, green dot-dashed line), and Jorgenson et al. (2013,
blue dashed line). All models show evidence for an increase in metallicity with Avgg, where
the BRj25 model is in the best agreement with observations while the GKj25 model does
not produce any very low-Z DLAs. At high Avgg, the BRj25 model produces DLAs with
metallicities in good agreement with observations.
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Table 4.4 DLA Metallicity vs. Avgg Best-Fit Parameters

Qaz/dr=0  [Z0]az/ar—0

GKfjl 0.66 2.1
GKfj25  0.77 2.9
GKjl 0.66 2.1
GKj25  0.61 2.1
BRj1 0.69 2.0
BRj25 0.68 2.6
L06* 1.55 -4.33
J13* 1.13 -3.61

Linear fits ([Z] = alogAvgy + [20]) for DLAs at 2 < z < 3.5.
* observations of 70 absorbers with log Ny > 20 at 1.7 < z < 4.3 from Ledoux et al.
(2006) and 106 DLAs at 2.2 < z < 4.4 and Jorgenson et al. (2013).

rise to the Awvgg values are governed by gravity whether it is rotation, infall, or outflow, then
Awgg could be correlated with mass. Indeed, as shown in Figure 4.12, our models do predict
a relationship between Awvgy and halo mass, although with significant scatter. Similarly, we
find galaxies with large Awvgg values to be more likely to have higher metallicities. At all
values of Awvgg, there is significant scatter in DLA metallicity, which is likely affected by
galaxy inclination, the stochasticity of neutral clump properties, and infalling or outflowing
gas. Moreover, we do find that the presence of a metallicity gradient in all DLAs has the
effect of increasing the scatter of the [Z] — Awgy distribution as the high-Awvgy DLAs are
selected from higher mass haloes with a larger range of impact parameters. For this reason,
we note that a metallicity gradient can weaken the connection between metallicity and Awvgg.
Observations of star-forming galaxies show a large range in metallicity gradients, suggesting
that this may also be the case in DLAs. Overall, metallicity gradients may contribute to

the low observed metallicities and large scatter seen in DLAs.

4.3 Discussion

Studies of HI in absorption are currently the only means of probing atomic gas at significant
redshift, and this will remain true for quite some time at redshifts much greater than unity,
although new radio telescopes such as the Square Kilometer Array (SKA) and its precursors
will push studies of HI in emission up to z ~ 1-1.5. DLAs are thought to contain the bulk of

the HI in the Universe and extensive observations of their properties exist in the literature.
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In spite of this, theoretical models of galaxy formation based on the predominant ACDM
paradigm have not been terribly successful at reproducing several of these observations, and
therefore the connection between DLAs and the galaxy population detected through their
emission properties remains unclear.

Although our models rely on a number of simplifying assumptions, our study is the first
to attempt to predict the properties of DLAs in a model that includes both the cosmological
formation of galaxies and the partitioning of the cold ISM in galaxies into different phases
(ionized, atomic, and molecular), based on physically motivated recipes. In addition, unlike
the numerical hydrodynamic simulations that have been predominantly used for previous
studies of DLA properties, our semi-analytic models broadly reproduce a large suite of

observations that probe the stellar and dust content of galaxies over a broad redshift range

(S08, S12).

4.3.1 On the Distribution of Cold Gas giving rise to DLAs

An interesting general insight is that in spite of the freedom we allowed ourself in adjusting,
for example, the distribution of cold gas in galactic discs, none of the models we considered
is really fully satisfactory at reproducing the properties of DL As over all redshifts and the set
of ‘calibration’ quantities of z = 0 galaxies (e.g., stellar mass functions, HI mass functions,
Hy mass functions). We found that models with “standard” distributions of gas (f; = 1)
could not reproduce the column density distribution of DLLAs at any redshift, in agreement
with the results of previous studies (Maller et al. 2001). This led us to consider models
with ‘extended’ gas distributions, which reproduced the HI column density distribution, the
cosmic evolution of the line density, and Qpr,a quite well at z < 3. However, the models
with extended gas distributions and a metallicity-dependent recipe for Hy formation were
too inefficient at forming stars and predicted stellar fractions that were too low, and fractions
that were too high, at z = 0. This is because the extended gas models place a large amount
of gas at low surface density where it is inefficient at forming stars. The metallicity-based
extended-gas model with a varying-UV background (GKj25) performs better than the model
with a fixed UV background, as the reduced UV background in low-mass systems results in

weaker suppression of the star formation efficiency. The pressure-based extended-gas BRj25
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recipe fared better with the z = 0 stellar mass function, but still overproduces the number
of Hi-rich galaxies at z = 0.

This may reflect the overly simple assumption of a fixed value of f; in all galaxies and at
all redshifts that we made in this work. We motivated our assumption based on numerical
hydrodynamic simulations. These simulations have shown that the average specific angular
momentum j of the baryonic disc can be larger than that of the DM halo if low-j material
is preferentially ejected by winds (e.g., Brooks et al. 2011; Guedes et al. 2011), if the disc
is formed by cold flows (Brooks et al. 2011; Pichon et al. 2011; Stewart et al. 2013), or if
the gas is spun up in a gas-rich major merger (Robertson et al. 2006a; Sharma et al. 2012).
It is likely that the effective value of f; in reality varies between galaxies and may depend
on cosmic epoch and the star formation and merger history. Our simple “merger” models
did not fare well in reproducing the column density distribution or the Qpra evolution,
indicating that a more physical approach to modeling the extent of the cold gas giving rise
to DLAs is needed.

In addition, some authors have suggested that some of the absorbing gas giving rise to
DLAs may not be in a rotationally supported disc at all, but may instead be in an outflow
(Cen 2012). Although we stated earlier that our ‘extended’ disc models could be interpreted
as representing any of these scenarios, this is not entirely consistent. Our models implicitly
assume that DLAs arise from the cold gas reservoir that has accumulated within the “box”
that we call a galaxy — i.e., gas that has cooled and accreted but not turned into stars or
been ejected in an outflow. Assuming that this gas is in an extended configuration leads
to large amounts of gas at low surface density where it is inefficient at forming stars. If
the cross-section and kinematics of DLAs are significantly affected by gas in an outflow,
this would have different implications for the star formation efficiency of galaxies which in
turn feeds back into the cold gas content as well as metallicities, etc. We are engaged in
a program to study the distribution of gas and metals in high resolution zoom simulations
that include a treatment of a multi-phase ISM (Christensen et al. 2012b) in order to study

these issues and build more sophisticated semi-analytic models for absorption systems.
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4.3.2 1Is the flatness of Qpa a Cosmic Coincidence?

Regardless of these limitations, we believe that we can make some robust and interesting
predictions based on our simple models. Our preferred models, the BR/varying-UV GK
models with extended discs, are somewhat successful at reproducing the line density of
DLAs and Qppa at z £ 3, indicating that the majority of HI in DLAs could plausibly be
associated with galactic discs. Subsequently, one interesting suggestion we make is that
the observed near constancy of Qppa from z ~ 4.5 to 0.5 is not a reflection of a truly
constant global HI density, but rather a cosmic coincidence resulting from the DLA popu-
lation being increasingly ‘contaminated’ by intergalactic gas in filaments or cold streams at
z 2, 3, and systematically under-representing the true HI density at z < 2 due to an increas-
ing contribution to the global HI budget from low-Nyp systems. Numerical hydrodynamic
simulations do indicate that the number of “intergalactic” DLAs increases with increasing
redshift (Fumagalli et al. 2011; Cen 2012).

At the same time, it is a concern that in several of our models (in particular the overall
more successful BR/varying-UV GK models) the total cold gas density in all forms (atomic,
and molecular) barely equals (BRj25/GKj25/GKI{j1) or is even less than (BRj1/GKjl) the
Hi1 density implied by observations of DLAs at z Z 3. On the other hand in the fixed-
UV, extended gas model (GK{fj25), the total amount of stars at z = 0 is much less than
observations. We note that a similar problem is seen in many other semi-analytic models
and numerical hydrodynamic simulations (e.g. Duffy et al. 2012; Narayanan et al. 2012a;
Davé et al. 2013). This may be a reflection of another well-known problem, that low-mass
galaxies in these models form too early (Fontanot et al. 2009; Weinmann et al. 2012). Thus
overly efficient star formation at high redshift may be consuming or expelling too much gas,
leaving behind too little cold gas in galaxies. We note that the models with metallicity-
based Hy formation recipes do appear to fare better in this regard. Moreover, this effect
may also be impacted by the decreasing average halo mass of DLAs with redshift and the
mass resolution of our models. In this case, a contribution from low mass DLAs below our

resolution limit may explain part of this discrepancy.
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4.3.3 DLA Host Masses and Kinematics

Correlation studies of DLAs are an interesting and powerful method to directly constrain
the DLA cross section as a function of halo mass. Through a cross correlation analysis of
DLAs with the Ly« forest at (z) = 2.3, Font-Ribera et al. (2012) recently found typical
DLA halo masses of M ~ 6 x 10" My and DLA cross sections opr,a ~ 1400 kpc?. Our
‘extended disc’ (f; = 2.5) models, specifically the BRj25 and GKj25 models, produce DLAs
with comparable cross sections and halo masses at the same redshift, and the predicted
slope of the DLAs cross-section vs halo mass (opra-My,) is in reasonable agreement with
these observations.

We find that the distribution of Awgy for our model DLAs depends on both the gas
partitioning recipe and the specific angular momentum of the gas (fj). The Avgg distri-
butions for our ‘extended disc’ models are significantly better than results from previous
SAMs (e.g., Maller et al. 2001) and most numerical hydrodynamic simulations, with our
metallicity-based extended-gas, varying-UV (GKj25) model providing the closest match.
Similarly to Haehnelt et al. (1998), we find Awvgy and disc rotation velocity to be positively
correlated, although with a large scatter. The disc rotation velocity corrected for inclination
is the primary factor determining the value of Awvgy. We show that adopting the extended
gas discs shifts DLAs into more massive haloes, which leads to better agreement with the
observed Awgg distribution. We still predict fewer very large Awgy systems (Awvgg Z 200
km/s) than are observed. This may be because Awgg is boosted by outflows in some sys-
tems, as suggested by the simulations of Cen (2012). Additionally, outflows are known to be
common among high-redshift star-forming galaxies (e.g., Steidel et al. 2010, and references

therein).

4.3.4 DLA Metallicities

Another insight from our study is a first indication of how observations of gas at high redshift
may help constrain our understanding of how Hs forms in galactic discs and how cold gas
is converted into stars on galactic scales. Some workers have emphasized the importance of

metallicity in regulating Hy formation and hence star formation (e.g. Krumholz et al. 2009b;
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Gnedin & Kravtsov 2010). However, other authors have suggested that the ISM is self-
regulated on the scales of star-forming regions, so that the star formation rate adjusts itself
until the turbulent pressure balances the gravitational restoring pressure, thus suggesting
that the disc midplane pressure may be the more fundamental quantity (Ostriker et al.
2010; Shetty & Ostriker 2012). Although the metallicity-based, varying-UV background
GK model produces slightly better results for DLAs, perhaps the more striking result is
how similar are these results overall to those of the pressure-based BR model. In addition,
we find that including the effects of a varying UV background in the metallicity-based model
produces significantly improved results relative to a model in which the galaxy-to-galaxy
variation in the UV field is neglected (e.g. Krumholz et al. 2009b). The fixed-UV GK models
make the dramatic prediction that a large fraction of DLAs at all redshifts are composed of
nearly “pristine” gas with metallicity log Z < — 2.5, that has never experienced significant
star formation. These arise because the metallicity-based models predict that low surface
density, low-metallicity gas is extremely inefficient at forming Ho. In our models, stars can
only form out of Hy so in these systems, stars never form efficiently and never enrich the
gas, so remain “barren” unless kick-started by a merger-driven starburst. We were initially
concerned that these systems were an artifact of inaccuracies in our models, but a similar
population has recently been pointed out in numerical hydrodynamic simulations (Kuhlen
et al. 2013), which incorporate a similar metallicity-based recipe for Hy formation and Ho-
based star formation. Therefore it is interesting to determine how robust these predictions
are, and whether such a population is definitively ruled out by observations.

Wolfe et al. (2005) and Rafelski et al. (2012) discuss the presence of a DLA metallicity
floor of log Z % — 2.6, and no lower metallicity DLAs have been discovered, although they
could have been detected. Schaye et al. (2003) and Simcoe et al. (2004) find systems in
the Lya forest with lower metallicities, down to log Z ~ —4. It is worth noting in this
context, however, that we assume that the fitting functions based on numerical simulations
with chemistry and simplified radiative transfer hold down to gas metallicities of log Z ~
—3, while Gnedin & Kravtsov (2010) note that these approximations are uncertain below
metallicities of log Z ~ —2.5. In addition, recent high resolution numerical simulations

suggest that in low metallicity gas, HI gas can form directly into stars without going through
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a molecular phase (Shetty & Ostriker 2012; Glover & Clark 2012; Shetty et al. 2013).

Another success of our models is improved agreement with the low metallicities and
weak metallicity evolution of DLAs, which has been a challenge for previous generations
of SAMs and numerical simulations. The reduced efficiency of star formation in systems
with low mass and/or low metallicity causes DLAS to typically have lower metallicities
than in previous SAMs, thereby increasing the slope of the mass-metallicity relation. Our
extended-gas BRj25 and GK;j25 models, with the possibility of observationally motivated
metallicity gradients, reproduce the mean metallicities of DLAs at z < 3, including the
slope of the redshift evolution. At z £ 3, the varying-UV GK model predicts metallicities
higher than the observations by up to 0.5 dex while the pressure-based BR model is in
better agreement. It is worth noting that as we discussed above, the observed population
of DLAs in this regime may be significantly contaminated by intergalactic gas which would
be expected to have lower metallicity. However, more recently, Jorgenson et al. (2013) find
a much weaker evolution in DLA metallicity than Rafelski et al. (2012). Their sample has
a more limited redshift range of 2.2 < z < 4.4, and they note that they find much flatter
metallicity evolution when they take the data set from Rafelski et al. (2012) and only
include DLASs in the same redshift range. These results suggest that a significant amount of
evolution in the DLA metallicity occurs at 0 < z < 1 and z > 4 (see figure 11 in Jorgenson
et al. 2013).

Metallicity gradients as steep as dZ/dr = —0.3 dex kpc™! have been observed in z ~
2 — 2.5 star-forming galaxies (Jones et al. 2010). We showed that introducing metallicity
gradients of this order significantly changed the predicted metallicity distribution of DLAs
and its redshift evolution. Thus our work shows that metallicity gradients may play a
significant role in reconciling DLAs metallicities and their evolution with those measured
via emission line diagnostics, underlining the importance of understanding and constraining
these gradients in simulations and observations.

Another possibility that has been discussed in the literature is that the metallicities of
DLAS could be biased low due to a selection effect, as metal-rich DLAs would also be dusty,
perhaps causing their background quasars to drop out of colour or magnitude selected QSO

samples. However, using radio-selected quasars, Ellison et al. (2001) and Khare et al. (2012)
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found no significant population of heavily reddened quasars with foreground DLAs, suggest-
ing that DLAs do not strongly redden quasars. Furthermore through stacking quasars with
and without DLAs along the line of sight, Ellison et al. (2005) found that DLAs are associ-
ated with very small amounts of dust reddening. These analyses suggest that observations
of DL As are not missing dusty, evolved DLAs and that they are well-characterized by small

amounts of dust and low metallicities.

4.4 Conclusions

We have presented predictions for the properties of quasar absorption line systems associated
with cold gas in galactic discs, based on a new suite of semi-analytic models that include
updated recipes for partitioning gas into an ionized, atomic, and molecular phase, and
a molecular hydrogen based star formation recipe. We present results for three different
prescriptions for partitioning gas into an atomic and molecular component: one (BR) based
on the empirical relationship between molecular fraction and gas midplane pressure from
Blitz & Rosolowsky (2006), and two (GK) based on numerical hydrodynamic simulations in
which the metallicity and the local UV radiation field play a major role in determining the
molecular fraction (Gnedin & Kravtsov 2010, 2011). In one, the local UV radiation field is
held fixed to the Milky Way value, while it is allowed to vary in proportion to the galaxy
star formation rate in the other. In addition, we considered different approaches for how
the cold gas is distributed within galaxies, using the parameter f; to represent the fraction
of the specific angular momentum of the dark matter halo material that is “captured”
by the cold gas within galaxies. First, we compared our predicted z ~ 0 galaxy stellar
mass functions and cold gas mass functions to local observations. We find that models
with different physical ingredients produce different amounts of cold gas within galaxies,
demonstrating that it is a key diagnostic for constraining theoretical models. We then
selected DLAs by passing sightlines through mock catalogs extracted along lightcones from
the Bolshoi simulation. The majority of our analysis focused on comparing the properties

of these mock DLAs with observations of real DLAsS.

We summarize our main results below.
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e Models with “standard” gas radial profiles where the cold gas specific angular mo-
mentum is equal to that of the dark matter, f; = 1, fail to reproduce the observed
column density distribution function and the number density of DLAs. They also fail
to reproduce the observed distribution of velocity widths, Av, of low-ionization metal

lines, producing too many low-Av systems and not enough high—Av systems.

e Our models with “extended” gas discs (f; = 2.5) are able to reproduce the observed
column density distribution function over the range 19 < log Nyp < 22.5 at 2 < z < 3.5
and also the number density of DLAs at z < 2.5. The favored extended disc models
produce comparable DLA cross sections (0 pr.4), halo masses, and predict a opr4—My,
relation with slope and normalization that is in agreement with observations at (z) =
2.3. Moreover at 2 < z < 3.5, these same models also reproduce the Av distribution
fairly well, primarily because they select DLAs in higher mass haloes with larger
rotational velocities. However, they produce too many high-My; mass galaxies and

too few galaxies around the characteristic stellar mass at z = 0.

e Our “extended” gas disc models reproduce the observed estimates of the comoving
density of Hr in DLAs (Qpra) at z < 3, with the model with pressure-based gas par-
titioning and the one with metallicity-based gas partitioning accounting for a varying
UV radiation field producing the best agreement. All of our models fail to reproduce
the number density of DLAs and amount of HI in DLAs at z £ 3. We suggest that a
significant fraction of DLAs at z 2 3 may reside in filaments, cold streams, or clumps

of gas not associated with the rotationally supported gas in galactic discs.

e The predictions of our favored “extended” gas disc models for DLA metallicities are
in much better agreement with observations than previous studies. Additionally, ac-
counting for metallicity gradients motivated by observations of star-forming galaxies
at a comparable redshift to the DLA sample, we obtain very good agreement with the
mean metallicity and metallicity-redshift relation in our models. Furthermore, our
models predict a correlation between metallicity and kinematics (Awvgg) which is in

reasonable agreement with observations.
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Chapter 5

Relations among Damped Lya Absorption Systems and

Star-Forming Galaxies in Semi-Analytic Models at z = 2

5.1 Introduction

Since star formation occurs in cold gas and at z ~ 3—4.5, DL As contained sufficient neutral
gas mass to account for a substantial fraction of the local stellar mass density, they are
likely repositories for star formation and a key to understanding galaxy formation (Storrie-
Lombardi & Wolfe 2000b). At 1 < z < 3, coinciding with the peak epoch of star formation,
star-forming galaxies (SFGs) boast star formation rates of SFR ~ 10 to > 100 Mg yr~! due
to high gas fractions, suggesting that there may be substantial overlap between DLAs and
SFGs (Shapley et al. 2001; Reddy et al. 2006; Shapley et al. 2005; Tacconi et al. 2010, 2013).
In spite of this implicit connection, a clear link between DLAs and star-forming galaxies has
not been found. Moreover, as DLAs are detected in absorption, they provide us with one
of the best ways in which to study the properties of galaxies’ interstellar medium at high
redshift. Compared to traditional galaxy surveys, where galaxies are identified based on
radiation being emitted by stars, selecting galaxies in absorption represents an orthogonal
means of studying galaxy formation that identifies galaxies with large amounts of cold
gas that is not directly dependent on either the star formation rate or the stellar mass of
the host galaxy. Therefore, understanding the connection between DLAs, SFGs, and the
underlying galaxy population will yield insight into galaxies with large cold gas reservoirs
and the connection among the properties of these gas-dominated galaxies, those that are
rapidly forming stars, and the galaxies in general.

Wide deep surveys have generated large catalogs of star-forming galaxies across the

redshift range 1.5 < z < 3.5 through a variety of color selection techniques (e.g., Steidel
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et al. 1996b, 2003, 2004; Daddi et al. 2004; Hathi et al. 2010). Extensive follow-up observa-
tions and detailed analyses have generated a wealth of information regarding the physical
properties of star-forming galaxies at high redshift. The most common selection method
(Steidel et al. 1996b) identifies star-forming galaxies based on the location of the Lyman
break. This technique has also been applied using space-based photometry to select UV-
bright star-forming galaxies at 1.4 < z < 3 and at fainter magnitudes (e.g., Byss < 26.5 for
U275-band dropouts at z ~ 2) (Hathi et al. 2010; Oesch et al. 2010). Additionally, Daddi
et al. (2004) and Reddy et al. (2005) use the “BzK” selection technique to identify galaxies
at different near-infrared magnitudes at 1.4 < z < 2.5, selecting galaxies based on their stel-
lar mass, independent of dust reddening. In spite of these different methods for identifying
star-forming galaxies, there is a large overlap fraction among these galaxies (e.g., ~ 70% of
BzKs are also BM/BX galaxies Grazian et al. 2007). The advent of medium-band surveys
and accurate photometric redshifts has allowed the identification of a large number of galax-
ies across a wide range of redshifts (e.g., Whitaker et al. 2011, at 1 < z < 3), generating
samples of galaxies above a given luminosity. These mass-selected galaxies are relatively
unaffected by selection effects due to color-selection criteria and better characterize the gen-
eral galaxy population (Whitaker et al. 2011). While these different selection techniques
identify high-redshift galaxies in different ways, galaxies at high redshift are becoming well
defined as well as the relations among them.

Large numbers of optically-detected quasars (QSOs) at z > 2 in the Sloan Digital Sky
Survey (SDSS) have produced a substantial catalog of absorbers at high redshift. In spite
of numerous efforts, finding galaxy counterparts to DLAs has been challenging, yielding
only a handful of host galaxies (Warren et al. 2001; Krogager et al. 2012). As a result,
establishing a connection between DLAs and emission-selected galaxies has remained an
open challenge. Nonetheless, observations of [CII] 158um cooling rates in DLAs indicate
that they exhibit a bimodality in galaxy properties where some DLAs are consistent with
trace amounts of in situ star formation and others are likely associated with a nearby SFG
(Wolfe et al. 2008, hereafter WO08). In fact, W08 find that the low cooling rate subset is
also consistent with DLAs being heated by the extragalactic background light. These DLAs

with low cooling rates may arise in low mass halos or intergalactic gas such as clumps or
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filaments. On the other hand, the DLLAs with high cooling rates are typically found in more
massive dark matter halos as tracked by their velocity widths, Awvgg which are assumed to
correlate with virial velocity. These DLAs also exhibit higher metallicities, higher dust-to-
gas ratios (), and higher star formation rate surface densities (X¥grr). Curiously, their H
I column density distributions are similar to the low cooling rate subset. Due to the high
cooling rates and infrequent occurance of extended low-surface brightness galaxies (e.g.,
Wolfe & Chen 2006), W08 comment that the high cooling rate DLAs are likely heated by
far-ultraviolet (FUV) radiation from a nearby bulge source, even though few DLA host
galaxies have been observed. A natural explanation for these DLAs is that they arise from
cold neutral gas surrounding a central star-forming region, such as a nearby star-forming
galaxy that is beyond our current detection limits. Furthermore, Cooke et al. (2006) found
an overdensity of LBGs and QSOs around DLAs at z ~ 3, indicating a possible connection
between the size and density of systems with high HI column densities and sources of
significant ionizing radiation. Using numerical simulations, Bouché et al. (2005) measured
the clustering of DLAs and found them to occupy moderate mass halos with an upper
limit of log My /Mg ~ 11.1. These results indicate that some fraction of DLAs are likely
associated with star-forming galaxies, yet an absence of DLA galaxy counterparts may
suggest that a substantial fraction stem from a separate populations of objects. Therefore,
the connection between the cold gas in which stars will form and the galaxies in which stars
are forming is not clear.

In spite of the implicit connection between cold gas and star formation, there has been
little theoretical work aimed at studying the relation between DLAs and star-forming galax-
ies (Pontzen et al. 2008; Cen 2012). This lack of a comparison is likely in part due to the
challenge of observationally identifying DLA host galaxies as well as characterizing their
properties. In their numerical simulations, Pontzen et al. (2008) found that DLAs at z = 3
typically reside in lower mass halos (10° <My, /Mg < 10'') with very low star formation
rates (SFR < 0.1Mg yr~!) and stellar masses (10%5 <M, /Mg < 10%%). In contrast using
a cosmological hydrodynamic simulation, Cen (2012) found DLASs to reside in more massive
galaxies (1019 <M, /My < 102 at 1.6 < z < 4) where galactic winds play an indispensible

role in DLA kinematics. They find DLAs hosts at 3 < z < 4 to have SFRs~ 0.3 — 30Mg
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yr~! and a 20%-30% overlap fraction with LBGs where the majority are further than 100
kpc away from L* galaxies, suggesting a substantial number arise in intergalactic gas.

As DLAs contain very low metallicities and are observed in the spectra of background
quasars, numerous studies have sought to characterize the amount of dust obscuration and
its potential bias on the selection of DLAs (Pei et al. 1991; Ellison et al. 2001; Vladilo
et al. 2008; Khare et al. 2012). One common technique is to compare the stacked colors of
quasars with DL As along the sight-line to a control sample. Historically, this technique has
yielded very small amounts of dust reddening, F(B—V) < 0.05 (e.g., Murphy & Liske 2004;
Ellison et al. 2005). Recently, Khare et al. (2012) investigated a sample of 1084 absorption
systems with log (Nyp) > 20 at 2.15 < 2z < 5.2 and found that < 10% have relatively
high chemical abundances and cause significant reddening, leading them to conclude that
about 10% of DLAs could be missed in color-selected QSO surveys. Furthermore, Ellison
et al. (2001) compiled a sample of radio-selected QSOs irrespective of optical magnitude
and found the number density per unit redshift of DLAs to be higher toward fainter targets.
They found this dust-induced bias indicates that the cosmological HI mass density is likely
underestimated along with the number density of DLAs, but by no more than a factor of two
at z ~ 2.3. Finally, Jorgenson et al. (2006) report the existence of fields with radio-selected
QSOs with no optical counterparts, possibly indicating the presence of highly-obscured
QSOs possibly due to dusty DLAs. These studies suggest that the majority of DLAs have
negligible amounts of dust extinction while some unknown fraction may be heavily obscured,
leading to the underestimation of the amount of HI in the Universe.

In this chapter, we use the SAMs developed in SPT14 and PST14 to study the properties
of the galaxies that host DLAs; the differences between properties of DLAs as measured
along the line of sight and the average for their host galaxies; and the relations among DLA
host galaxies, star-forming galaxies, and the underlying galaxy population at a given stellar
mass. First, we identify star-forming galaxies using common optical selection techniques,
then we “observe” DLAs by passing lines of sight through our lightcones. We restrict our
analysis to galaxies at 1.7 < z < 2.3 where our models are the most successful at reproducing
the properties of DLAs and star-forming galaxies. We characterize the properties of DLA

host galaxies in terms of their luminosities, colors, masses (stellar, cold gas, and total),
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star formation rates, DLA cross-sections, sizes, metallicities, and amount of dust. Through
comparing the properties along the DLA line of sight to the average DLA host galaxy
properties, we seek to understand how DLAs can be used to understand the distribution
and composition of the interstellar medium in high-redshift galaxies. Finally, we use our
catalogs of DLAs and star-forming galaxies to study the relations between stellar mass and
DLA cross section, cold gas fraction, star formation rate, metallicity, and dust reddening
as traced by galaxy scaling relations. This chapter is organized as follows. Sections 5.2 and
5.3 describe how we select DLAs and star-forming galaxy, as well as the relations between
model and observed SFGs. We present the properties of DLA host galaxies; compare DLAs
to their host galaxies; and compare DLA host galaxies to SFGs in Section 5.4. In Section
5.5, we discuss the implications of our results and their connections to current literature.

Finally, we summarize our conclusions in Section 5.6.

5.2 Galaxy Selection

In order to compare the properties of DLAs to star-forming galaxies, we begin by selecting
catalogs of each using the same criteria as observational surveys. First, we present our
underlying population of galaxies and the relations among stellar mass, H band magnitude,
rest-frame B band magnitude, and halo mass in Section 5.2.3. In identifying DLAs, we
adopt the same approach as was presented in Berry et al. (2013), which we summarize in
Section 5.2.2. In Section 5.2.1, we discuss how we generate catalogs of star-forming galaxies
using each galaxy’s photometric colors, then saving those that would be selected in various

observational surveys.

5.2.1 Emission-Selected Galaxies

Increasing precision in photometric redshifts allows one to identify galaxies at a specific
redshift down to a given magnitude limit, typically in the observed optical (V or R band)
or near-infrared (H or K band). At z ~ 2, these bands track the rest-frame UV and optical,
and select galaxies based on their unobscured star formation rate and stellar mass. We

generate catalogs of galaxies down to a specific R and H band magnitude for comparison,
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with an R band limit of R = 25.5, and H band limits of H = 26 and 28.

The top row of Figure 5.1 shows the conditional probability of selecting a galaxy at
1.7 < z < 2.3 with a specific stellar mass as a function of observed H band magnitude and
rest-frame B magnitude. In contrast to the star formation rate-rest-UV relation, stellar
mass is tightly correlated with both observed H band and rest-frame B magnitude over the
entire range in stellar mass. Similar to the upper left panel, the bottom left panel shows
the conditional probability distribution for selecting a galaxy with a given star formation
rate with respect to R band magnitude. For moderate to high star formation rates, the
R band magnitude can vary over two magnitudes, and the star formation rate of a galaxy
with R = 25.5 can easily differ by a factor of five or more. Star formation rate does become
more tightly correlated with R band magnitude for fainter galaxies (e.g., R > 28), as these
galaxies have not produced enough metals to form a substantial amount of dust. The
bottom right panel shows the relation between stellar mass and halo mass. Panels 1, 3,
and 4 allow for a rough comparison of galaxies with a given observed H-band or rest-frame
B-band magnitude to stellar mass, and subsequently to halo mass. They also indicate that
at an H band magnitude limit of H = 28, galaxies will have a minimum stellar mass of
~ 2 —3x 107" Mg and correspondingly a minimum halo mass of ~ 2 — 3 x 10! M. As R
band limited catalogs miss galaxies with significant dust extinction, we focus the majority of
our analysis with respect to the H band limit, and only utilize the R < 25.5 limit as a subset
when comparing DLA host galaxies to observational samples of star-forming galaxies within
this magnitude limit. This method parallels photometric surveys and selects all galaxies

down to a given stellar mass threshold, the underlying galaxy population.

5.2.2 Damped Lya Absorption Systems

We obtain a catalog of host haloes by extracting haloes along lightcones from the Bolshoi
simulations (Klypin et al. 2011; Behroozi et al. 2010). These lightcones cover a 1 by 1 deg?
area on the sky over a redshift range 0 < z < 5 and contain galaxies with dark matter halo
masses from 10%° to 10!4® Mg. The Bolshoi simulation starts to become incomplete at
Voir =~ 50 km s™1, My, ~ 10'°M; see Klypin et al. (2011) for more details. Haloes are then

populated with galaxies as described above.
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Figure 5.1 Top left - conditional probability distribution of stellar mass as a function of H
band magnitude for all galaxies at 1.7 < z < 2.3 in the GKj25 model. Top right - same
as top left except for stellar mass versus rest-frame B band magnitude. Bottom left - star
formation rate versus observed R band magnitude. Bottom right - stellar mass versus halo
mass. The first two panels illustrate the how stellar mass tracks H band magnitude and rest-
frame B band magnitude. The third panel shows the connection between star formation rate
and R band magnitude, illustrating the impact of dust in identifying UV-bright galaxies.
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For each galaxy, the molecular and atomic hydrogen gas is distributed in a disc with an
exponential radial and vertical profile. The vertical scale height is proportional to the radial
scale length, z;, = x.ry, where x. = 0.4 is a constant, in rough agreement with observations
of moderate redshift galaxies. Reasonable values of x, (e.g., not razor-thin discs) have a
minimal effect on our results.

The central gas density is then defined as ny =Mcoq/ (47mergzg), where Mg i8S
the atomic and molecular gas, my is the mass of the hydrogen atom, and u is the mean
molecular weight of the gas. The atomic gas density as a function of radius along and height

above the plane is given by

ni(r, 2) = no (1 — fm, (r)) exp(—ri) exp(——) (5.1)

g Zg

See Figure 1 in Berry et al. (2013) for gas radial profiles for galaxies with different cold gas
masses and metallicities in both of our models. The differences in the two gas partitioning
recipes impacts the gas distribution, amount of star formation, and gas angular momentum.

The models output the radial distance from the central galaxy for each satellite galaxy,
and we assign a random azimuth and polar angle ¢ and 6 for each satellite’s position with
respect to the central. With the positions determined for every galaxy in each lightcone, we
generate 20,000 random sightlines and integrate the three-dimensional gas density distribu-
tion along the sightline. Each galaxy is given a random orientation angle with respect to the
sightline. All sightlines as well as the properties of all haloes with observed column densities
above a threshold of Nyr > 10" atoms cm™2 are then saved as our catalog of absorption

2

0% atoms cm™2,

systems. In this chapter, we focus our analysis on systems with Nygp > 2x 1

i.e., DLAs.

5.2.3 Star-Forming Galaxies

Using the selection criteria of Steidel et al. (2004), we identify a sample of BM/BX galaxies,
allowing us to generate a catalog of UV-bright, star-forming galaxies at z ~ 2. These
galaxies are selected using a color-color diagram of the U — V and V — R colors with an

R-band magnitude limit of R < 25.5. These criteria take advantage of the Lya decrement,
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Figure 5.2 Redshift distribution of model and observed SFGs. Top panel - BM (blue squares)
and BX (green triangles) galaxies in the GKj25 model with observations of BM and BX
galaxies (blue and green hatched regions) from Shapley et al. (2005). Middle panel - same
as top except for HST U225- (blue squares) and U275- (green triangles) band dropouts with
observations from Hathi et al. (2010). Bottom panel - BzKs (red squares) with observations
from Reddy et al. (2005).
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similar to galaxies selected via the Lyman break, by selecting galaxies with blue rest-frame
UV colors and absorption from intervening neutral hydrogen along the line of sight.

We also generate mock catalogs of HST/WFC3 Usgs, Uars, and Ussg band dropouts using
the F225W, F275W, F336W, Byss, and Vo filters and the selection criteria of Hathi et al.
(2010). Similar to the BXs and LBGs selected from ground-based telescopes, these HST-UV
dropouts take advantage of the decrement in galaxy spectra blueward of Lya. Hathi et al.
(2010) find these galaxies to have typical redshifts of z = 1.6 £ 0.2, z = 2.1 £ 0.4, and
z = 2.3 £ 0.4 respectively.

Massive galaxies at 1.4 < z < 2.5 are identified in K-selected samples based on their
B—, z—, and K—band photometry (Daddi et al. 2004; Reddy et al. 2005). In this technique,
requiring BzK = (z — K)ap — (B — z)ap > —0.2 selects star-forming galaxies (BzKs) at
these redshifts, independently of their dust reddening. As star-forming BzKs exhibit a broad
range of galaxy properties over a large redshift range, we focus our BzK analysis on only the
brightest BzKs with K band magnitudes K < 23 AB mag. Additionally, there is significant
overlap between BXs, HST UV-dropouts, and BzKs, so this magnitude limit allows us to
identify only the most massive galaxies. The relative insensitivity to dust reddening of this
selection technique also permits us to probe star-forming galaxies with larger amounts of
dust that would be missed from rest-UV color selection methods.

We also “observed” passively evolving galaxies and ultra-luminous infrared galaxies,
but found little overlap between them and DLAs, in the former due to lack of a significant
amount of cold gas and in the latter a small number density. Passively evolving galaxies
were selected using BzK < —0.2 and (2 — K)4p > 2.5. Ultra-luminous infrared galaxies
were selected based on their bolometric luminosities (L, > 1011L@). Due to their small
overlap fraction, we did not include them in our analysis.

The faint luminosities and small amounts of dust reddening in Lya-emitting galaxies sug-
gests that they may have similar physical properties to DLAs. Our SAMs do not track Ly«
emission, so we are unable to identify galaxies that would be selected as LAEs. Nonethe-
less, Shapley et al. (2003b) show that LAEs have similar rest-frame colors to LBGs and a
large fraction would be selected as LBGs (and BM/BXs), if it were not for the R < 25.5

magnitude cut. Therefore, we do not compare the population of LAEs to DLAs, although
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Table 5.1 Galaxy Properties

Galaxy Selection Pobs PBR PCK
type limit arcmin™? arcmin~? arcmin?
BM/BX R <255 3.8/5.2  0.65/0.73 0.84/1.50
BzK K, <21 3.14+0.2 0.79 1.93
U225/U275 Byss < 26.5 -/- 0.49/0.47 2.54/3.67

we do investigate the relations among faint star-forming galaxies (e.g., BM/BXs) that are
not subject to the same magnitude cut. The connection between DLAs and faint BM/BXs

may yield insight into the relation between DLAs and LAEs.

5.3 Properies of Model and Observed Star-Forming Galaxies

In this section, we assess the accuracy of our models in reproducing the properties of star-
forming galaxies by comparing those in our models to sets of observations. Figure 5.2 shows
the redshift distribution of both star-forming galaxies identified in the GKj25 model and
those observed in galaxy surveys. We find a comparable redshift distribution in the BRj25
model (not shown). As can be seen in each panel, the distribution of model galaxy redshifts
are comparable to observations. In all cases, we find a slightly narrower distribution of
galaxy redshifts in the models than is observed. These differences are likely attributable to
photometric errors in the observations. Additionally, Table 5.1 shows the number densities
of BM/BXs, U225-/U275-band dropouts, and BzKs for our models and observations. Both
models underproduce the number of star-forming galaxies where the GKj25 model is more
comparable to observations.

As each galaxy type has a different redshift distribution and their properties vary slightly
with redshift, we identify a subset with redshifts 1.7 < z < 2.3 in order to make a more
robust comparison to DLAs at the same redshift. At this redshift, BM and BX galaxies
exhibit similar galaxy properties, therefore we combine them to form a catalog of UV-bright
star-forming galaxies. Similarly, we combine the HST U225- and U275-band dropouts into
a catalog of HST UV-bright, star-forming galaxies. In both cases, the majority of galaxies

are the higher redshift BX galaxies and HST U275-band dropouts.

Figure 5.3 shows the distribution of stellar masses, star formation rates, and E(B-V)
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Figure 5.3 Normalized distribution of stellar masses (left column), star formation rates
(middle column), and E(B-V) values (right column) are shown for the BRj25 model (red
squares), GKj25 model (blue triangles), and observed galaxies (black) at 1.7 < z < 2.3.
Top row - BM/BXs. Middle row - BzKs. Bottom row - HST U225/U275 dropouts. In
general, both models produce similar model galaxy properties, which typically have lower
star formation rates and comparable E(B-V) values to observed SFGs. Stellar masses for
model and observed BM/BXs and BzKs are comparable, yet the models produce higher
stellar masses and lower star formation rates than observed HST U225/U275 dropouts.
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values for observed and model galaxies in our BRj25 and GKj25 models an z = 2. Over-
all, both models produce similar galaxy properties, which are comparable to observations.
Similar to the distribution of observed galaxy redshifts, photometric errors likely contribute
to the uncertainty in spectral energy distribution fitting. In comparison to observations,
our models produce galaxies with a narrower range in star formation rates and lower star
formation rates overall, mainly lacking the tail to high star formation rates. Reproducing
the very high star formation rates observed in high redshift galaxies is a current challenge
in semi-analytic models (Niemi et al. 2012). Our models also produce larger E(B-V) val-
ues and a broader distribution of them. For each type of star-forming galaxy, the BR;j25
model produces higher stellar masses than the GKj25 model, varying from ~ 0.2 to ~ 1
dex. The BRj25 model also produces higher star formation rates in BM/BX galaxies and
U225-/U275-band dropouts than the GKj25 model. In the remainder of the paper, due to
the similarities in galaxy properties and redshifts for our two models, we show the proper-
ties of star-forming galaxies in the GKj25 model when the differences are not significant.
Overall in spite of producing too few star-forming galaxies, the models produce galaxies

with similar properties to observations.

5.4 Results

In this section, we compare the properties of star-forming galaxies and the general galaxy
population in our models to model DLLAs. We begin by presenting the z = 2 distribution
functions for our models in Section 5.4.1. In Sections 5.4.2, 5.4.3, and 5.4.4 we present the
properties and photometry of DLA host galaxies and compare them to galaxies at similar
masses and luminosities. The differences between galaxy properties measured along the line
of sight and the average for the host galaxy are presented in Section 5.4.5 and Section 5.4.6.
Finally, we discuss DLA host galaxies and star-forming galaxies in the context of galaxy

scaling relations in Section 5.4.7.
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5.4.1 General Galaxy Population

Our BRj25 and GKj25 models are very similar to those presented in B13 (see also SPT13
and PST13), to which we refer the reader for a more in depth discussion. In order to
assess the accuracy of our models at z = 2, we first present the z = 2 galaxy stellar mass
functions (GSMFs), star formation rate functions (SFRFs), H1 mass functions (HIMFs), Ho
mass functions (H2MFs), H band magnitude functions, and metallicity functions in Figure
5.4. The upper left panel of Figure 5.4 shows the GSMFs at z = 2 for our models and
observations. Both of the GSMFs for our models are a good match to the observed GSMFs,
although they produce too many galaxies at low stellar masses. The overproduction of low
mass galaxies is a known problem for semi-analytic models in the high-redshift universe and
has been in seen in numerical simulations, although this region is not well constrained at
z = 2. For both the GSMFs and SFRFs, we introduce uncertainty in measuring the star
formation rates and stellar masses by randomly taking a stellar mass and star formation rate
from a distribution centered on the true values and with a conservative width of AMg = 0.2
and ASFR = 0.2. This process has a negligible effect on the lower end of the distributions
while it flattens the upper end. Similar to the upper left panel, the upper right panel of
Figure 5.4 shows the SFRF's for the models along with observations. Again, our models are
a reasonable fit to observations, although they underproduce the number of galaxies with
high star formation rates. While the BRj25 model is more successful at reproducing the
GSMF, the GKj25 model does a better job with the SFRF. This result implies that the
stellar mass to star formation rate ratio is not in agreement with observations.

The middle left and right panels show the HIMFs and H2MFs, respectively, for both
our models. The HIMFs in each of our models are comparable at high masses although
the GKj25 model produces fewer galaxies with intermediate HI masses and more galaxies
with low HI masses. Both models predict substantially more HI in galaxies at z = 2 than
is observed in local galaxies, although the shapes of the HIMF's are comparable. As can be
seen in their H2MF's, the GKj25 model predicts that more cold gas is in the molecular phase
in galaxies of all masses, especially in more massive galaxies. This result is also reflected in

the higher SFRs in the GKj25 model as the metallicity-based Hs formation recipe is more
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Figure 5.4 Top left - galaxy stellar mass functions (GSMF's, thick lines) and DLA stellar mass
functions for 10,000 sightlines (thin lines) in the BRj25 (red) and GKj25 (blue) models at
z = 2. Top right - same as top left except for star formation rate functions (SFRFs). Middle
left - Hi mass functions (HIMFs). Middle right - Hy mass functions (H2MFs). Bottom
left - H band magnitude functions. Bottom right - metallicity functions. Observations of
GSMFs from Kajisawa et al. (2009, purple, 1.5 < z < 2.5), Fontana et al. (2006, cyan,
1.6 < z < 2.0), Marchesini et al. (2009, green, 1.5 < z < 2.0 and 2.0 < z > 2.5) are
overplotted in the first panel. Observations of the SFRF from Reddy et al. (2008, purple,
z = 2.3), Magnelli et al. (2011, cyan, z = 2.0), Sobral et al. (2012, green, z = 2.2) are also
shown in the second. Similarly, the local HIMF from Martin et al. (2010) and H2MFs from
Keres et al. (2003, gray) and Obreschkow et al. (2009, black) are shown in the third and
fourth. The CANDELS wide (dotted line) and deep (dot-dashed line) field H band depths
are also overplotted. Both models produce similar distribution functions where the GKj25
model has slightly more efficient Ho formation.
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efficient than the pressure-based model. Both models predict significantly flatter slopes
than the local H2MF, which is mainly caused by a larger number of high-Hs mass galaxies.

The bottom left panel shows the H band magnitude function for each model with the
CANDELS wide and deep H-band limits overplotted. The H band traces rest-frame optical
light (\ ~ 5500A at z = 2), which is mainly determined by the galaxy stellar mass. The
GKj25 model produces more galaxies at all H band magnitudes than the BRj25 model simi-
lar to the GSMFs. See Somerville et al. (2012) and SPT14, for a more in depth comparison
of the luminosity functions.

The last panel shows the metallicity distribution functions where metallicities are the
average for each galaxy. The metallicity functions differ substantially for each model where
the galaxies in the GKj25 model exhibit a roughly log normal distribution peaked at log
Z ~ -1.5. On the other hand, metallicities are somewhat lower in the BRj25 model with
a much flatter distribution. We find it interesting that DLAs exhibit a metallicity floor of
[Z] ~ —2.6 to -2.8, in line with the minimum metallicities observed in our models (Qian &
Wasserburg 2003; Wolfe et al. 2005; Rafelski et al. 2012).

In general, the f; = 1 models (e.g., GKjl, BRj1; not shown) produce distribution
functions quite similar to each other and f; = 2.5 models except they are more efficient at
converting neutral gas into molecular gas, yielding higher stellar masses, star formation rates,
and metallicities. This difference is most pronounced at the upper end of the distribution
functions. See SPT14 for a more in depth discussion of these models. From our two
f; = 2.5 models, both models are quite successful, where the GKj25 model is our preferred
model. B13 found both models to be fairly accurate in reproducing the local GSMF, HIMF,
and H2MF and the properties of high-redshift DLAs. Again, the GKj25 model was more
successful overall. In section 5.3, we showed that the properties of high-redshift star-forming
galaxies do not vary significantly among our two models. Therefore, we focus our analysis

on the GKj25 model when both models produce similar results.

5.4.2 DLA Host Galaxy Properties

The DLA number densities for 10,000 sightlines at 1.7 < z < 2.3 are overplotted at the

bottom of each panel in Figure 5.4. We are unable to determine the true number density
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of DLAs as the DLA cross section and number of sightlines are degenerate. While the
normalization is arbitrary, overplotting the distribution of DLA properties at the bottom
of each panel of figure 5.4 provides a useful comparison for understanding what types of
galaxies typically host DLAs at this redshift.

In terms of their stellar mass functions, DLLAs in both models exhibit a relatively flat
distribution, indicating that DLAs are equally likely to be selected across a large range
in stellar mass, 6 < log Mg/Mg < 10.5. Similar to the GSMFs, there are fewer DLA host
galaxies with large stellar masses and more with low stellar masses in the BRj25 model than
in the GKj25 model. The number of DLAs in both models drops with decreasing stellar
mass below log M, /Mg ~ 6 (not shown). At the high mass end, the shape of the DLA stellar
mass distribution in both models tracks their respective GSMFs. The distribution of DLA
host galaxy H band magnitudes closely tracks that of the stellar mass distribution (bottom
left panel), indicates that H band magnitude is a good tracer of stellar mass in DLAs at
z = 2. Moreover, the model H band magnitude functions predict that a significant number
of DLA host galaxies should be detectable in the CANDELS deep field and a substantial
number in the wide field. We further discuss the detectability and photometric properties
of DLAs in section 5.4.3.

Similar to the distribution of DLA stellar masses, DLAs in both models show a broad
range in star formation rates, —3 2 log SFR /Mgyr~! < 1.5, where those in the BRj25
model typically have lower star formation rates than in the GKj25 model. The number
of DLAs with low star formation rates decreases with star formation rate in both models
below log SFR /Moyr~! < -3. Due to the dependence of star formation on the density
of molecular gas, we find a similar distribution in Hs mass as star formation rate in both
models. This results in DLA host galaxies exhibiting a broad range in Hy mass which spans
~4 decades.

Interestingly, due to the relatively flat distribution of stellar masses and star formation
rates over several decades, there is neither a “typical” stellar mass and star formation rate
nor a bimodality for DLAs. Due to the turnover at the high end of the GSMF and SFRF and
the flat distribution of DLAs up to this turnover, our models predict that a large fraction

of galaxies with high stellar masses and star formation rates will host DLAs, specifically
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Table 5.2 Average DLA Host Galaxy Properties

GKj25 BRj25
log M, Mg 8.7+1.0 8.0+1.1
log SFR Mg yr~! -0.3£1.0 -1.1£1.0
log My Mg 9.4+0.7 9.5+0.5
log My, Mg 8.9+£0.9 8.1£1.0
H (mag)  mag 262421 28.042.5
log 7 Zg -0.9+0.4 -1.440.7
Errors show the 1o confidence intervals.

those at and above the knee in the stellar mass and star formation rate function. In both
models, galaxies with stellar masses log M, /Mg 2 10 and SFRs log SFR / (Mgyr=') 2 1
have the highest probability of hosting DLAs. Moreover, the number density of low mass
galaxies increases with decreasing stellar mass and star formation rate while the number
of DLAs decreases slightly, which is stronger in the GKj25 model than the BRj25 model.
These trends imply that the fraction of low mass galaxies hosting DLAs decreases constantly
below log M, /Mg ~ 10 and log SFR/ (Mgyr—!) ~ 1 in the GKj25 model. The BR;j25 model
shows similar trends. Nonetheless in both models, although massive, star-forming galaxies
are the most likely to host DLAs, they only make up a small fraction ( < 5 — 10%) of the
total number of DLLAs. The average DLA host galaxy properties for the GKj25 and BRj25
models at z = 2 are shown in Table 5.2. Since DLAs contain the majority of the neutral
gas content in the Universe, our models indicate that high-HI mass galaxies arise from a
wide range in stellar masses.

As can be seen in the middle left panel of Figure 5.4, the most common HI mass for
DLAs in both models are at log Mg;/Mg ~ 9.5 where the GKj25 model shows a tail to
lower HI masses. The HI masses seen in model DLAs is the most consistent of any galaxy
property among our models. Similar to the stellar mass functions, galaxies with the largest
HIi masses are the most likely to host DLAs as is expected given that they will have the
largest DLA cross sections. The large distribution of HI masses is consistent with the large
range in DLA cross sections found in DLAs in simulations (Fumagalli et al. 2011; Cen 2012;
Berry et al. 2013).

The DLA metallicity function for the BRj25 model closely tracks the galaxy metallicity

function where DLA host galaxies are found at all metallicities. In contrast, DLAs in the
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GKj25 model exhibit a different metallicity distribution where the majority are found in
relatively metal-rich galaxies, as high mass galaxies are more likely to host DLAs. This
result is interesting given that observations of DLAs indicate that they typically exhibit
lower metallicities than star-forming galaxies at the same redshift. Additionally, there
appears to be a population of DLAs with low metallicities in the BRj25 model that are not
seen in the GKj25 model. We explore the relation between DLA and star-forming galaxy

metallicities further in Sec. 5.4.7.

5.4.3 DLA Photometry and Overlap Fraction

Figure 5.5 shows the colors of all galaxies with H < 28 (left column), the colors of DLAs
with H < 28 (middle column), and the apparent magnitudes of DLAs at 1.7 < z < 2.3
in the GKj25 model. DLAs and galaxies in the BRj25 model (not shown) have similar
color-color diagrams. Note that DLA colors are the same as the typical galaxy colors at
the same apparent magnitude. This indicates that DLAs do not select galaxies with any
specific set of colors. As the contours are dominated by the large number of faint galaxies,
we overplot a brighter H band limit of H < 26. Brighter DLAs are slightly redder in all
color-color diagrams than fainter DLAs, similar to the galaxy population in general.

Due to a large number of DLAs having relatively low E(B-V) values, they also exhibit
blue enough colors to be selected by UV color-selected surveys, as can be seen by them
falling within the selection regions. As can be seen in the right column, both of our models
predict that only a small fraction of DLAs are bright enough to be selected by any of these
surveys. This is due to the large number of DLAs with low stellar masses and star formation
rates. Therefore, galaxy surveys will be much more successful at detecting DLA hosts by
probing fainter magnitudes. Both our models predict that probing down to R = 28 will
result in a significant improvement in the number of DLA counterparts over surveys limited
to R = 25.5 at 2 = 2. The NIR is also a good wavelength to look for DLA counterparts as
a large number would be detected from deep H band imaging. In spite of the advances in
current technology, our models predict that a substantial fraction of DLAs are beyond the
detection limit of any current galaxy survey.

The left panel of Figure 5.6 shows the cumulative distribution for all DLLAs as a function
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Figure 5.5 Left column - color-color diagrams for all galaxies with H < 28 (blue) and
H < 26 (orange contours) at 1.7 < z < 2.3 where the color selection regions used to identify
high-redshift SFGs overlaid. Middle column - same as left column except for DLAs in the
GKj25 model. Right column - distribution of DLA Byss, R, and K band magnitudes for
DLAs in the BRj25 (red) and GKj25 (blue) models (top to bottom). From top to bottom,
each row shows the color-color diagrams used to select HST U275-band dropouts, BM/BX
galaxies, and BzK galaxies. The dashed line in the BM/BX color-color diagram shows the
different selection region for BM (lower) and BX (upper) galaxies. The dashed lines in the
right column show the distribution of DL As within the associated color selection region for
the BRj25 model. Vertical dotted lines indicate the typical magnitude limits for each of
these surveys.
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Figure 5.6 Left panel - cumulative distribution of DLA host galaxy stellar masses in the
BRj25 (red squares) and GKj25 (blue diamonds) at z = 2. Right panel - same as left except
for H band magnitude. The vertical dotted and dashed lines at H=26 and 28 are the depths
of the CANDELS wide and deep fields respectively. Our models predict that deep H band
imaging as in the CANDELS fields will allow for a significant number of DLA host galaxies
to be identified where the GKj25 model predicts that significantly more DLA host galaxies
should be recovered than the BRj25 model.

of decreasing stellar mass at z = 2. Both models predict the majority of DLAs to have stel-
lar masses greater than log Ms/Mg > 8. The cumulative distributions show how there are
significantly more DLAs with higher stellar masses in the GKj25 models. In both models,
identifying DLAs with high metallicities ( log Z > —1) also selects ones with significantly
larger stellar masses (not shown). This result is due to DLAs generally increasing in metal-
licity with stellar mass, similar to the mass-metallicity relation, which is discussed in more
detail in Section 5.4.7.

The right panel of Figure 5.6 shows the cumulative distribution of DLAs as a function
of H band magnitude. The GK;j25 model predicts that 52% and 79% of DLAs have H band
magnitudes H < 26 and H < 28, leading us to predict that a substantial fraction of DLA
host galaxies should be detectable in the CANDELS wide and deep fields respectively. In
contrast, the BRj25 model predicts these detection rates to drop to 24% and 55% respec-
tively. Therefore, given a field with a sufficient number of bright quasars, the detection rate

of DLA host galaxies going to a depth similar to that in the CANDELS fields should allow
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us to differentiate between our two models and determine whether the majority of DLAs
at z = 2 originate in lower or more moderate mass galaxies. Both of our models predict
that there is a significant faint population of DLA host galaxies that will require larger
telescopes such as the James Webb Space Telescope. DLAs with high metallicities are sig-
nificantly brighter in the H band where our models predict that 81% and 70% of DLA host
galaxies in our GKj25 and BRj25 models respectively will be observable in the CANDELS
wide field. Therefore, searching for galaxy counterparts to high-metallicity DLAs should
yield more detections according to our BRj25 model. Krogager et al. (2012) searched for
DLA counterparts in high metallicity DLAs which allowed them to more than double the
number of detections at z 2 2 (also see Fynbo et al. 2010, 2011). The significant increase in
detection rate is qualitatively more consistent with our BRj25 model, although we do note

that the majority of our bright DLAs in the GKj25 model have metallicities [Z] > —1.

5.4.4 Dust Reddening

The top panel of Figure 5.7 shows the distribution of E(B-V) values for all DLA host
galaxies and those with H < 26 in the GKj25 model. The bottom panel is similar to the
top except for BzKs, BM/BXs, U225-/U275-band dropouts, and all galaxies with H < 26.
The distribution of E(B-V) values is similar for the BRj25 model. These values reflect the
average E(B-V) value for each galaxy assuming a mixed dust geometry. In contrast, the
results inferred from stacking quasars with and without DLAs along the line of sight as
well as studies of DLAs toward radio-selected quasars reflect the average E(B-V) value in
DLA gas along the line of sight assuming a sheet geometry (e.g., Ellison et al. 2005; Khare
et al. 2012). As the relation between these two quantities is nontrivial, we do not attempt
to calculate the E(B-V) value along the line of sight toward the DLA. Nonetheless, we
find that the vast majority of DLA host galaxies have very small E(B-V) values, generally
consistent with observations that suggest only trace amounts of reddening in DLAs. For
moderate to large impact parameters, the amount of dust reddening along the line of sight
is likely lower than that of the host galaxy, while the effect of dust reddening will be
stronger due to the difference in dust geometry. The majority of DLA host galaxies with

low amounts of dust reddening are associated with low mass, gas rich halos, while all DLA
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Figure 5.7 Upper panel - distribution of E(B-V) values for all DLA host galaxies (black
line) and those with H band magnitudes H < 26. Lower panel - same as top except
for BzKs (green triangles), BM/BXs (red squares), and HST U225-/U275-band dropouts
(blue diamonds) with their associated magnitude limits as well as all galaxies with H <
26 (black dashed line). DLA host galaxies have very low E(B-V) values, consistent with
observations of DLAs. Model E(B-V) values represent the average for each galaxy and
assume a mixed dust geometry while DLA E(B-V) values likely act as more of a screen
in front of the background quasar and only sample E(B-V) along the line of sight. DLAs
exhibit significantly smaller amounts of dust reddening than any type of star-forming galaxy,
owing to the contribution of a significant number of very low mass systems.
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host galaxies with significant dust reddening, E(B-V) > 0.1, arise in galaxies with H < 26.
Galaxies with H < 26 exhibit a tail to high E(B-V), suggesting that these highly reddened
DLASs may be missed from traditional color-selected quasar surveys. They arise in the most
massive galaxies with highest metallicities, but represent only a small fraction of the DLA
population. We predict the fraction of DLAs with E(B-V) > 0.2 to be 17% in the GKj25
model and 7% in the BRj25 model.

Galaxies identified based on their rest-frame ultraviolet colors (BM/BX galaxies and
U225-/U275-band dropouts) have smaller amounts of dust reddening than the more massive
BzKs, which are selected based on their rest-frame optical colors. Moreover, U225-/U275-
band dropouts have less dust reddening than BM/BX galaxies due to those surveys having
fainter magnitude limits, causing them to have lower stellar masses. When decreasing the
luminosity threshold to H < 26 for BM/BXs, BzKs, and U225-/U275-band dropouts(not
shown), we find the color selection criteria to have no significant effect on the distribution
of E(B-V) values as all galaxies have similar E(B-V) distributions. This result stems from
low mass, low luminosity galaxies dominating the number density and being mostly star-
forming with very low metallicities, resulting in the majority having low amounts of dust

extinction.

5.4.5 DLA Impact Parameter

As DLAs probe gas at different galactocentric radii, they contain information on the size
of DLA host galaxies as well as how DLA and galaxy properties may vary as a function of
radius. Figure 5.8 shows the distribution of impact parameters for DLAs in the BRj25 and
GKj25 models at 1.7 < z < 2.3 as well as observations of DLAs at 1.92 < z < 3.40 (Krogager
et al. 2012). The distribution of impact parameters in our models does not vary significantly
from z = 3 to z = 2 (not shown). In both models, DLAs have impact parameters that are
remarkably similar to observations. Our distribution of impact parameters measure the
distance from the DLA line of sight to the center of the host galaxy. Observationally in
the case where more than one potential counterpart is found, the natural preference is to
measure the distance from the DLA to the nearest galaxy, which could bias the observed

distribution to smaller values. With only 10 galaxy counterparts found, it is difficult to
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Figure 5.8 Distribution of impact parameters for DLAs at 1.7 < z < 2.3 in the BRj25 (red
squares) and GKj25 (blue diamonds) models with the observations of DLAs at 1.92 < z <
3.40 overplotted (Krogager et al. 2012, black crosses). DLAs in both models are a close
match to observations where the majority of DLAs have impact parameters b < 10 kpc, or
~ 1.2 arcsec.
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tell how significant this result is. Rahmati & Schaye (2014) examine the relation between
different SFR thresholds and which galaxy one would associate the DLA with, and found
that a significant number of DLAs originate in galaxies too faint to be detected which
could result in them being associated with a different more luminous galaxy at a larger
separation. Additionally, observations of DLAs may miss DLA host galaxies at very small
impact parameters as the host galaxy may be obscured by the luminosity of the bright
background quasar. Krogager et al. (2012) targeted DLAs with metallicities log Z > —1,
which may have biased their distribution of DL As to more massive galaxies. When applying
a similar metallicity cut (not shown), we find significantly more massive and more luminous
DLA host galaxies. More massive galaxies have larger cold gas masses extending to larger
radii, which would likely increase the average impact parameter.

Traditional emission-selected surveys sample the average galaxy properties, while DLAs
originate in cold gas at different galactocentric radii, which may cause them to vary sub-
stantially. We model the change in galaxy properties that would be measured for a DLA
at its given impact parameter relative to the average properties of its host galaxy. Figure
5.9 shows the distribution of Hy fractions, star formation rates, and metallicities for DL As
at z = 2 calculated along the DLA line of sight and averaged over the entire galaxy in the
GKj25 model. We do not show the BRj25 model as the difference between DLA and galaxy
properties is not very different from the GKj25 model. The Hy fraction along the line of
sight is calculated using the metallicity-based, varying-UV Hy formation formulae and the
cold gas density at that radius. We use the average metallicity and star formation rate
for the galaxy for simplicity. Due to the large impact parameters decreasing the cold gas
density, the Hy fractions along the line of sight are significantly lower than the average Ho
fractions for each galaxy. Our models predict 85% of DLAs to have Hy fractions fy, < 0.1
compared with 79% of host galaxies. The star formation rate and metallicity both likely
decrease with radius, which would have the effect of decreasing and increasing the threshold
for Hy formation respectively. The lower Hy fraction and cold gas density cause the star
formation rate along the line of sight to be substantially lower than the average for the host
galaxy. Our models predict that DLAs have typical star formation rates of ~2 - 3 dex lower

than their associated host galaxy star formation rates. This effect may explain why DLAs
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Figure 5.9 Top panel - distribution of average galaxy Hso fraction (red triangles) and Hy
fraction along the line of sight of the DLA (blue diamonds) at 1.7 < z < 2.3. Middle
panel - same as top except for star formation rates. Bottom panel - same as top except for
metallicity with a metallicity gradient of VZ = —0.1 dex kpc~!. Observations of DLAs at
the same redshift (Rafelski et al. 2012) are overplotted in black. All three quantities along
the line of sight are substantially lower than the galaxy average, implying there may be
a significant offset between quantities measured from along the DLA line of sight and the
host galaxy.
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have such low star formation rates yet can still be associated with more massive galaxies.
In a small number of cases, the DLA line of sight passes through the center of the galaxy
where the cold gas density is higher than the average of the galaxy. Our models predict

that these DLAs will exhibit larger Hs fractions and higher star formation rates.

5.4.6 Metallicity Gradients

Berry et al. (2013) (Chapter 4) found that modest metallicity gradients (VZ = —0.1 dex
kpc™!) observed in z = 2 star-forming galaxies may contribute to the low metallicities
observed in DLAs. Following this work, we further study the effect of metallicity gradients
on the properties of z = 2 DLAs. Metallicities along the line of sight are calculated assuming
a metallicity gradient of VZ = —0.1 dex kpc™! where the average metallicity is set at the
radius of the average cold gas mass (see Berry et al. 2013, for details). The addition of
a modest metallicity gradient causes the model DLA metallicities to be consistent with
those of observations. DLA host galaxies with large stellar masses (log Ms/Mg > 10) have
a similar metallicity distribution as star-forming galaxies of the same mass as in Kulas
et al. (2013). These results suggest that DLAs and star-forming galaxies could originate in
the same type of galaxy where the difference in metallicity may just be a selection effect.
In studies of individual DLAs and their host galaxies, Krogager et al. (2013) and Bouché
et al. (2013) found that the DLA metallicity measured from interstellar absorption lines was
~ 0.2 — 0.5 dex less than that inferred from nebular emission lines within the host galaxy.

The left column of Figure 5.10 shows the distribution of impact parameters as a function
of Ny for DLAs in both models at z = 2. Similar to observations, both models produce
DLAs which have lower column densities at larger impact parameters, and high- Nyg; DLAs
that typically have smaller impact parameters. The majority of model DLAs have low
impact parameters and low column densities, which is not apparent from the observations.
As lower column density DLAs are more likely to come from lower mass galaxies, detecting
them in the proximity of a nearby quasar may be difficult. The relation between Ny
and impact parameter is explained by our modeling of cold gas in galaxies. As cold gas
is distributed in exponential disks, high- Ny DLAs will preferentially be selected at low

impact parameters where cold gas densities are highest. The majority of low-Ngr DLAs
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Figure 5.10 Probability of selecting a DLA in the BRj25 (top) and GKj25 (bottom) models
at 1.7 < z < 2.3 with a given impact parameter as a function of Ny (left), average galaxy
metallicity (middle), and metallicity along the line of sight with a metallicity gradient (right).
Observations of DLAs at 1.92 < z < 3.40 from Krogager et al. (2012) are overplotted. The
distribution of model DL As closely matches observations where a clear trend is seen between
larger impact parameter and both lower Ny and lower metallicity. With a metallicity
gradient, DLA metallicities along the live of sight do worse in recovering the shape of the

distribution.
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are found in low mass galaxies with small impact parameters, while DLAs at large impact
parameters preferentially sample the outskirts of galaxies where Ny values are lower.

The middle and right columns of Figure 5.10 show impact parameter as a function of
DLA metallicity with and without a metallicity gradient (VZ = —0.1 dex kpc™!) respec-
tively. The general trend of more massive DLAs having higher metallicities causes the
observed relation between impact parameter and metallicity. Observations indicate that
galaxies with higher metallicities have larger cold gas masses extending to larger radii, mak-
ing it more likely for them to be selected as DLAs at larger impact parameters. For the
same reason, more massive metal-rich galaxies will be less likely to host DLAs at small im-
pact parameters, explaining the lack of DLAs observed with low impact parameter and high
metallicity. Although not included in our models, higher metallicities will also make it more
likely for the central regions of these galaxies to contain more dust obscuration, which may
redden or extinguish quasars out of optically-selected quasar surveys. Conversely, galaxies
with low metallicities are less massive and only have high-Nyj; gas at small radii. As the low
metallicity, low impact parameter DLAs arise in low mass galaxies, we expect observations
of DLA host galaxies to miss this faint population.

Given these trends, the BRj25 model produces a large number of DLAs with a large
range of average metallicities and low impact parameters. Conversely, the GKj25 model is
more successful at reproducing the observed trend between larger impact parameter and
higher metallicity. Since metallicity gradients preferentially change DLA metallicity based
on impact parameters, DLAs observed at high impact parameter have their metallicities
change the most. In our models, we see this as a shift of DLAs horizontally to lower
metallicities. For both our models, inputing a metallicity gradient makes them a worse fit
to the observations where the difference is so extreme in the BRj25 model that it is clearly
inconsistent with observations. These results suggest that a constant metallicity gradient
in all galaxies cannot fully explain the low metallicities of DLAs.

While DLAs with low metallicities and large impact parameters are not observed, their
presence may indicate the presence of a metallicity gradient. Alternatively, they would also
likely be good candidates for DLAs arising in gas not associated with galactic disks, such

as intergalactic filaments or clumps. We note that at z = 2, our models suggest that DLAs
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Figure 5.11 Probability of selecting a DLA with a given metallicity as a function of column
density for the BRj25 model (upper row) and GKj25 (lower row) at 1.7 < z < 2.3. DLA
host galaxies (left) and DLA metallicity along the line of sight with a metallicity gradient
(right). Observations of DLAs at 1.5 < z < 2.5 from Rafelski et al. (2012) are overplotted.
A metallicity gradient lowers the metallicity of low Ny systems while having a small impact
on higher metallicity ones. None of our models match the observations well in detail.
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arising in intergalactic gas are likely less common than at higher redshifts (e.g., Berry et al.
2013).

Figure 5.11 shows the distribution of DLA metallicity versus column density for both of
our models with and without a metallicity gradient. Neither of our models reproduce the
distribution well in detail as they fail to reproduce the number of high- Nyj1 systems with low
metallicities. The presence of these galaxies is hard to explain as the highest column density
gas typically resides in the centers of galaxies where metallicities are higher. Since metal-
licity gradients have the largest effect on DLAs at larger impact parameters where column
densities are lower, they are unable to explain these systems. An alternative explanation
is that the these systems may be ”contaminated” by pristine gas such as in intergalactic
streams or clumps, which may be increasing the HI column density and decreasing the
metallicity. The BRj25 model predicts a larger range in DLA metallicities than the GKj25
model. The GKj25 model also shows more of a trend between DLA metallicity and column
density. Both of our models predict the existence of high column density systems with
higher metallicities, which are not seen in observations. The lack of these systems may be
a selection effect as they likely also have more dust reddening due to their high column

density and metallicity.

5.4.7 Galaxy Scaling Relations

In this section, we identify star-forming galaxies using the BM /BX selection criteria in order
to minimize confusion as we find that BzK galaxies and HST U225/U275 band dropouts
show similar trends with stellar mass. Additionally, we only show the GKj25 model as the
BRj25 model exhibits similar trends. The upper row of Figure 5.12 shows the conditional
probability of selecting a DLA host galaxy (left panel) or a star-forming galaxy (right panel)
with a given DLA cross section as a function of stellar mass in the GKj25 model. A galaxy’s
DLA cross-section, opra, is the cross sectional area in kpc? corrected for inclination for
which its HI column density is Nur > 2 x 102%atoms cm™2.

DLASs preferentially select galaxies with higher oppa values by ~ 0.5 dex than a typical

galaxy at a given stellar mass where this difference is larger at lower stellar masses than

higher ones. This trend results in a flatter slope of the opra-M, relation. As DLAs are
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Figure 5.12 Upper row - conditional probability of selecting a DLA with a given DLA cross
section (opr,a) as a function of stellar mass for DLAs (left) and star-forming galaxies iden-
tified using the BM/BX selection criteria (right) in the GKj25 model. The average galaxy
(red solid lines) and SFG (R < 25.5, green solid line) relations and lo variation (dashed

lines) are overplotted for reference. Lower row - same as top except for the cold gas fractions
(f, = Mpr+Mp,
97 Mypr+Mp,+Ms
galaxies with higher opr,a and f,; values at a given stellar mass. The magnitude limit of
R < 25.5 identifies star-forming galaxies with a minimum star formation rate and therefore

a minimum cold gas mass, where this selection effect is most apparent at low stellar mass.

) are shown. Both star-forming galaxies and DLAs preferentially select
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selected based on their DLA cross section, a smaller fraction of low mass galaxies will have
sufficiently large opra values to be identified as DLAs. For the most part, star-forming
galaxies follow the oppa-M., relation seen in normal galaxies with a slightly higher DLA
cross section at a given stellar mass. Star-forming galaxies with R < 25.5 selects galaxies
with a much flatter opr,a-M, slope. The magnitude limit of R < 25.5 identifies star-forming
galaxies with a star formation rate threshold, which translates into a minimum cold gas mass.
As our models generate gas disks for galaxies in a similar way for every galaxy (based on
the cold gas mass, halo mass, and halo spin parameter), this minimum cold gas mass is seen
as a minimum DLA cross section.

The lower row of Figure 5.12 is similar to the upper row except for the cold gas fractions

Mpr+Mp,

(fg = m) are shown as a function of stellar mass. DLAs and star-forming galaxies
2 S

follow the general trend of decreasing cold gas fraction with stellar mass as is seen in the
general galaxy population while both preferentially select galaxies with larger amounts of
cold gas. At low stellar masses, DLAs are almost entirely composed of cold gas while the
cold gas fractions in low mass star-forming galaxies are not as high. Star-forming galaxies
show a similar, while not as extreme, trend. Low mass star-forming galaxies with R < 25.5
have significantly higher cold gas fractions, again due to the star formation rate threshold.
As they decrease in stellar mass, the star formation rate threshold causes the cold gas mass
to stay relatively constant, resulting in a higher cold gas fraction.

Similar to Figure 5.12, the upper row of Figure 5.13 shows the relation between star
formation rate and stellar mass for DLA host galaxies and star-forming galaxies. The models
produce galaxies with star formation rates that are lower than observations by ~ 0.5 dex
at a given stellar mass. For the most part, both DLAs and star-forming galaxies follow the
SFR-Mj; relation of the underlying galaxy population. DLA host galaxies produce slightly
higher star formation rates at low stellar masses, indicating that they are building up stellar
mass faster than similar mass galaxies. This is due to their larger DLA cross sections and
higher stellar masses boosting their star formation rates. For low mass star-forming galaxies,
the R < 25.5 magnitude limit again selects galaxies with higher star formation rates due to
their higher cold gas masses. The DLA selection criteria has a similar effect to the R < 25.5

magnitude limit as both select galaxies with higher cold gas masses and star formation rates
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Figure 5.13 Same as Figure 5.12 except for star formation rate (upper row) and DLA
metallicity with a metallicity gradient (lower row) are shown versus stellar mass. Radio
stacking results from Karim et al. (2011, purple) at 1.6 < z < 2.5 and observations from
Whitaker et al. (2011, yellow, 1.5 < z < 2.0; orange, 2.0 < z < 2.5) are overplotted in the
upper row. Average metallicities from Erb et al. (2006b), individual BX galaxy metallicities
from Kulas et al. (2013), and the best-fit line to Erb et al. (2006b) from Maiolino et al. (2008,
yellow) are shown in the lower row. The average DLA host galaxy metallicity without a
metallicity gradient is overplotted in black. For the most part, star-forming galaxies and
high-mass DLAs lie on the SFR-M, relation while model galaxies have lower star formation
rates than observations. Model galaxies reproduce the mass-metallicity relation quite well
while applying a metallicity gradient in DLAs effectively washes it out at higher stellar
masses.
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at a given stellar mass.

The mass-metallicity relation for DLAs with and without a metallicity gradient (VZ =
—0.1 dex kpc™!) and star-forming galaxies is shown in the lower row of Figure 5.13. Model
galaxies reproduce the observed mass-metallicity relation quite well for which DLA host and
star-forming galaxies also match fairly closely. DLAs without a metallicity gradient and star-
forming galaxies show a trend with stellar mass similar to typical galaxies while they have
slightly steeper mass-metallicity relations. This trend is caused by the relatively higher star
formation rates at lower stellar mass. DLAs with a metallicity gradient (blue contours)
generally show an increase in metallicity with stellar mass although with considerably more
scatter. This is in part due to how we model the metallicity gradient as larger galaxies
will have a larger range in impact parameter, yielding a larger range in metallicity shifts.
In the case of a metallicity gradient in high mass galaxies, this large range in metallicity
shifts would have the effect of washing out the mass-metallicity relation for DLAs at log
Mg /Mg 2 9. More extreme metallicity gradients or a range of metallicity gradients would
further contribute to the scatter. Therefore, the absence of a mass-metallicity relation
in high-mass DLAs may indicate that metallicities vary substantially with galactocentri
radii. Our results for star-forming galaxies are in better agreement with the observations
of individual star-forming galaxies by Kulas et al. (2013) than the stacked results from Erb
et al. (2006b). Those with R < 25.5 have a lower metallicity at a given stellar mass again
related to their higher star formation rates and cold gas masses. Dust extinction causes
most SFGs with R < 25.5 to either be sufficiently faint to not meet the magnitude limit or
not satisfy the UV color selection criteria.

Figure 5.14 is similar to 5.12 except for E(B-V) values are shown. The higher metallicities
present in more massive galaxies causes the amount of dust reddening to also increase
substantially with stellar mass. This trend is also seen in DLA host and star-forming
galaxies, although both select galaxies with lower amounts of dust reddening. For DL A host
galaxies, this is due to their large cold gas masses selecting galaxies with higher specific star
formation rates and therefore lower average metallicities. The selection effect has a similar
effect on star-forming galaxies as they are identified as those with high star formation

rates and blue colors. Our model star-forming galaxies with the same magnitude limit of
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Figure 5.14 Same as Figure 5.12 except for E(B-V) value versus stellar mass. Observations of
star-forming galaxies at 1.7 < z < 2.3 from Reddy et al. (2006) are overplotted (crosses). At
high stellar mass, DLA host galaxies and star-forming galaxies have lower E(B-V) values at
a given stellar mass than a typical galaxy. Additionally, our sample of star-forming galaxies
with R < 25.5 preferentially selects those with even lower E(B-V) values than ones at the

same stellar mass.
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R < 25.5 as observations at the same redshift are generally consistent, although observations
do contain considerable scatter in the distribution of E(B-V) values. This result may be
due to photometric errors or a broader range in galaxy properties. In the models, galaxies
with stellar masses below log My/Mg < 8 have very small amounts of dust reddening due
to having insufficient evolution to have built up a substantial amount of dust. These results
suggest that the highest mass DLAs may have substantial amount of reddening and would
be the most likely to be missed in color-selected quasar surveys. Moreover, they form only

a small fraction of the total number of DLAs.

5.5 Discussion

Studies of the interstellar medium at high redshift have largely been limited to observations
of DLAs. As DLAs contain the majority of neutral hydrogen in the Universe, they are
important reservoirs for future star formation. Given their requisite connection to star
formation, we seek to characterize the properties of DLA host galaxies as well as the relations
between them and star-forming galaxies. Our models allow us to examine which types of
galaxies are selected as DLAs, how DLAs properties differ from their host galaxies, and how

they relate to star-forming galaxies identified through common selection techniques.

5.5.1 Properties of DLA Host Galaxies

One interesting insight is that both of our models predict that the number density of z = 2
DLA host galaxies at a given stellar mass or star formation rate is constant over several
decades. This suggests that massive galaxies are more likely to host DLAs, but DLAs
have a relatively equal probability of originating from a large range of galaxies. Therefore,
DLA host galaxies do not have a specific set of properties, but rather are characterized
by a broad distribution of properties. Since a large number of DLA host galaxies arise
in relatively low mass halos, our models predict that many are too faint to be probed by
current emission-selected surveys. In spite of this broad distribution of properties, we do see
a lower limit on the stellar mass, star formation rate, and metallicity of DLA host galaxies

of log My/Muoyr—' 2 6,10gSFR/Mayr—! 2 -3,andlogZ~ —2.5 on the properties of DLA
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host galaxies. In our models, DLAs are selected to have a log normal distribution in HI mass
centered on log My /Mg ~ 9.5. At lower masses, galaxies have an insufficient amount of cold
gas to have a substantial DLA cross-section, and are increasingly unlikely to be selected
as DLAs. It is important to note that cold gas is distributed as an exponential disk in all
galaxies. It is possible that low mass galaxies have alternative cold gas distributions that
might increase their DLA cross sections, making it possible that a higher fraction would be
selected as DLAs.

Additionally, the majority of model DL As exhibit similar colors to typical galaxies at
the same magnitudes, implying they are not photometrically distinct. As most DLAs are
quite faint, they generally exhibit blue colors. This indicates that the majority would be
selected using common color-color selection techniques U-band dropouts, BM/BXs, and/or
BzKs) except they are too faint owing to their low stellar masses and star formation rates.
Only a small fraction are bright enough to be selected via traditional magnitude limited
surveys (e.g., Byss < 26.5, R < 25.5 or K < 23), where they are found across a large range
of B-, R-, and H-band magnitudes. Our model predicts that both the near-infrared and
optical are well suited to detecting DLA host galaxies at z = 2 due to their tracking the
stellar mass and star formation rate.

Our pressure-based BRj25 model predicts that DLA host galaxies are Z 1 magnitudes
fainter in the R band and X 2 magnitudes fainter in the H band than the metallicity-based
GKj25 model. Due to these differences, our GKj25 (BRj25) model predicts that ~ 52%
(~ 24%) of DLA host galaxies should be observable in the CANDELS wide field (H < 26,
e.g see Figure 5.6). These estimates do not take into account the proximity of the DLA
host galaxy to the background quasar which will undoubtedly lower this fraction as both
models predict that ~ 60% are within 1 arcsec of the line of sight. However, more massive,
more luminous DLAs are more likely to have larger impact parameters. The faintest have H
band magnitudes of H 2 30 and will require the next generation of optical /NIR telescopes
such as JWST. By restricting our DLA sample to those with log Z > —1, our model
predicts that the rate of finding DLA counterparts should increase by ~ 50%, although this
will preferentially identify DLAs with large stellar masses. This result is caused by DLA

host galaxies generally following the mass-metallicity relation and the relation between H
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band magnitude and stellar mass. It is also in agreement with the DLA velocity width
distribution being correlated with stellar mass as has been proposed by numerous authors
(e.g., Rafelski et al. 2012; Neeleman et al. 2013) and was shown in Berry et al. (2013).

As our models predict that a large fraction of DLASs originate in low mass galaxies, the
majority exhibit small amounts of dust reddening (E(B-V) < 0.1). With a magnitude limit
of H < 26, a significant number of DLAs have higher E(B-V) values, ~ 43% have E(B-V) >
0.1, owing to a substantial number originating in higher mass, more luminous galaxies. At
these magnitudes, the distribution of DLA E(B-V) values closely matches that of galaxies
identified in a similar magnitude-limited survey of H < 26, indicating that bright DLA
host galaxies at a given magnitude do not exhibit unusually low amounts of dust. The
E(B-V) values predicted by our models represent the average across the entire galaxy and
assume a mixed dust geometry. Our predictions are not directly comparable to results from
stacking quasar lines of sight or radio-selected quasars, as both measure the amount of
extinction along the DLA line of sight which is also better represented by a screen geometry.
Nonetheless, the amount of dust reddening in DLA host galaxies is generally consistent with

low E(B-V) values observed in DLAs.

5.5.2 Properties of DLAs versus Their Host Galaxies

In addition to the broad range of properties exhibited by DLA host galaxies, our models
suggest that there is a significant difference between the properties probed along the DLA
line of sight as compared to the host galaxy. Recently, observations of a few DLA host
galaxies (Krogager et al. 2012, 2013) have allowed us to probe this connection. One insight
of this work is the success of our simple cold gas disks in reproducing the observed sizes
of DLAs as well as the relation between impact parameter, column density, and metallicity.
Our models successfully predicted that the majority of DLA host galaxies should be found
within ~ 1 — 2 arcsec of the quasar, indicating that the majority of DLAs at z = 2 are
associated with galactic discs. Moreover, the metallicity-based GKj25 model reproduced the
observed distribution of impact parameters as a function of column density and metallicity
quite well. Observations and both of our models find a decreasing number of high column

density DLAs at larger impact parameters, and a decreasing number of DLAs at a given
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impact parameters with increasing column density. These two effects are consistent with
DLAs arising in discs where high column density systems must originate in the central
regions of a galaxy where cold gas densities are largest. Additionally, as the cold gas
density decreases with radius, DLAs at large impact parameters must have low column
densities. Note that galaxies with clumpy interstellar media or large infalling clumps could
potentially produce high- Ny DLAs at large impact parameters. In spite of these relations,
our model predicts the majority of DLAs will be found at low column density and low
impact parameter due to the large contribution of low mass DLA host galaxies with small
DLA cross sections.

Additionally, our models find that only the highest metallicity systems are found at large
impact parameters, indicating that only the most massive galaxies have sufficient cold gas
reservoirs to have large enough DLA cross sections to host DLAs with b > 20 kpc. However,
when we implement a modest metallicity gradient of VZ = —0.1 dex kpc™', both our
models predict that DLAs at high impact parameter will be more metal poor. These high
impact parameter, low metallicity galaxies are not seen in observations and may indicate
that metallicity gradients do not significantly contribute to the low metallicities observed
in DLAs. Alternatively, if these DLAs did exist, they may instead arise in massive infalling
clumps or along cold streams, which would be more common at higher redshifts.

Our models find the presence of high column density, low metallicity DLAs to be diffi-
cult to explain. Our cold gas exponential discs have a decreasing gas density with radius,
indicating that our models would predict these systems to arise in the central regions of
galaxies. However, the highest column density systems tend to arise in more massive galax-
ies where there is more cold gas and more metals. These systems may be impacted by
cold ”pristine” gas, such as in clumps or streams, increasing the column density while also
diluting the metallicity. Our models do predict the presence of high metallicity, high col-
umn density systems, which have not been observed. The absence of these systems may
be a selection effect as the high metallicities and column densities may result in more dust
reddening, causing them to not be selected in color-selected quasar surveys. The presence
of a metallicity gradient would increase the number of these systems as metallicities are

typically higher in the central regions of galaxies where column densities are also higher.
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Krogager et al. (2012) found an increased number of host galaxy counterparts to high
metallicity DLAs, supporting the idea that DLAs follow the mass-metallicity relation. Our
models predict that selecting high metallicity DLAs will also bias the impact parameter
distribution to larger values for this same reason. Yet, the presence of a metallicity gradient
would decrease the average impact parameter of high metallicity DLASs as they would sample
the central regions of the galaxy. These effects are clearly nontrivial, speculative, and likely
vary greatly from galaxy to galaxy, therefore a detailed examination of DLAs at large impact
parameters including the distribution and composition of cold gas at those radii would be
necessary to decompose these effects. While only a small number of DLA host galaxies have
been identified, DLAs arising in exponential disks are generally consistent with the trends
observed between DLA column density, metallicity, and size.

As DLAs preferentially select gas in discs on the outskirts of galaxies, the properties of
DLAs as measured along the line of sight likely differ substantially from the central regions
of the host galaxy. Using the cold gas density at the location of the DLA, we calculate the
Hs fraction and therefore the star formation rate as would be measured for the DLA. Our
models predict that in most cases the Hy fraction and star formation rate along the DLA
line of sight are substantially lower than in the central regions. The small scale radii of the
Hs discs causes the majority of the mass of Hy to be in the central regions, leading to low
Hs fractions in DLAs. The lower Hj fractions along the DLA line of sight yield substantially
lower star formation rates of ~ 2 decades in the central regions than would be measured
for the DLA (e.g., see Figure 5.9).

Due to the large range of DLA host galaxy masses and impact parameters, the star
formation rate distribution spans several decades. The width of this distribution is compa-
rable for the DLA, illustrating how some DLAs can show no C II* absorption indicating
star formation rates of log SFR < — 3 while others exhibit significant star formation. In
rare cases, where the DLA line of sight passes through the central regions of the galaxy, Ho
fraction and star formation rate measured in the DLA may be larger than the average for
the galaxy. These rare circumstances would provide an opportunity to study the relations
between cold gas density, Hy fraction, and star formation in high-redshift galaxies.

Finally, the average galaxy metallicity has been observed to be a few tenths of a dex
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higher than that measured in the DLA (Bouché et al. 2013). Our implementation of a
modest metallicity gradient of VZ = 0.1 dex kpc~! yields an average shift in metallicity
of AZ = —0.26, consistent with observations. Our model predicts average metallicities in
star-forming galaxies that are consistent with observations of them at z = 2. Moreover,
implementing a modest metallicity gradient reproduces the metallicities observed in DLAs
at the same redshift. As observations of star-forming galaxies at z ~ 2 display a large
range of metallicity gradients, it is unlikely that all galaxies follow this simplified precrip-
tion. However on average, the presence of a metallicity gradient may contribute to the low

metallicities observed in DLAs.

5.5.3 DLAs, SFGs, and Galaxy Scaling Relations

At z = 2, we find both DLAs and star-forming galaxies to generally follow the trends
observed between DLA cross section, cold gas fraction, star formation rate, metallicity, and
stellar mass. At a given stellar mass, DLA host galaxies have DLA cross sections compared
to the general galaxy population at the same stellar mass where this difference is largest
at lower stellar masses. As DLAs are selected based on the DLA cross section and number
density of galaxies, the decreasing DLA cross sections with stellar mass and increasing
number of low mass systems roughly balance out. While DLAs are comparable in mass and
star formation rate to that of the general galaxy population and star-forming galaxies, they
do exhibit a flatter opr,ao — M, relation.

Selecting star-forming galaxies with bright rest-frame ultraviolet continua (R < 25.5)
identifies galaxies with larger DLA cross sections where this difference is most extreme at
the low stellar mass end. This magnitude limit has the selection effect of identifying star-
forming galaxies with a minimum star formation rate and therefore a minimum cold gas
mass. At lower stellar masses, these galaxies have the same amount of cold gas making
their DLA cross sections larger than the typical star-forming galaxy that is not subject to
this magnitude limit. Therefore, these galaxies are also more likely to be associated with
DLAs. When studying the relation between cold gas fraction and stellar mass, we find
similar trends for both DLAs and star-forming galaxies. Due to the large cold gas masses

associated with DLA host galaxies, at low stellar masses they are almost entirely composed
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of cold gas. The star formation threshold imposed by a rest-UV magnitude limit causes low
mass star-forming galaxies with R < 25.5 to have extremely high cold gas fractions.

DLA host and star-forming galaxies generally follow the star formation rate-stellar mass
relation of the entire galaxy population, where both are fairly accurate tracers of the star
formation rate at a given stellar mass. DLA host galaxies do tend to have higher star
formation rates at low stellar mass relative to normal galaxies. The magnitude limit of
R < 25.5 identifies galaxies with a minimum star formation rate that causes lower mass
galaxies to have higher star formation rates relative to their stellar mass, although at higher
stellar masses this approaches what our models predict as a typical star formation rate.
Observations of star-forming galaxies at the same redshift indicate that model galaxies
have star formation rates that are too low at a given stellar mass. This suggests that either
our prescription for star formation is too inefficient, model galaxies have insufficient cold
gas, or the cold gas may be in some other configuration leading to higher cold gas densities
in the central regions while still having a significant extended component. In Berry et al.
(2013), extended disks are required to produce a host of observed DLA properties at z < 2.5.

Another insight of our study is that both DLA host and star-forming galaxies follow the
mass-metallicity relation, which is consistent with observations. However, if DLA metal-
licity is correlated with the distance from the host galaxy as in the case of a metallicity
gradient, then our models predict that high mass DLAs will exhibit a broad range in metal-
licities. A modest metallicity gradient of VZ = —0.1 dex kpc™! will effectively wipe out any
trend between stellar mass and metallicity above log M /Mg Z 9 due to the large range in
impact parameters for massive galaxies. Below this mass, DLAs generally follow the mass-
metallicity relation, albeit with a larger scatter. Therefore depending on how prevalent
metallicity gradients are, inferring the mass of a DLA based on its metallicity should be
treated with caution. Low mass DLAs select galaxies with large cold gas fractions, which
causes them to have lower star formation rates, indicating they may be beginning an episode
of more intense star formation. The BM/BX color selection criteria and R band magnitude
cut preferentially select galaxies with small amounts of dust reddening and a minimum star
formation rate which in turn bias them to have lower metallicities. These model galaxies

have metallicities tha are in agreement with the results of Kulas et al. (2013).
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We find that similar to typical galaxies, at low stellar masses DLA host galaxies have not
undergone enough star formation to have created a substantial amount of metals, resulting
in small amounts of dust extinction. At higher stellar masses, the amount of dust extinction
increases with stellar mass, causing high mass DLA host galaxies to be more reddened and
therefore likely to be missed from color-selected quasar surveys. The lack of high column
density, high metallicity DLAs further supports this hypothesis. Nonetheless, DLA host
galaxies exhibit less dust reddening than typical galaxies at the same stellar mass. This
difference is cause by their lower metallicities and larger cold gas masses lowering the average
amount of dust extinction. Although these measurements of dust reddening are the average
for the entire galaxy, our models predict that at a given stellar mass DLAs select galaxies
with inherently lower amounts of dust extinction. If DLAs probe the outer regions of
galaxies where the metallicities are lower, they should have even lower amounts of dust
extinction. Unsurprisingly, we find that model star-forming galaxies selected on their rest-
frame ultraviolet colors do not contain significant amounts of dust reddening at any stellar

mass.

5.6 Conclusions

Using semi-analytic models of galaxy formation, we study the properties of DLA host galax-
ies and their relations to star-forming galaxies at z = 2. Our preferred model, GKj25, uses
a metallicity-based prescription for Ho formation and an “extended” gas distribution as pa-
rameterized by f;, the ratio of cold gas specific angular momentum to dark matter specific
angular momentum. This work builds upon the results of Berry et al. (2013) who showed
that this model was the most successful at reproducing the column density distribution,
comoving number density of DLAs, cosmological neutral gas density, metallicity distribu-
tion, and velocity width distribution of DLAs at z < 2.5. We began by comparing a sample
of model star-forming galaxies to observed ones by “observing” model galaxies that were
identified using the same selection criteria. After verifying that model star-forming galaxies
were similar to observed ones, we characterized the properties of DLA host galaxies; stud-
ied the relation between DLAs and their hosts; and compared the properties of DLA host

galaxies to star-forming galaxies.
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Our main results are as follows

e DLA host galaxies exhibit a broad range of galaxy properties extending over several
decades in stellar mass, star formation rate, cold gas mass, and luminosity. As a result,
they are equally likely to reside in low and high mass galaxies. This also implies that
high mass galaxies are much more likely to host DLAs due the smaller number of high
mass galaxies relative to low mass ones. Luminous, high-mass DLA host galaxies
also have the largest amounts of dust extinction, which may bias color-selected QSO

surveys.

e The photometric colors of DLA host galaxies accurately trace the colors of typical
galaxies at a given H band magnitude of which most would be selected in common
color-selected surveys if they were sufficiently bright. However, the majority of DLAs
are much fainter than common magnitude cuts where a significant number will require
the next generation of telescopes such as JWST. Nonetheless, searching for DLAs
in the near-infrared, such as the CANDELS survey, or deep R band imaging are
promising ways of increasing the number of DLA galaxy counterparts and better

understanding the connection between cold gas and star formation in distant galaxies.

e The sizes of DLAs are consistent with observations of DLAs with host galaxy coun-
terparts identified. The relation between impact parameter and column density and
metallicity is consistent with DLAs arising in cold gas disks; however, metallicity gra-
dients predict more high impact parameter, low metallicity systems than are observed.
The Hjy fraction, star formation rate, and metallicity as measured along the DLA line
of sight likely differ substantially from the host galaxy, which may help explain the

low star formation rates and metallicities observed in DLAs.

e In general, DLA host galaxies and star-forming galaxies follow the same relations
between stellar mass and DLA cross section, cold gas fraction, star formation rate,
metallicity, and dust extinction as observed in the overall galaxy population. DLAs
preferentially select galaxies with more cold gas, which causes them to have higher cold
gas fractions, higher star formation rates, lower metallicities, and less dust extinction

at a given stellar mass.
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Chapter 6

Galaxy Structure in Numerical Simulations and
Semi-Analytic Models

6.1 Introduction

Deep radio surveys sensitive to Hi and CO have traced the cold gas components of nearby
spiral galaxies out to large galactocentric radii (Walter et al. 2008; Leroy et al. 2009). With
these data, Bigiel & Blitz (2012) analyzed the azimuthally averaged radial profiles of Hr and
CO in spiral galaxies and found remarkably similar galaxy cold gas profiles. They found
that in the disk, the total cold gas profile followed an exponential surface density profile,
similar to the stellar density profile. The Hi1 density profiles alone are not well-fit by an
exponential as the HI surface density is often depressed or flat in the center, where it can
even increase as radius increases, then slowly declines in the outer regions. In contrast, the
molecular component exhibits much higher surface densities in the central regions; however,
it falls off much more rapidly and is well described by an exponential (Young & Scoville 1982;
Regan et al. 2001; Leroy et al. 2008; Bigiel et al. 2008a). When Bigiel & Blitz (2012) focus
on isolated systems, the scatter becomes even smaller, indicating that these profiles may be
a natural phenomenon and emphasizing the importance of understanding this relation in
galaxy formation.

In spite of this clear connection between the cold gas disks and their relation to optical
disks, observations of CO and HI in individual galaxies still show significant variation in the
smaller structures observed in their cold gas density profiles. These density enhancements
have also been observed in the radial profiles and morphologies of galaxies in numerical
hydrodynamic simulations (Christensen et al. 2012a; Mandelker et al. 2013). At higher red-
shifts, the size, mass, and amount of internal star formation in these clumps are even larger

(Anglés-Alcazar et al. 2014; Inoue & Saitoh 2014), making it vital to better understand
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their impact on galaxy formation. Much of this variation is impacted by the merger history
of the individual galaxy as well as patterns in its spiral structure. Due to the propensity of
molecular gas to form into giant complexes, large clumps and significant density enhance-
ments can arise in the interstellar medium. This results in complex radial profiles that are
strongly dependent on the conditions of the interstellar medium as well as some degree of
stochasticity. The dominant processes include the rate at which gas cools, how cold gas
forms into stars, and the regulation of star formation from stellar winds and SN feedback.

Numerical hydrodynamic simulations offer the advantage of modeling the physical prop-
erties that govern galaxy formation over time, including the formation of galactic disks.
Cosmic torques create high angular momentum gas, which when accreted smoothly, falls to
the center of the halo and forms a disk (White 1984; Barnes & Efstathiou 1987; Quinn &
Binney 1992; Maller et al. 2002; Vitvitska et al. 2002). More recent simulations have pro-
gressed to the point where their resolution is high enough such that angular momentum is
conserved and appropriately sized disks form so that they end up along the Tully-Fisher re-
lation (Governato et al. 2004; Robertson et al. 2006a; Scannapieco et al. 2008; Hopkins et al.
2009a; Agertz 2010; Brooks et al. 2011; Brook et al. 2011; Guedes et al. 2011; Christensen
et al. 2012a). In spite of these successes, there were significant challenges in matching the
observed galaxy morphologies as bulges predicted in ACDM were much larger than observed
bulges (Bullock et al. 2001; van den Bosch & Swaters 2001; Binney & Evans 2001; Maller
et al. 2002; van den Bosch et al. 2002; D’Onghia et al. 2006; D’Onghia & Navarro 2007)
. Several authors showed that matching the central mass distribution of galaxies requires
the preferential removal of low angular momentum gas, which in turn requires a detailed
understanding of the 3-D structure of the interstellar medium at the scale of star formation
(Oh et al. 2011; Guedes et al. 2011; Governato et al. 2012; Pontzen & Governato 2012).
Christensen et al. (2012a) and Christensen et al. (2014) showed that through a more de-
tailed modeling of the interstellar medium with Ho-based star formation and self shielding,
more realistic bulges can form.

When Hs-based star formation and self shielding are included, cold gas forms into large
clumps similar to molecular clouds, which allows gas to undergo molecular cooling and reach

lower temperatures more characteristic of molecular clouds. When massive stars in these
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clouds form their feedback is highly concentrated, causing expanding bubbles of hot gas to
puncture through the disk. This process generates more cold dense gas and more efficient
supernova feedback which remove low angular momentum material and create smaller, more
realistic bulges. It also causes the disassociation of Hs and makes the detailed nature of
the ISM even more sensitive to the cooling and heating rates, which can affect the cold gas
mass, distribution, clumpiness, and amount available for star formation. These processes
create a complex relationship between the ISM, star formation, and feedback, which can
be constrained through covering a range of different galaxy masses with a distribution of
observational quantities.

In spite of the successes of semi-analytic models in matching observations of high-redshift
galaxies in emission and DLAs (Somerville et al. 2012; Berry et al. 2013; Popping et al. 2013b,
SPT14, Berry et al. 2014), this model fails to accurately account for or does not model
the range of cold gas enhancements, morphologies, chemical distributions, and vertical
velocity distributions observed in individual galaxies. Although numerical hydrodynamic
simulations still rely heavily on ”sub-grid” recipes for important processes such as star
formation and feedback, they provide a much more detailed spatial, kinematic, and chemical
description of the cold gas and stellar component.

In this chapter, we characterize the nature of the cold gas, stellar mass, metallicity, star
formation rate, and vertical velocity dispersion radial profiles in galaxies in the Ho-based
numerical simulations most recently presented in Christensen et al. (2012a) with the goal
of improving the radial profiles in galaxies in the SAMs presented in SPT14 and testing
their assumptions. In Section 6.2 we present an overview of the numerical hydrodynamic
simulations, the ISM model, and star formation recipe. We analyze the radial profiles and
evolution of average galaxy properties in Section 6.3, then analyze the dependence of these
properties on stellar mass in comparison to the semi-analytic models and observations at
z =2 and z = 0. In Section 6.4, we discuss the implications of our findings in the context of
galaxy evolution and SAMs in general, then parameterize our results for the latter. Finally

in Section 6.5, we summarize our key results.
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6.2 Numerical Simulations

The simulations described here are high resolution simulations of 15 galaxies with virial
masses ranging from 10'°M to several times 10'' Mg, and are presented in Table 6.1. They
were computed using a WMAP3 cosmology (Spergel et al. 2007): Qo = 0.24, A = 0.76,
h = 0.73, and og = 0.77. Our halo sample was originally selected from lower resolution
cosmological volumes where it was then re-simulated at much higher resolution using the
“zoom-in” technique (Katz 1992). This approach allows us to follow large-scale structure
with a significant number of high-resolution particles. For the dwarf (spiral) galaxies at
the time of formation, the DM, gas, and star particle masses were respectively: 1.6 (13) x
10%,3.3 (27.0) x 103, and 1.0 (8.0) x 103Mg. The force spline softening was 87 pc (170 pc)
for the dwarf (spiral) galaxies where the minimum smoothing length for gas particles is 0.1
times the force softening length. This resolution is sufficient to follow star forming regions

as small as 10*M,.

Table 6.1 Average Galaxy Properties at z =0

Name log Ms log Mpyr+m, SFR [Z]  re50  Tgs0  Zgh0

Mg Mg Mg yr-1  Zs  kpc kpc kpc
h239.1 10.66 9.79 0.35 0.25 4.79 3.34 043
h258_1  10.65 9.65 0.32 -0.18 4.83 3.40 0.59
h258 4  10.65 9.62 0.32 0.27 5.13 3.46 0.40
h277_1  10.62 9.62 0.16 0.27 4.33 3.25 0.40
h2772  9.90 9.48 -0.31 -0.50 3.96 3.38 0.40
h285.1  9.66 9.39 -0.34 -0.75 4.70 3.30 0.34
h2854  9.58 8.75 -0.44 -0.30 1.79 295 0.34
h2859  9.07 8.72 -0.84 -0.79 2.07 3.25 0.21
h603_.1  8.87 9.02 -1.40 -0.98 3.37 3.19 0.36
h603.2  8.66 8.59 -1.37 -1.00 2.79 3.02 0.22
h603_.3  8.61 8.03 -1.56 -0.95 1.04 0.84 0.71
h986_1  8.59 8.10 -2.21 -1.10 1.70 1.57 0.57
h986.2  7.77 7.65 -2.80 -1.05 0.76 0.58 0.47
h986.3  7.73 7.96 -2.37 -1.10 0.65 0.67 0.72
h986.8  7.60 6.96 -3.40 -0.95 0.87 048 0.23

These simulations were performed with the N-body smooth particle hydrodynamic
(SPH) code Gasoline (Wadsley et al. 2004) with a force accuracy criterion of © = 0.725,
a time step accuracy of n = 0.195 and a Courant condition of no = 0.4. They contain a

cosmic UV radiation field which partially suppresses the collapse of baryons in the smallest
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halos (Haardt & Madau 1996; Hoeft et al. 2006; Governato et al. 2007). The star forma-
tion and SN feedback schemes used in these models are described in detail in Stinson et al.
(2006) and Governato et al. (2007). In these models, thermal energy is released from SN
into gas surrounding young star particles, where the gas particles have their cooling shut off
for a duration equal to the momentum-conserving phase of the SN blastwave. This period
is typically a few million years and is a function of the local density and temperature of the
gas, the amount of energy injected, and the cooling rate. Star formation is limited to dense
regions of cold gas which depend on the ISM model. Only the star formation efficiency and
the fraction of SN energy coupled to the ISM were tuned to reproduce the properties of
present-day galaxies over a range of masses (Governato et al. 2007). Brooks et al. (2007)
showed this model reproduces the mass-metallicity relation, while Pontzen et al. (2008) used

it to analyze the properties of DLAs.

6.2.1 Modeling Cold Gas

In these simulations, we use the most sophisticated ISM model (Ha+ metal line cooling)
from Christensen et al. (2012a). In this model, the redshift-dependent UV background ra-
diation is responsible for both gas heating and photoionization. Gas cooling is calculated
based on collisional ionization, radiative recombination, photoionization, bremsstrahlung,
and line cooling (H, He, and metals). Metal line cooling allows gas to cool more efficiently
and to temperatures below 10* K, and is calculated for a range of gas temperatures, den-
sities, metallicities, and amounts of UV background assuming ionization equilibrium and
optically thin gas using CLOUDY (version 7.02; Ferland et al. 1998). In the IGM, this
assumption holds while in the ISM, it can lead to an underestimate of the cooling rate. For
instance, the lack of an interstellar radiation field beyond the UV background results in sub-
stantially less CII (Christensen et al. 2012b), the principle coolant in more metal-rich gas.
To augment this model, (Christensen et al. 2012b) add in the non-equilibrium formation of
Hs, which primarily occurs on dust grains and is dissociated by Lyman-Werner radiation
from young, massive stars. Therefore, Hy only forms in dense regions of the ISM where it is
shielded from Lyman-Werner radiation. This model follows the hydrogen chemical network

for each gas particle, and assumes the dust fraction is proportional to the metallicity and
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the incident Lyman-Werner radiation is based on the light from nearby young star particles.
Self-shielding and shielding by dust protect Ho from photo-dissociation. These effects are
also included when calculating the rates of Hi photoionization and photoheating. The inclu-
sion of self-shielding reduces heating and results in the formation of cold (100 K) ISM. The
more accurate calculation of CII and other low-temperature metal coolants would increase

the cooling rates, although shielding is the predominant factor in the formation of cold gas.

6.2.2 Star Formation

The star formation procedure used in these simulations is described in detail in Stinson
et al. (2006). If a gas particle has a temperature less than T,,,, and a density greater than
Pmin, then a star particle can form with a probability, p, as a function of the dynamical

time, € form,

p= mgas (1 _ e_C*At/tform) (61)
Mstar

where mgqs is the mass of the gas particle, Mg, is the initial mass of the potential star
particle, and cx is the star forming efficiency factor. In this model, we set cx = 0.1Xg,
where Xp, is the fraction of hydrogen in the form of Hj, which eliminates the need for
a high density threshold to restrict star formation to molecular clouds. Therefore, we set
the density threshold to an arbitrarily low value of p;, = 0.1 amu ecm™3. We also require
that star formation only occurs in gas that has undergone molecular cooling by setting
Trmaz = 1000 K. Through testing the sensitivity of star formation to both pp,, and ez,
Christensen et al. (2012a) found that changes of a factor of five to either do not significantly
alter the amount of star formation. This recipe naturally limits star formation to dense
molecular clouds.

The inclusion of shielding and metal line cooling increases the frequency with which gas
particles become Jeans unstable and collapse into stars. Bate & Burkert (1997) showed that
when the Jeans length or mass is unresolved, artificial fragmentation can occur, whereby
star formation becomes dependent on the details of how it is implemented. Some simulators

require that the Jeans instability never occur while others make it the criteria for star
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formation. In this model, the Jeans instability can occur, which leads to star formation
with the understanding that the newly formed stars will prevent further collapse due to the

highly efficient SN feedback heating the surrounding gas.

6.3 Results

In this section, we present the radial profiles and general properties of individual galaxies
in the numerical simulations. We also describe the dependence of the galaxy profiles on
redshift and stellar mass and compare this to both predictions and assumptions of semi-
analytic models. First in Section 6.3.1, we present the radial cold gas, stellar, metallicity,
and star formation rate profiles for 15 individual galaxies that span ~3 orders of magnitude
in stellar mass at both z = 2 and 0. Next in Sections 6.3.2 and 6.3.3, we describe the change
in average galaxy properties with redshift and stellar mass, then how numerical simulations

and semi-analytic models compare to observations.

6.3.1 Individual Galaxy Profiles

Figure 6.1 shows the Hi Hs, and stellar surface density profiles for 15 galaxies in the
numerical simulations at z = 2 as a function of their z = 0 half-cold gas mass radius (rgs0).
Galaxies are ordered from most massive to least massive at z = 0. The stellar mass profiles
are fit with a double exponential to account for the contributions of the disk and bulge
components where most galaxies have stellar mass profiles that are well-fit by a double
exponential. The interior regions of the massive galaxies (log Ms/Mg < 9.5) benefit greatly
from modeling the bulge component as they have a significantly increased density of stars
in the bulge. In spite of these successes, substantial variation in the smaller features of the
stellar profiles are not well modeled by these simple profiles. These smaller features mainly
originate from small clumps of stars, infalling material, or extended low surface density
disks (e.g., panels 1, 2, 4, 5, 6, 7, 11, 12). Qualitatively, observations of local spiral galaxies
reveal similar fluctuations in their cold gas surface density profiles (e.g., Bigiel et al. 2008a;

Bigiel & Blitz 2012).

We fit the cold gas surface density profiles with an exponential profile, then partition
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Figure 6.1 HI (black), Hy (red), and stellar (blue) radial profiles for 15 galaxies in the
numerical simulations (solid) at z = 2. We fit the total cold gas density profile (Xgrym, > 1
Mg pc~?) with an exponential, then use the pressure-based Hy partitioning recipe (pressure-
based) to calculate the H1 and Hy profiles (dashed) as would be calculate in the SAMs. The
triple-dot dashed line is metallicity-dependent Hy recipe. The best-fit exponential stellar
profiles (blue dashed line) are also overlaid. Many features in the galaxy profiles are missed
by the simple exponential profile, including large clumps of gas and stars, extended cold
gas and stellar disks, and off-center clumps of Hs.
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Figure 6.2 Similar to Figure 6.1, except for at z = 0. The most massive galaxies have
extended cold gas and stellar disks while Hy is mainly confined to the center of each galaxy.
In many of the galaxies, the HI disks cut off at a given surface density, which is modeled
in the pressure-based and metallicity-dependent models as HI transitioning into HiI at log
Yur/(Mg pe=2) = —0.4 (Gnedin 2012). Lower mass galaxies’ stellar and cold gas disks are
better fit by an exponential profile.
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the cold gas into H1 and Hs based on the metallicity-dependent and pressure-based recipes
as would be calculated in the SAMs. Similar to the stellar radial profiles, the H1 radial
profiles of a number of galaxies are well-fit by an exponential as the majority of the cold
gas is atomic gas. Nonetheless, many of the cold gas disks are poorly fit by exponential
profiles as they either have more compact disks, significant extended components, or large
clumps of gas. In all galaxies, the mass of Hy as predicted from the numerical simulations
is very small and located in the central regions of the galaxy. The low Hs fractions would
imply low star formation rates; however, due to a strong supernovae feedback recipe that
deposits significant energy into the surrounding gas, much of the Hy becomes dissociated.
The stellar and cold gas radial profiles exhibit a broad range in profile shapes and slopes even
across a similar range in stellar masses. This suggests substantial variation in properties of
individual galaxies.

Compared to numerical simulations, the Hs profiles calculated using the metallicity-
dependent and pressure-based cold gas partitioning models have more Hs in all cases where
the metallicity-dependent model is closer to the numerical simulations. We expect a closer
fit between the metallicity-dependent models and numerical simulations as Ho forms based
on the amount of dust and local UV radiation field in the metallicity-dependent models,
which is similar to that of the numerical simulations. On the other hand, Hy formation in
the pressure-based model is dependent on the mid-plane pressure as inferred from the local
gas and stellar surface density. The similarity between these two models is striking, given
that they form Hy using very different physics.

Figure 6.2 shows the radial profiles for the same galaxies at z = 0. Several noticeable
differences are observed across these two figures. First, massive galaxies in the numerical
simulations all exhibit significant bulge components, which are well described by an exponen-
tial profile. In contrast, no low mass galaxies have bulges. Overall, the double exponential
fits all the galaxies’ stellar profiles remarkably well with the exception of underestimating
the amount of stars in a few extended disks. This is largely due to stellar profiles becoming
much smoother with cosmic time.

In the more massive galaxies, the HI radial profiles are all very flat and truncate at a given

radius. This truncation does not occur at a specific radius or HI surface density, but rather
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changes for each galaxy. The exponential profiles well describe the HI disk, although they do
not capture the truncation. In the semi-analytic models, the Hi1 disk is assumed to become
ionized (Hi1) at log ¥ p7/(Mgpc?) = 0.4 (Gnedin 2012), also corresponding to typical surface
densities of sub-DLAs. The range in HI surface densities and radii where this truncation
occurs may indicate that the threshold for neutral gas changes with galaxy properties.
Similar features in H1 surface density profiles have been observed in local galaxies in the
THINGS survey (e.g., Bigiel et al. 2008a). A more detailed discussion of the underlying
cause of this feature will be presented in Berry et al. (2014b, in prep.).

The Hs gas surface densities predicted by the metallicity-dependent and pressure-based
models do not fit any of the galaxies in the numerical simulations. All exponential profiles
predict significantly more Hs in the outer regions of the disk. Additionally in most of
the less massive galaxies, these two recipes predict substantial Hy components while the
numerical simulations have no Hy gas. Similar to z = 2, since both recipes predict similar
Hs profiles, we posit that this may be due to them being calibrated on the same data set.
In the central regions of the most massive galaxies (log M;/Mg Z 10.5), there is a large
concentration of Hy and in one galaxy HI in the bulge. At these stellar masses, feedback
from the central supermassive blackhole, which is not modeled in these simulations may help
reduce the amount of He gas in these regions. While the average gas and stellar profiles
of a large number of galaxies may be in the form of an exponential (e.g., Bigiel & Blitz
2012), individual galaxies in the numerical simulations and nearby Universe (e.g., Bigiel
et al. 2008a) display a broad range in shapes and slopes.

Figure 6.3 shows the metallicity profiles for the same 15 galaxies at z =2 and z = 0. In
the majority of galaxies at z = 2, metallicities do not change much with radius, indicating
little evidence for metallicity gradients. Nonetheless, there is substantial variation in the
metallicities due to smaller features in individual galaxy profiles. At z = 0, more significant
metallicity gradients have developed in half of the galaxies, which tend to be the more
massive ones, while the lower mass galaxies still show flat profiles. Most galaxies’ metallicity
gradients also flatten at larger radii. Galaxy metallicity profiles have also become smoother
by z = 0 There is more variation in metallicity due to smaller features in individual galaxy

profiles at z = 2 than z = 0, indicating that metallicities are smoother at z = 0. A
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Figure 6.3 Similar to Figure 6.1 except for metallicity profiles are shown at z = 2 (gray) and
z = 0 (black). The star formation weighted metallicities are overlaid at each redshift (red
lines). At z = 2, galaxies exhibit flat metallicity profiles with little evidence for metallicity
gradients except for in the center of a few galaxies. By z = 0, a significant amount of metals
have amassed in the central regions of the disk in many of the more massive galaxies. In
addition, small features in the metallicity profiles at z = 2 have smoothed out by z = 0.



187

significant metallicity enhancement is seen in the centers (e.g., the bulges) of the massive
galaxies. Weighting the metallicities by star formation rate also has a significant effect on
the average metallicities as star formation occurs at smaller radii where metallicities are
higher. As a result, this result predicts that metallicities measured from emission lines in
Hir regions should be significantly higher than those measured in cold gas, especially if those
measurements are more likely to sample the outskirts of galaxies as is the case for DLAs.
Through using the Hy surface density profiles as inferred from the pressure-based and
metallicity-dependent Ho formation recipe, we can create star formation rate profiles for
each galaxy. We calculate the Hsy density profile for galaxies in the numerical simulations
by taking each galaxy’s cold gas density profile (from Figures 6.1 and 6.2), metallicity profile,
and average star formation rate and calculating the Ho gas density using the metallicity-
dependent recipe. The pressure-based models predict similar Hs density profiles, which
result in similar star formation rate profiles predicted by the SAMs. The star formation
profiles predicted by the SAMs and those from the numerical simulations at z = 2 and
z = 0 are shown in Figure 6.4. We focus on the central regions of each galaxy where the
Hs cold gas mass and star formation are concentrated. The star formation rate surface
density profiles predicted by the SAMs are similar to the Hy surface density profiles in
shape except they predict less star formation at a particular radius, indicating a lower star
formation efficiency in the numerical simulations or the destruction of Hy. At z = 2, almost
all galaxies have large clumps of star formation across a range of radii. These profiles
become much smoother with cosmic time. Star formation is also more concentrated in the
central regions of the galaxies at z = 2 and more extended at z = 0, although there is a
significant bulge component in some of the more massive galaxies at z = 0. In all galaxies
except the lowest mass ones, the star formation rates calculated from the pressure-based
and metallicity-dependent models are lower than observed in the numerical simulations,
which can range from a few tenths of a dex to ~ 1 — 1.5 dex. Additionally, assuming the
cold gas follows a simple exponential profile misses much of the more detailed structure
also seen in the star formation rate profiles, especially at z = 2. The pressure-based and
metallicity-dependent models do better on the shape of the profile at z = 0, but none

match the profiles well in detail. In the numerical simulations, since star formation occurs
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Figure 6.4 Similar to Figure 6.1 except for star formation rate profiles are shown for the
numerical simulations (solid) and the metallicity-dependent model (dashed) at z = 2 (gray)
and z = 0 (black). Here, we focus on only the center of each galaxy (rgs0 < 3) as this is
where the majority of star formation occurs. In most galaxies at z = 2, star formation is
burstier and confined to the center of each galaxy while at z = 0, the star formation profiles
are much smoother with a significant portion coming from larger galactocentric radii.
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in clumpy molecular gas, the feedback from supernova is highly concetrated, which drives
more efficient superwinds and dissociates much of the Hs and ionizing the surrounding cold
gas. This process causes star formation and clouds of cold gas to be more clumpy, and it

reduces the total amount of cold gas, especially H.

6.3.2 Average Galaxy Properties

Figure 6.5 shows how a number of galaxy properties evolve with redshift in the numerical
simulations at different stellar masses. We also divide the galaxy sample in two based
on stellar mass, then overplot the best linear fits to the median galaxy property and the
higher /lower stellar mass halves as a function of redshift. Some galaxies grow mildly with
redshift while others can increase in mass by 2 1.5 dex from z = 3 to z = 0, which appears
to be independent of stellar mass. The less massive galaxies decrease in star formation
rate with redshift while the more massive ones do not change significantly. There is a large
amount of variability in the star formation rates of a significant fraction of the galaxies,
which is also seen in the specific star formation rates. Although almost all galaxies regardless
of mass have a similar range in sSFR and exhibit a ~ 1.5 dex decrease with redshift. Cold
gas fractions also vary dramatically within individual galaxies and across different epochs;
however the change in cold gas fraction is not highly correlated with the star formation
rate. Lower mass galaxies have higher cold gas fractions than more massive galaxies while
the average cold gas fractions show a similar decline in galaxies of all masses with cosmic
time. Additionally, the average metallicities exhibit substantial variation in the amount of
evolution that is observed from z = 3 to 0 where more massive galaxies typically increase in
metallicity much faster than lower mass galaxies. This is partly due to lower mass galaxies
ejecting a higher fraction of their metals and higher star formation rates in massive galaxies.

The size of the stellar disks of all galaxies increases with time where the average galaxy
stellar disk can increase in size by a factor of ~ 2 to 5 from z = 3 to 0. In dividing the
galaxies in half based on stellar mass, we find that less massive galaxies tend to increase in
size faster than more massive ones, but this difference is not a large effect. There is also
substantial scatter in the size of stellar disks at a given stellar mass or redshift as mergers

and dynamic interactions can significantly affect the size of the disk.
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Figure 6.5 Properties of galaxies in the numerical simulations are plotted as a function of
redshift and colored via decreasing stellar mass at z = 0 (purple to red). Upper row from left
to right - stellar mass, star formation rate, specific star formation rate, and cold gas fraction.
Lower row - metallicity, stellar scale length, ratio of cold gas to stellar radial scale length
(Xg), and ratio of cold gas scale length to scale height. The best linear fit to the median
galaxy properties (dashed line) and the higher/lower stellar mass halves (dotted lines) are
overplotted. Over cosmic time, galaxies’ stellar components become more extended; their
cold gas disks become less extended relative to the stellar disks, and their cold gas disks
become flatter.
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The size of the cold gas disks relative to the stellar disk sizes decreases mildly with
redshift where cold gas disks were relatively ~ 30% larger at z = 3. This decrease is
dominated by low mass galaxies which decline in size by a factor of 2 2 while the relative
size of cold gas disks in more massive galaxies does not change significantly. Sizes are
measured as the radius containing half the cold gas (rgs0) or stellar mass (7450), both of
which are strongly affected by infalling clumps which have a larger effect in smaller galaxies.
Two effects may cause the decrease in relative cold gas disk size. Star formation in the outer
regions of galaxies may consume cold gas. Alternatively, cold gas may continue to collapse
and condense causing the cold gas disk to become more compact. Our results also indicate
that thickness of cold gas disks (zg50/r¢50) typically decreases with cosmic time by < 2
where more massive galaxies tend to have thinner disks than less massive ones. While cold
gas disks are collapsing vertically, there is no clear trend between the scale radius of the
disk and time (not shown). In spite of disks becoming thinner, there is significant variation
in the thickness of a galaxy’s cold gas disk across time and at different stellar masses.

Similar to Figure 6.5, Figure 6.6 shows the relation between each galaxy property and
stellar mass from z = 2 to z = 0. In the majority of our galaxies, star formation rates
increase from z = 2 to z = 1, then decrease to z = 0. As expected, higher star formation
rates are seen at higher stellar masses at all redshifts. Cold gas fractions decrease with
increasing stellar mass at both redshifts where the cold gas fraction is more sensitive to
changes in stellar mass at z = 2 than z = 0. This effect is caused by the most massive
galaxies increasing in stellar mass while having comparable cold gas fractions. Since the
decrease in cold gas fractions from z = 2 to 0 is less than the increase in stellar masses,
the f;,-Mjy relation shifts to the right. Moreover, lower mass galaxies exhibit a broader
distribution of cold gas fractions at a given stellar mass or redshift than higher mass ones.
This effect is in part due to the efficient supernovae feedback having a stronger effect on the
cold gas components of lower mass galaxies by causing the amount of gas in a cold phase
to vary more on shorter timescales.

Galaxy metallicity is more sensitive to changes in stellar mass in higher mass galaxies,
leading to a steeper mass-metallicity relation at z = 0 than at z = 2 as galaxies are more

massive at lower redshifts. As galaxies gain more stellar mass and metals, supernovae



192

2]

log SFR/(Mg yr™")

~
o
©
o
-
~
o
©
o
-

rs (kpc)
/

SN

7 8 9 10 11 7 8 9 10 11 7 8 9 10 11
log M,/Mg log M,/Mg log M,/Mg

Figure 6.6 Similar to Figure 6.5, except for galaxy properties as a function of stellar mass at
redshifts z = 2, 1, and 0 (diamond to cross). Upper row (from left to right) - star formation
rate, cold gas fraction, and metallicity. Lower row - stellar scale length, ratio of cold gas to
stellar scale length, and ratio of cold gas scale height to scale length. The best linear fit to
the median galaxy properties at z = 2 (dashed line) and z = 0 (triple dot-dashed line) are
overplotted. With increasing stellar mass, stellar disks generally increase in size and cold
gas disks become flatter at both z = 0 and z = 2. Here, we also see that low mass galaxies’
cold gas components become much more compact with redshift while those of more massive
galaxies do not change much.
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feedback has a more limited effect in its ability to eject gas from the galaxy and therefore
on the amount of cold gas available to form stars. The increase in metals also makes
metal line cooling become more efficient, allowing more stars to form and the production
of more metals. Additionally, feedback from AGN and supermassive black hole growth is
not included in these simulations, which will decrease the star formation rate in the more
massive galaxies. Including this effect may lower the metallicities of some of the more
massive galaxies.

In general, the large scatter in the properties and evolution of these galaxies indicates
that they are poorly fit by simple linear fits, nonetheless we use these simple relations to
better understand how galaxies are changing with time. The size of galaxy stellar disks
increase with stellar mass as was also seen in Figure 6.5. Furthermore, galaxy disks grow
more with redshift than their stellar masses do, which is mostly due to an increase in
stellar disk size in lower mass galaxies. Low mass galaxies’ cold gas disk sizes relative to
their stellar disk sizes decrease with redshift, making their cold gas more compact, while
this ratio does not change significantly in massive galaxies. This relation causes galaxies’
relative cold gas disk sizes to go from decreasing with stellar mass at z = 2 to increasing
with stellar mass at z = 0. Finally, as galaxy stellar mass increases, the thickness of their
cold gas disks (zg50/7g50) becomes flatter. This effect is stronger in more massive galaxies,
causing the relation between cold gas disk thickness and stellar mass to become steeper
with cosmic time. Finally, the most massive half of our galaxies all have very thin gas disks

with 2950/7’950 < 0.1

6.3.3 Galaxy Scaling Relations

The upper row of Figure 6.7 shows the relation between stellar disk size and stellar mass
at z = 0 and z = 2 in the pressure-based f; = 1 model, pressure-based f; = 2.5 model,
and the numerical simulations. In the pressure-based models at a given stellar mass, stellar
disks increase in size with stellar mass where the pressure-based f; = 2.5 model produces
disks that are ~ 0.2 dex larger than in the pressure-based f; = 1 model. Both models have
larger stellar disks at z = 2 than z = 0 by ~ 0.1 — 0.2 dex, indicating mild evolution. The

stellar disks in the 15 galaxies in the numerical simulations also show a mild evolution with
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Figure 6.7 Upper row - conditional probability of selecting a galaxy with a given stellar
disk size as a function of stellar mass for the median pressure-based f; = 1 (blue solid)
and pressure-based f; = 2.5 (red solid) models with the lo variance (dotted lines). The
rs values for the 15 galaxies in the numerical simulations are overplotted (black diamonds).
Observations from Leroy et al. (2008) at z = 0 Tacconi et al. (2013) at z = 2 and are
overplotted as gray crosses. Lower row - same as top except for cold gas fraction (f; =
(Mpr + Mp,)/(Ms + Mpr + Mp,)). Left column - z = 0. Right column - z = 2.
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redshift, and a similar trend with stellar mass. The most massive galaxies in the numerical
simulations have very massive bulge components that have been removed in order to extract
the disk size. The inclusion of AGN feedback may reduce the amount of stellar mass in the
central region, thereby increasing the half-stellar mass length in massive galaxies. Galaxies
in the numerical simulations at a given stellar mass exhibit a similar range in stellar disk
size as the pressure-based models. The numerical simulations predict a much broader range
in stellar disk sizes at z = 2 than are seen in the SAMs.

The lower row of Figure 6.7 shows the relation between cold gas fraction and stellar mass
at z = 0 and z = 2. Both pressure-based models have larger cold gas fractions (~ 0.1 — 0.2
dex) at z = 2 than at z = 0. The pressure-based f; = 2.5 model predicts significantly
larger cold gas fractions than the pressure-based f; = 1 model at both redshifts. At z = 2,
the numerical simulations produce galaxies with much less cold gas than the pressure-based
models, but at z = 0 most of the galaxies are consistent with the pressure-based f; = 1
model. However, this picture is further complicated by the highly uncertain amount of
ionized gas in galaxies. In all 15 galaxies in the numerical simulations, the majority of the
gas mass is ionized, while the mass of ionized gas is comparable to the amount of neutral
gas in the pressure-based models which model the ionized gas as a sheet with a surface

density of Y77 = 0.4 My pc2.

Therefore, galaxies in the SAMs at a given stellar mass
typically have more cold gas than those in the numerical simulations. In the numerical
simulations, the low cold gas fractions are strongly dependent on the supernovae feedback
efficiency in photoionizing the surrounding cold gas. In the SAMs, this photoionizing effect
is not included in the supernovae feedback recipe.

Figure 6.8 is similar to Figure 6.7 except it shows the relation between the star formation
rate and metallicity with respect to stellar mass. The pressure-based f; = 1 and pressure-
based f; = 2.5 models produce similar relations between star formation rate and stellar
mass at z = 0, where the latter produces galaxies with slightly higher star formation rates
at a given stellar mass. The more extended gas distributions in the pressure-based f; = 2.5
model slow the rate of cosmic star formation and allow for more gas to be available to

form stars at later cosmic epochs. The galaxies in the numerical simulations lie on the

pressure-based f; = 2.5 SFR-M; relation, although they are consistent with both models.
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Figure 6.8 Similar to figure 6.7, except for the star formation rates (upper row) and metal-
licities (lower row) as a function of stellar mass. Left column - z = 0. Right column -
z = 2. Observations of local galaxies and star-forming galaxies at z = 2 are overplotted for
reference (Brinchmann et al. 2004; Tremonti et al. 2004; Whitaker et al. 2011; Erb et al.
2006d; Kulas et al. 2013; Maiolino et al. 2008).
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In general, all of our models produce galaxies with lower star formation rates at a given
stellar mass than local observations, but they are also not inconsistent with them. At z = 2,
the pressure-based models and numerical simulations produce similar SFR-M; relations,
which all underpredict the star formation rates of massive galaxies by ~ 0.5 dex. They also
predict a flattening and a shift downward of the SFR-M; relation with redshift, which are
consistent with observations.

All three models produce remarkably similar mass-metallicity relations at z = 0, yet they
are all steeper than the observed mass-metallicity relation and produce lower metallicities
at every stellar mass. This panel is particularly illuminating as the metallicities measured in
local galaxies are weighted by the star formation rate while the metallicities in both models
are the average cold gas metallicity. Weighting the metallicities by the star formation rate
(not shown) causes them to shift upward and be in better agreement with local observations.
For a more detailed discussion of this effect, see Berry et al. (2014b, in prep.). Both types of
simulations also exhibit substantially more scatter around the relation than is observed in
local galaxies. Since the numerical simulations do not include feedback from AGN or black
hole growth, the metallicities of the higher mass galaxies (log Mg ~ 10.5) are probably
higher than if this process was included. At z = 2, the pressure-based models produce
galaxy metallicities that are in good agreement with observations of star-forming galaxies
at a given stellar mass, especially the pressure-based f; = 2.5 model. The galaxies from
the numerical simulations have a shallower slope than the pressure-based models, causing
them to predict similar metallicities at low stellar masses and lower metallicities at high
stellar masses. The high stellar mass galaxies have metallicities that are lower than but not
inconsistent with observations. Both numerical simulations and the pressure-based models
predict a smaller shift upward in the mass-metallicity relation from z = 2 to 0 than is seen

in observations.

6.4 Discussion

Numerical simulations and semi-analytic models provide different but complementary means
of studying galaxy formation. As they are based on more fundamental physical processes

and make fewer underlying assumptions, numerical simulations allow for a more detailed
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understanding of the effect of various processes on the evolution of galaxy properties. Addi-
tionally, they allow us to track the evolution of individual galaxies across cosmic time and
directly observe how they change. In spite of this powerful technique, they are sufficiently
computationally expensive that we are only able to do this for a handful of galaxies. On the
other hand, semi-analytic models use simplified assumptions on the physical processes that
govern the evolution of galaxy properties. The large increase in computational efficiency
allows for a much larger number of galaxies to be modeled and the tracking of populations
of galaxies across cosmic time. Moreover, changing the details of these processes is simple
and computationally inexpensive. In the previous section, we presented the properties of
galaxies in the GASOLINE numerical simulations as well as the results of semi-analytic

models, focusing on the radial profiles. In this section, we compare these results

6.4.1 Galaxy Profiles

At z = 0, one insight is that bulges develop in all of the massive galaxies where both
the stellar bulge and disk components are remarkably well-fit by exponential profiles. In
less massive galaxies, the single exponential describing the disk component also fits well.
However at large radii in many galaxies, stellar disks either flatten or cut off. Cold gas
disks are moderately well-fit by an exponential profile: where they fail to fit central regions
and miss significant amounts of Hy. They also fail to fit the cut off in the Hi profiles at
radii that vary for each galaxy.
The predicted Hy surface density profiles from the pressure-based and metallicity-dependent

Hs formation recipes are a poor match to the numerical simulations, especially in the more
massive galaxies. This result is interesting as the metallicity-dependent Hy formation recipe
was derived from numerical simulations (Gnedin & Kravtsov 2011) which model Hy forma-
tion in a similar manner to this one. Moreover, the two Hy formation recipes utilized in
the SAMs predict similar Hy surface density profiles in spite of following different physics
for the formation of Hy. As feedback from supernova in the numerical simulations is more
concentrated and therefore more efficient, it is more effective at dissociating Hs. In lower
density regions as in the galactic disk, this feedback mechanism may inhibit further Ho

formation.
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Some galaxies exhibit a distinct end in their HI profiles while others have Hr disks that
slowly decrease in density. The semi-analytic models are a good fit to the interior regions
of the HI profiles, but have the Hi disks end at ¥ = 0.4My pc~2. In most of the galaxies,
the H1 disks predicted by fitting an exponential to the cold gas surface density profile are
larger than those in the numerical simulations. This result is in large part due to disks in
the numerical simulations droping off rapidly at a surface density higher than ¥ = 0.4Mg
pc2.

At z = 2, both stellar and cold gas radial profiles are more irregular and have significantly
more substructure, which is either due to clumps of gas and stars within the galaxy or
infalling material. This substructure is missed by the simple radial profiles employed by
the semi-analytic models, which can result in very unsatisfactory fits. The cold gas disks
fit with an exponential profile range from being decent to very poor fits to the observed Hi
profiles. Again, the Ho formation recipes of both models overpredict the Hy surface density
profiles, although they are a mediocre fit to a few of the more massive galaxies. Unlike at
z = 0, Hi disks are not flat at z = 2, but rather decrease constantly, suggesting that perhaps
the threshold for ionized gas changes as a function of redshift. Clearly, stellar and cold gas
disks are better described by a double exponential or an exponential profile at z = 0, than
z=2.

Another striking insight is the flatness of galaxies metallicity profiles. Numerous galaxies,
especially massive ones, exhibit a modest metallicity gradient at z = 0 while only a few show
substantial changes in metallicity with radius at z = 2. The least massive third of galaxies
show almost no change in metallicity with radius. Additionally, metallicity profiles are
much smoother at z = 0, where higher redshift galaxies show substantial variation in their
metallicity at any given radius.

From the larger Hy surface densities calculated following the recipe in the semi-analytic
models, we would naively expect them to predict a higher star formation rate surface density
profile than are observed for galaxies in the numerical simulations. Yet in almost all cases,
star formation rates are higher in the numerical simulations. This discrepancy is likely due
to star formation occurring relatively quickly in the numerical simulations, then feedback

from supernovae destroying their molecular birth clouds on short timescales. From z = 2 to
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0, the star formation rate profiles become much smoother as a function of radius and much
flatter. At higher redshifts star formation is clumpy and mostly confined to the central
regions. On the other hand at z = 0, the star formation rate profiles have become much
smoother and flatter. In the more massive galaxies, star formation splits into a relatively
quiescent star-forming disk and a starbursting bulge. This evolution from a star-forming
bulge to a disk is also seen in the change in slope of the star formation rate profiles predicted

by the exponential fits to the cold gas profiles.

6.4.2 Evolution of Galaxy Properties

An insight from the numerical simulations is that over the past 11 Gyr, the star formation
rate, cold gas fraction, and size and thickness of the disk vary substantially. Although
one would expect the change in cold gas fraction to be correlated with changes in the star
formation rate, this does not appear to be the case in our models. One possible reason
for this is that stars predominantly form in molecular gas while the majority of the cold
gas is in atomic form in these simulations, allowing galaxies’ cold gas fractions to change
substantially while having a relatively small effect on their star formation rates. We also
observed low cold gas fractions at z = 2 relative to what the semi-analytic models predict
and observations of high-mass star-forming galaxies (Tacconi et al. 2013). This may suggest
that galaxies in the numerical simulations have too little cold gas due to the high efficiency
with which supernovae inject energy into and photoionize the surrounding gas.

We also observe higher mass galaxies to increase in metallicity faster than low mass
ones, leading to a steepening of the mass-metallicity relation with redshift. At z = 2, both
numerical simulations and the semi-analytic models are in agreement with each other and
observations (Erb et al. 2006b; Maiolino et al. 2010; Kulas et al. 2013) while at z = 0 they
predict lower metallicities at almost all stellar masses where the lowest mass galaxies are
furthest from observations. Efficient supernovae feedback would have a stronger effect on low
mass galaxies as they have shallower potential wells and star formation occurs on longer
timescales. Moreover, both the semi-analytic models and numerical simulations produce
lower star formation rates in low mass galaxies than is observed locally. This suggests that

the cause of the reduced star formation efficiency in low mass galaxies is present in both
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numerical simulations and semi-analytic models. Possible reasons may include the efficiency
of supernovae feedback, the ability of cold gas to cool and form molecular gas, and the star
formation efficiency. The large variance in cold gas fraction in lower mass galaxies across
cosmic time further indicates that efficiency of supernova feedback slows the rate of star
formation.

High mass galaxies in the numerical simulations have stellar disks that do not change
significantly with stellar mass while they increase in stellar mass from z = 2 to 0, causing
them to be much more compact than those produced in the semi-analytic models and
observed both locally and at z = 2. This difference is mainly caused by an increase in
stellar surface density in the central regions due to them having massive bulges. Low mass
galaxies without bulge components instead move up the rg59-My relation from z = 2 to 0 in
better agreement with the semi-analytic models. As AGN feedback is not modeled in the
massive galaxies, accurately including this effect may reduce star formation in the bulge
and increase the stellar half-mass radius.

The relative size of the cold gas disks to stellar disks in low mass galaxies becomes
smaller with cosmic time while it remains constant in high mass galaxies. This causes the
Xg to go from decreasing with stellar mass at z = 2 to increasing with stellar mass at
z = 0. In contrast, while the cold gas disks of low mass galaxies become more compact
with time, high mass galaxies’ cold gas disks become much thinner where the most massive
50% have zg50/7g50 < 0.1. This is further supported by the decrease in vertical velocity
dispersion observed in high mass galaxies from z = 2 to 0. In spite of galaxies becoming
more compact with time, due to accretion of clumps or streams of infalling material, the
size of the cold gas disk can vary substantially at a given stellar mass or redshift for a given
galaxy. These variations in cold gas disk size are also observed in terms of the thickness of
the disk, indicating the infalling material does not necessarily flow in along the plane of the

disk and can subsequently puff it up.
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6.5 Conclusions

In this paper, we study the evolution of the radial profiles and average galaxy properties of
15 individual galaxies in numerical simulations from z = 2 to 0, which we then compare to
predictions from semi-analytic model and observations of galaxies. First focusing on the 15
galaxies, we fit double exponential profiles for a bulge and disk component to the cold gas
and stellar profiles of each galaxy. Then using a pressured-based and metallicity-dependent
cold gas partitioning, which are also used in the semi-analytic models, we calculate the Hi
and Hy profiles for each galaxy. Using the cold gas profiles from the numerical simulations,
we partition cold gas into HI and Hs and use the Hy-based star formation recipe in the
SAM to calculate the star formation rate profiles. These steps allow us to compare the
distribution of cold gas, the partitioning of cold gas into Ho and Hi, and the formation of
stars to assumptions in the semi-analytic models. Additionally, the numerical simulations
allow us to track the evolution of individual galaxies and study how their properties evolve.
We use this information to study the distribution of galaxy properties at a given redshift or
stellar mass and how those relations change with redshift and stellar mass.

Our main results are as follows:

e In most galaxies in the numerical simulations, stellar profiles are well fit by a double
exponential for a bulge and disk component, especially at z = 0. In some galaxies,
cold gas profiles are moderately well-fit by an exponential profile although these simple
profiles miss significant substructure seen in the numerical simulations. At z = 0, most
cold gas disks are very flat which end at a given HI gas density that varies with radius

and surface density.

e The metallicity-dependent and pressure-based Hy formation recipes produce similar
H, density profiles; however in massive galaxies, both predict substantially more Ho
than is predicted in numerical simulations. Using the Ho-based star formation recipe
in the semi-analytic models (K-S relation) and the amount of Hy in the numerical
simulations, we predict much lower star formation rates than are calculated in the
numerical simulations. This result may suggest that supernovae feedback is efficient

at dissociating Hs or that the avenue for star formation in the numerical simulations
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is more efficient than in the semi-analytic models.

Metallicity profiles are very flat at z = 2 in the numerical simulations where in most
galaxies, especially the more massive ones, the interior regions of the disk increase
substantially in metallicity with redshift due to the build up of stars. Additionally,
the numerical simulations predict much higher metallicities when they are weighted

by star formation as is the case in emission-line metallicity measurements.

As individual galaxies evolve from z = 3 to 0, their cold gas fractions decrease and
their metallicities increase where more massive galaxies’ metallicities increase faster.
Their stellar disks grow substantially in size while their cold gas disks become flatter
and low mass galaxies’ cold gas disks become smaller relative to their stellar disks.
This latter effect is due to the build-up of stars in the outer regions of the disk and

cold gas condensing and becoming more compact.

Galaxies in the numerical simulations and semi-analytic models at z = 0 generally lie
on the same rg-Mj relation, f,-Mj relation, [Z]—M,, and SFR-M; relation as observa-
tions of local galaxies. At z = 2, the numerical simulations and semi-analytic models
predict similar rs-Mg, SFR-Mj, and [Z]—M; relations while the numerical simulations
predict lower cold gas fractions. As a result, both types of models predict similar

stellar disk sizes and metallicities as observations, but lower star formation rates.
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Chapter 7

Conclusions

In this thesis, we studied the relations among the properties of star-forming galaxies, cold
neutral gas in and around them, and the process of star formation through an analysis of
both observations of star-forming galaxies and “observations” of model galaxies at z ~ 2—3.
We summarize our main results and present some open questions below.

First in Chapter 2, we analyzed spectra of star-forming galaxies at 2 < z < 3.5,
where we studied the relations among Ly« emission, intrinsic UV spectral slope, redshift,
outflow kinematics, low- and high-ionization absorption, and nebular emission for a sample
of galaxies spanning a similar luminosity range. Our goal was to understand the effect of star
formation and supernova feedback on galaxy-scale outflows in galaxies with different sets of
properties. By combining individual galaxy spectra based on different physical properties,
we created sets of composite spectra which we used to evaluate the dependence of outflow
properties on galaxies. We found a strong link between strong Ly« emission and weaker
low-ionization absorption lines, stronger nebular emission, and bluer rest-ultraviolet slopes
with a lack of correlation with high ionization line strength and total velocity offset. These
trends indicate that galaxies with stronger Lya emission have less dust, smaller covering
fractions of neutral gas, and less dust in their outflowing component, but are still ejecting
large amounts of ionized gas at high velocities. While many effects contribute to the amount
of Lya a galaxy emits, galaxies with strong Lya emission have generally been shown to be
younger, less massive, less evolved, and relatively highly star forming as compared to those
without. If our Lya-emitting galaxies are representative of typical LAEs, then these results
support the physical picture of them being galaxies undergoing one of their first starbursts.
Moreover, these starbursts are powerful enough to ionize significant amounts of neutral gas

and drive it from the galaxy.
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Through further study of star-forming galaxies, outflows of cold and ionized gas, and the
surrounding circum-galactic medium, we will be able to better understand the relationship
between galaxies and their environments. These relations include the rate and amount of
enrichment of the intergalactic medium, the ability of galactic winds to eject metals and cold
gas from galaxies, the detailed nature of supernova feedback, the cessation of star formation
due to feedback, and the geometry of the interstellar medium and outflowing components
in distant galaxies.

Next, we shifted our focus from observations to simulations about how the properties of
neutral gas surrounding distant galaxies evolve with cosmic time. In doing this, we use semi-
analytic models to observe model DLAs, thereby allowing us to study the relation between
cold neutral gas within and around galaxies and the host galaxies themselves. Semi-analytic
models are based on a cold dark matter framework for structure formation whereupon
physical processes govern the evolution of galaxies. Based on physically-motivated “recipes”
to model physical processes and track galaxy properties, semi-analytic models can provide
mock catalogs for very large numbers of galaxies, allowing us to study the effects of different
processes on a statistical number of galaxies. We presented the framework for these semi-
analytic models in Chapter 3.

Using these semi-analytic models, we generated sets of lightcones for each combination
of cold gas partitioning recipes and different gas distribution recipes. We tested a pressure-
based recipe and two metallicity-based recipes with a fixed and varying UV radiation field for
partitioning cold gas into atomic and molecular components. Then, we generate three sets
of models for the size of cold gas disks in galaxies with cold gas specific angular momentum
equal to that of the dark matter (“standard” gas disks), equal to 2.5 times that of the dark
matter (“extended” gas disks), and based on whether the central galaxy had undergone no
mergers, only a minor merger, or a major merger (“merger” models). In Chapter 4, we
observed model DLAs and compare them to the properties of observations of DLAs across
cosmic time. We found that “standard” gas disks failed to reproduce the observed column
density distribution, the line density of DLAs, the distribution of velocity widths (Awv)
as measured by low-ionization state metal systems, the cosmological neutral gas density

(Qr1), and the metallicity distribution at z < 3, regardless of the gas partitioning. On the
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other hand, our models with extended radial gas profiles with either a pressure-based gas
partitioning or metallicity-based recipe with a varying UV radiation field reproduced quite
well the column density distribution, line density of DLAs, Qr, and Av distribution at
z < 3. The success of the latter models over previous ones in reproducing the evolution of
neutral gas across time in addition to the properties of local galaxies suggests an improved
understanding of the physical processes that govern Hs formation and the size of cold gas
disks. However, all of the models underproduce the number of DLAs and HI gas density at
z > 3, suggesting that DLAs at high redshift arise from a different physical phenomenon,
such as outflows, clumps of cold gas, or filaments. If this is the case, the flatness in the
number of DLAs and HI gas density over the redshift interval 0 < z < 5 may be due to
a cosmic coincidence where the majority of DLAs at z > 3 arise from intergalactic gas
in filaments or streams while those at z < 3 arise predominantly in galactic discs. As
our models do not include contributions from clumps, filaments, or streams, including these
features might yield insight into the apparent rise in their relative contribution to the number
of DLAs and HI gas density at z > 3. Our favored models also reproduce the distribution of
DLA metallicities and their dependence on redshift and Awv, particularly when we include
the effects of metallicity gradients. However, subsequent work indicates that these are likely
not ubiquitous among high-redshift galaxies. The success of these results further suggests
an improved understanding of how molecular hydrogen forms in atomic gas, then turns into
stars, which enrich the surrounding interstellar medium.

An interesting direction for future work would be to investigate the contribution of
outflowing and infalling cold gas to the DLA cross section at high redshifts. The goal of
this study would be to determine whether a better description of cold gas around galaxies
at high redshift would reproduce the high number density of DLAs and Q7 in the universe
at z > 3 as well as the velocity width distribution. Including lower mass halos would also
allow us to probe the contribution of less massive galaxies to the number of DLAs and Qpyj.
Additionally, better modeling of how stars and metals are distributed in galaxy disks would
put constraints on the number and strength of metallicity gradients in distant galaxies. This
may also yield insight into the origin of very low metallicities observed in DLAs at z 2, 4.

Having studied the nature and evolution of cold gas in and around galaxies through
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observing model DLAs, we focus on characterizing the properties of galaxies that host DLAs
and how they relate to star-forming galaxies at z = 2. We use our catalog of DLAs selected
in the previous chapter, then select model star-forming galaxies through “observing” using
the same selection techniques as observational surveys. In Chapter 5, we showed that
galaxies that host DLAs have large cold gas masses, but otherwise exhibit a broad range of
galaxy properties. DLA host galaxies generally fall along common galaxy scaling relations
and exhibit similar colors and luminosities as similar mass galaxies, suggesting that they are
fairly similar to “typical” galaxies at the same redshift. As DLAs have a similar probability
of exhibiting a given set of galaxy properties, our models predict that more massive galaxies
are the most likely to host DLAs due to them being a relatively small fraction of the overall
number of galaxies. For the same reason, DLA host galaxies will have a relatively small
probability of being quite massive. As the majority of DLAs are relatively faint with low
star formation rates, we also predict that deep near-infrared imaging is the most promising
avenue for recovering the highest number of DLA host galaxies. Our extended gas disk
models also reproduce the observed sizes of DLAs and the relation between size, column
density, and metallicity, indicating that cold gas disks must be more extended at higher
redshifts. We also found that since DLAs preferentially arise in the outer regions of galaxies
there are substantial differences between the average Ho fraction, star formation rate, and
metallicity measured along the DLA line of sight and the average for the host galaxy. Finally,
almost all DLA host galaxies should be detected with JWST.

The large range in galaxy properties associated with DLA host galaxies, their low lumi-
nosities, and the difference between line of sight and average galaxy properties imply that
correctly identifying DLA host galaxies will continue to be quite challenging, even with
deeper near-infrared and/or optical imaging. With more powerful telescopes, detecting
DLA host galaxies will become easier which will also yield insight into the nature of their
properties and any selection effects imposed by galaxies being detected as DLAs. Through
observing both DLAs and their hosts, we will also be able to better understand the variation
in galaxy properties as a function of galactocentric radius as well as the distribution and
properties of cold gas at different radii.

Finally in Chapter 6, we studied 15 galaxies in high-resolution numerical simulations,
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which we compared to predictions from semi-analytic models with the objective of gaining
a better understanding of the distribution of cold gas in galaxies. We found that the
stellar and cold gas profiles are moderately well-fit by exponential profiles as modeled in
the SAMs, although much small scale structure is missed. The differences between the
pressure-based and metallicity-dependent cold gas partitioning recipes are relatively small,
although both predict significantly more molecular gas in the disk than are produced in
the numerical simulations. At z = 0, most cold gas disks are flat and truncate at a given
Hi gas density that varies for each galaxy. This result is qualitatively consistent with semi-
analytic models which truncate at the same HI gas density for all galaxies, although it
is quantitatively different. Using the cold gas radial profiles and the metallicity-dependent
cold gas partitioning, we apply the star formation recipe from the semi-analytic models (KS
relation) to the numerical simulations. This process predicts much less star formation than
is predicted by the numerical simulations, indicating that the latter is either more efficient
at forming stars or at disassociating Ho. Most galaxy metallicity profiles are flat at z = 2
where the interior regions of the disk enrich substantially with redshift. These profiles also
indicate that emission-line metallicities measured from HII regions in the central component
can be much higher than those measured in cold gas at large radii, especially in high mass
galaxies. As DLAs preferentially select the outskirts of galaxies, this effect may contribute
to the low metallicities observed in DLAs. As individual galaxies evolve from z = 3 to
0, their stellar disks grow by 2 2 in size, their cold gas disks become flatter, and low
mass galaxies’ cold gas disks become smaller relative to their stellar disks while massive
galaxies’ cold gas disks do not change significantly. Galaxies in the numerical simulations
and semi-analytic models at z = 0 generally lie on the same r,-M; relation, f;-M; relation,
and SFR-M; relation as observations of local galaxies. At z = 2, both types of simulations
predict similar rs-Mg, SFR-Mg, and [Z]—M; relations, where they predict similar stellar
disk sizes and metallicities as observations, but lower star formation rates. These trends
suggest that in spite of their simplifying assumptons, semi-analytic models are generally
capturing the dominant processes that govern galaxies’ average physical properties.

One significant improvement to the semi-analytic models would be to better characterize

the distribution of molecular clouds in galaxies. This process would add an element of
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stochasticity to the cold gas radial profiles, making them more realistic by providing smaller
scale density enhancements seen in the profiles of galaxies in the numerical simulations.
Another interesting avenue would be to better understand how the sizes of cold gas disks
evolve with redshift as well as what causes the truncation of HI disks. A further investigation
into the relation between Hs, Hi and star formation would help reconcile the differences
between the star formation recipes in the two simulations. This process will invariably affect
the mass-metallicity relation and the amount of cold gas present in galaxy disks, i.e., the
cold gas fraction. A better understanding of the location and process through which stars
form would also yield insight into the build up of metals and the strength of metallicity
gradients. Finally, a more in-depth look at how metallicities are measured from HII regions
and cold gas may give insight into the differences between metallicities observed along the

DLA line of sight and those measured for the host galaxy.
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