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Abstract of the Dissertation

Stellar Populations, Outflows, and

Morphologies of High-Redshift Galaxies

by

Katherine Anne Kornei

Doctor of Philosophy in Astronomy

University of California, Los Angeles, 2012

Professor Alice E. Shapley, Chair

Understanding the regulation and environment of star formation across cosmic

time is critical to tracing the build-up of mass in the Universe and the interplay

between the stars and gas that are the constituents of galaxies. Three studies

are presented in this thesis, each examining a di!erent aspect of star formation

at a specific epoch. The first study presents the results of a photometric and

spectroscopic survey of 321 Lyman break galaxies (LBGs) at z " 3 to investigate

systematically the relationship between Ly! emission and stellar populations.

Ly! equivalent widths (WLy!) were calculated from rest-frame UV spectroscopy

and optical/near-infrared/Spitzer photometry was used in population synthesis

modeling to derive the key properties of age, dust extinction, star formation rate

(SFR), and stellar mass. We directly compare the stellar populations of LBGs

with and without strong Ly! emission, where we designate the former group

(WLy! # 20 Å) as Ly!-emitters (LAEs) and the latter group (WLy! < 20 Å)

as non-LAEs. This controlled method of comparing objects from the same UV

luminosity distribution represents an improvement over previous studies in which

the stellar populations of LBGs and narrowband-selected LAEs were contrasted,
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where the latter were often intrinsically fainter in broadband filters by an order

of magnitude simply due to di!erent selection criteria. Using a variety of statis-

tical tests, we find that Ly! equivalent width and age, SFR, and dust extinction,

respectively, are significantly correlated in the sense that objects with strong

Ly! emission also tend to be older, lower in star formation rate, and less dusty

than objects with weak Ly! emission, or the line in absorption. We accordingly

conclude that, within the LBG sample, objects with strong Ly! emission repre-

sent a later stage of galaxy evolution in which supernovae-induced outflows have

reduced the dust covering fraction. We also examined the hypothesis that the

attenuation of Ly! photons is lower than that of the continuum, as proposed by

some, but found no evidence to support this picture.

The second study focuses specifically on galactic-scale outflowing winds in

72 star-forming galaxies at z " 1 in the Extended Groth Strip. Galaxies were

selected from the DEEP2 survey and follow-up LRIS spectroscopy was obtained

covering Si II, C IV, Fe II, Mg II, and Mg I lines in the rest-frame ultraviolet. Us-

ing GALEX, HST, and Spitzer imaging available for the Extended Groth Strip,

we examine galaxies on a per-object basis in order to better understand both

the prevalence of galactic outflows at z " 1 and the star-forming and structural

properties of objects experiencing outflows. Gas velocities, measured from the

centroids of Fe II interstellar absorption lines, are found to span the interval [–

217, +155] km s!1. We find that " 40% (10%) of the sample exhibits blueshifted

Fe II lines at the 1" (3") level. We also measure maximal outflow velocities

using the profiles of the Fe II and Mg II lines; we find that Mg II frequently

traces higher velocity gas than Fe II. Using quantitative morphological parame-

ters derived from the HST imaging, we find that mergers are not a prerequisite

for driving outflows. More face-on galaxies also show stronger winds than highly

inclined systems, consistent with the canonical picture of winds emanating per-
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pendicular to galactic disks. In light of clumpy galaxy morphologies, we develop

a new physically-motivated technique for estimating areas corresponding to star

formation. We use these area measurements in tandem with GALEX -derived

star-formation rates to calculate star-formation rate surface densities. At least

70% of the sample exceeds a star-formation rate surface density of 0.1 M" yr!1

kpc!2, the threshold necessary for driving an outflow in local starbursts. At the

same time, the outflow detection fraction of only 40% in Fe II absorption provides

further evidence for an outflow geometry that is not spherically symmetric. We

see a " 3" trend between outflow velocity and star-formation rate surface den-

sity, but no significant trend between outflow velocity and star-formation rate.

Higher resolution data are needed in order to test the scaling relations between

outflow velocity and both star-formation rate and star-formation rate surface

density predicted by theory.

Galactic winds are further explored in the third study of this thesis, where

we present a study at z " 1 of the prevalence and kinematics of ultraviolet emis-

sion lines from fine-structure Fe II# transitions and resonance Mg II transitions.

Utilizing a multiwavelength dataset of 212 star-forming galaxies, we investigate

how the strength and kinematics of Fe II# and Mg II emission lines vary as a

function of galaxy properties. We find that Fe II# emission is prevalent in the

sample; composite spectra assembled on the basis of a variety of galaxy proper-

ties all show Fe II# emission, particularly in the stronger 2396 and 2626 Å lines.

This prevalence of emission is in contrast to observations of local galaxies; the

lack of Fe II# emission in the small star-forming regions targeted by spectroscopic

observations at z " 0 may imply that Fe II# emission arises in more extended

galaxy halos. The strength of Fe II# emission is most strongly modulated by star-

formation rate, dust attenuation, and [O II] equivalent width, such that systems

with lower star-formation rates, lower dust levels, and larger [O II] equivalent
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widths show stronger Fe II# emission. Mg II emission, while not observed in

a spectral stack of all the data in our sample, is seen in " 30% of individual

objects. We find that objects showing Mg II emission have preferentially larger

[O II] equivalent widths, bluer U $ B colors, and lower stellar masses than the

sample as a whole. Active galactic nuclei are not likely responsible for the Mg II

emission in our sample, since we have excluded active galaxies from our dataset.

We also do not observe the Ne V emission line at 3425 Å characteristic of active

galaxies in our co-added spectra. We find that the kinematics of Fe II# emission

lines are consistent with the systemic velocity. This result does not necessarily

imply that these lines arise from star-forming regions, however, as an optically

thin galactic wind could show blueshifted and redshifted Fe II# emission lines cen-

tered around 0 km s!1. We note that Fe II# emission arising from extended gas is

consistent with the hypothesis that slit losses are responsible for the lack of Fe II#

emission in local samples. We propose that dust is primarily responsible for the

correlations between Fe II# strength and galaxy properties, as objects with lower

star-formation rates and larger [O II] equivalent widths also exhibit lower dust

attenuations, on average. The strong Mg II emission seen in systems with larger

[O II] equivalent widths, bluer U $ B colors, and lower stellar masses may also

be the result of low dust attenuation in these objects. Larger studies composed

of high signal-to-noise observations will be critical for testing the hypothesis that

dust is the primary modulator of fine-structure and resonance emission.
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CHAPTER 1

Introduction

The reservoirs of gas, dust, and stars within galaxies exist in constant interplay.

Cold gas is the fuel from which stars are formed, gas and dust are returned to the

interstellar medium when a star dies, and the energy injected from supernovae

and stellar winds heats and accelerates gas. Investigating the environment and

regulation of star formation over a broad range of redshifts – the aim of this

thesis – therefore requires an understanding of the complexities of maintaining

and replenishing a repository of cold gas subject to forces that act to disperse,

heat, and remove gas from the system. Tracing the environment and regulation of

star formation over billions of years is critical to investigating the cosmic history

of star formation in the Universe and the relationship between local star-forming

systems and high-redshift galaxies.

1.1 The H I Ly! line at z " 3

The H I Ly! line at 1216 Å is an observational signature of star formation. This

prominent resonance feature arises in star-forming regions from the recombination

of hydrogen ions and is a useful probe of high-redshift star formation due to its

intrinsic strength and its redshifted placement in the optical wavelength regime

where detector sensitivity is high. Many studies have focused on investigating how

Ly! line emission is correlated with galaxy stellar populations using two classes of
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galaxies selected with di!erent observational techniques. These two classes, Ly!-

emitters and Lyman break galaxies, have consequently emerged as archetypes

of star-forming systems. Ly!-emitters (LAEs) are isolated using narrowband

filters tuned to the wavelength of Ly!, where a Ly! rest-frame equivalent width

# 20 Å is typically required (Cowie & Hu, 1998; Rhoads et al., 2000; Gawiser

et al., 2006). As these systems are targeted solely based on line emission, LAEs

are often faint in broadband imaging. Population synthesis modeling, achievable

only for combined observations of multiple LAEs, reveals that LAEs are low-mass

systems with minimal dust attenuation (Gawiser et al., 2007). Some authors

have accordingly proposed that LAEs represent the beginning of an evolutionary

sequence in which galaxies increase in mass and dust content through successive

mergers and star formation episodes (Gawiser et al., 2007).

Lyman break galaxies (LBGs), on the other hand, are selected using color cuts

around the Lyman limit at 912 Å in the rest frame (e.g., Steidel et al., 1996a,

1999). With no explicit Ly! selection criteria, LBGs exhibit a diversity of Ly!

profiles: emission, absorption, emission superimposed on absorption, and no sig-

nature at all. LBGs are brighter than LAEs (R % 25.5 (Steidel et al., 2003) versus

R " 27 for LAEs (Gawiser et al., 2006), where R and R magnitudes are com-

parable). This luminosity di!erence between LBGs and LAEs makes it di"cult

to accurately compare the respective stellar populations of these systems, given

the potential biases of contrasting galaxies of significantly di!erent luminosity

classes. A preferable approach to understanding how stellar populations vary as

a function of Ly! strength is to make measurements of Ly! within a controlled

sample of objects at similar redshifts drawn from the same parent luminosity dis-

tribution. The intrinsic variation in Ly! profiles within a large sample of LBGs

ensures adequate statistics for measuring how stellar populations change with

Ly! strength, as discussed in this thesis.
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Recent work by Lai et al. (2008) suggests that LAEs detected in the 3.6

µm band of the Spitzer Infrared Array Camera (IRAC; Fazio et al., 2004) are

significantly older and more massive than IRAC-undetected LAEs. These authors

propose that IRAC-detected LAEs may therefore be a lower-mass extension of

the LBG population and that the dichotomy between LAEs and LBGs may not

be as large as previously thought.

As a resonance line, Ly!’s susceptibility to scattering can also be exploited

to probe the geometry of the interstellar medium in high-redshift galaxies where

resolved imaging of galaxy structure is di"cult. By observing the relative atten-

uation of Ly! and (non-resonance) continuum emission, one can infer the relative

distribution of ionized, neutral, and dust species in the interstellar medium based

on assumptions of how these populations interact with Ly! and continuum pho-

tons. If dust in the interstellar medium is confined to clouds surrounded by

largely ionized species (Neufeld, 1991; Hansen & Oh, 2006), Ly! photons will

scatter o! the surface of the clouds – never encountering the dust – and will

escape from the galaxy. Therefore, it is entirely possible that dusty galaxies can

exhibit strong Ly! emission when the conditions in the interstellar medium favor

the escape of these photons. If, on the other hand, the geometry of the inter-

stellar medium is such that ionized, neutral, and dust species are evenly mixed,

then the longer path lengths of the Ly! photons (due to resonant scattering) will

result in an increased probability that these photons will encounter a dust grain

and be absorbed. Studying the ratio of Ly! and continuum emission yields an

estimate of the Ly! “escape fraction” – the percent of Ly! photons produced

in a galaxy that scatter out of the system and are observed. Authors have ob-

served escape fractions on the order of several tens of percent (e.g., Blanc et al.,

2011), consistent with a well-mixed interstellar medium in which Ly! photons

are preferentially attenuated compared with continuum photons.
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In the first chapter of this thesis, I use a sample of 321 LBGs at z " 3 to in-

vestigate both the relationship between Ly! strength and stellar populations and

the Ly! escape fraction. I utilize an extensive data set of rest-frame ultraviolet

spectroscopy from LRIS on Keck I and accompanying optical and near-infrared

imaging. This chapter has been previously published in the Astrophysical Jour-

nal as Kornei et al. 2010 and is reproduced with permission of the American

Astronomical Society.

1.2 Galactic winds at z " 1

The global star-formation rate density of the Universe peaked around z " 2 and

has declined by nearly an order of magnitude over the intervening 10 billion years

to the present epoch (e.g., Lilly et al., 1996). This precipitous drop in the star-

formation rate density may be due to the heating, acceleration, and subsequent

depletion of gas reservoirs by galactic winds. These winds, arising from the

combined energy and radiation pressure of supernovae and massive stars, have

been observed in both local and high-redshift systems (e.g., Martin, 2005; Veilleux

et al., 2005; Rupke et al., 2005; Tremonti et al., 2007; Weiner et al., 2009; Steidel

et al., 2010; Coil et al., 2011). Galactic winds are a candidate to explain the steep

decrement in the star-formation rate density between z " 2 and today, although

other factors such as the lower rate of infalling gas onto local galaxies may also be

responsible for the trend in star-formation rate density. Winds are also a critical

component of galaxy evolution, as outows may contribute to the limiting of black

hole and spheroid growth (Ferrarese & Merritt, 2000; Robertson et al., 2006) and

the enrichment of the intergalactic medium (Oppenheimer & Davé, 2006).

One technique for studying galactic winds relies on observing foreground gas

absorbed against the light of a background host galaxy. By measuring the kine-
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matic o!sets of the foreground gas with respect to the systemic redshift of the

background galaxy, the velocity of gas flows can be estimated. Absorption lines

from a variety of neutral and ionized species are employed in studies of galactic

winds, including C IV, Fe II, Mg II, Mg I, Na I, and H I. Outflows with extremely

large velocities (> 1000 km s!1) have been seen in a sample of post-starburst

galaxies at z " 0.6 (Tremonti et al., 2007), although the majority of winds in

star-forming galaxies have velocities ranging from 20–300 km s!1 (Martin, 2005).

Substantial work has been devoted to understanding both the geometry of

the outflowing gas and the properties of the galaxies exhibiting galactic winds

(e.g., Heckman et al., 1990; Steidel et al., 1996b; Franx et al., 1997; Martin,

1999; Pettini et al., 2000, 2001; Shapley et al., 2003; Martin, 2005; Veilleux et al.,

2005; Rupke et al., 2005; Tremonti et al., 2007; Weiner et al., 2009; Steidel et al.,

2010; Coil et al., 2011). Based on imaging of local starburst galaxies, a biconical

outflow geometry has been suggested where outflow emerge perpendicular to the

galactic disks with opening angles of tens of degrees (Heckman et al., 1990). At

0.5 < z < 0.9, spectroscopy of foreground halo gas absorbed against the light of

background galaxies reveals stronger absorption at small azimuthal angles relative

to the foreground disk axis (Bordoloi et al., 2011); this result is consistent with the

biconical outflow structures imaged in local samples. However, at higher redshifts

(1.5 < z < 3.6), Law et al. (2012b) find that disk inclination and outflow velocity

are not correlated, suggesting that outflows are only weakly collimated.

Determining the stellar and morphological properties of galaxies hosting galac-

tic winds is critical to understanding the physical origin of gas flows. Star forma-

tion is the primary driver of galactic winds if the population of Active Galactic

Nuclei (AGN) are neglected. The radiation pressure of young, hot stars and the

kinetic energy and thermal pressure of supernovae are thought to work in tan-
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dem to loft gas above, and potentially away from, the galaxy disk (e.g., Murray

et al., 2011). Given the stellar origin of galactic winds, it is unsurprising that a

correlation exists between the outflow velocity of gas and the star-formation rate

of the host galaxy (Martin, 2005). However, this relationship between outflow

velocity and star-formation rate is evident only over a large dynamic range in

star-formation rate (0.1–1000 M" yr!1). The correlation flattens in the interval

10-100 M" yr!1, precisely the observed range of star-formation rates at z # 1

(Steidel et al., 2010). Therefore, recovering the trend between outflow velocity

and star-formation rate in high-redshift samples is di"cult except in the rare

case of studies probing both quiescent dwarf galaxies and ultra-luminous infrared

galaxies.

Other authors have suggested that a correlation between outflow velocity and

star-formation rate surface density may be more fundamental than the relation

between outflow velocity and star-formation rate. An episode of star formation

occurring over a small area will produce energy concentrated enough to loft a

column of gas while an equal level of star formation spread over a larger area

does not produce the requisite concentration of energy to drive a gas flow (Murray

et al., 2011). Accurate measurements of star-formation rate surface densities in

high-redshift galaxies are di"cult due to the need for spatially-resolved imaging.

The second chapter of this thesis presents a study of outflowing galactic winds

at z " 1. Using ultraviolet Fe II and Mg II resonance absorption lines as probes of

gas flows, we study the properties and prevalence of galactic winds as a function

of host galaxy characteristics. We employ an extensive dataset of GALEX, Hubble

Space Telescope, and Spitzer imaging to estimate dust-corrected star-formation

rates, star-formation rate surface densities, galaxy areas, and disk inclinations.

These data make it possible to isolate the most important factors modulating
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outflows. We can also investigate the geometry of outflows using the spatially-

resolved Hubble Space Telescope imaging. By measuring outflow velocity from

both Fe II and Mg II lines, we can furthermore study how these two species

probe similar (or di!erent) properties of galactic winds. This chapter has been

submitted to the Astrophysical Journal for publication as Kornei et al. 2012 and

is reproduced with permission of the American Astronomical Society.

1.3 Emission-line probes of galactic winds

While studies of galactic winds commonly rely on absorption lines that unam-

biguously probe gas between Earth and a more distant light source, emission lines

can arise from either foreground or background gas due to scattering. Observa-

tions of emission lines in systems hosting galactic winds accordingly comprise

rich datasets complementing absorption-line investigations. Understanding the

extent of circumgalactic gas and the morphology and kinematics of galactic winds

is achievable with datasets of emission-line observations. A variety of emission

lines are employed in wind studies, including resonance transitions (e.g., H I Ly!,

Mg II 2796 Å) and fine-structure transitions arising from the decay of resonance

transitions to excited ground states (i.e., Si II# 1265,1309,1533 Å, Fe II# 2626

Å). While spectroscopy of high-redshift star-forming galaxies frequently exhibits

fine-structure emission (e.g., Giavalisco et al., 2011; Rubin et al., 2011; Coil et al.,

2011; Kornei et al., 2012; Martin et al., 2012), local star-forming galaxies are strik-

ingly bereft of fine-structure lines (Leitherer et al., 2011). Several authors have

suggested that slit losses are responsible for the lack of fine-structure emission in

nearby samples, where spectroscopic slits probe scales of parsecs as opposed to

encompassing galactic halos where the emission may be arising (Giavalisco et al.,

2011).
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Determining the kinematics of emission lines requires detailed spectroscopic

information. Rubin et al. (2011) investigated fine-structure Fe II# emission in

a starburst galaxy at z " 0.7 and concluded that the emission was redward or

within 30 km s!1 of the systemic velocity. On the other hand, Coil et al. (2011)

reported that these same transitions are consistently blueshifted in a sample of

post-starburst and AGN host galaxies at 0.2 < z < 0.8. Prochaska et al. (2011)

present models of galactic winds in which Fe II# emission is seen from both the

backside (i.e., receding) and frontside (i.e., approaching) of the wind; these au-

thors accordingly predict that Fe II# emission can appear at roughly the systemic

velocity while still tracing gas flows.

Understanding how the prevalence, kinematics, and spatial extent of emis-

sion lines vary with galaxy properties necessitates an extensive multiwavelength

dataset. Erb et al. (2012, in preparation) examined 96 star-forming galaxies

at 1 ! z ! 2 and found that stacks of composite spectra showed variations in

fine-structure Fe II# emission strength. Specifically, low-mass objects exhibited

stronger Fe II# emission than high-mass objects, and objects with strong reso-

nance Mg II emission in the 2796, 2803 Å doublet also showed stronger Fe II#

emission than objects lacking Mg II emission.

The third chapter of this thesis investigates fine-structure Fe II# emission and

resonance Mg II emission in a sample of star-forming galaxies at z " 1. We utilize

a large spectroscopic dataset of rest-frame ultraviolet observations from LRIS on

Keck I, in addition to multiwavelength imaging from which properties such as

stellar mass, color, dust attenuation, star-formation rate, and star-formation rate

surface density are measured. We aim to understand the origin of fine-structure

and resonance emission lines associated with galaxies hosting galactic winds. This

chapter is being prepared as a submission to the Astrophysical Journal and will
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appear as Kornei et al. 2012.

1.4 Adopted Conventions

We assume a standard $CDM cosmology throughout with H 0 = 70 km s!1

Mpc!1, %M = 0.3, and %! = 0.7.
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CHAPTER 2

The Relationship between Stellar Populations

and Ly! Emission in Lyman Break Galaxies

An increasing number of high-redshift galaxies have been found in the last two

decades using selection techniques reliant on either color cuts around the Lyman

limit at 912 Å in the rest frame (e.g., Steidel et al., 1996a, 1999) or strong Ly!

line emission (e.g., Cowie & Hu, 1998; Rhoads et al., 2000; Gawiser et al., 2006).

These two methods, which preferentially select Lyman break galaxies (LBGs) and

Ly!-emitters (LAEs), respectively, have successfully isolated galaxies at redshifts

up to z = 7 (Iye et al., 2006; Bouwens et al., 2008). Extensive data sets of LBGs

and LAEs have a!orded detailed studies of galactic clustering (e.g., Adelberger

et al., 1998; Giavalisco & Dickinson, 2001), the universal star formation history

(e.g., Madau et al., 1996; Steidel et al., 1999), and the galaxy luminosity function

(e.g., Reddy et al., 2008; McLure et al., 2009). While the nature of LBGs and

LAEs has been studied at a range of redshifts (e.g., Shapley et al., 2001; Gawiser

et al., 2006; Verma et al., 2007; Pentericci et al., 2007; Nilsson et al., 2009b; Ouchi

et al., 2008; Finkelstein et al., 2009), the epoch around z " 3 is particularly well-

suited to investigation of these objects’ detailed physical properties.

At this redshift, the prominent HI Ly! line (#rest = 1216 Å), present in all LAE

spectra and a significant fraction of LBG spectra, is shifted into the optical, where

current imaging and spectroscopic instrumentation is optimized. Consequently,
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there are large existing data sets of spectroscopically-confirmed z " 3 LBGs

(e.g., Steidel et al., 2003) and LAEs (e.g., Lai et al., 2008), where extensive

multiwavelength surveys often complement the former and, less frequently, the

latter.

The mechanism responsible for LAEs’ large Ly! equivalent widths is not fully

understood, although several physical pictures have been proposed (e.g., Dayal

et al., 2009; Kobayashi et al., 2010). As Ly! emission is easily quenched by dust,

one explanation for LAEs is that they are young, chemically pristine galaxies

experiencing their initial bursts of star formation (e.g., Hu & McMahon, 1996;

Nilsson et al., 2007). Conversely, LAEs have also been proposed to be older,

more evolved galaxies with interstellar media in which dust is segregated to lie in

clumps of neutral hydrogen surrounded by a tenuous, ionized dust-free medium

(Neufeld, 1991; Hansen & Oh, 2006; Finkelstein et al., 2009). In this picture, Ly!

photons are resonantly scattered near the surface of these dusty clouds and rarely

encounter dust grains. Continuum photons, on the other hand, readily penetrate

through the dusty clouds and are accordingly scattered or absorbed. This scenario

preferentially attenuates continuum photons and enables resonant Ly! photons

to escape relatively unimpeded, producing a larger Ly! equivalent width than

expected given the underlying stellar population. To date, the distribution of

dust in the interstellar medium has only been investigated using relatively small

samples (e.g., Verhamme et al., 2008; Atek et al., 2009; Finkelstein et al., 2009).

Given the di!erent selection techniques used to isolate LBGs and LAEs, un-

derstanding the relationship between the stellar populations of these objects has

been an important goal of extragalactic research. Recent work by Gawiser et al.

(2006) has suggested that LAEs are less massive and less dusty than LBGs,

prompting these authors to propose that LAEs may represent the beginning of
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an evolutionary sequence in which galaxies increase in mass and dust content

through successive mergers and star formation episodes (Gawiser et al., 2007).

The high specific star formation rate – defined as star formation rate (SFR) per

unit mass – of LAEs (" 7 & 10!9 yr!1; Lai et al., 2008) relative to LBGs (" 3

& 10!9 yr!1; Shapley et al., 2001) illustrates that LAEs are building up stellar

mass at a rate exceeding that of continuum-selected galaxies at z " 3. This rapid

growth in mass is consistent with the idea that LAEs represent the beginning of

an evolutionary sequence of galaxy formation. However, results from Finkelstein

et al. (2009) cast doubt on this simple picture of LAEs as primordial objects,

given that these authors find a range of dust extinctions (A1200 = 0.30–4.50) in

a sample of 14 LAEs at z " 4.5. Nilsson et al. (2009b) also find that z " 2.25

LAEs occupy a wide swath of color space, additional evidence that not all LAEs

are young, dust-free objects. Furthermore, the assertion that LAEs are pristine

galaxies undergoing their first burst of star formation is called into question by

the results of Lai et al. (2008). These authors present a sample of 70 z " 3.1

LAEs, " 30% of which are detected in the 3.6 µm band of the Spitzer Infrared

Array Camera (IRAC; Fazio et al., 2004). These IRAC-detected LAEs are sig-

nificantly older and more massive ('t"( " 1.6 Gyr, 'M( " 9 & 109) than the

IRAC-undetected sample ('t"( " 200 Myr, 'M( " 3 & 108 M"); Lai et al. (2008)

suggest that the IRAC-detected LAEs may therefore be a lower-mass extension

of the LBG population. Narrowband-selected LAEs are clearly marked by het-

erogeneity, and the relationship between these objects and LBGs continues to

motivate new studies.

When comparing the stellar populations of LBGs and LAEs, it is important to

take into account the selection biases that result from isolating these objects with

broadband color cuts and line flux/equivalent width requirements, respectively.

By virtue of selection techniques that rely on broadband fluxes and colors, LBGs
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generally have brighter continua than LAEs. Spectroscopic samples of LBGs

typically have an apparent magnitude limit of R % 25.5 (0.4L# at z " 3; Steidel

et al., 2003) while LAEs have a median apparent magnitude of R " 27 (Gawiser

et al., 2006), where R and R magnitudes are comparable. Even though the ma-

jority of LBGs studied to date are an order of magnitude more luminous in the

continuum than typical LAEs, both populations have similar rest-frame UV col-

ors (Gronwall et al., 2007). Therefore, LAEs fainter than R = 25.5 are excluded

from LBG spectroscopic surveys not because of their colors, but rather because

of their continuum faintness. Given the significant discrepancy in absolute mag-

nitude between LBGs and LAEs, understanding the relationship between these

objects can be fraught with bias. An preferable approach to comparing these

populations is to investigate how the strength of Ly! emission is correlated with

galaxy parameters, for a controlled sample of objects at similar redshifts drawn

from the same parent UV luminosity distribution.

Several authors have looked at the question of the origin of Ly! emission

in UV flux-limited samples (e.g., Shapley et al., 2001; Erb et al., 2006a; Reddy

et al., 2008; Pentericci et al., 2007; Verma et al., 2007). Shapley et al. (2001)

analyzed 74 LBGs at z " 3 and constructed rest-frame UV composite spectra

from two samples of “young” (t" % 35 Myr) and “old” (t" # 1 Gyr) galaxies,

respectively. These authors found that younger objects exhibited weaker Ly!

emission than older galaxies; Shapley et al. (2001) attributed the di!erence in

emission strength to younger LBGs being significantly dustier than their more

evolved counterparts. On the other hand, Erb et al. (2006a) examined a sample

of 87 star-forming galaxies at z " 2 and found that objects with lower stellar mass

had stronger Ly! emission features, on average, than more massive objects. In

a sample of 139 UV-selected galaxies at z " 2–3, Reddy et al. (2008) isolated 14

objects with Ly! equivalent widths # 20 Å and noted no significant di!erence in
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the stellar populations of strong Ly!-emitters relative to the rest of the sample.

Pentericci et al. (2007) examined 47 LBGs at z " 4 and found that younger

galaxies generally showed Ly! in emission while Ly! in absorption was associated

with older galaxies (in contrast to the Shapley et al. (2003) results). Probing

even earlier epochs, Verma et al. (2007) examined a sample of 21 LBGs at z "

5 and found no correlation between Ly! equivalent width and age, stellar mass,

or SFR. These authors noted, however, that only 6/21 of the brightest LBGs

had corresponding spectroscopy from which equivalent widths were estimated.

Therefore, the lack of a correlation between Ly! equivalent width and stellar

populations may, in this case, have been masked by a small sample that was

biased towards the brightest objects. These aforementioned investigations have

shown that there does not yet exist a clear picture relating stellar populations to

Ly! emission.

Here, we present a precise, systematic investigation of the relationship between

Ly! emission and stellar populations using our large photometric and spectro-

scopic data set of z " 3 observations. As an improvement over previous studies,

we approach the data analysis from multiple aspects: we compare not only the

stellar population parameters derived from population synthesis modeling, but

also examine the objects’ best-fit SEDs and photometry. Furthermore, all analysis

is conducted on objects drawn from the same parent sample of continuum-bright

(R % 25.5) LBGs. By controlling for continuum magnitude, we avoid the biases

of comparing objects with significantly di!erent luminosities while still retaining

the ability to comment on the nature of strong Ly!-emitting galaxies within the

LBG sample. Our conclusions are applicable to both LBGs and bright (R %

25.5) narrowband-selected LAEs. While we are unable to make inferences about

the population of faint LAEs, our study is complete with respect to bright LAEs

given these objects’ similar colors to LBGs in the rest-frame UV.
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We are motivated by the following questions: how do the stellar populations

of Ly!-emitting LBGs di!er from those of other LBGs at z " 3 where the Ly!

emission line is weaker (or absent altogether)? To what degree are galactic pa-

rameters such as dust extinction, SFR, age, and stellar mass correlated with Ly!

line strength? What do the relative escape fractions of Ly! and continuum pho-

tons reveal about the distributions of gas and dust in these objects’ interstellar

media?

In §2.1, we present details of the observations and data reduction, including a

description of the systematic technique used to calculate Ly! equivalent widths.

Stellar population modeling is discussed in §2.2. The properties of objects with

and without strong Ly! emission are presented in §2.3 and we discuss how our

data can be used to address several of the outstanding questions pertaining to

the physical nature of LBGs and LAEs in §2.4. A summary and our conclusions

appear in §2.5.

2.1 Observations and Data Reduction

2.1.1 Imaging and Spectroscopy

The data presented here are drawn from the LBG surveys of Steidel and collabora-

tors, with approximately half of the observations described in Steidel et al. (2003,

2004) and half from subsequent programs by the same authors. These surveys

employed photometric preselection in the UnGR passbands in a variety of fields

(Reddy et al., 2008) to target galaxies in the redshift interval z " 2–3. Follow-up

optical spectroscopy of a subset of these galaxies, paired with supplemental near

and mid-infrared photometry, has yielded an extensive data set upon which mul-

tiple studies have been based (e.g., Shapley et al., 2003; Adelberger et al., 2005a;
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Shapley et al., 2005; Erb et al., 2006c; Reddy et al., 2008).

Here, we introduce a spectroscopic and photometric sample of z " 3 LBGs.

These data were photometrically preselected with the following standard LBG

UnGR flux and color cuts:

R % 25.5, G $R % 1.2, Un $ G # G $R + 1 (2.1)

where the Un, G, and R passbands sample #rest " 900, 1200, and 1700 Å at z

" 3, respectively. Object detection, color cuts, and photometry are discussed in

Steidel et al. (2003). Multi-object optical spectroscopy was obtained using the

Low Resolution Imaging Spectrometer (L RIS; Oke et al., 1995) on the Keck I 10m

telescope. The majority of the data (93%) were taken with the blue arm of LRIS

(LRIS-B; McCarthy et al., 1998; Steidel et al., 2004), and the remainder of the

data were obtained with LRIS prior to its blue arm upgrade in September 2000.

The LRIS-B data were collected using 300, 400, and 600 line mm!1 grisms, which

resulted in spectral resolutions of #/&# = 1000, 1200, and 2000, respectively. The

400 (600) line mm!1 grism was used for 55% (39%) of the observations, and the

remaining " 6% of the LRIS-B spectra were obtained with the 300 line mm!1

grism. LRIS-B rest-frame wavelength coverage extended from " 900–1500 Å

and a typical integration time was 3 & 1800 s. The data were reduced (flat-

fielded, cosmic ray rejected, background subtracted, extracted, wavelength and

flux calibrated, and transformed to the vacuum wavelength frame) using IRAF

scripts. Details of the data collection and reduction of both the preselection and

spectroscopic samples are presented in Steidel et al. (2003).

Approximately 3% of the spectroscopically-confirmed z " 3 LBGs were classi-

fied as either active galactic nuclei (AGN) or quasi-stellar objects (QSOs) on the

basis of broad lines and high-ionization emission features, respectively (Reddy

et al., 2008). These objects were excluded from the spectroscopic sample, as
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were galaxies at redshifts z % 2.7. The final sample, spanning 13 photometric

preselection fields totaling 1700 arcmin2, includes 321 objects with an average

redshift of 'z( = 2.99 ± 0.19 (Table 2.1.1, Figure 2.1). We note that this sample

is distinct from previous studies of z " 3 LBGs (e.g., Shapley et al., 2001, 2003)

in that the majority of these objects have corresponding near- and mid-infrared

photometry.

Near-infrared photometry in the J (#c = 1.25 µm) and Ks (#c = 2.15 µm)

bands was obtained for a subset of the sample (8/13 fields) using the Wide Field

Infrared Camera (Wilson et al., 2003) on the Palomar 5m telescope. 102/321

objects (32%) were detected in Ks imaging and an additional 69 objects fell on

the Ks images and were not detected. We assigned Ks upper limits corresponding

to 3" image depths (Ks " 22.2 (Vega); Erb et al., 2006c) to these 69 galaxies. J

band photometry was also obtained for 57/102 objects (56%) detected in the Ks

sample. Details of the data collection and reduction of the near-infrared sample

are presented in Shapley et al. (2005) and Erb et al. (2006c).

Mid-infrared imaging was obtained for 5/13 fields with IRAC on Spitzer. Ob-

servations at 3.6, 4.5, 5.8, and 8.0 µm were obtained for the GOODS-N (Dickinson

et al., 2003; Giavalisco et al., 2004; Reddy et al., 2006a), Q1700 (Shapley et al.,

2005), and Q1549, Q1623, and Q2343 (Erb et al. in preparation) fields, where 3"

IRAC detection limits ranged from 25.1–24.8 (AB). The mid-infrared data were

reduced according to procedures described in Shapley et al. (2005). 112/321 ob-

jects (35%) have detections in at least one IRAC passband, and 34/321 objects

(11%) have both Ks and IRAC detections.
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Table 2.1. Spectroscopic Survey Fields

Field Name !a $b Field Size NLBG
c

(J2000.0) (J2000.0) (arcmin2)

Q0100" 01 03 11 13 16 18 42.9 22

Q0142 01 45 17 –09 45 09 40.1 20

Q0449 04 52 14 –16 40 12 32.1 13

Q1009" 10 11 54 29 41 34 38.3 30

Q1217 12 19 31 49 40 50 35.3 13

GOODS-Nd"† 12 36 51 62 13 14 155.3 54

Q1307 13 07 45 29 12 51 258.7 8

Q1549"† 15 51 52 19 11 03 37.3 48

Q1623"† 16 25 45 26 47 23 290.0 24

Q1700"† 17 01 01 06 11 58 235.3 39

Q2206" 22 08 53 –19 44 10 40.5 23

Q2343"† 23 46 05 12 49 12 212.8 26

Q2346 23 48 23 00 27 15 280.3 1

TOTAL ... ... 1698.9 321

aRight ascension in hours, minutes, and seconds.

bDeclination in degrees, arcminutes, and arcseconds.
cNumber of spectroscopically-confirmed LBGs with red-

shifts z # 2.7, excluding QSOs and AGN.

dThis field is also referred to as “HDF”.

"Denotes a field with near-infrared imaging.

†Denotes a field with mid-infrared Spitzer IRAC imag-

ing. 18



Figure 2.1 Redshift distribution of the sample, where 'z( = 2.99 ± 0.19.

2.1.2 Galaxy Systemic Redshifts

In order to prepare the spectra for subsequent measurement and analysis, we

transformed each spectrum into the stellar systemic frame where the galaxy’s

center of mass was at rest. To do so, we employed the procedure of Adelberger

et al. (2003) to infer the galaxy’s systemic redshift from measurements of its red-

shifts of both Ly! in emission and interstellar lines in absorption. For the spectra

that clearly exhibited a double-peaked Ly! emission feature (12/321 objects), we

adopted the convention of setting the Ly! emission redshift equal to the average

redshift of the two emission peaks. This technique of inferring a zero-velocity

center-of-mass redshift, as opposed to measuring it directly, was necessary due

to the fact that stellar lines arising from OB stars (assumed to be at rest with

respect to the galaxy) are too weak to measure in individual spectra at z " 3.

Furthermore, a systemic redshift could not be measured from prominent LBG

spectral signposts (e.g., Ly! or interstellar absorption lines) as these features
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trace outflowing gas which is o!set from the galaxy’s center-of-mass frame by

several hundred km s!1 (Shapley et al., 2003).

2.1.3 Ly! Equivalent Width

HI Ly!, typically the strongest feature in LBG spectra, is characterized by its

equivalent width, W Ly!, where we use a negative equivalent width to correspond

to the feature in absorption. We present here a systematic method for estimat-

ing W Ly!, taking into account the various Ly! spectroscopic morphologies that

were observed in the sample. In particular, this method employs a more robust

technique than used previously to determine the wavelength extent over which

the Ly! feature should be integrated to extract a line flux.

We first binned the 321 systemic-frame spectra into one of four categories

based on the morphology of Ly!: “emission”, “absorption”, “combination”, and

“noise”. The spectra in the “emission” bin were clearly dominated by a Ly! emis-

sion feature, and a small subset of this sample exhibited two peaks in emission.

The spectra in the “absorption” bin were dominated by a trough around Ly!,

typically extending for tens of angstroms bluewards of line center. The spectra

deemed to be “combination” contained a Ly! emission feature superimposed on a

larger Ly! absorption trough and the “noise” spectra were generally featureless

around Ly!, save for a possible absorption signature whose secure identifica-

tion was hindered by low signal-to-noise. Four example spectra, characterized as

falling into each of these four bins, are shown in Figure 2.2.

Each spectrum, regardless of its category classification, was fit with two av-

erage continuum levels, one bluewards (1120–1180 Å; cblue) and one redwards

(1225–1255 Å; cred) of Ly!; these wavelength ranges were chosen to avoid the

prominent Si III and Si II absorption features at 1206 and 1260 Å, respectively.
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We worked with both the spectra and the adopted continua in f# units (erg s!1

cm!2 Å!1). Below, we briefly describe the procedure for calculating W Ly! for

each of the four morphological classification bins.

Emission: 189/321 objects (59%): The wavelength of the maximum flux value

between 1213–1221 Å was calculated, as well as the wavelengths on either side of

the maximum where the flux level intersected cred and cblue, respectively. These

latter two wavelengths were adopted as the extremes of the emission feature. In

a limited number of cases (12/188 objects), double-peaked spectra were individ-

ually examined to ensure that this methodology counted both peaks as contained

within the Ly! feature. The IRAF routine SPLOT was next used to calculate the

enclosed flux between the two wavelength bounds. The enclosed flux was then

divided by the level of cred to yield a measurement of W Ly! in Å. The level of

cblue was not used in the calculation of W Ly! due to its substantial diminution

by the intergalactic medium (IGM).

Absorption: 50/321 objects (16%): The boundaries of the Ly! absorption

feature were calculated in the same manner as those of the “emission” spectra

described above, with the exception that the flux value between 1213 and 1221 Å

was isolated as a minimum and the “absorption” spectra were initially smoothed

with a boxcar function of width six pixels (" 2.5 Å) in order to minimize the

possibility of noise spikes a!ecting the derived wavelength boundaries of the Ly!

feature. These smoothed spectra were only used to define the extent of the Ly!

line; the original unsmoothed spectra were used for the flux integration in IRAF

and the enclosed flux was divided by cred to yield W Ly!.

Combination: 31/321 objects (10%): Objects in the “combination” bin were

characterized by a Ly! emission feature superposed on a larger absorption trough.

The boundaries of the Ly! feature were computed by beginning at the base of the
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Figure 2.2 The Ly! feature varies widely in its morphology. Four spectra are

plotted to show representative examples of objects classified in the “emission,”

“combination,” “absorption,” and “noise” bins, respectively. In order to system-

atically calculate Ly! equivalent width, we adopted red- and blue-side continua

(horizontal lines from 1120–1180 Å and from 1225–1255 Å, respectively) and in-

ferred the extent of the Ly! feature (thick line below each spectrum) using the

methodology described in §2.1.3. Note that in the case of the “absorption” spec-

trum shown here, the extent of the Ly! feature appears to extend redwards of

the adopted red-side continuum – this di!erence arises because the plotted spec-

trum is unsmoothed while a smoothed spectrum was employed to calculate the

wavelength bounds of the Ly! feature.
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Ly! emission peak and moving toward larger fluxes until the smoothed spectrum

(see above) intersected cred and cblue, respectively (the same technique used for

the “absorption” spectra). Flux integration and division by cred were furthermore

identical to those objects discussed above.

Noise: 51/321 objects (16%): For these spectra dominated by noise, we

adopted set values for the endpoints of the Ly! feature based on the average

boundary values of the absorption and combination spectra – 1199.9 and 1228.8

Å. (The boundaries of the “emission” spectra were not included in this calcula-

tion, as the spectral morphologies of the “emission” galaxies di!ered greatly from

those of the “noise” galaxies). As above, the integrated flux was divided by the

level of cred to yield W Ly!.

Rest frame equivalent widths ranged from $40 Å ! W Ly! ! 160 Å, although

one object (HDF–C41) had an equivalent width of " 740 Å; we attributed this

outlier to a continuum level in the spectrum comparable with zero and omitted

this object from further analysis. The median equivalent width of the sample

was " 4 Å (Figure 2.3), consistent with values reported by Shapley et al. (2001,

2003) for z " 3 LBGs.

2.1.4 Composite Spectra

A composite spectrum o!ers the distinct advantage of higher signal-to-noise over

individual observations. We accordingly constructed several composite spectra

from our sample, using, in each case, the same basic steps discussed below.

The one-dimensional, flux-calibrated, rest-frame input spectra of interest were

stacked (mean-combined) using the IRAF scombine routine. Each input spectrum

was scaled to a common mode over the wavelength range 1250–1380 Å and a

small number of positive and negative outliers (< 10% of the data) were rejected
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Figure 2.3 The distribution of Ly! rest-frame equivalent widths, where objects

with W Ly! # 20 Å (dashed line) were classified as LAEs. The median equivalent

width of the sample is " 4 Å, and an outlier at " 740 Å (attributed to an

uncertain continuum level) is not shown for visual clarity.
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at each pixel position to prevent poor sky-subtraction or cosmic ray residuals

from a!ecting the composite spectrum. The final composite spectrum was then

rebinned to a dispersion of 1 Å pixel!1. A composite spectrum1 of the entire

sample is shown in Figure 2.4, where several photospheric and low- and high-

ionization interstellar features are visible in addition to Ly!.

2.2 Stellar Population Modeling

As the majority of the spectroscopic sample had extensive accompanying pho-

tometric wavelength coverage, we conducted population synthesis modeling to

derive the key properties of age, extinction, star formation rate, and stellar mass.

We required at least one photometric measurement redwards of the Balmer break

(#rest = 3646 Å) for robust population synthesis modeling. 248/320 objects satis-

fied this criterion of photometry in at least one near-infrared or IRAC passband,

including 69 objects with Ks upper limits (and no IRAC data). We modeled

galaxies using Bruzual & Charlot (2003a) SEDs (assuming a Salpeter (1955)

initial mass function (IMF) over the mass range 0.1–125 M") and the Calzetti

(2000) extinction law derived from local starbursts, where dust extinction, pa-

rameterized by E(B–V), was estimated from the latter. While the Calzetti et al.

(2000) law appears valid on average for z " 3 LBGs, we discuss in §2.3.2 some

caveats associated with adopting this law; we also present in that same section

a brief discussion of our adoption of the Bruzual & Charlot (2003a) population

synthesis models. We furthermore assumed a constant star formation history and

1This composite spectrum is meant to represent only the average of the objects in our sample,
not the average of the entire z " 3 LBG population. There are a variety of observational biases
that a!ect that relative proportions of Ly!-emitters and Ly!-absorbers selected: large Ly!

emission lines contaminating the G band result in redder Un – G colors, scattering objects
into the color section window (Equation 2.1), while Ly! absorption limits the dynamic range
in continuum magnitude over which objects are selected. We refer the reader to Steidel et al.
(2003) for a detailed discussion of these biases.
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solar metallicity. Recent work has suggested that the Salpeter (1955) IMF has

too steep a slope below 1 M" and consequently overpredicts the mass-to-light

ratio and stellar mass by a factor " 2 (Bell et al., 2003; Renzini, 2006). We

accordingly converted stellar masses and SFRs to the Chabrier (2003) IMF by

dividing the model output values by 1.8. The modeling procedure is described in

detail in Shapley et al. (2001); we briefly present a summary below.

Firstly, for the subset of the sample where Ly! fell in the G bandpass (2.48

! z ! 3.38; 238/248 objects), we corrected the G band photometry to account

for the discrepancy between the equivalent widths of the sample ($40 Å ! W Ly!

! 160 Å) and those of the Bruzual & Charlot (2003a) model SEDs (W Ly! "

$10 Å). According to the formula in Papovich et al. (2001), we applied a correc-

tion in the cases where the incremental change in G magnitude, &G, was larger

than the uncertainty on the original photometric measurement. This procedure

a!ected 51/238 objects (21%), for which '&G(median = 0.15 magnitudes. We did

not correct for possible contamination in the Ks band from nebular line emission

([OIII] ##5007,4959, H% #4861), although we tested that our reported correla-

tions (§2.3) were still robust when all objects at z # 2.974 (such that [OIII] #5007,

the strongest of these nebular lines, is shifted into the Ks band) were excluded

from the analysis.

Next, for each galaxy modeled, a grid of SEDs was attenuated by dust and

shifted to match the redshift of the galaxy. These redshifted SEDs were fur-

ther attenuated by IGM absorption (Madau, 1995) and were multiplied by the

G,R, J, Ks, and four IRAC channel filter transmission curves to extract model

colors. A model Un$G color was not calculated, as many of the objects had only

upper limits in Un due to the significant flux diminution in that passband from

both galactic and intergalactic HI absorption. These predicted colors were then
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Figure 2.4 Composite rest-frame spectrum assembled from one-dimensional, flux-

calibrated spectra (§2.1.4). Ly! appears in strong emission and Ly% is prominent

at 1026 Å. Photospheric features (e.g., CIII #1176) and both low- (e.g., SiII

##1190,1193, SiII #1260, OI+SiII #1303, CII #1334, and SiII #1527) and high-

(e.g., SiIV ##1393,1402 and CIV #1549) ionization absorption lines are visible in

this high signal-to-noise composite.
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compared with the observed colors by means of the &2 statistic and a best-fit

E(B–V) and age (t") were extracted based on the lowest value of &2. We also

applied the constraint that t" had to be less than the age of the Universe at the

redshift of each object. A best-fit dust-corrected SFR was inferred from the nor-

malization of a galaxy forming stars at a rate of 1 M" yr!1. Stellar mass, mstar,

was defined as the integral of the SFR and the age of the galaxy. We did not

correct stellar masses for interstellar medium (ISM) recycling, whereby a mass

fraction of stellar material is returned to the ISM via winds and supernovae (Cole

et al., 2000). Given that we are concerned with the relative stellar populations

of objects modeled in an identical fashion, the constant mass factor introduced

by assuming ISM recycling is unimportant.

Best-fit SFR, stellar mass, E(B–V), and age values were extracted for the 179

galaxies without photometric upper limits. The additional 69 galaxies undetected

in Ks imaging were modeled by adopting 3" upper limits in R – Ks color as

photometric data points. We tested that an upper limit in R $ Ks color was

a robust proxy for an upper limit in both age and stellar mass by perturbing

the R$ Ks colors in several increments, both redwards and blue wards, and re-

modeling the perturbed SEDs (holding all other colors constant). The expected

trend that a redder galaxy would be best fit with an older age and a larger stellar

mass was borne out for the entire sample. We additionally found that E(B–V)

and SFR were generally insensitive to perturbations in R$Ks color. Therefore,

given a galaxy with an upper limit in R – Ks color, its model age and stellar

mass were adopted as upper limits and its model E(B–V) and SFR were assumed

to be best-fit values.

Considering the entire sample of 248 objects, we found median best-fit SFR,

stellar mass, E(B–V), and age values of 37 M" yr!1, 7.2 & 109 M", 0.170, and 320
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Myr, respectively. When objects with Ks upper limits (and corresponding upper

limits in stellar age and mass) were removed from the analysis, the medians were

51 M" yr!1, 8.3 & 109 M", 0.180, and 320 Myr, respectively. A dust attenuation

described by E(B–V) = 0.170 corresponds to AV " 0.7 magnitudes, using the

Calzetti et al. (2000) starburst attenuation law with R$
V = 4.05. Histograms of

the best-fit values are shown in Figure 2.5.

For each galaxy, confidence intervals of the best-fit stellar parameters were

estimated with Monte Carlo simulations. First, each object’s photometry was

perturbed by an amount drawn from a Gaussian distribution described by the

photometric error. Then, the galaxy was remodeled with these new “observed”

colors, and this process was repeated 1000 times. These simulations resulted in

estimates of the distributions of best-fit stellar parameters allowed by the uncer-

tainties in the photometry. In some instances, these confidence intervals were

not centered on the best-fit stellar population parameters derived from fitting

the photometry. In all cases, we proceeded to adopt the best-fit values as repre-

sentative of each galaxy’s properties, and we furthermore assumed that the error

on each parameter was described by the standard deviation of that parameter’s

confidence interval. We used the quantity "x/'x( to express the ratio of the stan-

dard deviation of each parameter’s confidence interval, "x, to the mean of that

parameter’s confidence interval, 'x(. On average, using 3" rejection to suppress

the e!ect of outliers, we found that the median values of "x/'x( for each of the

four best-fit stellar population parameters (E(B–V), age, SFR, and stellar mass)

were " 0.4, 1.0, 0.8, and 0.6, respectively.
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2.3 Stellar Populations & Ly! Line Strength

With Ly! equivalent widths and best-fit stellar population parameters in hand,

we now turn to examining the relationship between Ly! emission and stellar

populations in LBGs. The aim of this analysis is to investigate the physical

nature of z " 3 LBGs by studying how objects with and without strong Ly!

emission di!er in the fundamental parameters of age, stellar mass, extinction,

and star formation rate. Our full complement of data are used in this analysis,

including rest-frame UV spectroscopy, broadband photometry, and best-fit stellar

population parameters and SEDs. We also make comparisons between our LBG

data and narrowband-selected LAEs from Nilsson et al. (2007) and Gawiser et al.

(2007), although we caution that the relationship between LBGs and narrowband-

selected LAEs is a field of extragalactic research unto itself; we refer the reader

to §2.4.1 for a summary of the salient points of this topic.

2.3.1 Statistical Tests

We employed several statistical methods central to our investigation, including

survival analysis techniques that were capable of analyzing data with limits (“cen-

sored data”). It was important to include limits in the statistical analysis as a

non-negligible fraction of the sample (28%) was undetected in Ks imaging. We

used ASURV (“Astronomy SURV ival Analysis”) Rev 1.2 (Isobe & Feigelson,

1990; Lavalley et al., 1992), which implements the methods presented in Feigel-

son & Nelson (1985) and Isobe et al. (1986). The bivariate correlation tests

Kendall ' and Spearman ( were utilized, where, for each test, the degree of cor-

relation is expressed in two variables: 'K (rSR) and PK (PSR). The first variable

represents the test statistic and the second variable represents the probability

of a null hypothesis (i.e., the probability that the data are uncorrelated). We
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Figure 2.5 Histograms of best-fit stellar population parameters, with median

values indicated. Ks-undetected galaxies were omitted when making the age

and stellar mass distributions, as these parameters represent upper limits in the

presence of a Ks non-detection. Dust attenuations span the range E(B–V) =

0.0–0.6, where the median extinction level corresponds to A1600 (AV ) " 1.7 (0.7)

magnitudes. While LBGs are fit with a variety of ages, note the large number of

objects in the youngest age bin, t" < 100 Myr. The SFRs of LBGs fall between

those of quiescent, Milky Way-type galaxies (SFR " 4 M" yr!1; e.g., Diehl et al.,

2006) and vigorously star-forming submillimeter galaxies (SFR " 1000 M" yr!1;

e.g., Chapman et al., 2005). Stellar masses range from " 109 to 1011 M", where

the highest mass object, 6 & 1011 M", is extremely red (R – Ks = 4.48).
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also used routines from Numerical Recipes (Press et al., 1992), specifically the

Kolmogorov-Smirnov (K–S) test between two data sets (kstwo), the Spearman’s

rank correlation (spear), and the Kendall’s ' correlation (kendl1). The K–S

test produces two outputs: D and P , where the former is the test statistic and

the latter is the probability that the two samples are drawn from the same un-

derlying population. spear and kendl1 are duplicates of the Spearman ( and

Kendall ' tests available in ASURV; we employed the ASURV routines when it

was necessary to include data with limits.

2.3.2 Equivalent Width Versus Stellar Parameters

Firstly, we investigated the correlation between Ly! equivalent width and extinc-

tion, age, star formation rate, and stellar mass, respectively, using the Spearman

( and Kendall ' bivariate correlation tests. For this analysis, we used the entire

sample with population modeling, including galaxies with upper limits in the Ks

passband (248 objects). We note that while the correlations shown in Figure 2.6

are not without scatter, we have employed a variety of quantitative statistical

analyses that have yielded a consistent picture of how stellar populations are

correlated with Ly! emission in z " 3 LBGs. Below, we introduce these results.

E(B–V), age, and SFR all exhibited very strong correlations with W Ly! (PSR

% 0.0002 in each case)2, whereas stellar mass was uncorrelated (PSR = 0.8630).

These results did not change when the 69 galaxies with Ks upper limits (and

corresponding upper limits in mass and age) were excluded from the analysis

(Table 2.3.2). In order to test the robustness of these results while taking into

account the uncertainty on the best-fit parameters, we used the bootstrapping

method. We created 100 bootstrap samples by randomly extracting one line from

2We note, however, that SFR and E(B–V) are not independent; the probability that these
two parameters are uncorrelated is PSR = 0.0000.
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each object’s 1000-entry confidence interval of stellar parameters (generated by

perturbing the initial photometry according to its errors and then re-modeling the

galaxy; §2.2) and then re-ran the Spearman ( test on each of these 100 artificial

samples. A null hypothesis was consistently ruled out at between the 3 and 5"

levels for the SFR and E(B–V) bootstrap samples and at the 3" level for the age

sample. In the case of the stellar mass sample, where the null hypothesis was ruled

out at only the 1" level, the data do not support a correlation between W Ly! and

stellar mass. These bootstrap samples show that even when accounting for the

uncertainty in best-fit parameters, a strong correlation exists between equivalent

width and age, E(B–V), and SFR, respectively, such that objects with strong

Ly! emission tend to be older, less dusty, and lower in star formation rate (more

quiescent) than objects with weak or no Ly! emission.

As an independent test of the above results, we next used the rest-frame

UV spectra to investigate how the morphology of the Ly! feature was, qualita-

tively, correlated with best-fit stellar population parameters. For this analysis,

we limited our study to objects satisfying two criteria: 1) population synthesis

modeling had been completed and 2) Ks photometry consisted of detections, not

upper limits3. Together, these criteria isolated 179 objects. For each stellar pop-

ulation parameter, we divided the objects into three groups (“tertiles”) based on

their best-fit value. A composite rest-frame UV spectrum was then constructed

from each tertile according to the methodology presented in §2.1.4, for a total of

12 composite spectra (3 tertiles & 4 parameters; Figure 2.7). A strong correlation

of equivalent width with age, E(B–V), and SFR was observed, such that stronger

Ly! emission was more prevalent in older, less dusty, and more quiescent galax-

ies. At the same time, the strength of low-ionization interstellar absorption lines

3Objects with Ks upper limits were excluded due to their corresponding upper limits in
best-fit ages and masses; such limits led to uncertainty as to the age and mass bin in which
these objects should be grouped.
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Table 2.2. Correlation Coe"cients

Parameter Parameter Kendall ' Spearman (

'K
a(PK)b rSR

a(PSR)b

Entire Sample (248 objects)

W Ly! E(B–V) 6.585 (0.0000) –0.413 (0.0000)

..... Age 3.655 (0.0003) 0.238 (0.0002)

..... SFR 6.515 (0.0000) –0.410 (0.0000)

..... Stellar Mass 0.358 (0.7205) 0.011 (0.8630)

Omitting Ks non-detections (179 objects)

W Ly! E(B–V) 5.163 (0.0000) –0.385 (0.0000)

..... Age 4.122 (0.0000) 0.319 (0.0000)

..... SFR 5.299 (0.0000) –0.394 (0.0000)

..... Stellar Mass 0.917 (0.3592) 0.068 (0.3641)

aTest statistic.
bProbability of a null hypothesis (i.e., the probability that

a correlation is not present).
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Figure 2.6 Plots indicating the correlation between W Ly! and each of the four

best-fit stellar population parameters. Upper limits in age and mass are indicated

by downward-facing arrows and the vertical dashed line in each panel delineates

W Ly! = 20 Å, the adopted lower bound in Ly! equivalent width for LAEs. The

probability of a null hypothesis (i.e., no correlation) from the Spearman ( test is

shown in each plot. Note the significant correlation between equivalent width and

E(B–V), age, and SFR, respectively, in the sense that galaxies with strong Ly!

emission also tend to be less dusty, older, and more quiescently forming stars.

W Ly! and stellar mass are not significantly correlated, as evidenced by the high

probability of the null hypothesis.
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decreased with increasing Ly! emission strength (Shapley et al., 2003). We note

that these trends were still present when the spectra were median-combined to

make to the composites (as opposed to mean-combined).

Next, we reversed the independent and dependent variables from the previous

investigation and, this time, divided the sample into tertiles according to Ly!

equivalent width. The mean equivalent widths of each tertile were –15.5, 2.8,

and 33.1 Å, respectively. We then calculated the average stellar parameters of

each tertile, in addition to the error on the mean (Figure 2.8). Consistent with

the results of the bivariate correlation tests and the composite spectra divided

by stellar population parameters discussed above, we found that as the average

equivalent width varied from -15.5 Å to 33.1 Å, 't"( increased from 440 Myr to 850

Myr, 'E(B–V)( decreased from 0.24 to 0.14, and 'SFR( decreased from 300 M"

yr!1 to 70 M" yr!1. A weak positive correlation between best-fit stellar mass

and equivalent width was observed, although, given the errors on the average

masses, we chose to adopt the stance that stellar mass was generally insensitive

to changes in equivalent width.

From the three aforementioned investigations, a consistent picture has emerged:

strong Ly! emission is associated with galaxies that are older, less dusty, and

more quiescent than their counterparts with weaker Ly! emission or the line in

absorption. We note that the trend of increasing Ly! strength with decreasing

E(B–V) is a well-known result (e.g., Shapley et al., 2003; Reddy et al., 2006b;

Pentericci et al., 2007). Deharveng et al. (2008), however, found no apparent cor-

relation between Ly! equivalent width and UV color in a sample of 96 LAEs at

z " 0.3, although we caution that the transformation from UV color to E(B–V)

is sensitive to the geometry of the emitting stars and absorbing dust and may

therefore not be constant for a heterogeneous population such as LAEs (e.g.,
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Figure 2.7 Composite spectra assembled from objects ordered by E(B–V), age,

SFR, and stellar mass, respectively, where objects with Ks upper limits were

omitted. The medium and dark gray spectra are o!set by +0.2 and +0.4 µJy,

respectively, from the light gray spectrum and the median value in each tertile

is printed next to its composite. Notice how strong Ly! emission is associated

with older, less dusty, and more quiescent galaxies. There does not appear to be

a significant correlation between Ly! emission strength and best-fit stellar mass.
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Witt & Gordon, 2000; Granato et al., 2000). The relationship between age and

W Ly! observed in our data – older objects exhibiting stronger Ly! emission than

younger objects – is in agreement with the results of Shapley et al. (2003). The

inverse correlation between dust-corrected SFR and W Ly! that we observe has

been noted by several authors as well (e.g., Ando et al., 2004; Reddy et al., 2006b;

Tapken et al., 2007), although Nilsson et al. (2007) report a " 2" direct corre-

lation between SFR and W Ly! in a sample of 24 LAEs at z " 3.15. In contrast

with the results presented here, however, Erb et al. (2006a) reported a correlation

between stellar mass and Ly! strength in a sample of 87 star-forming galaxies at

z " 2. These authors found that composite spectra constructed from the 30 least

massive galaxies ('M( = 5 & 109 M") and the 28 most massive galaxies ('M( =

7 & 1010 M") in their sample di!ered widely in nebular line strength, with the

former sample exhibiting a pronounced Ly! emission feature and the latter sam-

ple showing a smaller Ly! feature superimposed on a larger absorption trough.

Erb et al. (2006a) attributed these results to the lower velocity dispersion of the

interstellar medium in the less massive galaxies, where, following the arguments

of Mas-Hesse et al. (2003), velocity dispersion and Ly! escape fraction are anti-

correlated. We therefore conclude here that the observed correlations we find

between W Ly! and E(B–V), SFR, and age are supported by the work of others,

whereas the lack of correlation between stellar mass and W Ly! may either be a

tenable result (and evidence of LBG evolution during the 1.1 Gyr intervening z

= 2 and z = 3) or otherwise an indication that further studies of the relationship

between W Ly! and stellar mass at z " 3 are necessary.

The correlations discussed above were derived assuming the Calzetti et al.

(2000) dust attenuation law. While this relation has routinely been applied to

samples of high-redshift galaxies (e.g., Erb et al., 2006c; Gawiser et al., 2006;

Gronwall et al., 2007), recent work by Reddy et al. (2006b), based on Spitzer
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Figure 2.8 Best-fit stellar population parameters versus rest-frame Ly! equivalent

width. Omitting galaxies with Ks upper limits, the remaining 179 objects with

stellar population modeling were ordered by equivalent width and divided into

three groups. The average stellar population parameters of each group were

extracted, along with the error on the mean ("/
)

n, where n was the number of

objects in each group). With increasing Ly! strength, galaxies are, on average,

older, less dusty, and more quiescent. A weak trend of increasing stellar mass

with increasing Ly! strength is observed, although this is likely not a significant

correlation.
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MIPS observations, has suggested that dust extinction in young (t" % 100 Myr),

UV-selected galaxies at z " 2 is often overestimated by modeling a given rest-

frame UV color with the Calzetti et al. (2000) attenuation law. At z " 3, there

have been no corresponding statistical studies, but Siana et al. (2008, 2009) have

presented preliminary evidence for a similar trend based on two strongly lensed

objects. On the other hand, for a single unlensed LBG at z " 2.8, Chapman

& Casey (2009) find good agreement between the dust extinction inferred from

the Calzetti et al. (2000) law and that estimated from the ratio of SCUBA 850

µm and rest-frame UV fluxes. Based on their findings, Reddy et al. (2006b)

and Siana et al. (2008) accordingly proposed that a steeper, SMC-like extinction

relation (e.g., Prévot et al., 1984) may be more appropriate for young objects.

With these results in mind, we assessed the uncertainties inherent in the choice

of attenuation law. Limiting our analysis to the 179 objects without Ks upper

limits, we re-modeled the 70 galaxies with t" % 100 Myr with a SMC-like extinc-

tion law (and retained the original fits assuming the Calzetti et al. (2000) law

for the remaining 109 objects). In this mixed sample with some objects modeled

with a SMC-like law and others modeled with the Calzetti et al. (2000) relation,

we found no significant correlations between W Ly! and stellar populations. We

also investigated the e!ect of re-modeling all 179 galaxies, regardless of age, with

a SMC-like attenuation law. In this case, we observed correlations between W Ly!

and E(B–V) and between W Ly! and SFR. Given the uncertainties in adopting

the SMC law for part or all of our sample, another approach consists of restricting

our analysis to objects for which the validity of the Calzetti et al. (2000) law has

not been questioned. When we omitted objects younger than t" = 100 Myr from

our original analysis assuming the Calzetti et al. (2000) dust attenuation law, the

trends between W Ly! and E(B–V), age, and SFR, respectively, were still present

(but only at a 2" level of significance).
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Given the lack of systematic studies of the dust attenuation law in z " 3

objects, and the uncertainty regarding the age at which a galaxy may transition

from being fit with a SMC-like law to the Calzetti et al. (2000) law, we choose

to present all analysis on results derived from assuming the Calzetti et al. (2000)

attenuation law. We acknowledge that the choice of an extinction law is a system-

atic uncertainty in our analysis, yet the persistence of trends between Ly! and

stellar populations in the sample limited to objects with t" # 100 Myr supports

the analysis with the Calzetti law applied to the full sample.

We now turn to discussing our adoption of the Bruzual & Charlot (2003a)

population synthesis models. While other models more fully take into account

the Thermally-Pulsing Asymptotic Giant Branch (TP-AGB) stellar phase (e.g.,

Maraston, 2005), a study of young star-forming “BzK” galaxies at z " 2 by

Daddi et al. (2007) found that the Maraston (2005) and Bruzual & Charlot

(2003a) models yielded consistent M/L ratios; the LBGs in our sample are as

least as dominated by the young stellar component as the Daddi et al. (2007)

BzK objects. Furthermore, a significant fraction (" 40%) of our sample does not

have IRAC coverage, and therefore our SED fitting only includes photometry out

to the rest-frame V band (observed Ks band) where the e!ects of TP-AGB stars

on the derived parameters are less pronounced. Additionally, and perhaps most

importantly, we are concerned with trends in the data (rather than specific stellar

population values). It is these trends that are preserved regard less of model

choice; Lai et al. (2008) find that even though the Maraston (2005) models yield

lower stellar masses and younger ages than Bruzual & Charlot (2003a) models

for two samples of objects, the distinction between the two samples is significant

irrespective of which population synthesis model is adopted. Finally, we note

that our population synthesis results are supported by empirical color di!erences

(§2.3.4). In this sense, the choice of synthesis code is rendered less important –
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there are clearly intrinsic di!erences between objects.

In the next section, we divide the LBGs into two groups according to Ly!

strength and compare the stellar populations of these subgroups in order to more

generally comment on the di!erences between objects with and without strong

Ly! emission.

2.3.3 The Distinct Properties of Strong Ly! Emitters in the LBG

Sample

From the perspective of examining Ly! emission, the simplest division of our

data is according to Ly! equivalent width. We turn here to comparing the prop-

erties of objects with strong (WLy! # 20 Å) Ly! emission and with weak Ly!

emission, or the line in absorption (WLy! < 20 Å). Given our large sample size,

these two groups each have su"cient membership to ensure robust statistics even

when we restrict our analysis to only those objects with both stellar population

modeling and no Ks upper limits (34 and 145 objects, respectively). We call

these two groups LAEs and non-LAEs, respectively, where we di!erentiate these

objects from LAEs isolated with narrowband filters by explicitly referring to the

latter as narrowband-selected objects. The motivation for choosing 20 Å as the

delineating equivalent width stems from the adoption of this value as a typical

limit in narrowband LAE studies (e.g., Gawiser et al., 2007; Nilsson et al., 2009b;

Pentericci et al., 2009). In order to investigate how stellar populations vary be-

tween LAEs and non-LAEs, we examined the age, E(B–V), stellar mass, and

SFR distributions of both samples (Figure 2.9). We discuss below the striking

di!erences between the properties of UV continuum-bright LAEs and non-LAEs.

There is a remarkable dissimilarity between the age histograms of LAEs and

non-LAEs: LAEs are generally fit with older best-fit ages than non-LAEs: LAEs
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have a median age more than four times that of the non-LAEs (763 Myr versus

181 Myr). LAEs furthermore lack the conspicuous overdensity of young objects

(t" < 100 Myr) that characterizes the non-LAE sample. The disparity in ages

between LAEs and non-LAEs is reflected in the K–S test probability of " 2%

that the two age samples are drawn from the same underlying population.

The distributions of dust attenuations for the LAE and non-LAE samples

di!er significantly, with a median E(B–V) of 0.13 for the LAEs and 0.20 for

the non-LAEs. While both populations have roughly the same distribution of

E(B–V) values below 0.30, the non-LAE distribution is characterized by a tail of

high extinction values. No LAEs have E(B–V) > 0.40, whereas 12/145 (8%) of

non-LAEs do. The K–S test probability that the LAE and non-LAE extinction

distributions derive from the same parent population is " 2%.

The star formation rates of LAEs and non-LAEs are markedly di!erent, as the

LAEs have a median rate of 25 M" yr!1 and the non-LAEs are characterized by

a median rate of 59 M" yr!1. The relative quiescence of strong Ly!-emitters is in

contrast to the high SFR tail observed in non-LAEs, where star formation rates

in excess of 500 M" yr!1 are recorded for 22 objects4. There is a " 1% probability

of these LAE and non-LAE star formation rate distributions are drawn from the

same underlying population.

Unlike age, E(B–V), and SFR, the stellar mass distributions of LAEs and

non-LAEs are not strongly dissimilar. The median value of the LAEs (1.1 & 1010

M") is only 40% larger than that of the non-LAEs (7.9 & 109 M") and a K–S

test predicts that the two distributions have a " 27% chance of being drawn from

the same parent distribution.

415/22 of these objects, however, are younger than 10 Myr. While these objects have
unphysically young ages (given that the dynamical timescale of LBGs is # 10 Myr; Giavalisco
et al., 1996; Pettini et al., 1998, 2001), re-modeling these galaxies with the constraint that t!

# 10 Myr still results in best-fit star formation rates of several hundred M! yr"1.
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Figure 2.9 Histograms of best-fit dust attenuations, ages, star formation rates,

and stellar masses for the 34 LAEs (blue line) and 145 non-LAEs (red line),

non-inclusive of objects with Ks upper limits. The ordinate is the fractional

percentage of the sample and the median value of each sample is indicated. The

LAE sample is characterized by lower dust attenuation levels than the non-LAE

sample; all objects with E(B-V) # 0.40 are non-LAEs. The median age (763 Myr)

of LAEs is significantly older than that of the non-LAEs (181 Myr). Furthermore,

the LAEs lack the conspicuous overdensity of objects in the youngest (t" < 100

Myr) age bin that characterizes the non-LAE distribution. While the fraction

of LAEs and non-LAEs with star formation rates between " 80–120 M" yr!1 is

roughly the same, LAEs show a larger fraction of objects with small SFRs and

non-LAEs exhibit a tail of high star formation rate objects. LAEs are marginally

more massive than non-LAEs, on average, although the distributions are similar.
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Table 2.3. Average Photometry

Sample ('z() 'R( (") 'G(a(") 'GIGM corr.( (") 'Ks(b

LAEs (2.99) 24.31 (0.02) 24.85 (0.03) 24.67 (0.03) 21.24

non-LAEs (2.97) 24.34 (0.01) 24.99 (0.01) 24.81 (0.01) 21.36

#Galaxies with Ks upper limits were omitted from this analysis, as were

objects lacking stellar population modeling.
aG magnitudes have been corrected to account for contributions from

Ly!.

bPhotometry calculated from best-fit SED, for objects lacking Ks imag-

ing.

#

We have shown that three of the best-fit stellar population parameters – age,

E(B–V), and SFR – have markedly di!erent distributions in the LAE and non-

LAE samples. LAEs are typically older, less dusty, and less vigorously forming

stars than non-LAEs. We tested the robustness of these results by constructing

bootstrap samples from the confidence intervals of best-fit stellar parameters

(§2.3.2). The mean and the error on the mean ("/
)

n, where n is the sample

size) were calculated for each best-fit stellar population parameter in the LAE

and non-LAE samples. This process was repeated for 100 bootstrap samples.

For E(B–V), age, and SFR, we found that the means of the LAE and non-LAE

samples were consistently o!set by at least their errors. In terms of stellar mass,

the LAEs samples had consistently larger values; we note, however, that the
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masses of the LAE and non-LAE samples were comparable within their errors.

These results, in agreement with the histograms discussed above, support the

observed correlation that galaxies with strong Ly! emission tend to be older, less

dusty, and more quiescent than objects with weak Ly! emission, or the line in

absorption.

2.3.4 Spectral Energy Distributions

In order to place the results of the previous section on a more empirical footing,

we transition here from focusing on stellar parameters and instead examine more

broadly the relative colors of objects with and without strong Ly! emission. We

also contrast our data with SEDs of narrowband-selected LAEs from Gawiser

et al. (2007) and Nilsson et al. (2007) with the aim of investigating the color

di!erences, if any, between objects isolated with color cuts and narrowband fil-

ters. Our analysis is focused on the 179 objects in the LBG sample satisfying

the criteria of population synthesis modeling and no Ks upper limits. This em-

pirical approach is complementary to the stellar population modeling discussed

previously, and is furthermore a non-parametric probe of the di!erences between

objects with and without strong Ly! emission. Such a study is necessary given

the well-known degeneracies among physical properties (e.g., dust extinction and

age) derived from stellar population modeling (Shapley et al., 2003).

We find stark di!erences between the colors of LAEs and non-LAEs (Ta-

ble 2.3.3), where all G magnitudes have been corrected for the contribution

of Ly! (§2.2). Strong Ly!-emitters have bluer G – R colors than non-LAEs

('G$R(LAE = 0.54; 'G$R(non!LAE = 0.65) and this trend is consistent when a

correction for IGM absorption (Madau, 1995) is applied to the objects’ G mag-

nitudes ('GIGM corr. $ R(LAE = 0.36; 'GIGM corr. $ R(non!LAE = 0.47). Given
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that non-LAEs have younger best-fit stellar ages than LAEs (§2.3.2), we expect

that non-LAEs should have intrinsically bluer stellar continua than objects with

strong Ly! emission. The fact that we instead observe redder G – R colors in

these objects is evidence that non-LAEs are more strongly attenuated by dust

than LAEs. This result is consistent with the larger E(B–V) values derived for

the non-LAEs than the LAEs (§2.3.2).

LAEs and non-LAEs also di!er in their R – Ks colors, where Ks magnitudes

were inferred from best-fit SEDs for the 78 objects lacking near-infrared photom-

etry. We find that LAEs are characterized by 'R$Ks( = 3.07, whereas non-LAEs

are bluer by 0.1 magnitudes with 'R $ Ks( = 2.98. Given that the R and Ks

passbands bracket the Balmer break for objects at z " 3, a redder R – Ks color

is indicative of a larger Balmer break. A more pronounced Balmer break, in turn,

is correlated with an older stellar population (e.g., Bruzual & Charlot, 2003a).

Therefore, the result that LAEs have redder R – Ks colors than non-LAEs is em-

pirical, non-parametric evidence that strong Ly!-emitters are older on average.

We have accordingly shown that the di!erent colors of LAEs and non-LAEs are

reflective of the trends discerned using stellar population modeling.

Composite best-fit SEDs of the LAE and non-LAE samples were assembled

by directly summing the individual best-fit SEDs over the rest frame range 912

Å–1.0 µm and normalizing by the number of constituent spectra (34 and 145, re-

spectively). In Figure 2.10, we compare the composite LAE and non-LAE spectra

with best-fit average SEDs from two studies of narrowband-selected LAEs. Data

from Nilsson et al. (2007) and Gawiser et al. (2007), where the former include

LAEs at z " 3.1 in the GOODS South Field and the latter encompass LAEs at

z " 3.1 in the Extended Chandra Deep Field South, are shown both normalized

and un-normalized with our LAE and non-LAE composite spectra. It is imme-
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diately apparent that the LBG-selected LAEs and non-LAEs are significantly

brighter than the narrowband-selected LAEs (" 2.3 magnitudes in the R band).

The LBG-selected objects also have redder G – R and redder R – Ks colors than

both the Nilsson et al. (2007) and Gawiser et al. (2007) data. These di!erences

in color are consistent with LBG-selected objects being both dustier and older

than objects isolated with narrowband filters, as has been suggested by some au-

thors (e.g., Gawiser et al., 2007; Nilsson et al., 2009b). The relationship between

LBGs and narrowband-selected LAEs is far from clear, though; some authors hy-

pothesize a continuity between at least portions of the two populations based on

similarities in stellar mass, color, and clustering (e.g., Adelberger et al., 2005b;

Gronwall et al., 2007; Gawiser et al., 2007; Lai et al., 2008; Verhamme et al.,

2008) whereas others maintain that the large luminosity and W Ly! discrepan-

cies between LBGs and objects isolated with narrowband filters dictate separate

evolutionary paths (e.g., Malhotra & Rhoads, 2002).

2.4 Discussion

Our large data set of both spectroscopically-determined Ly! equivalent widths

and stellar population parameters constitutes a unique sample with which to

investigate some of the current trends reported for continuum- and narrowband-

selected objects. We turn here to examining several of the outstanding questions

pertaining to LBGs and narrowband-isolated LAEs, with the constant aim of

physically motivating our work. We begin below with a discussion of the necessity

of comparing objects drawn from the same parent luminosity distribution.
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Figure 2.10 Top panel: Composite rest-frame UV to near-infrared SEDs of the

LAE and non-LAE samples, assembled from best-fit SEDs from population syn-

thesis modeling (omitting galaxies with Ks upper limits). Data from z " 3.1

narrowband-selected LAEs (Nilsson et al., 2007; Gawiser et al., 2007) are over-

plotted and all spectra have been normalized to the Nilsson et al. (2007) flux

value at 0.17 µm (observed R band at z " 3). Note that the LBG-selected objects

have significantly redder G – R and R – Ks colors than the narrowband-selected

LAEs, consistent with the older ages and higher dust attenuations derived for

LBGs in the literature. Bottom panel: Un-normalized spectra; note the signifi-

cant flux discrepancy (" 2.3 magnitudes) between the color-selected LBGs and

the narrowband-selected LAEs.
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2.4.1 A Caveat: Di!ering Rest-Frame Luminosities

By virtue of broadband selection techniques, LBGs have characteristically brighter

optical continua than narrowband-selected LAEs (R % 25.5 versus R " 27). As

it is critical to disentangle how luminosity and stellar populations are related be-

fore attributing galaxy di!erences purely to the same mechanisms that modulate

Ly! emission, it is of interest to investigate how, if at all, the derived proper-

ties of narrowband-selected LAEs are a natural result of preferentially isolating

continuum-faint, line-bright objects. We compare our data with the work of sev-

eral authors to explore the dependencies of Ly! emission, stellar populations,

and spatial clustering on broadband luminosity and we discuss the applications

of such investigations to both LBGs and narrowband-selected LAEs.

Luminosity and Equivalent Width: Recent work has suggested a correlation

between luminosity and Ly! equivalent width, in the sense that few luminous

LBGs have been observed with large equivalent widths (e.g., Shapley et al., 2003;

Erb et al., 2006a; Ando et al., 2006; Ouchi et al., 2008; Vanzella et al., 2009;

Pentericci et al., 2009). Several physical pictures have been suggested to explain

this correlation, which has been noted in samples at redshifts z " 3–6. Ver-

hamme et al. (2008) and Vanzella et al. (2009) hypothesized that di!erent dust

attenuations (from a luminosity-dependent chemical evolution history) could be

responsible while Ando et al. (2006) suggested that an enhanced presence of HI

gas around luminous LBGs could explain the lack of large Ly! equivalent widths

in bright galaxies (consistent with the prediction of more massive galaxies residing

in larger dark matter halos that are presumably richer in HI gas). Some authors,

however, have conversely reported that the correlation between luminosity and

Ly! equivalent width is tenuous, at best (e.g., Steidel et al., 2000; Verma et al.,

2007; Stanway et al., 2007; Nilsson et al., 2009a). Given the ongoing debate about
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such a correlation, we examined our extensive data set to test for a deficiency of

luminous objects with large Ly! equivalent widths.

We restricted our analysis to the 64 objects with W Ly! # 20 Å in order

to ensure completeness as a function of R magnitude, given that spectroscopic

follow-up is biased toward objects with large, positive Ly! equivalent widths.

These objects have W Ly! < 160 Å and MUV ranging from –20.0 to –22.4 (ne-

glecting corrections for dust attenuation). This parameter space is comparable

to that of Ando et al. (2006), where these authors suggest a threshold luminosity

of M1400 = –21.5 to –21.0 above which objects are deficient in large W Ly! values.

We find that MUV and W Ly! are not correlated in our sample, where the Spear-

man ( test statistic, rSR, is –0.104 and the probability of a null hypothesis, PSR,

is 0.4076. Furthermore, we see no evidence for any such threshold luminosity in

our data; when the sample is divided into bright (MUV < –21.0) and faint (MUV

> –21.0) groups, the median W Ly! of each group are identical (" 32 Å).

These results are contradictory to those presented by Shapley et al. (2003) who

also examined a sample of z " 3 LBGs. The Shapley et al. sample, when limited

to objects with W Ly! # 20 Å, consisted of objects with absolute UV luminosities

between –19.5 and –22.4 (neglecting corrections for dust attenuation). In those

data, there is a significant correlation between MUV and W Ly! (rSR = 0.274;

PSR = 0.0002). Dividing this sample into bright and faint subgroups, where the

boundary luminosity is MUV = –21.0, also yielded a pronounced di!erence in

the median W Ly! values of each group: MUV(bright) = 35 Å and MUV(faint)

= 44 Å. Given that both our present sample and the Shapley et al. sample are

composed of z " 3 LBGs, we hypothesize that one of reasons our data may not

exhibit a correlation between MUV and W Ly! is that our sample includes only a

limited number of high equivalent width objects. Nine objects have W Ly! # 70
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Å and just one has W Ly! # 100 Å in our data set whereas, in the Shapley et al.

sample, 45 objects have W Ly! # 70 Å and 20 have W Ly! # 100 Å. After testing

that our systematic approach to calculating Ly! equivalent width returned values

consistent with those reported by Shapley et al., we combined our data with the

189 objects5 from Shapley et al. with W Ly! # 20 Å. This combined sample of

243 objects, with equivalent widths measured in a uniform manner, was then

tested for a correlation between MUV and W Ly!. We found only a moderate

correlation (rSR = 0.149; PSR = 0.0202), where we hypothesize that the trend

between MUV and W Ly! is simply not strong enough to be unequivocally detected

in all samples. Furthermore, the correlation between MUV and W Ly! in these

data may be masked by the relatively small range of MUV probed by LBGs.

Narrowband-selected LAEs exhibit a wider range of absolute luminosities (23.0

! R ! 27.0) than LBGs do (23.0 ! R ! 25.5); any trend between MUV and

W Ly! will consequently be more pronounced in a sample of LAEs. In order to

test this statement, we analyzed a sample of LAEs from Gronwall et al. (2007).

We divided the data into two samples, where the first subsample included only

objects brighter than the LBG spectroscopic limit and the second subsample was

inclusive of all the data. The first subsample showed no correlation between MUV

and W Ly! (rSR = –0.015; PSR = 0.9185) whereas the second subsample exhibited

a strong correlation (rSR = 0.585; PSR = 0.0000). These results support our

hypothesis that the trend between MUV and W Ly! at z " 3 is apparent only

when considering data encompassing a large range in absolute luminosity. In

Figure 2.11, we present a plot of MUV versus W Ly! for R % 25.5, W Ly! # 20 Å

LBGs and the Gronwall et al. (2007) sample of narrowband-selected LAEs. Even

5We limit our analysis to the 179/189 galaxies satisfying the criterion W Ly" # 20 Å, mea-
sured according to our methodology described in §2.1.3; 10 objects classified as LAEs in the
Shapley et al. sample do not have equivalent widths above 20 Å when measured using our
systematic technique.
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if one assumes incompleteness in the Gronwall et al. (2007) sample at the faint

end, the lack of large equivalent widths among bright objects is striking (but see

Nilsson et al., 2009a). Ando et al. (2006) report a deficiency of bright objects

with large equivalent widths in their sample of z = 5 – 6 objects; that fact that

we observe several such objects here while those authors do not can be attributed

to the small sample size of Ando et al. (2006).

Luminosity and Stellar Populations: Understanding how luminosity and stel-

lar populations are correlated is critical to commenting on the nature of LBGs

and LAEs, given that the latter are commonly an order of magnitude fainter in

optical broadband filters. Lai et al. (2008) examined a sample of 70 z " 3.1 LAEs,

" 30% of which were detected in the Spitzer IRAC 3.6 µm band. These authors

found that the IRAC-detected LAEs were significantly older and more massive

('t"( " 1.6 Gyr, 'M( " 9 & 109 M") than the IRAC undetected sample ('t"( "

200 Myr, 'M( " 3 & 108 M"). In addition to having redder colors, the IRAC-

detected sample was also approximately three times brighter in the R band. This

correlation between luminosity and redness, age, and mass prompted Lai et al.

(2008) to suggest that the IRAC-detected LAEs may be a low-mass extension

of the LBG population. The relationship between luminosity and average dust

attenuation was examined by Reddy et al. (2008), where these authors studied a

sample of UV-selected objects at 1.9 % z < 3.4 and found no correlation between

MUV and E(B–V) over the absolute magnitude range 22.0 % R% 25.5. While

bright objects do not appear to exhibit a correlation between dust attenuation

and luminosity, Reddy et al. (2008) postulate that objects fainter than the LBG

spectroscopic limit of R = 25.5 may have lower average dust attenuations than

brighter objects. This has been confirmed by Bouwens et al. (2009), who ex-

amined a sample of objects at z " 2–6 over a larger dynamic range (0.1L#
z=3 to

2L#
z=3) than had been previously studied. These authors reported a correlation
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between UV luminosity and dust attenuation such that fainter objects are bluer.

Given the correlation we find between E(B–V) and W Ly!, the evolution of dust

attenuation with UV luminosity may have implications for the fraction of LAEs

as a function of UV luminosity (Reddy & Steidel, 2009). These results have high-

lighted that examining objects over only a limited range of absolute magnitudes

may mask an underlying correlation.

Luminosity and Clustering: Several authors have noted the di!erent cluster-

ing properties of LBGs and LAEs, where the former exhibit a mean halo occu-

pation of " 100% (e.g., Conroy et al., 2008) in dark matter halos with minimum

masses of " 1011.3 h!1 M" (e.g., Adelberger et al., 2005b; Conroy et al., 2008)

and the latter cluster more weakly and appear to occupy only 1/100 – 1/10 of

similarly-clustered dark matter halos with lower limit masses of " 1010.6 h!1 M"

(e.g., Gawiser et al., 2007). Given the direct dependence of clustering strength

on UV luminosity (e.g., Ouchi et al., 2004; Adelberger et al., 2005b; Lee et al.,

2006), the spatial di!erences between LBGs and LAEs may simply reflect the

discrepancy in typical UV luminosity between the two samples. It is therefore of

interest to investigate how the clustering strength of LAEs correlates with Ly!

luminosity or Ly! equivalent width, given that these quantities govern the selec-

tion of LAEs. Discerning the relative clustering properties of objects with and

without strong Ly! emission within the same UV luminosity range is critical to

understanding the correlation between Ly! and galactic properties.

These results – that objects more luminous in the rest-frame UV may 1)

be deficient in large Ly! equivalent widths and 2) be generally redder, older,

and more massive relative to less luminous objects – may be the driving factors

responsible for (faint, high equivalent width) narrowband-selected LAEs being

typically younger, bluer, and less massive than (bright, lower equivalent width)
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Figure 2.11 Absolute UV magnitude versus rest-frame W Ly! for R % 25.5, W Ly!

# 20 Å LBGs (diamonds and triangles) and the Gronwall et al. (2007) sample of

z = 3.1 LAEs (crosses). Note that the LBG data include objects from Shapley

et al. (2003) and therefore span a larger range of W Ly! than that presented in

this paper. A strong correlation between MUV and W Ly! is observed in the

Gronwall et al. (2007) sample while weaker correlations are seen in the sample of

z " 3 LBGs. We attribute this discrepancy to the larger range of MUV probed

by LAEs. Object Q1009-C9 is both anomalously bright (MUV = –22.0) and the

strongest Ly! emitter in our sample (WLy! = 158.5 Å), yet this galaxy does not

exhibit any spectral signatures indicative of an AGN.
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LBGs.

As the LBG spectroscopic limit of R % 25.5 necessarily limits our sample to

a smaller absolute magnitude range than probed by narrowband-selected LAEs

(23.0 ! R ! 27.0), the luminosity-dependent trends reported above for Ly!

equivalent width, stellar populations, and clustering (e.g., Ando et al., 2006; Lai

et al., 2008; Adelberger et al., 2005b) may only become apparent in narrowband-

selected samples where the absolute luminosity range is significantly larger than

it is in samples of LBGs. We remind the reader that while our conclusions are

applicable to both LBGs and bright (R % 25.5) narrowband-selected LAEs, we

are unable to make inferences about the population of faint LAEs. We refer the

reader to Lai et al. (2008) for a discussion of these objects.

2.4.2 LBG and LAE Equivalent Width Distributions

The equivalent width of the Ly! feature is a common benchmark that can be

used to make comparisons between studies of LBGs and LAEs. Observing pro-

grams of flux-selected Ly!-emitters typically employ a narrowband (" 50–100

Å) filter centered on the redshifted Ly! line, paired with a broadband filter used

to characterize the local continuum. Samples are defined according to a mini-

mum Ly! equivalent width – typically " 20 Å in the rest frame – where W Ly!

is calculated photometrically by ratioing the flux in the narrowband filter to the

flux density in the broadband filter. LBGs, on the other hand, are selected ac-

cording to broadband flux and color cuts, with no implicit requirement on W Ly!.

Equivalent widths of LBGs are most commonly calculated spectroscopically, as

these objects are characterized by relatively bright continua (R % 25.5). Given

these di!erent selection techniques and methods of calculating W Ly!, it is of in-

terest to compare the equivalent width distributions of LBG-selected LAEs and

56



narrowband-selected LAEs. A di!erence in the W Ly! distributions of these two

populations would be indicative of an underlying dissimilarity between LBG-

selected LAEs and narrowband-selected LAEs, even though both classes of ob-

jects can be broadly classified as strong Ly!-emitters6.

For this analysis, we combined our present sample of 64 LBG-selected LAEs

with the 179 objects from Shapley et al. (2003) satisfying the criterion of W Ly!

# 20 (measured using our methodology described in §2.1.3). Integrating these

two data sets yields a large sample of z " 3 objects for which equivalent widths

were measured in an identical manner. We find that these data are characterized

by a median equivalent width of 42 Å and mean of 57 Å. In contrast, a sample

of 160 LAEs at z = 3.1 in the Extended Chandra Deep Field South observed

by Gronwall et al. (2007) had a median of " 60 Å and a mean of " 80 Å. We

used the K–S test to quantify the likelihood that the LBG-selected LAEs and

the narrowband-selected LAEs derived from the same parent equivalent width

distribution. When the entire sample of objects from Gronwall et al. (2007) was

considered, we found a probability of 3.5& 10!4 that the objects shared a common

equivalent width distribution. Alternatively, when we limited the Gronwall et al.

(2007) data to include only objects satisfying the LBG spectroscopic limit of R

% 25.5, we obtained a probability of " 0.95 that the equivalent widths of the

LBG- and narrowband-selected LAE samples could be described as originating

from the same population. This result, consistent with Verhamme et al. (2008),

is indicative of the similarity in equivalent width of objects spanning comparable

UV luminosities. Conversely, the probability that the equivalent widths of our

6Reddy et al. (2008) found that the standard LBG color selection criteria (Equation 2.1) do
little to bias the intrinsic distribution of W Ly" for z " 3 LBGs, given the low probability of an
object having a strong enough Ly! feature to perturb its colors out of the LBG selection window.
We therefore attribute any di!erences in the W Ly" distributions of LBGs and narrowband-
selected LAEs to intrinsic dissimilarities between the two populations.
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sample of LBG-selected LAEs and the faint (R # 25.5) Gronwall et al. (2007)

LAEs derive from the same parent population is 8 & 10!8. Similarly, when the

Gronwall et al. (2007) data are divided using the boundary R = 25.5, a K–S

test yields a probability of 7.9 & 10!6 that the two equivalent width populations

derive from the same parent distribution.

In other words, while the equivalent width distributions of LBG- and narrowband-

selected LAEs are quite disparate when considered at face value, it appears that

the bulk of this disparity can be attributed to the di!erent luminosities probed

by the respective samples. When narrowband-selected LAEs are restricted to ob-

jects more luminous than R = 25.5, a K–S test reveals a high probability that the

equivalent width distributions of strong Ly!-emitting LBGs and bright LAEs de-

rive from the same parent population. This similarity in equivalent width, when

a standard continuum magnitude range is adopted, is consistent with the picture

that bright LAEs represent the same population as Ly!-emitting LBGs (e.g.,

Verhamme et al., 2008).

2.4.3 Escape of Ly! Photons

As Ly! is susceptible to a variety of complex radiation transport e!ects including

resonant scattering (e.g., Neufeld, 1990) and the velocity field of the ISM (e.g.,

Verhamme et al., 2008), the escape of Ly! emission is a probe of the physical con-

ditions of galaxies’ interstellar media. In the simplest case of a single-phase ISM

in which gas and dust are well mixed, Ly! photons experience more attenuation

than continuum photons due to the longer dust absorption path lengths expected

for resonantly scattered radiation. To explain the large Ly! equivalent widths

observed in some apparently dusty LAEs, the presence of a multi-phase ISM – in

which dust is segregated in neutral clouds – has been proposed (Neufeld, 1991;
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Hansen & Oh, 2006; Finkelstein et al., 2009). In such a geometry, Ly! photons

are scattered at the surface of dusty clumps while continuum photons penetrate

the clumps and are preferentially scattered or absorbed. Galaxies in which the

dust is segregated in neutral clouds are consequently predicted to exhibit larger

Ly! equivalent widths than would be expected given their stellar populations.

We considered the likelihood of the above dust geometry in our sample of

LBGs. Our methodology relied on comparing observed and predicted Ly! lumi-

nosities, where the former, LLy!(flux), was calculated simply from the Ly! line flux

and the latter, LLy!(SFR), was derived from the conversion between SFR (from

population synthesis modeling) and Ly! luminosity, assuming the conventions

(Case B recombination; Te = 10,000 K) of Kennicutt (1998) and Brocklehurst

(1971):

LLy!(SFR) =
SFR [M" yr!1]

9.1 & 10!43
(2.2)

where SFR was calculated assuming a Salpeter (1955) IMF. Two similar param-

eters incorporating observed and predicted Ly! luminosities were of interest: the

escape fraction, fesc, and the relative escape fraction, fesc,rel. The escape fraction

is the ratio of observed to predicted Ly! luminosities, whereas the relative escape

fraction is this same ratio with an extra term corresponding to a dust correction

at the rest wavelength of Ly!. fesc,rel is a probe of the degree to which Ly! and

continuum photons experience the same level of dust attenuation. In the case

that fesc,rel = 1, Ly! and continuum photons are attenuated by the same E(B–V).

On the other hand, a relative escape fraction less than unity is indicative of a dust

geometry in which Ly! photons are attenuated more than continuum photons.

Conversely, a galaxy in which dust is segregated in neutral clouds and where

the Ly! flux is consequently enhanced relative to the continuum flux would have
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fesc,rel > 1. We present the equations for fesc and fesc,rel below, where k$(1216)

parameterizes the Calzetti et al. (2000) starburst attenuation law at 1216 Å:

fesc =
LLy!(flux)

LLy!(SFR)
, (2.3)

fesc,rel = fesc & 100.4E(B!V)k !(1216). (2.4)

When calculating fesc and fesc,rel, we limited our analysis to only those objects

with W Ly! > 0 Å due to the unphysical nature of inferring a Ly! luminosity from

a negative Ly! flux. We also required objects to have best-fit stellar ages older

than 100 Myr in order to ensure the validity of Equation 2.2, which assumes

continuous star formation for at least that duration (Kennicutt, 1998). These

criteria isolated a sample of 105 objects. We note that the questions raised

about the nature of the dust extinction law for young objects (§2.3.2) are not

of concern given this older sample. To correct for slit losses, we normalized the

G magnitudes determined from photometry and spectroscopy; the latter were

calculated by multiplying the G filter transmission curve (4780/1100 Å) over

the optical spectra. The Ly! line fluxes were adjusted accordingly, where the

median flux correction was an increase by a factor of " 1.7 (0.6 magnitudes).

This procedure relies on the assumption that Ly! emission has the same spatial

extent as broadband 940–1470 Å emission. While some recent work (e.g., Steidel

et al., 2000; Matsuda et al., 2004; Hayashino et al., 2004) has suggested that Ly!

and UV continuum emission may be spatially decoupled with Ly! more extended

than continuum emission, in the absence of simultaneous high-resolution Ly! and

UV continuum imaging for our entire sample we assume for simplicity that the

line and continuum emission are coincident.

The calculated values of fesc vary from 0.00–0.85. In Figure 2.12, we plot

60



Figure 2.12 Ly! escape fraction as a function of dust extinction, for objects with

best-fit stellar ages t" > 100 Myr. A significant correlation is observed, in the

sense that objects with lower dust attenuations have larger escape fractions. The

best-fit line from Verhamme et al. (2008) is overplotted as a dashed line.

E(B–V) versus fesc; we find a strong correlation in the sense that objects with

large dust attenuations tend to have small Ly! escape fractions (rSR= –0.712, PSR

= 0.0000). We note that this trend is consistent with the existence of LBGs in

our sample exhibiting both Ly! in absorption and red UV continua, where these

particular objects were not included in this analysis due to their negative Ly!

fluxes. Other authors have derived similar results, although with significantly

smaller sample sizes (e.g., Verhamme et al., 2008; Atek et al., 2009). The scatter

present in our larger data set – some of which may be due to systematics in

estimating fesc – is a useful probe of the nature of Ly! radiative transfer in

LBGs. We further discuss a physical picture of LBGs consistent with these fesc

results in §2.5.

In order to investigate the nature of the gas and dust distributions for the
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objects in our sample, we derived the relative escape fraction of the 105 LBGs

with W Ly! > 0 Å and t" > 100 Myr. We found that 103 objects had fesc,rel

< 1 and the sample as a whole was characterized by 'fesc(rel)( = 0.27 (Figure

2.13). For comparison, Gronwall et al. (2007) and Nilsson et al. (2009b) report

typical fesc,rel values of " 0.30 and " 0.60 in LAE samples at z " 3.1 and z

" 2.25, respectively. Even if we conservatively assume Ly! slit losses for our

sample approaching a factor of two (Hayashino et al., 2004), these low relative

escape fractions, well below unity, do not support the hypothesis in which dust is

primarily segregated to neutral clouds in Ly!-emitting LBGs. We note that the

absorption of Ly! photons by the IGM is not a plausible explanation for these

low relative escape fractions; at z " 3, Ly! line fluxes are predicted to experience

an IGM-induced decrement of only " 20% (Madau, 1995; Shapley et al., 2006).

Furthermore, the observed symmetry of the Ly! lines in our sample (Figures 2.1

and 2.7) are indicative of minimal IGM absorption. Additionally, if one adopts a

sub-solar metallicity (in contrast to Z" used in this paper), the calculated values

of fesc,rel will be lower than those presented here due to the fact that the ratio

of the ionizing photon luminosity to the observed UV luminosity increases with

decreasing metallicity (e.g., Leitherer et al., 1999). This result of relative escape

fractions below unity indicates that Ly! appears to experience more attenuation

than continuum photons, consistent with the physical picture of a homogeneous

distribution of gas and dust in which resonantly scattered Ly! photons have

longer dust absorption path lengths than continuum photons. Such a simple

picture is likely not an accurate representation of the ISM of z " 3 LBGs; indeed,

the ISM of our own Milky Way is known to be highly inhomogeneous (Dickey &

Garwood, 1989). However, our results suggest a scenario in which dust and gas

are well mixed among the di!erent phases of an inhomogeneous ISM.
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Figure 2.13 Histogram of fesc,rel values, for objects with t" > 100 Myr. Note

that the majority of objects (103/105) have fesc,rel < 1, where the sample as a

whole is characterized by 'fesc,rel( = 0.27. These low relative escape fractions

are indicative of Ly! photons experiencing more attenuation than non-resonance

continuum photons. These results are not consistent with the hypothesis of a

clumpy interstellar medium, as has been suggested to exist in some LAEs (e.g.,

Finkelstein et al., 2009).
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2.5 Summary and Conclusions

We have analyzed a sample of 321 optically-selected z " 3 Lyman break galax-

ies in order to investigate the relationship between stellar populations and Ly!

emission. The equivalent width of the Ly! feature was robustly estimated from

rest-frame UV spectroscopy and broadband GRJKs + Spitzer IRAC photome-

try was used to conduct stellar population modeling to derive the key properties

of age, extinction, star formation rate, and stellar mass for all objects with pho-

tometric coverage in at least one near- or mid-infrared passband (" 80% of the

sample). The limited luminosity range of LBGs enabled a controlled investiga-

tion of the nature of Ly! emission within a sample of objects spanning similar

luminosities. Given the luminosity-dependent trends in Ly! equivalent width,

stellar populations, and clustering (e.g., Gronwall et al., 2007; Lai et al., 2008;

Adelberger et al., 2005b), this controlled study represents an improvement over

previous work. We used a variety of statistical tests to analyze the correlation

between Ly! emission and stellar populations in LBGs from the standpoint of

comparing spectroscopic observations, photometric data, and best-fit stellar pop-

ulation parameters. The relative Ly! escape fraction was used to probe the

relative distributions of gas and dust in the objects’ interstellar media. Below,

we summarize our results.

• Ly! equivalent width is correlated with age, SFR, and E(B–V), respec-

tively, in the sense that galaxies with strong Ly! emission are older, more

quiescent, and less dusty than their counterparts with weak or absent Ly!

emission. Taking into account the uncertainties on the best-fit population

parameters, the probability of a null hypothesis (i.e., no correlation) was

excluded at the 3–5" level for these relationships. We found that stellar

mass was not significantly correlated with W Ly! – the null hypothesis could
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be excluded at only the " 1" level. These results were consistently derived

from several di!erent analyses of the data, including correlation tests, com-

posite spectra, and the binary division of the sample into LAEs (WLy! #

20 Å) and non-LAEs (WLy! < 20 Å).

• Analysis of the relative escape fraction of Ly! is consistent with Ly! pho-

tons experiencing more attenuation than non-resonance continuum pho-

tons. We also find that the Ly! escape fraction is strongly correlated with

E(B–V), where galaxies with more dust attenuation also have lower escape

fractions.

The observed correlations between Ly! emission and stellar populations are

consistent with the physical picture proposed by Shapley et al. (2001), in which

young, dusty LBGs experience vigorous outflows from supernovae and massive

star winds. Shapley et al. (2003) reported evidence that both gas and dust

are entrained in the outflows, evidence that these “superwinds” could tenably

decrease a galaxy’s dust and gas covering fraction over several tens of Myr. While

the more mature LBGs may have as much or more overall dust content than

younger galaxies, the fact that these older objects (t" " 100 Myr) are also more

likely to exhibit Ly! emission is an important point: this trend demonstrates that

it is the dust covering fraction – not the total amount of dust – that modulates

Ly! emission. Independent evidence for a lower covering fraction of dusty gas

in older objects is provided by a trend toward weaker low-ionization interstellar

absorption lines with increasing age in the composite spectra presented in §2.3.2.

While this physical picture has been put forth previously, our current results

are more strongly supported due to the wide range of statistical tests and analysis

methods that we employed. We compared our larger sample of data in di!erent

forms – spectroscopic, photometric, and best-fit parameters – using a battery of
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statistical methods including correlation and K–S tests. Ly! emission strength

was furthermore treated as both an independent and dependent variable. These

analyses represent a systematic, powerful approach to elucidating trends.

Results of both the escape fraction and the relative escape fraction can be

used to further constrain the physical picture of LBGs and bright narrowband-

selected LAEs. While the observed inverse relationship between E(B–V) and

fesc is consistent with earlier results (e.g., Verhamme et al., 2008; Atek et al.,

2009), the scatter present in our larger sample highlights the myriad factors

modulating the Ly! escape fraction (e.g., galaxy kinematics, dust, and outflow

geometry). Further analysis of this scatter will be instrumental in constraining

how the Ly! escape fraction varies. The observed relative escape fraction of Ly!

emission – where the majority of LBGs have fesc,rel below unity – is indicative of

a physical picture in which LBGs contain gas and dust that is well mixed. In this

geometry, Ly! photons experience more attenuation than continuum photons do

because of the former’s increased path lengths from resonant scattering. This is

in contrast to the scenario proposed by Finkelstein et al. (2009), in which dust

is segregated in neutral gas clumps surrounded by an ionized, dust-free medium.

We caution, however, that the relative escape fraction of Ly! is likely modified

by a variety of factors including galaxy kinematics, dust, and outflow geometry.

As such, additional observations are necessary in order to more fully understand

the distribution (and evolution) of gas and dust in LBGs.

While we hope that this work has illuminated the relationship between Ly!

emission and stellar populations in z " 3 LBGs, future systematic studies at other

redshifts – ideally over larger dynamic ranges in UV luminosity – are necessary

in order to address the discrepancies between trends reported here and those at

z " 2 or z " 4 (e.g., Erb et al., 2006a; Pentericci et al., 2007). The nature of
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complex Ly! emission morphologies – such as the double-peaked objects that

comprise " 4% of the sample discussed here – has also yet to be explored in light

of understanding if these objects’ stellar populations and gas distributions di!er

from those of more typical Ly!-emitters or absorbers. Similarly, an analysis

of the geometry of dust and gas in the interstellar media of z " 3 LBGs is

vital to understanding what kind of dust attenuation law – the Calzetti et al.

(2000) relation, a SMC-like law, or another relation completely – most accurately

describes these objects. Furthermore, a basic property critical to placing galaxies

in an evolutionary context – metallicity – remains poorly constrained for the

z " 3 LBG population (but see Maiolino et al., 2008). While metallicity has

been investigated in the rare cases of gravitationally lensed objects (e.g., Teplitz

et al., 2000; Pettini et al., 2002; Hainline et al., 2009; Quider et al., 2009), a

systematic study of elemental abundances in a larger sample of z " 3 LBGs

would be illuminating (akin to the z " 2 sample discussed in Erb et al., 2006a).

Given anticipated advances in both telescopes and instrumentation, we hope that

these questions are illustrative of many others that will help to guide future LBG

research.
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CHAPTER 3

The Properties and Prevalence of Galactic

Outflows at z " 1 in the Extended Groth Strip

Far from being closed boxes, galaxies are known to a!ect their environment by

expelling gas and metals into the intergalactic medium (IGM) via “superwinds”

(e.g., Heckman et al., 1990; Steidel et al., 1996b; Franx et al., 1997; Martin, 1999;

Pettini et al., 2000, 2001; Shapley et al., 2003; Martin, 2005; Veilleux et al., 2005;

Rupke et al., 2005; Tremonti et al., 2007; Weiner et al., 2009; Steidel et al., 2010;

Coil et al., 2011). These outflows may contribute to the limiting of black hole

and spheroid growth (possibly resulting in the correlation between black hole

and bulge mass; e.g., Ferrarese & Merritt, 2000; Robertson et al., 2006), the

enrichment of the IGM (Oppenheimer & Davé, 2006), and the regulation of star

formation through the ejection of cold gas (Scannapieco et al., 2005; Croton et al.,

2006). At high redshifts, winds may have played a critical role in reionization by

clearing paths for ionizing radiation to escape from galaxies (Dove et al., 2000;

Steidel et al., 2001; Heckman et al., 2001a; Gnedin et al., 2008).

The kinematics of interstellar absorption lines provide one of the key probes

of outflowing gas in galaxies. Observations of blueshifted interstellar absorption

lines at a variety of rest wavelengths and ionization states have been observed in

both local and high-redshift samples (e.g., Heckman et al., 2000; Martin, 2005;

Pettini et al., 2002; Shapley et al., 2003; Steidel et al., 2010; Coil et al., 2011;
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Kulas et al., 2012; Law et al., 2012b). The presence of outflows with blueshifted

velocities relative to stars and H II regions appears to be associated with ob-

jects undergoing starburst episodes: UV-selected star-forming galaxies at z =

2–3 with large star-formation rates (SFRs) (Pettini et al., 2002; Shapley et al.,

2003; Steidel et al., 2010), local ULIRGs (Heckman et al., 2000; Rupke et al.,

2002; Martin, 2005; Rupke et al., 2005), and local dwarf starbursts (Lequeux

et al., 1995; Heckman & Leitherer, 1997; Heckman et al., 2001b; Schwartz &

Martin, 2004). Studies of X-ray and H! emission in local samples have focused

on correlating outflows with spatially-resolved properties such as star-formation

rate surface density ('SFR), morphology, and galaxy inclination (e.g., Lehnert &

Heckman, 1996; Heckman, 2002; Strickland et al., 2004). Only recently, however,

have absorption-line studies of winds at higher redshifts begun similar investiga-

tions (Sato et al., 2009; Weiner et al., 2009; Rubin et al., 2010b; Steidel et al.,

2010; Talia et al., 2012; Law et al., 2012b). Studies of spatially-resolved proper-

ties necessitate high-resolution imaging and careful measurement of the galactic

regions in which stars are forming. These studies are particularly relevant around

z " 1; examining the processes regulating star formation is critical to understand-

ing why the global star-formation rate density declines between z " 1 and z " 0

(Reddy et al., 2008).

The study of outflows in z " 1 objects to date has relied primarily on com-

posite spectra and visual classification of galaxy morphology (e.g., Weiner et al.,

2009; Rubin et al., 2010b). Here, we use a sample of galaxies drawn from the

z " 1 DEEP2 redshift survey (Newman et al., 2012) to examine the relation-

ship between outflows and host galaxy properties. For these objects, we obtain

observations with the Low Resolution Imaging Spectrometer (LRIS; Oke et al.,

1995; Steidel et al., 2004) on Keck I. These LRIS spectra cover a bluer wave-

length range than the DEIMOS discovery spectra from the DEEP2 survey and
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Figure 3.1 Distributions of rest-frame [O II] equivalent widths (left) and stellar

masses (right) for our sample of 72 EGS objects at 0.7 < z < 1.3. The hatched

histogram in the stellar mass panel denotes galaxies without K-band detections

(17 objects). Stellar masses were estimated from SED fitting using BRI (and K,

when available) photometry (Bundy et al., 2006), assuming a Chabrier (2003)

IMF.

are inclusive of a variety of rest-frame UV features from which wind kinematics

can be measured (Si II #1526, C IV #1549, Fe II #1608, Al II #1670, Fe II #2344,

Fe II ##2374/2382, Fe II ##2587/2600, Mg II ##2796/2803, and Mg I #2852). In

this paper, we focus specifically on objects in the Extended Groth Strip (EGS)

field, where an extensive multiwavelength dataset enables SFR, 'SFR, morphol-

ogy, inclination, and dust attenuation to be estimated and in turn correlated with

outflow properties on a per-object basis. We aim to determine which, if any, of

these properties most strongly drives outflows at z " 1. Furthermore, with our

unique data set we can statistically probe the geometry of galactic winds.

In Section 3.1, we present the imaging and spectroscopic data used in our anal-
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ysis, including extensive datasets of EGS observations. We discuss SFR, a new

technique for estimating galaxy areas, and 'SFR in Section 3.2. Absorption-line

modeling is reviewed in Section 3.3, while Section 3.4 is devoted to results. In Sec-

tion 4.4, we present a discussion of the results. Our conclusions are summarized

in Section 3.6. Throughout the paper, we assume a standard $CDM cosmology

with H 0 = 70 km s!1 Mpc!1, %M = 0.3, and %! = 0.7. All wavelengths are

measured in vacuum. At z = 0.7 (1.3), an angular size of 1$$ corresponds to 7.1

(8.4) kpc.

3.1 Sample and Observations

3.1.1 DEEP2 Survey

The objects presented here were drawn from the DEEP2 survey conducted from

2002–2005 using the DEep Imaging Multi-Object Spectrograph (DEIMOS) on

Keck II (Newman et al., 2012). With four fields totaling three square degrees,

the DEEP2 survey obtained high-quality redshifts for " 30,000 galaxies at 0.7 %

z % 1.5 brighter than RAB = 24.1 to study clustering and evolution in galactic

properties out to z " 1.

The DEIMOS spectra were obtained with a 1200 lines mm!1 grating and

a 1.$$0 slit and have a resolution of R * 5000 (Newman et al., 2012). Wave-

length coverage extends from " 6500–9100 Å inclusive of the [O II] ##3727/3729

doublet, which is typically resolved. Galaxy properties, including luminosities,

colors, stellar masses (M#), and [O II] equivalent widths, have been measured

(Figure 3.1; Bundy et al., 2006; Willmer et al., 2006). Stellar masses were calcu-

lated from SED modeling with BRIK photometry, assuming Bruzual & Charlot

(2003b) spectral templates and a Chabrier (2003) initial mass function (IMF).
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Figure 3.2 Rest-frame color-magnitude diagram with photometry corrected for

Galactic extinction, assuming H0 = 100 km s!1 Mpc!1 (Willmer et al., 2006).

Small dots show objects at 0.70 < z < 1.35 in the EGS field of the DEEP2

survey and red crosses mark the 72 EGS objects with LRIS follow-up discussed

in this paper. The red sequence and blue cloud are delineated by the dashed line

(Willmer et al., 2006); we emphasize that the majority of the objects presented

in this work are brighter, blue cloud galaxies.
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For our study, modeling was done with BRI photometry alone if objects lacked

K -band detections (24% of the sample).

Photometric preselection based on BRI colors was applied in three out of the

four DEEP2 fields in order to isolate galaxies at z # 0.7. In the fourth field, the

EGS, no color cuts were applied and galaxies at lower redshifts were accordingly

targeted for spectroscopy. The EGS dataset is unique not only for its inclusion of

more local galaxies, but also for its extensive multi-wavelength coverage from the

All-Wavelength Extended Groth Strip International Survey (AEGIS; Davis et al.,

2007). The objects presented in this paper are all in the EGS and consequently

have, in addition to the original DEIMOS spectra, a variety of complementary

data spanning from the X-ray to the radio regimes (Section 3.1.3).

3.1.2 LRIS Observations

While the DEIMOS spectra are generally dominated by nebular emission features

([O II], [Ne III], H), H$, H%, [O III]), the majority of low- and high-ionization

interstellar absorption features tracing outflows are in the rest-frame UV and are

observed at shorter wavelengths than the blue edge of the typical DEIMOS spec-

tra in the DEEP2 survey (" 6500 Å in the observed frame). In order to probe

these outflow features (e.g., Fe II #2344, Fe II ##2374/2382, Fe II ##2587/2600,

Mg II ##2796/2803), we obtained complementary spectroscopic data for 212 ob-

jects using the LRIS spectrograph on Keck I. These observations, covering all

four DEEP2 survey fields, are described in further detail in Martin et al. (2012).

In this paper, we discuss 72 objects in the EGS, which are drawn from

our larger sample of 212 spectroscopically-confirmed DEEP2 objects with LRIS

follow-up (Martin et al., 2012). In Figure 3.2, we show the color-magnitude di-

agram for both the present sample of 72 objects and also the parent sample of
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Figure 3.3 The redshift distribution of the LRIS EGS sample (hatched histogram),

compared with a normalized histogram of redshifts of EGS objects in the parent

DEEP2 survey. Objects at z > 0.7 were prioritized for LRIS follow-up, given

the target wavelength coverage of 1500–2800 Å in the rest-frame. The significant

fraction of objects at larger redshifts reflects our heightened prioritization of

galaxies at 1.19 % z % 1.35. Observations of galaxies in this redshift interval

yield simultaneous coverage of the C IV #1549 and Mg I #2852 features for the

typical LRIS set-up, enabling a comparison of the kinematics of neutral, low-,

and high-ionization species (Shapley et al., in prep.).
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" 7,000 spectroscopically-confirmed DEEP2 EGS objects at 0.70 < z < 1.35.

Objects with B < 24.5 were targeted for LRIS observations, resulting in a sam-

ple dominated by brighter, bluer galaxies. The redshift distribution of our EGS

sample is presented in Figure 3.3, where 'z( = 0.99 ± 0.29.

The LRIS data, collected in October 2007, June 2008, September 2008, and

June 2009, were obtained using 1.$$2 slits on nine multi-object slitmasks targeting

20–28 objects each. The dichroic capability of LRIS was employed with the grism

on the blue side and the grating on the red side. We used two set-up configura-

tions, both with the Atmospheric Dispersion Corrector: the d680 dichroic with

the 400 line mm!1 grism and the 800 line mm!1 grating (145 objects; 47 in the

EGS) and the d560 dichroic with the 600 line mm!1 grism and the 600 line mm!1

grating (67 objects; 25 in the EGS). The resolutions of the 800, 600 and 400 line

mm!1 grisms/gratings are R = 2000, 1100, and 700, respectively. Features bluer

than Mg II ##2796/2803 generally fell on the blue side while Mg II ##2796/2803

and longer wavelength lines (e.g., [O II]) were recorded on the red side.

Continuum signal-to-noise (S/N) ratios ranged from " 1–20 per pixel over the

rest wavelength interval 2400–2500 Å. In Figure 3.4, we show several individual

LRIS spectra with a range of measured S/N ratios. Integration times varied from

3–9 hours per slitmask, where objects observed with the d560 dichroic had typi-

cally shorter exposures (3–5 hours) than objects observed with the d680 dichroic

(5–9 hours). The reduction procedure – flat-fielding, cosmic ray rejection, back-

ground subtraction, extraction, wavelength and flux calibration, and transforma-

tion to the vacuum wavelength frame – was completed using IRAF scripts. The

spectra were continuum-normalized and composite spectra were assembled from

stacks of mean-combined rest-frame spectra scaled to a common mode over the

wavelength range 2080–2150 Å. In assembling the composite spectra discussed in

75



later sections, we smoothed the objects obtained with the 600 line mm!1 grism

or grating in order to account for the di!erence in resolution between the objects

observed with the 600 line mm!1 and 400 line mm!1 setups.

3.1.3 AEGIS Multiwavelength Data

The 72 EGS objects presented in this paper have extensive multi-wavelength

coverage from the AEGIS dataset. These data products cover observations over

nine decades in wavelength, including Chandra X-ray, GALEX FUV and NUV

imaging, HST ACS F606W (V ) and F814W (I) imaging, optical CFHT and

MMT observations, Palomar/WIRC J and Ks imaging, Spitzer IRAC and MIPS

pointings, and VLA radio observations. This wealth of data permits many

analyses, including the estimation of SFR, specific star-formation rate (sSFR

= SFR/M#), 'SFR, morphology, inclination, and dust attenuation. Here, we dis-

cuss the di!raction-limited HST Advanced Camera for Surveys (ACS; Ford et al.,

2003) imaging that forms the backbone of our spatially-resolved analyses. In the

sample of 72 EGS objects presented here, 56 galaxies have HST coverage.

Reduced HST images (Cycle 13, Program 10134, PI Marc Davis) were driz-

zled from four exposures to produce final 8000 & 8000 pixel images with a sam-

pling of 0.$$03 pixel!1 and a point spread function (PSF) FWHM of " 0.$$1. These

deep (V = 28.75 AB [5"]; I = 28.10 AB [5"]) images were used for several es-

timates of galaxy extent and light distribution, including the Petrosian radius,

the Gini coe"cient, and M20. The Gini coe"cient originated from the field of

economics to describe the distribution of wealth in a society; the term is used in

astronomy to parameterize how a galaxy’s light is distributed. Gini coe"cients

close to 1 indicate that a galaxy’s flux is concentrated in a few bright pixels

while values closer to 0 mean that the flux is more evenly distributed over many
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Figure 3.4 Top three panels: Individual LRIS spectra exhibiting a range in con-

tinuum S/N. The 1" error spectrum is plotted for each object on the same scale.

In each panel, the S/N per pixel measured over 2400–2500 Å is indicated in the

upper right-hand corner. We note that Fe II and Mg II absorption lines are de-

tected in objects with a variety of S/N values. Bottom: A composite spectrum

assembled from all EGS spectra (S/N = 39.1 pixel!1), with emission and absorp-

tion lines of interest labeled. The inset shows a histogram of continuum S/N

ratios, where 'S/N( " 6.7 pixel!1.
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pixels. M20 refers to the normalized second-order moment of the brightest 20%

of a galaxy’s flux; larger M20 values are associated with merging systems while

smaller M20 values describe more compact galaxies. We direct the reader to Lotz

et al. (2004) for a more complete description of the Gini coe"cient and M20.

3.2 Star-Formation Rates, Galaxy Areas, and Star-Formation

Rate Surface Densities

The multi-wavelength observations of the AEGIS dataset enable detailed mea-

surements of the star-forming properties of the sample. Based on HST imaging,

we note that the majority of objects appear to have clumpy morphologies (Fig-

ure 3.5). The UV-bright clumps may be star-forming regions embedded in lower

surface brightness disks (Förster Schreiber et al., 2006). We consequently derive

a new estimate of galaxy size inclusive of only the brightest regions likely asso-

ciated with star formation and use these areas in tandem with SFR estimates in

order to calculate 'SFR. We also use standard Petrosian size measurements to

calculate 'SFR as well.

3.2.1 Star-Formation Rates

We used Galaxy Evolution Explorer (GALEX ; Martin et al., 2005) and Spitzer

Space Telescope imaging from the AEGIS dataset to estimate the SFRs of the

sample. Given the significant attenuation experienced by UV radiation, SFRs

inferred from GALEX measurements must be corrected for dust absorption. Data

from GALEX ’s FUV and NUV detectors, along with B -band observations (for

the higher-redshift objects in the sample), were used to calculate a spectral slope,

%, where the flux level over the rest-frame interval 1250–2500 Å is parametrized
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Figure 3.5 V -band thumbnails of the 56 objects with HST imaging, ordered by

ascending redshift. Each postage stamp is 6$$ on a side and oriented with North

up and East to the left. Note the clumpy morphologies and discrete star-forming

clumps of many objects. At the mean redshift of the sample, 'z ( = 0.99, the

V -band traces " 3000 Å in the rest-frame.
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as f# + #$. Following Meurer et al. (1999), Seibert et al. (2005) derived a

relationship between % and the UV attenuation, AUV, based on a sample of several

hundred nearby galaxies with both GALEX and Infrared Astronomical Satellite

(Neugebauer et al., 1984) imaging. For the sample presented here, Schiminovich

et al. (2007) used the %/AUV relationship from Seibert et al. (2005) to correct

GALEX luminosities for attenuation. The median AUV value in the sample is

1.8, which corresponds to a factor of " 5 correction. UV SFRs corrected for dust

– SFRUV,corr – were then calculated for a Salpeter (1955) IMF over 0.1–100 M",

according to Salim et al. (2007). We converted all values to the Chabrier (2003)

IMF by dividing the Salpeter (1955) values by 1.8. 54/72 objects (" 75%) have

SFRUV,corr measurements, where the 18 objects lacking % measurements were

observed by GALEX but were either not significantly detected or su!ered from

confusion with neighboring objects1. The SFRUV,corr measurements of the sample

are characterized by a median value of 12 M" yr!1 and extrema of [1, 97] M"

yr!1 (Figure 3.6).

These SFRUV,corr values are consistent with SFRs inferred from longer wave-

length measurements. Robust Spitzer 24µm detections (f24µm # 60 µJy) were

used to calculate a total infrared luminosity, LIR, based on templates relating

LIR and f24µm (Chary & Elbaz, 2001). While these templates are representative

only of quiescent and starbursting galaxies – not Active Galactic Nuclei (AGN)

– we note that AGN are likely a minimal contaminant in the sample given that

a cross-correlation with Chandra X-ray catalogs yielded only 1 match for our

sample above the limiting fluxes of 5.3 & 10!17 (3.8 & 10!16) erg s!1 cm!2 in the

soft (hard) bands (Laird et al., 2009). At the mean redshift of our sample, 'z( =

0.99, these flux limits correspond to AGN luminosities of 2.7 & 1041 (1.9 & 1042)

1GALEX has a PSF of " 5##–6## for FUV and NUV observations (Martin et al., 2005).
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erg s!1 in the soft (hard) bands2. A SFR was then estimated from the addition

of SFRs derived from LIR (Kennicutt, 1998) and LUV (Schiminovich et al., 2007),

where the latter term is a UV luminosity uncorrected for dust. While only 17/72

objects presented here (" 25%) have both UV detections and f24µm # 60 µJy,

a larger sample of objects with these measurements shows a correlation between

the two SFRs with a scatter of " 0.4 dex (Figure 3.7). In light of this consis-

tency and the relative scarcity of objects with f24µm detections, we use SFRUV,corr

(“SFR”) in all of the following analyses.

It is useful to compare the SFRs of the present sample with the SFRs of

other recent outflow studies at z " 1. Weiner et al. (2009) presented an outflow

survey of DEEP2 objects at z " 1.4 with 25th and 75th percentile values of SFR

of 14 and 28 M" yr!1, respectively, derived from UV measurements assuming a

Kroupa (2001) IMF. Work by Rubin et al. (2010b) utilized objects with smaller

SFRs: 25th and 75th percentile values of SFR of 4 and 9 M" yr!1, respectively.

The Rubin et al. (2010b) SFRs were also derived assuming a Kroupa (2001) IMF

using UV measurements. The objects in this paper have 25th and 75th percentile

values of 6 and 25 M" yr!1, respectively, assuming a Chabrier (2003) IMF. For

direct comparison with the Weiner et al. (2009) and Rubin et al. (2010b) samples,

these values correspond to 8 and 31 M" yr!1, respectively, for a Kroupa (2001)

IMF.

In Figure 3.8, we plot SFR versus stellar mass and sSFR versus stellar mass.

We find a pronounced correlation between SFR and stellar mass. As this rela-

tionship is consistent with the correlation observed in the larger DEEP2 sample,

2As we do not include the one X-ray detected object (12015320) in our analyses, we believe
that the winds we observe are driven by star formation as opposed to AGN activity. Based
on rest-frame UV spectra, the objects in our sample do not exhibit signatures of AGN activity
although we acknowledge possible contributions from obscured AGN. Krug et al. (2010) note
that starburst and Seyfert 2 systems show similar outflow kinematics.
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Figure 3.6 Histogram of SFRs, assuming a Chabrier (2003) IMF. The sample is

characterized by a mean value of 'SFR( = 19 M" yr!1.
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the subsample of objects discussed here do not appear to have star-formation

histories grossly inconsistent with other datasets.

3.2.2 Calculating a “Clump Area”

It has been suggested that there exists a threshold star-formation rate surface

density of 'SFR = 0.1 M" yr!1 kpc!2 for driving an outflow in local starbursts

(Heckman, 2002). As estimating 'SFR requires areal information, it is important

to characterize properly the extent over which star formation is occuring. While

values in the literature often refer to r = half-light radius or Petrosian radius

(Rubin et al., 2010b; Steidel et al., 2010), the clumpy morphologies of high-

redshift galaxies observed in the rest-frame UV necessitate a di!erent treatment.

Rubin et al. (2010b) noted that the simple approximation of *r2 for the area of a

galaxy may result in an overestimate; these authors proposed that the inclusion

of only star-forming knots above a specified luminosity threshold may be the

most physically motivated method for calculating a galaxy area associated with

outflowing material.

As the majority of objects in our EGS sample appear to have irregular knots

of star formation instead of being clearly disk-dominated (Figure 3.5), we used

di!raction-limited HST V -band imaging to investigate appropriate areal mea-

surements. V -band imaging traces rest-frame " 2970 Å at z = 0.99, the mean

redshift of the sample. We began by estimating the total non-contiguous area

of each galaxy above a certain surface brightness limit. The motivation behind

this technique stemmed from flagging pixels that corresponded to some measur-

able physical quantity (in this case, surface brightness or, equivalently, 'SFR).

Schematically, the conversion from counts per pixel in the images to 'SFR can be

illustrated as follows:
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Figure 3.7 Comparison of two SFR indicators: a UV-corrected SFR (SFRUV,corr,

where the dust correction is inferred from UV colors) and a SFR inferred from

the sum of 24µm data and uncorrected UV observations: SFR (f24µm + LUV).

The units of SFR are M" yr!1. The bold crosses indicate the 17 EGS objects

in this paper with robust 24µm data and the smaller crosses mark objects in the

larger DEEP2 EGS parent sample. Data in the interval 1 < SFR (f24µm + LUV)

< 100, the approximate range of SFRs measured in this paper, have been used

to calculate the best-fit line (y = 0.73x + 0.25). The dotted line indicates the

1:1 relation. The good agreement between SFRUV,corr and SFR (f24µm + LUV),

" " 0.4 dex, supports adopting SFRUV,corr given the relatively small number of

objects with 24µm data.
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$$$$$,
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kpc2 (3.1)

where zpt is the HST V -band zeropoint (26.5 AB) and K98 refers to the con-

version between rest-frame UV luminosity over 1500–2800 Å (LUV) and SFR

assuming a Salpeter (1955) IMF over 0.1–100 M" (SFR = 1.4 & 10!28 LUV;

Kennicutt, 1998). With images now in units of 'SFR, a simple 'SFR threshold

can be implemented. In light of local work by Heckman (2002)3, we adopted the

criterion 'SFR = 0.1 M" yr!1 kpc!2. While imposing this threshold produces

areas that visually trace luminous galaxy clumps, we note two limitations to this

methodology: 1) no correction for dust attenuation is applied, as estimates of

the UV slope % are available for only a subset of the sample and 2) we do not

account for e!ects of galaxy inclination i, given the uncertainties of estimating i

for clumpy objects with angular sizes " 0.$$5. Increased dust and higher i will

both act to reduce the measured luminosity.

While the unknowns of dust attention and inclination translate into uncer-

tainties in the derived galaxy area (and consequently in 'SFR), there is a more

fundamental limitation to adopting the aforementioned methodology: the avail-

able V -band imaging ceases to trace below rest-frame 2800 Å – the edge of the

window over which the Kennicutt (1998) conversion is valid – for galaxies at lower

redshifts (z < 1.10; 32 objects). For these comparably closer objects – compris-

ing " 60% of the sample – the Kennicutt (1998) relation between LUV and SFR

cannot be applied.

It was accordingly necessary to develop a new technique for estimating areas

of the entire sample, irrespective of redshift. To this end, we focused on character-

3As the Heckman (2002) threshold is only approximate, and was calculated assuming a
Salpeter (1955) IMF, we adopt the same IMF in converting from luminosity to SFR.
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Figure 3.8 Top left: SFR versus stellar mass, where the small background points

indicate EGS galaxies at 0.63 < z < 0.90 without LRIS follow-up and colored

crosses mark galaxies observed with LRIS, divided into two redshift bins. Top

right: Same as the plot on the left, for the redshift interval 0.90 < z < 1.35.

We note that the data presented in this paper have stellar masses and SFRs

consistent with the parent DEEP2 sample. Bottom: Stellar mass versus sSFR,

where symbols are as above.
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izing the areas of the higher redshift galaxies in the sample (z > 1.10; 24 objects)

for which the V -band imaging does trace rest-frame 1500–2800 Å. For each of

these objects, we noted the area calculated using the methodology described

above and the threshold 0.1 M" yr!1 kpc!2. We then sought to parametrize

these physically-motivated areas as containing a simple percentage (N) of the

total flux within the Petrosian radius, RP. This technique enabled us to estimate

an average value for N and then apply this value uniformly to both the higher

and lower redshift galaxies.

We found that, with the exception of several di!use disks and extremely

compact spheroids, the majority of objects required N = [40–80]. The median of

the sample was N = 74; we adopted this value as representative of the fractional

flux within RP that traced regions of intense star formation. For each galaxy

with HST imaging, we calculated the area derived by adding flux-ordered pixels,

brightest first, until the enclosed flux was 74% of the total flux within RP
4.

This method permits a single, systematic area calculation (A74) for each galaxy

independent of redshift while still being based on the physical grounding of a

surface brightness threshold. We make the implicit assumption that N does not

vary significantly over the range of look-back times probed by our sample.

We find that areas calculated using this new technique are, on average, a

factor of 3.7 smaller than the areas inferred from the V -band Petrosian radii:

A74 " *R2
P/3.7. As seen in Figure 3.9, A74 appears to closely trace luminous

clumpy regions5 while the Petrosian area consistently overestimates the area likely

associated with star formation. We consequently favor the adoption of A74 over

*R2
P, although we use both area estimates below in tandem with derived SFRs in

4Two objects were excluded from this analysis (12008364 and 12015792), given that their
surface brightness levels were too low to measure RP.

5The HST resolution, while excellent, is finite, so these areas represent upper limits.
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Figure 3.9 V -band HST thumbnails, 6$$ on a side, are shown for a subset of 12

objects to illustrate the A74 clump areas derived in Section 3.2. These 12 objects

were chosen as representing a diversity of clump areas, from compact, contiguous

areas to more di!use, segmented areas. Petrosian radii are plotted as black circles

while the clump areas are shown as white contours. The ratio between the areas

– *R2
P/A74 – is indicated in the lower right of each thumbnail. The lower plot

compares the *R2
P and A74 areas for the sample, where '*R2

P/A74( " 3.7. We

note that the strong correlation between the Petrosian area and the clump area

explains the similar results obtained with the two 'SFR measurements (Section

3.4).
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order to calculate 'SFR. Given the strong correlation between A74 and *R2
P, we

note that our primary results remain unchanged regardless of which area estimate

is adopted (Section 3.4). While the initial motivation for calculating A74 was

to isolate an area measurement distinct from, and uncorrelated with, *R2
P, our

finding that these two area estimates are in fact strongly linked is evidence that

the structural morphologies of the galaxies in the sample are rather similar. If

the light distributions of the galaxies were widely disparate, we would not expect

that galaxies with larger Petrosian areas would also have larger A74 areas while

galaxies with smaller *R2
P would likewise have smaller clump areas. We verified

that the correlation between *R2
P and clump area holds for a variety of N values.

3.2.3 Star-Formation Rate Surface Densities

With two estimates of galaxy area (A74 and *R2
P) and one estimate of SFR, we

calculated the star-formation rate surface densities of the sample. We define two

'SFR quantities, depending on which area measurement we adopt:

'SFR(A74) = SFR/A74 (3.2)

'SFR(RP) = SFR/*R2
P (3.3)

Figure 3.10 shows the distributions of 'SFR(A74) and 'SFR(RP). Irrespective

of the area measurement assumed, most objects have star-formation rate surface

densities above the local threshold of 0.1 M" yr!1 kpc!2 thought to be neces-

sary for driving an outflow (Heckman, 2002). While this is by construction for

'SFR(A74), the fact that greater than 70% of objects also have 'SFR(RP) > 0.1

M" yr!1 kpc!2 leads to the prediction that if a threshold 'SFR is the sole require-

ment for driving an outflow, the majority of objects ought to exhibit blueshifted

Fe II features. Of course, other factors such as local environment, halo mass,
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galaxy escape speed, and viewing angle, as well as the S/N of the data, may

strongly influence the observed fraction of galaxies hosting winds. As discussed

above, we do not correct A74 areas for either dust or inclination e!ects. We find

kinematic evidence for 1" significant outflows based on Fe II absorption lines in

40% of the sample (Section 3.3.2), although we note that the Mg II features often

exhibit strong blueshifts of their centroids and blue wings even when the Fe II

lines do not (Section 4.4).

3.3 Modeling Absorption Lines

3.3.1 Systemic Redshift

Spectral analysis of outflowing gas requires an accurate determination of sys-

temic redshift, zsys. Nebular emission lines such as [O II] ##3726/3729, [O III]

##4959/5007, and the Balmer series trace star forming regions and are conse-

quently assumed to be at rest with respect to a galaxy’s center of mass. While

both the DEIMOS and LRIS spectral datasets are inclusive of nebular features,

it is preferable to calculate zsys from the LRIS spectra in order to ensure con-

stancy in both slit position angle and spatial sampling for the zsys and outflow

measurements. We constructed a linear, S/N-weighted sum of three template

spectra – post-starburst, old stellar population absorption line, and emission line

– and used the DEEP2 IDL pipeline to compare the template spectrum with each

science spectrum. In the estimation of systemic redshifts, only lines with rest

wavelengths longer than 3000 Å were fit in order to exclude bluer features trac-

ing winds. The &2 of the fit was minimized according to redshift, and a best-fit

zsys was extracted. For 63/72 objects (" 90%), it was possible to extract zsys

from the LRIS spectra. For the nine objects in the sample without [O II] spec-
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Figure 3.10 Distributions of star-formation rate surface densities 'SFR(A74) and

'SFR(RP), where these quantities are calculated using SFR and either A74 or

*R2
P. Greater than 70% of objects have 'SFR(RP) > 0.1 M" yr!1 kpc!2, the

local threshold for driving an outflow (Heckman, 2002). The two objects with the

highest 'SFR(A74) and 'SFR(RP) – 12015914 and 12100420 – are both extremely

compact galaxies with A74 (*R2
P) areas of " 3 (10) kpc2.
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tral coverage in the LRIS data, zsys was calculated from the DEIMOS spectra

using the same technique. In comparing measurements of zsys with those given

for the DEIMOS data in the DEEP2 catalogs, we find a mean discrepancy and

standard deviation of '$z( = 9 & 10!5 (16 km s!1) and "&z = 2.6 & 10!4 (42

km s!1), respectively. These results are consistent with the values obtained when

considering the entire LRIS sample (Martin et al., 2012).

3.3.2 Fitting Lines – Fe II Centroids

Simulations of galactic winds suggest that multiple fronts of outflowing material

are present along any one sightline (e.g., Fujita et al., 2009). While fitting several

outflow components simultaneously would in principle provide the best diagnostic

of these superimposed winds, the finite spectral resolution and S/N of observa-

tions typically limit fitting to a single wind component that is assumed to trace

the integrated bulk motion of the outflow. The measurements we present here,

which derive from and are discussed more fully in Martin et al. (2012), make the

approximation of a single outflow velocity. Furthermore, we do not decompose

the observed absorption profile into both a wind component and an absorption

trough at the systemic velocity, where the latter may arise from stationary ma-

terial present in stellar atmospheres or in the surrounding interstellar medium.

Several recent outflow studies have modeled absorption lines as arising from the

sum of wind and systemic components (Weiner et al., 2009; Chen et al., 2010;

Coil et al., 2011), although the implementation of such a technique is strongly

dependent on the quality of the spectroscopic data. Steidel et al. (2010) note

that the limited resolution and finite S/N of typical spectroscopic observations

at z = 1–3 often preclude fitting a more complex model than a single absorption

profile. In light of the S/N of our data, we do not apply a correction for material
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Figure 3.11 Histogram of outflow velocities measured from fitting Fe II interstellar

absorption lines. Outflows (negative V1 values) are seen at the 1" level in " 40%

of the sample. A non-negligible fraction of objects (" 25%) show positive Fe II

velocities at the 1" level. The sample as a whole is characterized by 'V1( " –16

km s!1, with a 1" scatter of 82 km s!1.
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at the systemic velocity6. The outflow velocities presented here are accordingly

conservative lower limits (Martin et al., 2012).

In Martin et al. (2012), we fit a single-component model simultaneously to

five resonance Fe II lines at 2249.88, 2260.78, 2344.21, 2374.46, and 2586.65 Å

in the LRIS spectra. These lines trace cool (T < 104 K) gas. Upon absorbing a

resonance photon at one of these five wavelengths, the Fe II ion can decay by either

emitting a photon of equal wavelength as the one it just absorbed (scattering)

or emitting a photon to intermediate fine-structure levels (fluorescence). The

presence of these fine-structure levels ensures that the resonance absorption lines

are not simply filled in with scattered re-emitted resonance photons (“emission

filling”; Prochaska et al., 2011). The Fe II features at 2382.76 and 2600.17 Å

are more susceptible to emission filling due to their dearth of alternate decay

paths (Prochaska et al., 2011, Martin et al. 2012b, in prep.) and we purposefully

omit these lines from fitting as emission filling can shift the measured centroid of

absorption lines to bluer wavelengths (e.g., Prochaska et al., 2011). The Mg II

features at ##2796/2803 are particularly a!ected by emission filling as these

transitions have no fine-structure levels; in the absence of dust extinction, all

absorbed resonance photons are re-emitted to the ground state. We accordingly

do not measure the centroids of Mg II absorption but instead develop a method

to parameterize the blue wing of the absorption profile (Section 3.3.3).

The model fit to the Fe II lines has four free parameters: Doppler shift, col-

umn density, Doppler width (b, where b =
)

2" = FWHM/2
)

ln2), and covering

fraction. Due to the low spectral resolution and finite S/N of the observations,

6As the majority of the sample is composed of actively star-forming galaxies, stellar absorp-
tion in the Fe II and Mg II lines is assumed to be minimal (e.g., Bruzual & Charlot, 2003b).
While objects with U –B colors between the red sequence and the blue cloud (i.e., “Green
Valley” galaxies) may experience substantial stellar Mg II absorption, we have verified that
our results are qualitatively unchanged when the ten Green Valley galaxies in our sample are
omitted from analyses.
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Figure 3.12 A graphical representation of outflows and inflows, for the 61 objects

with measured velocities. The y-axis is the measured Fe II outflow velocity mod-

ulated by its 1" uncertainty, where the uncertainty was added to the velocity for

objects showing outflows (V1 < 0 km s!1) and subtracted from objects exhibiting

inflows (V1 > 0 km s!1). With the Fe II outflow velocity as the x-axis, the plot

divides into quadrants: objects with significantly detected outflows cluster in the

lower left (blue points) and galaxies with significantly detected inflows appear in

the upper right (red points).
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the Doppler shift fit to the five Fe II lines is the primary quantity of interest; the

other three parameters of the model will not be discussed in this paper. We mea-

sured velocities for 61/72 objects, where 11 objects had no significant absorption

lines and therefore could not be modeled, and find velocities ranging from –217

km s!1 to +155 km s!1 with a mean of –16 km s!1 and a 1" dispersion of 82 km

s!1 (Figure 3.11). This range and mean are similar to the values measured for

the entire LRIS sample (Martin et al., 2012). We define here the convention of

employing “V1” to refer to the measured velocity shift of the deepest part of the

Fe II absorption line fit, relative to a systemic reference frame defined by [O II]

and Balmer emission lines. Negative V1 values refer to blueshifts (“outflows”)

while positive V1 values correspond to redshifts (“inflows”). Fe II velocity shifts

significant at the 1" (3") level are observed in " 40% (10%) of the sample (Fig-

ure 3.12). Within the sample of objects with 1" (3") outflows, 'V1( = –93 km

s!1 (–130 km s!1). We can also parameterize the sample by stating what per-

centage of objects exhibit outflows at a certain threshold velocity (Martin et al.,

2012). The 1" error associated with the each object’s velocity can be taken as the

standard deviation of a Gaussian probability distribution for the outflow velocity

of the object. Using these probability distributions, we calculated the fraction of

objects in the sample having blueshifts of at least –40 km s!1 (i.e., the systemic

redshift uncertainty; Section 3.3.1). We estimated errors on the outflow fraction

via bootstrap resampling. We find that 40 ± 5% of objects show outflows with

blueshifts of at least –40 km s!1. The outflow characteristics of the EGS objects

presented in this paper are consistent with the properties of the parent sample

discussed in Martin et al. (2012).

While the blueshifted signature of outflowing gas has been observed at a range

of look-back times and in a variety of galaxy types (e.g., Steidel et al., 1996b;

Franx et al., 1997; Pettini et al., 2000, 2001; Shapley et al., 2003; Martin, 2005;
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Veilleux et al., 2005; Rupke et al., 2005; Tremonti et al., 2007; Weiner et al.,

2009; Steidel et al., 2010; Coil et al., 2011), detections of redshifted interstellar

absorption lines – i.e., gas inflows – are much more elusive (Coil et al., 2011;

Giavalisco et al., 2011; Rubin et al., 2012). We defer a discussion of individual

objects in our sample showing redshifted absorption lines to our accompanying

demographics paper (Martin et al., 2012).

In objects with blueshifted Fe II profiles, we still observe significant absorption

at the systemic velocity of the galaxy. These absorption profiles are similar

to those presented in Weiner et al. (2009) and Rubin et al. (2010b) and are

distinctly di!erent from those appearing in Tremonti et al. (2007). The massive

post-starburst galaxies at z " 0.6 in the Tremonti et al. (2007) sample exhibit

Mg II velocities ranging from 500-2000 km s!1, where the profiles of Mg II are

blueshifted enough as to nearly eliminate any residual absorption at zsys. It is

evident that the systems presented in this work represent a more typical star-

forming population than the galaxies discussed in Tremonti et al. (2007).

3.3.3 Maximal Outflow Velocity

While outflow velocities can be measured from the centroids of Fe II absorp-

tion lines, as discussed above, another complementary technique widely used for

parameterizing outflow velocities utilizes the Mg II doublet features at 2796.35

and 2803.53 Å (Weiner et al., 2009; Giavalisco et al., 2011; Rubin et al., 2012).

As the Mg II transitions are resonantly trapped – such that no decay paths ex-

ist other than the re-emission of resonance photons – these absorption lines are

highly susceptible to filling from resonance emission lines. In the presence of a

net outflow of gas, this filling shifts the centroid of Mg II absorption to bluer

wavelengths due to the sum of blueshifted and redshifted emission preferentially
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Figure 3.13 Left: V1 outflow velocity versus SFR. Objects with 3" detected out-

flows and inflows are indicated in blue and red, respectively. The grism and

grating pair used in the LRIS observations is noted and the SFRs of objects

without measured velocities (due to poor spectral signal-to-noise) appear along

the x-axis. In the lower right, we indicate the significance level of the correlation.

There is not a strong trend between SFR and outflow velocity in our sample,

possibly due to the limited range in SFR probed by the data (" 1–100 M" yr!1;

Rupke et al., 2005; Steidel et al., 2010; Law et al., 2012b). Right: V1 outflow

velocity versus sSFR, where a correlation is observed between V1 and sSFR at

the 2.3" (rS = –0.33) level. Symbols are the same as in the V1 versus SFR plot.
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filling in the absorption around the systemic velocity. The most meaningful ve-

locity measurements of Mg II are therefore those made largely independently of

the Mg II centroid. We quantify shifts in Mg II using a technique reliant on the

profile of the blue side of the 2796 Å feature; we do not use the 2803 Å feature as

it may be contaminated by emission from the 2796 Å line. We adopt a method-

ology similar to the V10% measurement of Weiner et al. (2009), as described in

Martin et al. (2012). Firstly, we isolate the minimum of the 2796 Å trough and

proceed to shorter wavelengths until the sum of one pixel and its uncertainty,

", is greater than a threshold value defined by the data’s continuum S/N: 1.0 -

1.0
S/N . We record the wavelength value at which this threshold is first met, perturb

the science spectrum by a value drawn from a Gaussian distribution of width ",

and repeat the same procedure a total of 1000 times. We iteratively compute

the average of these 1000 wavelengths excluding outliers and adopt this value as

the maximal outflow velocity of Mg II, Vmax(Mg II). We measure an analogous

maximal outflow velocity for the Fe II 2374 Å feature using the same technique,

Vmax(Fe II). We choose to utilize the 2374 Å feature over other Fe II lines given

that the blue wings of other Fe II features are often contaminated by neighboring

absorption lines; the only feature close to the blue side of the 2374 Å line is a

fine-structure Fe II# emission line at 2365 Å (–1124 km s!1).

We report maximal outflow velocities only for composite spectra, in light of

the following limitations of the maximal outflow velocity technique. Firstly, only

resolved absorption lines will yield meaningful maximal outflow velocities, given

that unresolved absorption lines simply reflect the instrumental profile as opposed

to the intrinsic distribution of gas kinematics. Secondly, as discussed above,

maximal outflow velocities are strongly dependent on the S/N of the spectroscopic

data, with higher S/N data showing more blueshifted values. The uniformly

high S/N of the composite spectra (27–39 pixel!1) ensure that the e!ects of
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Figure 3.14 Left: V1 outflow velocity versus 'SFR(A74), where symbols are as in

Figure 3.13. A correlation at the 2.4" level (rS = –0.40) is observed between

V1 and 'SFR(A74), where objects with larger 'SFR show larger blueshifts in their

Fe II lines. Right: V1 outflow velocity versus 'SFR(RP). All objects with 3"

detections of outflows have 'SFR(RP) > 0.1 M" yr!1 kpc!2, in agreement with

the 'SFR threshold proposed by Heckman (2002). A 2.4" correlation (rS = –0.40)

is observed between V1 and 'SFR(RP). When the two outliers at the highest 'SFR

are removed from the sample – objects 12015914 and 12100420 with extremely

compact morphologies – trends at the 3.1" level (rS = –0.54) are observed for both

'SFR estimates. Law et al. (2012b) observed a 2.1" correlation between outflow

velocity and 'SFR in a sample of 35 star-forming galaxies at z " 2, although

other authors have noted weaker correlations (Rubin et al., 2010b; Steidel et al.,

2010).
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di!erential S/N are largely mitigated. We measure Vmax(Mg II) ranging from

[–605, –855] km s!1 while Vmax(Fe II) varies from [–444, –614] km s!1. As these

Vmax(Mg II) and Vmax(Fe II) values are generally more blueshifted than –435

km s!1, the absorption lines are resolved and therefore yield meaningful velocity

measurements.

3.4 Results

With measurements of the star-forming and structural properties of the sample,

we now turn to examining the correlations between these parameters and outflow

velocity. We focus here on galaxy properties inferred from the ancillary data

of the EGS (morphology, inclination, SFR, sSFR, 'SFR, etc.). A discussion of

how outflows relate to galaxy parameters such as stellar mass, color, redshift,

and luminosity measured for all objects in the parent DEEP2 sample appears in

Martin et al. (2012). A comparison of the kinematics of lines tracing high- and

low-ionization interstellar features will also be presented in an upcoming paper

(Shapley et al., in prep.).

We adopt two complementary techniques when presenting the data: 1) di-

rect comparison of individual outflow velocities with galaxy properties and 2)

the construction of composite spectra based on subsamples of objects exhibiting

similar star-forming or structural characteristics. These methods are both useful

in that the former enables ones to draw conclusions about specific objects while

the latter produces high S/N spectra from which global, averaged trends can be

inferred across the sample as a function of a single property. In Table 3.1, we

present a summary of the data including redshift, luminosity, color, stellar mass,

SFR, dust attenuation, areal measurements, and outflow velocity. Summaries of

outflow velocities and correlation coe"cients appear in Tables 3.2 and 3.3.
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Figure 3.15 Top: Composites of high and low SFR objects, where the dashed

vertical lines indicate the rest-frame wavelengths of resonance Fe II and Mg II

features. We measure V1 outflow velocities of –24 ± 9 km s!1 for the high-

SFR composite (blue line) and 29 ± 11 km s!1 for the low-SFR composite (red

line). The trend of higher SFR objects exhibiting stronger outflows is consistent

with the weak correlation between SFR and V1 observed on a per-object basis

(Figure 3.13). The most pronounced spectral di!erences between the composites

are observed around the Mg II feature at " 2800 Å, where higher SFR objects

exhibit deeper Mg II absorption troughs on average. Bottom: Same as above,

for composite spectra assembled from high and low sSFR objects. We measure

an outflow velocity of –34 ± 9 km s!1 for the high sSFR composite (blue line)

and 27 ± 11 km s!1 for the low sSFR composite (red line). As with the SFR

composites, the largest spectral di!erences are seen around Mg II. Objects with

high sSFR have bluer Mg II centroids and less Mg II absorption than low sSFR

objects. A full discussion of Mg II will appear in forthcoming papers (Kornei et

al. 2012b, in prep. and Martin et al. 2012b, in prep.).
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We focus on results from the resonance Fe II and Mg II absorption features,

using outflow velocities measured from both the centroids and blue wings of these

lines. At the end of this section, we present basic analyses of the strength of Mg II

absorption. Forthcoming papers will include a more thorough discussion of both

Mg II and fine-structure Fe II# emission (Kornei et al. 2012b, in prep. and Martin

et al. 2012b, in prep.).

3.4.1 Star Formation and Outflows

The relationship between SFR and outflow velocity is one of the most commonly

investigated correlations in the study of outflows (e.g., Martin, 2005; Sato et al.,

2009; Weiner et al., 2009; Rubin et al., 2010b). Martin (2005) compiled data from

a variety of local ULIRGs, LIRGs, and starburst dwarfs spanning four decades in

SFR and showed that outflow velocity is related to SFR as V + SFR0.35. While

this trend is consistent with the canonical picture of galactic-scale outflows arising

from the combined e!ects of stellar and supernovae winds (Leitherer & Heckman,

1995; Veilleux et al., 2005), recent studies probing more limited ranges in SFR

have often failed to reproduce the Martin (2005) correlation (Rupke et al., 2005;

Steidel et al., 2010; Law et al., 2012b). As the V + SFR0.35 relation flattens

for galaxies with SFRs " 10–100 M" yr!1 (Martin, 2005) – the very interval

probed by most investigations – Rupke et al. (2005) propose that the bulk of

studies simply do not span a large enough SFR interval to unambiguously detect a

trend. The inclusion of low-SFR dwarf galaxies with low outflow velocities may be

necessary for detecting a correlation between outflow velocity and SFR (Heckman

et al., 2011). Weiner et al. (2009) examined the Mg II doublet in a sample of

DEEP2 galaxies at z = 1.4 and found a dependence of outflow velocity on SFR

consistent with the result from Martin (2005). This result is surprising given that
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Figure 3.16 Top: Composite spectra assembled on the basis of 'SFR(A74). Kine-

matic shifts between the two composites in the Fe II resonance lines are evident

visually; we find a V1 outflow velocity of –31 ± 7 km s!1 for the high-'SFR(A74)

composite (blue line) and 44 ± 15 km s!1 for the low-'SFR(A74) composite (red

line). These pronounced di!erences are consistent with the strong trend observed

between 'SFR(A74) and V1 on a per-object basis (Figure 3.14). The Mg II features

show a strong kinematic shift between the composites, with objects characterized

by larger 'SFR exhibiting more blueshifted Mg II absorption. Bottom: Same as

above, for 'SFR(RP) composites. The high-'SFR(RP) composite is best-fit with a

V1 outflow velocity of –25 ± 6 km s!1 while the low-'SFR(RP) composite yields an

outflow velocity of 33 ± 13 km s!1. Objects with higher 'SFR(RP) also show more

strongly blueshifted Mg II features. These results are in the same sense as the

trends seen in the 'SFR(A74) composites, unsurprising given the multiplicative

o!set between the A74 and *R2
P areas (Figure 3.9).
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the Weiner et al. (2009) sample spans a much more limited SFR interval (" 7–180

M" yr!1) than the 0.1–1000 M" yr!1 range of Martin (2005). Weiner et al. (2009)

employed two di!erent techniques to parametrize the velocity of outflowing Mg II:

a “median velocity” containing 50% of the absorption and a “maximal velocity”

where the outflow crosses 10% or 25% absorption. The median velocity method is

most akin to the centroid technique used in this paper and in other recent studies

of outflows (Rubin et al., 2010b; Steidel et al., 2010; Krug et al., 2010; Law et al.,

2012b) while the maximal velocity is similar to our Vmax(Mg II) measurement.

Relying on composite spectra, Weiner et al. (2009) found that SFR was correlated

with the 10% maximal velocity of Mg II such that V + SFR0.38. These authors

did not find a significant trend between SFR and the Mg II median velocity. In

the analyses below, we employ the Spearman ( correlation test to examine how

well variables are correlated. We report the Spearman rank-order correlation

coe"cient, rS, and the number of standard deviations from the null hypothesis

that the quantities are uncorrelated.

3.4.1.1 Individual Measurements

In the left panel of Figure 3.13, we plot V1 versus SFR. We find only a weak (rS =

–0.17; 1.2" from the null hypothesis) correlation between SFR and V1 across the

sample, although this is not unexpected given the limited range in SFR probed

by the data (" 1–97 M" yr!1; Rupke et al., 2005; Steidel et al., 2010; Law et al.,

2012b), the small sample size, the S/N of the data, and the fitting method used

for measuring outflow velocities (centroid fitting of Fe II). The three objects with

the highest SFRs (> 75 M" yr!1) show small Fe II blueshifts (V1 > –65 km s!1);

we propose that the sample’s small dynamic range in SFR, the limited number of

objects considered, the lack of high-resolution spectroscopy, and the methodology
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Figure 3.17 Comparison of Fe II 2374 and Mg II 2796 profiles in velocity space, for

the high and low 'SFR(A74) composite spectra. Note the pronounced variation be-

tween the blue wings of the features in the high 'SFR(A74) composite; Vmax(Mg II)

is –855 ± 66 km s!1 while Vmax(Fe II) is –611 ± 103 km s!1. High'SFR(A74)

systems show gas at high velocity, and this gas is better traced by Mg II than by

Fe II (Section 4.4). The absorption features at " +770 and " +1000 km s!1 are

Mg II 2803 and Fe II 2382, respectively.

of employing centroid measurements of Fe II may all contribute to this result.

We observe a stronger correlation between sSFR and V1 outflow velocity (Fig-

ure 3.13, right): rS = –0.33; 2.3" from the null hypothesis. As sSFR is a ratio

between SFR (where higher values should produce stronger winds) and stellar

mass (where larger values should hinder winds, assuming that the gravitational

potential energy of a system increases with increasing stellar mass), one would

expect that sSFR is a tracer of both the energetics and gravitational potential

of a galaxy and should therefore correlate with the observed velocity of winds.

While Chen et al. (2010) do not find a trend between sSFR and either outflow

velocity or the equivalent width of the outflow component in a large sample of

Sloan Digital Sky Survey (SDSS; York et al., 2000) galaxies at z " 0.1, these

authors hypothesize that the lack of correlation with the strength of the outflow

component may be due to the e!ects of dust shielding on the particular atomic
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species used to trace winds at low redshift7. Rubin et al. (2010b) also fail to find

a trend between sSFR and outflow velocity at z " 1.4, although these authors

draw their conclusions solely based on co-added spectra8. While Prochaska et al.

(2011) caution that stacked spectra show only a smeared version of the original

emission and absorption features present in the component spectra, we find that

the composite spectra discussed below reflect the trends of the individual mea-

surements. Therefore, the fact that Rubin et al. (2010b) do not observe a trend

between sSFR and outflow velocity is more likely a result of the low S/N of their

data rather than a direct consequence of relying on co-added spectra.

We find the strongest trend with V1 outflow velocity when SFR is normal-

ized by a representative galaxy area. Star-formation rate surface densities – both

'SFR(A74) and 'SFR(RP) – exhibit pronounced trends with V1 outflow velocity

(Figure 3.14). Both 'SFR(A74) and V1 and 'SFR(RP) and V1 are correlated at

the 2.4" level with rS = –0.40. Omitting two extremely compact galaxies with

uncertain area measurements yields 3.1" measurements from the null hypothesis

and correlation coe"cients of rS = –0.54 for both 'SFR(A74) and 'SFR(RP). Such

strong trends have not yet been reported in the literature at high redshift; Rubin

et al. (2010b) noted only a 1" correlation in a sample of 468 galaxies at 0.7 < z

< 1.5, Steidel et al. (2010) also found a 1" correlation for 81 galaxies at z - 2,

and Law et al. (2012b) reported a 2.1" correlation for 35 optically-selected star-

forming galaxies at z = 1.5–3.6. However, the galaxy areas employed in the 'SFR

7The tracer of wind kinematics used by Chen et al. (2010), Na I "" 5892,5898 (Na D),
can be ionized by photons with energies > 5.1 eV. In the presence of dust, Na I is e!ectively
shielded and remains neutral. However, in environments with minimal attenuation – such as
those found in both high and low sSFR objects (Chen et al., 2010) – ionizing photons are not
destroyed by dust and Na I is stripped of an electron. As the tracer species is depleted in such
scenarios (Murray et al., 2007), it follows that no correlation would be expected between sSFR
and outflows.

8These stacked spectra have typical S/N values of 6.0 per pixel, comparable to our individual
spectra (Figure 3.4).
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Figure 3.18 Top: The regions around Fe II 2374 Å and Mg II 2796 Å are shown

for three composite spectra assembled from data ordered by 'SFR(A74). With

increasing 'SFR, the blue wings of both the Fe II and Mg II features extend

to larger velocities. This is evidence of the increasing prevalence of high veloc-

ity gas with larger 'SFR. Bottom: We quantify the blue wings of Fe II and

Mg II with Vmax(Fe II) and Vmax(Mg II) measurements. The left panel shows

Vmax(Fe II)(diamonds) and V1 (triangles) versus 'SFR(A74), where the errors bars

on 'SFR(A74) indicate the 1" dispersion in each bin. The right panel shows the re-

lationship between Vmax(Mg II) and 'SFR(A74). In all cases, more extended wing

profiles tracing higher velocity gas are seen in systems with larger star-formation

rate surface densities.
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calculations of Rubin et al. (2010b), Steidel et al. (2010), and Law et al. (2012b)

correspond to half-light radii at rest-frame " 2200 Å, the extent of H! emission,

and circularized e!ective radii, respectively. Given the clumpy distribution of

star formation in distant galaxies (Lotz et al., 2008; Law et al., 2012b), these

areas may be overestimates of the regions corresponding to star-formation (Ru-

bin et al., 2010b)9. Furthermore, the Steidel et al. (2010) measurements are from

ground-based data which are seeing-limited. The Law et al. (2012b) observations,

while probing the bulk of the stellar mass with H -band (rest-frame optical) HST

imaging, approximated the areas of clumpy galaxies by adopting the circularized

e!ective radius of the brightest clump as representative of the size of the entire

galaxy. This technique results in overestimates of 'SFR, given that the areas of

fainter clumps are neglected. In a more local sample of SDSS galaxies at z "

0.1, Chen et al. (2010) found no correlation between outflow velocity and 'SFR.

These authors note that the small dynamic range of their data (outflow speed =

[120–160] km s!1) may obscure trends. When we limit our sample to only ob-

jects showing outflows (V1 < 0 km s!1), we find that star-formation rate surface

density and V1 are correlated at the " 1" level (for both area measurements).

We propose that inflows and outflows represent a continuum of gas cycling and

therefore correlations with galaxy properties should be investigated inclusive of

both redshifted and blueshifted gas. While SFR and 'SFR(A74) are weakly corre-

lated, at the " 2.3" level (rS = 0.37), we suggest that the scatter in the V1 versus

'SFR(A74) relation prevents a similar correlation from being seen in the plot of V1

versus SFR. All objects with 3" detections of outflows have 'SFR(RP) > 0.1 M"

yr!1 kpc!2, in agreement with the 'SFR threshold proposed by Heckman (2002).

These objects with secure detections of outflows furthermore all have SFR > 10

9Simply overestimating galaxy areas is not su"cient to negate a trend with outflow velocity,
however, since we find equally strong correlations with outflow velocity utilizing both #SFR(A74)
and #SFR(RP).
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Figure 3.19 Composite spectra assembled on the basis of AUV. Fitting the Fe II

resonance absorption lines yields a V1 outflow velocity of –3 ± 10 km s!1 for the

high-AUV composite (red line) and –10 ± 9 km s!1 for the low-AUV composite

(blue line). Mg II strength and kinematics are clearly correlated with AUV,

where less attenuated objects show shallower Mg II absorption troughs and more

blueshifted features. In dusty objects, the lack of emission filling in the Mg II

features likely contributes to the observed absorption depth. These results are

consistent with the trends observed for individual objects (Figure 3.24).

M" yr!1, although we hypothesize that the 'SFR threshold is more fundamental

given the stronger correlation of outflow velocity with 'SFR than with SFR. The

trend between outflow velocity and star-formation rate surface density supports

the theory that the shifts of absorption lines are due to gas flows as opposed to

galactic rotation.

Using the outflow fraction methodology discussed in Section 3.3.2, we find

that 26 ± 8% of the low-'SFR(A74) sample shows outflows with blueshifts of at

least –40 km s!1. In contrast, 48 ± 9% of the high-'SFR(A74) shows outflows

at the same level. When the two galaxies with uncertain area measurements are

removed from the high-'SFR(A74) sample, the outflow fraction increases to 54

± 9%. The significant di!erence in outflow fraction between the low- and high-

'SFR(A74) samples is consistent both with the measurements from individual

objects presented above and our findings based on composite spectra, discussed
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below.

3.4.1.2 Composite Spectra

We constructed composite spectra from the binary division of data sorted accord-

ing to SFR, sSFR, 'SFR(A74), 'SFR(RP), AUV, and i. We measured the shifts of

the Fe II interstellar absorption lines in the composites using the same techniques

employed for the individual spectra (Section 3.3.2). We also measured maximal

outflow velocities in both Mg II and Fe II for these composites. While the robust-

ness of the velocity measurements benefit from the increased S/N of the stacked

composites, it is important to remember that relying on composite spectra only

reveals the global, averaged trends across the sample.

Below, we discuss three measurements for each composite spectrum: V1,

Vmax(Mg II), and Vmax(Fe II). While the magnitudes of the V1 shifts are not

large, we emphasize that it is the di!erence in V1 between composite spectra

that is primary interest; the apparent detections of inflows and outflows in indi-

vidual composites may be spurious given the velocity uncertainties of the LRIS

data. The results implied by V1 and Vmax(Fe II) are corroborated by Vmax(Mg II),

where shifts in the Mg II lines are often visually obvious in the data.

In the top row of Figure 3.15, we compare high- and low-SFR composites

and focus on the wavelength intervals around Fe II and Mg II (2370–2400, 2570–

2650, and 2760–2840 Å). The strengths of the Fe II features are similar in both

composites, although we find that the high-SFR composite ('SFR( = 32 M"

yr!1; extrema of [12, 97] M" yr!1) exhibits a V1 blueshift of –24 ± 9 km s!1

while the low-SFR composite ('SFR( = 7 M" yr!1; extrema of [1,11] M" yr!1)

is best-fit with a model of redshifted gas with positive velocity 29 ± 11 km s!1.

These results are in the same sense as the trend of vigorously star-forming objects
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Figure 3.20 V1 outflow velocity versus galaxy inclination, where inclination was

estimated from axial ratios: i = cos!1[b/a] (Tully & Fisher, 1977). Significant

detections of outflows or inflows at the 3" level are highlighted in blue and red,

respectively. While individual inclination measurements are likely uncertain by

" 10% due to measurement error in the rest-frame UV, we note that a simple

division of the sample at i = 45% yields a subgroup of more face-on galaxies with

'V1( = –28 ± 20 km s!1 and a set of more inclined galaxies with 'V1( = 4 ±

15 km s!1. These findings are in the same sense as the results of Chen et al.

(2010), who observed a correlation between outflow velocity and inclination in

a sample of " 150,000 local SDSS (York et al., 2000) galaxies such that more

face-on systems showed a stronger outflow component.
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showing more pronounced outflows than lower SFR systems (Martin, 2005). The

SFR composites di!er significantly in Mg II strength, with larger SFR objects

showing deeper absorption on average. The centroids of the Mg II features are

blueshifted in both the high- and low-SFR composites, so systemic absorption is

not likely responsible for the di!erence in Mg II strength. Furthermore, the red

wings of the 2803 Å features are remarkably similar between the two composites,

so it is not immediately apparent that emission filling is a!ecting one spectrum

more than the other. Since SFR and stellar mass are correlated (Figure 3.8), Mg II

strength may depend on stellar mass. We investigate the correlation between

Mg II and stellar mass in Section 3.4.3. Higher metallicities are expected for more

vigorously star-forming objects (Tremonti et al., 2004; Noeske et al., 2007; Elbaz

et al., 2007), although we note that because the Fe II and Mg II lines are saturated

in our study (based on the di!erences between the observed lines ratios and those

expected according to atomic theory) it is di"cult to determine if metallicity is

the driving factor behind absorption line strength. The kinematics of Mg II are

similar in both composites; the high (low) SFR composite has Vmax(Mg II) =

–748 ± 94 (–614 ± 83) km s!1. The composites have Vmax(Fe II) measurements

of –514 ± 84 (–453 ± 104) km s!1.

We compare sSFR composite spectra in the bottom row of Figure 3.15. As

with the SFR composites, there is minimal variation in the strength of the Fe II

resonance features between the high- and low-sSFR composites. Likewise, we find

di!erences in the Fe II kinematics between the two composites that are similar

to the shifts seen in the SFR composites: objects with high sSFR ('sSFR( =

1.9 & 10!9 yr!1; extrema of [1.0 & 10!9, 5.6 & 10!9] yr!1) exhibit an average

blueshift of –34 ± 9 km s!1 while low sSFR objects ('sSFR( = 4.1 & 10!10

yr!1; extrema of [6.5 & 10!11, 9.6 & 10!10] yr!1) are globally characterized by

a Fe II shift of 27 ± 11 km s!1. The larger blueshifts seen in higher sSFR
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objects supports the correlation observed in individual galaxies (Figure 3.13).

The sSFR composites are comparable in Mg II strength but not in kinematics:

the high (low) sSFR composite has Vmax(Mg II) = –605 ± 80 (–834 ± 148) km

s!1. The composites are characterized by Vmax(Fe II) measurements of –556 ±

94 (–456 ± 86) km s!1. While the sense of the Vmax(Mg II) measurements is

contrary to both the V1 and Vmax(Fe II) results – i.e., objects with larger sSFRs

show smaller Vmax(Mg II) blueshifts than objects with lower sSFRs – we note

that the Vmax(Mg II) measurements of the high- and low-sSFR composites are

consistent at roughly the 1" level. The large blueshift of Vmax(Mg II) for the low-

sSFR composite may be explained by high-mass objects preferentially populating

the low-sSFR composite. High-mass objects exhibit deeper and broader Mg II

absorption profiles than low-mass objects (Martin et al. 2012b, in prep.). Stellar

Mg II absorption and emission filling may also a!ect the observed profiles; the

large di!erences in the red wings of the 2803 Å features and the blueshift seen in

the Mg II centroids of the high-sSFR composite argue that emission filling may

be present in the high-sSFR composite.

In Figure 3.16, we plot composite spectra assembled according to 'SFR. Kine-

matic shifts between the high- and low-'SFR composites are visually evident and

persist irrespective of which galaxy area measurement is employed. Quantita-

tively, we find V1 shifts of –31 ± 7 and –25 ± 6 km s!1 for the high 'SFR(A74)

and 'SFR(RP) composites, respectively. In contrast, the low-'SFR composites

are best-fit with models having shifts of 44 ± 15 and 33 ± 13 km s!1. These

results, consistent with the " 3" trends observed between outflow velocity and

['SFR(A74), 'SFR(RP)] on a per-object basis (Figure 3.14), are in agreement with

theoretical predictions that a higher density of star formation should lead to

stronger outflows (Leitherer & Heckman, 1995; Veilleux et al., 2005; Murray et al.,

2011). However, the most striking di!erence between the 'SFR composites are

114



Figure 3.21 Composite spectra assembled from objects with high and low incli-

nations, respectively, where inclinations were estimated from HST V +I band

imaging assuming intrinsic circular disks: i = cos!1[b/a] (Tully & Fisher, 1977).

We find that the composite spectrum composed of high inclination objects (red

line) is best-fit with V1 = 28 ± 11 km s!1 while the composite spectrum assem-

bled from low inclination galaxies (blue line) has a V1 outflow velocity of –19 ± 9

km s!1. Even though the overall shifts of each composite from 0 km s!1 are small

in magnitude, the kinematic di!erence between the two composites is significant.

These results are consistent with the trend of stronger blueshifts with decreasing

inclination, as noted by Chen et al. (2010) for a local sample of SDSS galaxies.

V -band thumbnails of the ten lowest and highest inclination objects are shown

above and below the composite spectra, respectively.115



the blue wings of the Mg II 2796 Å features. We find visually-obvious shifts in

the Mg II doublet between the high- and low-'SFR composites, where objects

with larger star-formation rate surface densities show more blueshifted Mg II

absorption. Furthermore, the entire blue wing of the 2796 Å feature is o!set in

the composites, suggestive of actual kinematic di!erences as opposed to centroid

shifting from emission filling. The composites of high-'SFR objects are charac-

terized by Vmax(Mg II) = –855 ± 66 km s!1 and –862 ± 69 km s!1, respectively.

Conversely, the low-'SFR composites have measured Vmax(Mg II) values of –640 ±

117 km s!1 and –668 ± 105 km s!1, respectively. The corresponding Vmax(Fe II)

measurements for the high-'SFR composites are –611 ± 103 km s!1 and –614

± 97 km s!1, respectively. The low-'SFR composites have Vmax(Fe II) values of

–451 ± 86 km s!1 and –444 ± 87 km s!1, respectively. The kinematic di!erences

between the high- and low-'SFR composites are among the largest observed for

any pair of composites (&Vmax(Mg II) = 215 ± 134 km s!1 and 194 ± 126 km

s!1; &Vmax(Fe II) = 160 ± 134 km s!1 and 170 ± 130 km s!1).

The kinematic di!erences between Fe II and Mg II in the 'SFR(A74) compos-

ites are highlighted in Figure 3.17. On the left, the Fe II 2374 Å and Mg II 2796

Å lines of the high-'SFR(A74) composite are overplotted in velocity space. The

profiles of Fe II and Mg II absorption are clearly disparate, with the extended

blue wing of Mg II indicative of high-velocity gas not traced by Fe II. On the

right side of Figure 3.17, the same Fe II and Mg II transitions are shown for

the low-'SFR(A74) composite. In the regime of low-intensity star formation, the

profiles of Fe II and Mg II are much more similar and Mg II does not exhibit an

extended blue wing. These results support the association of high star-formation

rate surface densities with high-velocity gas, and Mg II is observed to be better

tracer of high-velocity gas than Fe II. In order to better study the trend between
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Figure 3.22 Outflow demographics as a function of the quantitative morpho-

logical parameters G and M20, where parameter space can be partitioned into

regions encompassing the classical morphological groups – mergers, ellipticals,

and spirals/irregulars (Lotz et al., 2008). We highlight in blue (red) objects

showing blueshifted (redshifted) Fe II resonance absorption lines, reserving small

diamonds for 1" significant V1 velocities and larger diamonds for 3" significant

V1 measurements. HST V -band thumbnails are shown for the nine objects with

3" velocity dectections. Both inflows and outflows occur in galaxies spanning a

variety of morphologies; merging systems do not preferentially host winds. These

results are consistent with the findings of Law et al. (2012b) at higher redshift,

although Sato et al. (2009) noted that outflows were preferentially seen in merger

candidates at 0.11 < z < 0.54.
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outflow velocity and 'SFR, we constructed composite spectra from three bins of

'SFR(A74). We find that the V1, Vmax(Fe II), and Vmax(Mg II) measurements are

all correlated with 'SFR(A74), where objects characterized by higher intensities

of star formation have larger centroid and maximal outflow velocities (Figure

3.18). We observe that Vmax(Fe II) is a smooth function of 'SFR(A74), while

Vmax(Mg II) appears to reach a maximum at 'SFR(A74) = 0.4 M" yr!1 kpc!2.

The relatively coarse pixel sampling of the composite spectra – " 100 km s!1 –

is likely responsible for the plateau of Vmax(Mg II) values. From the composite

spectra, it is evident that the equivalent width of blueshifted Mg II absorption

steadily increases with increasing 'SFR(A74).

As previous observations have shown stronger interstellar absorption lines

with increasing dust attenuation (Shapley et al., 2003), indicative of an associa-

tion between absorbing outflow material and dust, we investigated the relation-

ship between AUV and outflow velocity. In composite spectra assembled on the

basis of AUV (Figure 3.19), we find that objects with higher dust attenuation ex-

hibit marginally stronger Fe II absorption lines (especially in the 2344 Å feature)

and significantly stronger Mg II absorption. These results support the corre-

lation found by Shapley et al. (2003), where these authors observed that more

attenuated Lyman Break Galaxies (LBGs) at z " 3 showed deeper interstellar

absorption lines. We find that objects with a variety of attenuation levels exhibit

similar Fe II kinematics (Figure 3.19); the centroids of the Fe II lines in the high-

AUV composite ('AUV( = 2.7; extrema = [1.7, 4.2]) are best-fit with a velocity

shift of –3 ± 10 km s!1 while the low-AUV composite ('AUV( = 1.1; extrema =

[0.0, 1.7]) shows a shift of –10 ± 9 km s!1. These measurements are both con-

sistent with no velocity shift. The Vmax(Fe II) measurements of the composites

are consistent with each other within their 1" errors (–497 ± 88 km s!1 for the

high-AUV composite and –522 ± 91 km s!1 for the low-AUV composite). Law
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Figure 3.23 Left: Outflow velocity versus Petrosian radius. We overplot the

relation from Law et al. (2012b), where these authors found a strong correlation

between outflow velocity and size in a sample of galaxies at z = 1.5–3.6. The

Law et al. (2012b) objects have semi-major axes r < 6 kpc, while our sample is

characterized by 'RP( = 7.1 kpc. We find no statistical evidence in our sample

that Petrosian radius and outflow velocity are correlated. Right: Outflow velocity

versus the “radius” of the A74 area: (A74/*)1/2. As with the Petrosian radius, we

find no evidence indicating a relation between outflow velocity and (A74/*)1/2.
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et al. (2012b) find only a 0.7" correlation between outflow velocity and E(B–V)

in a sample of 35 star-forming galaxies at z " 2. Within a sample of local SDSS

galaxies, Chen et al. (2010) also find no evidence that attenuation level is linked

to outflow velocity.

While the Fe II features of the two AUV composites show only minimal varia-

tion in strength and kinematics, the Mg II features are strikingly di!erent between

the high- and low-AUV composites. We find that more attenuated objects have

deeper Mg II absorption troughs (consistent with a relative lack of emission fill-

ing or stronger absorption in dusty galaxies), Mg II centroids roughly consistent

with the systemic velocity, and Vmax(Mg II) = –732 ± 71 km s!1 while objects

with lower AUV have weaker absorption profiles, more strongly blueshifted cen-

troids, and Vmax(Mg II) = –652 ± 89 km s!1. Prochaska et al. (2011) proposed

outflow models in which dust has a pronounced e!ect on observed wind profiles:

resonantly trapped photons (i.e., those arising from the Mg II transitions at 2796

and 2803 Å) have an increased probability of being absorbed by dust given their

longer path lengths. Our observations support this hypothesis that Mg II should

show more variation with changing AUV levels than the Fe II transitions that are

not resonantly trapped. However, Prochaska et al. (2011) note that extreme lev-

els of extinction ('dust " 10) are necessary in order to measure qualitative changes

in line profiles, although we see this e!ect at significantly lower attenuation levels

('dust " 2).

3.4.2 Trends with Inclination and Morphology

Observations of local starbursts have shown extraplanar outflows emanating per-

pendicular to galaxy disks (e.g., Heckman et al., 1990; Lehnert & Heckman,

1996; Cecil et al., 2001; Strickland & Heckman, 2009). If this geometry persists
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Figure 3.24 Scatter plots of various galaxy properties versus Mg II equivalent

width, for galaxies in the EGS. The strength of Mg II was estimated from a simple

summation of flux over the interval 2788–2810 Å encompassing both features

of the doublet. We find that the strongest correlation, at 4.5" (rS = 0.61), is

observed between Mg II equivalent width and stellar mass. A thorough discussion

of Mg II will appear in Kornei et al. 2012b, in prep. and Martin et al. 2012b, in

prep.
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at higher redshifts, one would expect the measured outflow velocities in the sam-

ple to depend strongly on inclination as the wind becomes increasingly oriented

toward the observer. Studies to date have primarily focused on testing this hy-

pothesis in local samples, given the advantages of apparent magnitude and spatial

resolution. Chen et al. (2010) used a sample of " 150,000 SDSS galaxies and as-

sembled stacks of the Na D absorption lines on the basis of galaxy inclination

measured from two dimensional de Vaucouleurs (1948) fits to ugriz data. These

authors found a striking correlation of increasing outflow velocity with decreasing

inclination, consistent with the physical picture of winds escaping perpendicular

to galaxy disks. Similarly, Heckman et al. (2000) observed 18 local starbursts in

the Na D lines and measured an increase in the fraction of objects exhibiting out-

flows when the sample was restricted to objects with i % 60%. In the high-redshift

regime, Weiner et al. (2009) examined 118 galaxies at z = 1.4 with HST I -band

imaging and extracted minor-to-major axis ratios (b/a) using SExtractor (Bertin

& Arnouts, 1996). These authors did not find a correlation between axis ratio

and wind strength or outflow velocity; Weiner et al. (2009) propose that the un-

certainties on the axis ratios of small, irregular galaxies imaged in the rest-frame

U -band may be substantial. Law et al. (2012b) looked at 35 optically-selected

star-forming galaxies at z = 1.5–3.6 with b/a estimated from GALFIT (Peng

et al., 2002, 2010) modeling of HST F160W imaging and also found no correla-

tion between outflow velocity and b/a. It is important to note that these results

at high redshift are much more uncertain than the Chen et al. (2010) and Heck-

man et al. (2000) findings, given the very di!erent spatial resolutions achievable

at z = 0 and z " 2. Furthermore, while b/a and inclination are often presumed

to be related by i = cos!1[b/a] (Tully & Fisher, 1977), Law et al. (2012b) caution

that this conversion relies on the thin-disk approximation which may not be valid

for star-forming galaxies with significant vertical velocity dispersions (Law et al.,
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2009; Förster Schreiber et al., 2009). However, in the absence of a significant

sample of high-redshift galaxies for which spatially-resolved velocity dispersions

have been measured, this simple conversion continues to be employed. As some

of the objects in our sample furthermore resemble local star-forming disks more

closely than the clumpy, irregular galaxies at z " 2 with large vertical velocity

dispersions, the thin-disk approximation may not be a gross assumption here.

We investigate the relationship between galaxy inclination and outflow veloc-

ity using inclinations estimated from SExtractor (Bertin & Arnouts, 1996) axial

measurements of summed HST V +I detection images. In Figure 3.20, we plot

outflow velocity versus inclination. While inclination estimates for individual ob-

jects are likely uncertain by " 10% due to measurement error in the rest-frame

UV, highlighting the objects showing # 3" V1 outflows reveals that all such five

objects have i < 45%. When we make a simple division of the data at i = 45%, we

additionally find that the sample of more edge-on systems has 'V1( = 4 ± 15 km

s!1 while the sample of predominantly face-on systems is characterized by 'V1(

= –28 ± 20 km s!1. These results are consistent with the physical picture of a

biconical wind profile where outflowing material preferentially emanates perpen-

dicular to the galactic disk. Weiner et al. (2009) investigated the relationship

between outflow velocity and galaxy inclination at z " 1.4 using HST imaging,

although these authors relied on observations in a single band (I ). The Weiner

et al. (2009) imaging data are accordingly shallower than ours by a factor "
)

2,

although we propose that the main reason we find a correlation between incli-

nation and outflow velocity while Weiner et al. (2009) do not lies in the relative

S/N ratios of our respective spectroscopic data. The individual spectra used by

Weiner et al. (2009) have a S/N of " 1 per resolution element near 2820 Å. Con-

versely, the spectra presented in this paper have a S/N of " 11 per resolution

element in the vicinity of the Fe II lines. The co-added spectra employed by
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Weiner et al. (2009) for the majority of their analyses (although not inclination)

have S/N of 16–28 per resolution element, while the spectral stacks used in this

paper have S/N of 49–68 per resolution element.

We also utilized the statistical power of our sample in assembling composite

spectra of high- and low-inclination objects, where 'i( = 58% and 38%, respectively.

In Figure 3.21, we compare these composite spectra and show thumbnails of the

ten highest (lowest) inclination objects below (above) the composite spectra for

visual reference. While the magnitude of the shifts with respect to systemic

velocity are small in both cases, we do find that galaxies with lower inclinations

exhibit bluer Fe II absorption troughs (V1 = –19 ± 9 km s!1) than more inclined

galaxies (V1 = 28 ± 11 km s!1), qualitatively consistent with the results of Chen

et al. (2010). Similarly, objects with lower inclinations show more blueshifted

Mg II lines (Vmax(Mg II) = –811 ± 140 km s!1) than more edge-on systems (–

692 ± 95 km s!1). Likewise, the composite of lower (higher) inclination systems

are characterized by Vmax(Fe II) = –557 ± 101 (–464 ± 77) km s!1.

The morphology of galaxies hosting outflows has only recently been investi-

gated (Martin, 2005; Sato et al., 2009; Weiner et al., 2009; Rubin et al., 2010b;

Law et al., 2012b). In the local universe, there is an implicit bias toward con-

cluding that outflows are preferentially hosted by mergers. As systems with

large SFRs are more likely to exhibit outflows (Martin, 2005; Rupke et al., 2005)

and local galaxies with vigorous star formation are often characterized by dis-

rupted morphologies indicative of either major or minor mergers (e.g., Sanders &

Mirabel, 1996), an association between mergers and outflows naturally develops.

In a study by Martin (2005) of 18 ULIRGs at 0.04 < z < 0.16 characterized by

merger signatures, these authors found evidence for neutral gas outflows in 15

systems (> 80%), consistent with Rupke et al. (2005). At larger redshifts, where
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Figure 3.25 Vmax(Mg II) versus Vmax(Fe II), for the 13 composite spectra discussed

in this paper. Vmax(Mg II) is systematically more blueshifted than Vmax(Fe II),

as discussed in Section 4.4.
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vigorous star formation and merger morphology appear to be decoupled (Law

et al., 2007; Swinbank et al., 2010), Sato et al. (2009) still found that outflows

traced by Na D were preferentially hosted by galaxies undergoing mergers.

We use our sample of z " 1 objects to study the prevalence of outflows in

systems with large star-formation rates but a wide range of morphologies. We use

quantitative morphological parameters from Lotz et al. (2004) to investigate the

light distributions of galaxies hosting outflows. We employ the Gini coe"cient

(G) and the second order moment of the brightest 20% of each galaxy’s flux, M20.

Figure 3.22 shows how objects in (G, M20) space divide into classical early-type

(E/S0/Sa), late-type (Sb–Irr), and merger candidates (Lotz et al., 2008). We

find that objects exhibiting outflows and inflows span (G, M20) morphological

parameter space; systems classified as mergers do not appear to drive winds any

more frequently than galaxies classified as E/S0/Sa or Sb–Irr. Objects with G,

M20 values indicative of mergers, in fact, qualitatively host a relative dearth of

outflows and inflows compared with other morphological classes. Both Weiner

et al. (2009) and Rubin et al. (2010b) also found no trend between morphology

and outflows in populations of star-forming galaxies.

Law et al. (2012b) studied the prevalence of outflows with galaxy size. These

authors parameterized size using both the half-light radius along the semi-major

axis (r) and the circularized e!ective radius (re = r
!

b/a). Law et al. (2012b)

found a significant (> 2") correlation with both size estimates, where the smallest

galaxies exhibited the largest interstellar blueshifts with respect to the systemic

frame defined by H!. In Figure 3.23, we use our data to plot outflow velocity

versus two size estimates: Petrosian radius and (A74/*)1/2 (the “radius” of the

A74 area). We show the best-fit line derived by Law et al. (2012b), V = 77r – 342

km s!1, for reference, but note that only " 40% of our sample has Petrosian radii
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falling in the same range as the Law et al. (2012b) data. We find no evidence for

a correlation between outflow velocity and either Petrosian radius or (A74/*)1/2.

3.4.3 Mg II Equivalent Width & Kinematics

Motivated by the range of Mg II absorption strengths observed in the sample,

we investigated the primary driver of Mg II equivalent width. We estimated the

equivalent width of Mg II by summing flux over the interval 2788–2810 Å, thereby

encompassing both features of the Mg II doublet. We tested the correlation

between Mg II equivalent width and SFR, stellar mass, sSFR, AUV, U –B color,

'SFR(A74), 'SFR(RP), and inclination, respectively (Figure 3.24). Consistent

with Martin et al. (2012), we find that stellar mass and Mg II equivalent width

are the most strongly correlated, at the 4.5" level (rS = 0.61). Bordoloi et al.

(2011) also note the correlation between Mg II equivalent width and stellar mass

in a sample of COSMOS galaxies at 0.5 < z < 0.9. Stellar Mg II absorption may

be present in objects with large stellar masses; population modeling is necessary

in order to definitively address the contribution of stellar absorption.

Among the SFR, sSFR, and AUV composite spectra, we find two families

based on the strength and kinematics of Mg II. The low-SFR, high-sSFR, and

low-AUV composite spectra exhibit weaker, blueshifted Mg II features with little

absorption in the red wings of the lines. On the other hand, the low-sSFR and

high-AUV composite spectra show stronger Mg II absorption at roughly the sys-

temic velocity, with substantial absorption in the lines’ red wings. The high-SFR

composite spectrum, with its strong, blueshifted Mg II absorption, is anomalous

in that appears to be included in both families. We note that the di!erences in

the Mg II profiles of these SFR, sSFR, and AUV composite spectra are mainly

limited to the red wings of the lines and are distinct from the shifting of the blue
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wings and centroids observed in the 'SFR(A74) and 'SFR(RP) composite spectra.

We propose that objects in the low-SFR, high-sSFR, and low-AUV composite

spectra are dominated by emission filling while the galaxies populating the low-

sSFR and high-AUV composite spectra experience significant systemic absorption.

Furthermore, since stellar mass is correlated with SFR, sSFR, and AUV, the vari-

ation in Mg II properties seen in the SFR, sSFR, and AUV composite spectra

may reflect the primary correlation between stellar mass and Mg II equivalent

width. Accordingly, the low-SFR, high-sSFR, and low-AUV composite spectra

are preferentially populated with low-mass objects with weaker Mg II absorption

(Martin et al., 2012). Higher mass objects may have more absorption and also

less emission filling since emission is attenuated by dust. Future work involving

modeling of the stellar component of Mg II absorption will help illuminate the

connection between Mg II and stellar populations.

3.5 Discussion

In this section, we present a discussion and interpretation of our results. We

observe the strongest trend between outflow velocity and 'SFR, a finding that is

supported both by theoretical work and also by observations at lower redshifts.

We discuss the prevalence of outflows in the sample and consider the uncertainties

of using di!erent tracer species and measurement diagnostics to parameterize a

single characteristic outflow velocity.

3.5.1 Outflow Velocity and the Star-Formation Rate Surface Density

Our finding of a strong correlation between outflow velocity and the concentration

of star formation – as opposed to the global SFR – is consistent with previous
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observations. In a sample of star-forming galaxies at z = 1.5–3.6, Law et al.

(2012b) reported a 2.1" correlation between outflow velocity and 'SFR. At a

comparable redshift, Genzel et al. (2011) used SINFONI observations of five

galaxies to measure a higher incidence of broad H! profiles in star-forming clumps

with larger H! surface brightnesses. Since broad wings are indicative of gas

moving at high velocities and larger H! surface brightnesses can be directly

linked to larger star-formation rate surface densities, these authors posit that

their results may be evidence for galactic winds being modulated by the intensity

of star formation. The lack of broad H! components in fainter interclump regions

of the Genzel et al. (2011) sample furthermore suggests that winds may require

some threshold 'SFR. Similarly, in a sample of " 50 galaxies at z = 1.2–2.6

with high H! surface brightnesses, Le Tiran et al. (2011) found that systems

with the highest star-formation rate surface densities were more likely to exhibit

a broad H! component. In searching for a physical explanation for the incidence

of broad H! kinematics, which are interpreted as arising in outflowing gas, Le

Tiran et al. (2011) used the ratio of [S II] 6716 / [S II] 6731 to infer electron

densities (Osterbrock, 1989). Based on conversions between electron density and

thermal pressure, these authors found that the systems with the highest star-

formation intensities were characterized by pressures similar to the values found

in local starbursts exhibiting galactic winds (e.g., Lehnert & Heckman, 1996).

Le Tiran et al. (2011) accordingly proposed that thermal pressure may modulate

the incidence of galactic winds.

In addition to thermal pressure arising from the hot gas expelled by super-

novae, radiation pressure on dust grains is also commonly invoked as a mechanism

for driving galactic winds (e.g., Socrates et al., 2008; Murray et al., 2011). When

dust grains experience a force from impinging photons, the cool gas that is cou-

pled to the dust is also accelerated. Several authors have examined the relative
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contributions of thermal and radiation pressure in driving galactic winds. Mur-

ray et al. (2011) propose that radiation pressure is the primary driver lofting gas

clouds above the galactic disk in the first " 4 Myr before supernovae explode.

These authors hypothesize that a critical gas surface density is required to pro-

vide the initial radiation pressure to accelerate the gas cloud above the galactic

disk. Once a bubble of gas is su"ciently separated from the galactic plane, ram

pressure from the hot winds of later generations of supernovae accelerates the

gas (with a force comparable to the force from radiation pressure; Murray et al.,

2005) above the galactic disk. The predicted scaling relation between outflow

velocity and the SFR due to ram pressure alone is shallow: V + SFR1/5 (Ferrara

& Ricotti, 2006) or V + SFR1/4 (Heckman et al., 2000). On the other hand,

for a purely radiatively driven wind, the outflow velocity is expected to scale

roughly linearly with the SFR (Sharma & Nath, 2012). Using data from the z

" 3 LBG study of Shapley et al. (2003), Ferrara & Ricotti (2006) find a scaling

relation between SFR and outflow velocity of the form V + SFR2/3. However,

these authors make the assumption that outflow velocity can be calculated from

the velocity di!erence between interstellar absorption lines and Ly! emission.

As Ly! is resonantly scattered and often observed to be redshifted by several

hundred km s!1 relative to the systemic velocity frame defined by H! emission

(Steidel et al., 2010), the outflow velocities employed by Ferrara & Ricotti (2006)

may very well be overestimates. Indeed, analysis of the Shapley et al. (2003) data

reveals that composite spectra di!ering in SFR have nearly identical gas kinemat-

ics as traced by interstellar absorption lines alone. The Ferrara & Ricotti (2006)

conclusion that outflow velocity and SFR are related via the form V + SFR2/3 is

primarily driven by kinematic changes in Ly! as opposed to true variation in the

interstellar species tracing the wind. The Shapley et al. (2003) data suggest that

outflow velocity varies much more weakly, if at all, with SFR. Observations by
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Martin (2005) (V + SFR0.35) are not grossly inconsistent with the SFR1/5 scaling

predicted by Ferrara & Ricotti (2006) for acceleration by ram pressure alone, al-

though various authors have suggested that galactic winds are likely accelerated

by a combination of radiative and ram pressures (Sharma & Nath, 2012; Murray

et al., 2011). We do not find a significant trend of outflow velocity with SFR,

although we note that the relatively low resolution of our data paired with the

limited range of SFRs probed may preclude a robust measurement of a trend,

particularly if the scaling is shallow.

As discussed in Genzel et al. (2011), the e"ciency of radiation pressure in

driving galactic winds can be linked to the surface density of star formation (i.e.,

'SFR) via simple heuristic arguments. Environments with higher star-formation

rate surface densities have higher gas surface densities (Kennicutt, 1998). Gas

surface density, in turn, is correlated with the dust surface density and, analo-

gously, the dust opacity. The radiation force on dust grains, ṗrad, is more e"cient

in dustier environments (ṗrad + 'L/c, where ' is the optical depth to radiation, L

is the bolometric luminosity, and c is the speed of light; Veilleux et al., 2005). As

systems with higher star-formation rate surface densities will produce more radia-

tion to begin with (having a larger concentration of star formation), it is expected

that the combination of higher radiation levels and the e"cient radiative coupling

found in high 'SFR environments – due to larger concentrations of dust – will

translate into e!ective driving of galactic winds. In the sample discussed here,

however, we do not find that dustier systems show stronger outflows; the high-

and low-AUV composite spectra have V1, Vmax(Fe II), and Vmax(Mg II) values

consistent at the 1" level. This null result may indicate that radiation pressure

does not dominate the acceleration of galactic winds, or that our dataset is simply

too limited in size and S/N to unambiguously detect a trend between AUV and
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outflow velocity.

Several authors have estimated the form of the scaling relation between 'SFR

and outflow velocity. In the context of outflows being driven from disrupted giant

molecular clouds, Murray et al. (2011) parameterize the ejection velocity of gas

due to radiation pressure as proportional to the square of the gas surface density,

'g:

vej +
R2

d'
2
g

v2
c

(3.4)

where vej is the ejection velocity (assumed to be analogous to the outflow veloc-

ity), Rd is the galaxy disk radius, and vc is the galaxy circular velocity. Assuming

the Kennicutt-Schmidt (1998) star-formation law has the form 'SFR + "g

'dyn
, where

'dyn is the dynamical timescale (Rd/vc), Murray et al. (2011) alternatively express

vej as proportional to the square of the star-formation rate surface density:

vej +
R4

d'
2
SFR

v4
c

. (3.5)

The additional terms corresponding to Rd and vc may translate into scatter

in the vej – 'SFR relation; using our estimates of the Petrosian radius and the

width of the [OII] emission feature as proxies for Rd and vc, respectively, we find

that 'dyn spans a factor of " 30 in our sample. Murray et al. (2011) also derive

a critical surface density of star formation required to launch a galactic wind

by imposing the criterion that vej > vc. These authors find that this critical

density is dependent on both Rd and vc; a local L# galaxy has 'crit
SFR * 0.06 M"

yr!1 kpc!2. This result is consistent with the observationally-motivated 'SFR

threshold derived by Heckman (2002): 'crit
SFR * 0.1 M" yr!1 kpc!2.

Strickland et al. (2004) suggest an alternative scaling relation between outflow
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velocity and 'SFR assuming winds are driven by thermal pressure and that hot

gas blows out of the galaxy three scale heights above the disk:

vej +
"

'SFR

(0

#1/3

(3.6)

where (0 is the gas density. Following Chen et al. (2010), the above relation

can be equivalently expressed using the Kennicutt-Schmidt (1998) law and the

approximation that the gas density is proportional to the gas surface density

divided by the scale height of the disk, Hz:

vej + '2/21
SFRH1/3

z (3.7)

Strickland et al. (2004) adopt 'SFR + '1.4
g as the form of the Kennicutt-

Schmidt (1998) law. If one instead uses the same functional form of the Kennicutt-

Schmidt (1998) law employed by Murray et al. (2011), one finds that vej is in-

dependent of 'SFR. Equation 3.7 is consistent with the shallow scaling between

outflow velocity and 'SFR recorded by Chen et al. (2010), although it is impor-

tant to note that the small dynamic range of the Chen et al. (2010) data (120

km s!1 < vej < 160 km s!1) may obscure trends. However, as mentioned above,

Chen et al. (2010) do find a significant correlation between 'SFR and the equiva-

lent width of the Na D outflow component. The equivalent width of the outflow

component is dependent on the velocity spread, covering fraction, and optical

depth of the absorbing gas.

The power-law relations discussed above can be generalized as being of the

form vej + '!
SFR, where ! = 2.0 or 0.1. We use our V1 and 'SFR(A74) data with

the IDL routine MPFITFUN (Markwardt, 2009) to fit a power law of the form V1 =

A'SFR(A74)! + B, where A, !, and B are free parameters. We choose to include
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only objects exhibiting outflows (V1 < 0 km s!1) and we furthermore impose the

prior that the additive term of the power law, B, is 0 (i.e., V1 converges to 0 as

'SFR(A74) goes to 0). When we fit a power law with ! = 2.0 or 0.1 to our data,

we find a better fit with ! = 2.0 (although the &2 values per degree of freedom

are large in both cases: 6.3, 7.5). Removing any priors on the slope, we recover

a best-fit ! of 0.8. However, we caution that the relatively large errors on our

outflow velocities prevent a robust discrimination of !.

We can also bin the data in order to reduce the uncertainties on the velocity

measurements. We divided the individual data points into three groups accord-

ing to 'SFR(A74) and fit a power law of the same form as discussed above to the

average V1 and 'SFR(A74) values in each bin. We recover a best-fit slope of 0.3.

When we bin all the data, including the objects showing apparent inflows but

still excluding the two outliers at 'SFR(A74) > 2.0, we find a best-fit slope of 1.6.

As these various fits do not converge on a slope, it is clear that a larger sample of

measurements is needed, ideally over a wider dynamic range in 'SFR(A74). Out-

flow velocities derived from higher resolution data will be furthermore beneficial

for drawing meaningful conclusions about the slope of the power law relating

outflow velocity and star-formation rate surface density.

3.5.2 Prevalence of Winds

In the sample discussed here – 72 objects in the EGS, representing a subset of

the data discussed in Martin et al. (2012), – we find 1" significant detections

of blueshifted Fe II absorption in " 40% of the sample. Likewise, 40 ± 5% of

objects show outflows with blueshifts of at least –40 km s!1. This 40% detection

rate is a lower limit due to the incompleteness of measuring winds in low S/N

spectra (Martin et al., 2012). In stating that blueshifts are seen in " 40% of the
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sample, it is important to remember that the detection rate can be explained by

degenerate assumptions about the Fe II gas covering fraction and the percentage

of galaxies hosting winds. If one assumes that the winds are isotropic with a

covering fraction of 100%, we can conclude that " 40% of galaxies host winds.

On the other hand, 100% of the sample could in fact host outflows if the Fe II

absorbing gas covers only " 40% of each galaxy. We favor the latter scenario –

in which winds are present in a majority of galaxies and yet observable only in

a fraction of sources due to an average covering fraction less than unity – as our

work supports the collimation of winds: " 70% of the sample has star-formation

rate surface densities above the threshold level predicted for driving outflows while

only " 40% of objects show blueshifted Fe II absorption lines. Other authors have

also suggested that winds are collimated (Rupke et al., 2005; Chen et al., 2010;

Bordoloi et al., 2011). Imaging observations of winds in local starburst galaxies

also reveal that outflows preferentially escape perpendicular to galactic disks (e.g.,

Heckman et al., 1990; De Young & Heckman, 1994; Shopbell & Bland-Hawthorn,

1998) and therefore do not cover the entirety of galaxies. We caution, however,

that as high-redshift galaxies look less and less disk-dominated (Lotz et al., 2004;

Law et al., 2007, 2012a), the interpretation of outflows emanating particular to a

presumed disk is complicated. Galactic winds appear to be ubiquitous in samples

of clumpy, unresolved galaxies at z = 2–3 (e.g., Shapley et al., 2003). The galaxies

in our z " 1 sample, while generally not grand-design spirals, do not show the

preponderance of disturbed morphologies characteristic of z # 2 samples (e.g.,

Law et al., 2007).

Our outflow detection frequency of 40% is similar to the detection frequency

reported for the parent sample of objects observed with LRIS (Martin et al.,

2012), indicative that the EGS and parent samples do not di!er significantly in

outflow properties. We also find that our outflow detection frequency is consistent
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with observations based on absorption lines in both local samples (Rupke et al.,

2005) and at z " 1.4 (Weiner et al., 2009). Based on the absorption depth of

Mg II in a co-added spectrum of galaxies, these authors inferred that at least

half of the galaxies in their sample exhibit outflows of cool, low-ionization gas.

We note that the kinematics and absorption strength of the Mg II lines in the

Weiner et al. (2009) composite spectrum are similar to those seen in our composite

spectrum after accounting for the di!erent spectral resolutions of our respective

data (Martin et al., 2012). This similarity is suggestive that the galactic winds

probed by Mg II are fundamentally alike in both our sample and the Weiner et al.

(2009) sample.

While the kinematics of Mg II in our composite spectrum are similar to those

of the Weiner et al. (2009) composite (i.e., o!set from the systemic velocity by

several hundred km s!1), we find no blueshift in the Fe II lines in our composite

spectrum (V1 = –5 ± 6 km s!1). The spread of both positive and negative V1

velocities observed for individual objects (Figure 3.11) is consistent with a global

average velocity close to 0 km s!1, but the negligible blueshift of Fe II lines

in the composite spectrum may also be due to the smaller dynamic range of gas

velocities probed by Fe II than Mg II (Rubin et al., 2010b; Prochaska et al., 2011).

We discuss potential explanations for this decreased dynamic range below.

3.5.3 Diagnostics of Winds

Outflowing galactic winds can be measured using a variety of samples: back-

ground quasars probing galactic halos along the line-of-sight, galaxy-galaxy pairs,

and isolated galaxies in which the stellar disk provides a continuum for absorp-

tion by foreground interstellar gas. Even considering only the last technique –

which we employ in this paper – a range of outflow velocity measurements will
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be obtained for a galaxy depending on which interstellar tracer species are used

and which parameterizations of absorption line kinematics are adopted.

From the extensive literature of galactic winds published to date, it is evident

that a range of tracer elements are used in tandem with a variety of measurement

techniques to parametrize the velocity of outflowing gas. Before we discuss how

the choices of tracer elements and line-fitting methods may strongly a!ect the

derived outflow velocity and its scaling with galaxy properties, it is important to

acknowledge the intrinsic uncertainty of extracting a single representative out-

flow velocity from a physical system characterized by many interacting clouds

and shells of gas at a range of radii accelerated by a population of supernovae

and massive stars injecting energy and momentum over a long timescale (> 100

Myr). In the absence of extremely high resolution and high S/N spectroscopy,

the kinematics extracted from the centroids of absorption lines must be thought

of as tracing only the gross average of multiple fronts of outflowing gas. With

this limitation in mind, we now turn to a discussion of how the choice of tracer

species may impact the measured properties of the outflows.

Absorption line studies are necessarily a!ected by the choice of absorption

line probe. Authors often rely on relatively abundant species whose transitions

are redshifted into the optical window of optimized detector sensitivity. Local

studies typically employ Na D while investigations of higher redshift populations

may use transitions of Si II, C II, Al II, Fe II, Mg II, or Mg I in the rest-frame

UV. As these species di!er in abundance, ionization potential, susceptibility to

emission filling, and (perhaps) spatial distribution, it is unsurprising that their

associated outflow velocities di!er as well. For instance, Na D stellar absorption

is known to be stronger in older stellar populations; if the outflow and stellar

components are not separated by means of modeling, the outflow velocity can be
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significantly underestimated and trends between galaxy properties and winds can

become skewed or lost (e.g., Chen et al., 2010; Coil et al., 2011). The di!erent

ionization energies of Na I, Fe II, Mg II, and Mg I (5.1, 16.1, 15.0, and 7.6 eV,

respectively) result in these species tracing di!erent populations of gas: Na I

and Mg I, with low ionization potentials, require dense, shielded gas in order

to survive while Fe II and Mg II are less easily ionized and therefore survive in

more widespread environments. Emission filling a!ects particular transitions of

species to a di!ering degree depending on the relative availability and oscillator

strengths of transitions decaying to excited ground states. The Mg II doublet

presents a particularly extreme case of emission filling. The doublet energy levels

are such that these transitions are trapped; the absorption of a resonance photon

necessarily results in the re-emission of another resonance photon. The Mg II

doublet is therefore strongly susceptible to emission filling and measurements of

the centroids of these transitions may yield di!erent kinematic information (i.e.,

larger blueshifts) relative to that derived from features less a!ected by emission

filling (Martin et al., 2012). The coincidental presence of additional spectral

features adjacent to absorption lines of interest may also contaminate outflow

signatures (e.g., He I #5876 " 15 Å blueward of Na D).

Di!erences in oscillator strengths also likely impact derived outflow velocities.

In the case of comparing velocities measured from Fe II and Mg II transitions,

the larger oscillator strength of the Mg II line at 2796 Å (f12 = 0.60) compared

with the oscillator strengths of the Fe II lines at 2344, 2374, and 2587 Å used

in our analyses (f12 = 0.04–0.11) means that Mg II is optically thick at lower

column densities than Fe II. Mg II is a better probe of rarefied gas than Fe II

simply due to its larger cross-section for absorption. Bordoloi et al. (2011) found

that Mg II equivalent widths decrease with increasing distance from galaxies.

If equivalent width is a proxy for gas column density (neglecting the e!ects of
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saturation) then one can conclude that Mg II gas column density decreases with

increasing distance from galaxies. Given that Mg II is an e!ective tracer of low-

density gas, and presuming that low-density gas is found far from galaxies, the

larger outflow velocities inferred for Mg II compared with Fe II (Figure 3.25;

Rubin et al., 2010b; Prochaska et al., 2011) are suggestive that the speed of

galactic winds increases with increasing galactocentric radius. This inference

that galactic winds are accelerating is consistent with recent work by Martin

& Bouché (2009) and Steidel et al. (2010). Martin & Bouché (2009) studied a

sample of ULIRGs at z " 0.25 and concluded that winds are accelerating based

on the assumption of a spherical outflow and measurements of how gas covering

fractions vary with velocity. These authors found that gas covering fractions

decreased with increasing outflow velocity. Pairing this observation with the

prediction that a spherical outflow will su!er geometrical dilution (i.e., reduction

of its covering fraction) as it breaks up and expands to larger galactocentric radii,

Martin & Bouché (2009) concluded that outflowing gas is accelerating. Steidel

et al. (2010) showed that models of an accelerating wind provided the best match

to observations at z " 2–3 of interstellar absorption lines arising from a range

galaxy impact parameters (b " 0–200 kpc). Simulations also suggest that higher

velocity gas may be located at larger galactocentric radii simply due to di!erences

in travel time (e.g., Dalla Vecchia & Schaye, 2012). Observations of decreasing

gas column densities with increasing outflow velocity seen in the gravitationally-

lensed Lyman Break Galaxy cB58 (Pettini et al., 2002) provide further evidence

of the connection between low-density gas, large galactocentric distances, and

large outflow velocities.

The e!ects discussed above are all dependent on the choice of tracer species.

We now examine a more tangible aspect of the data analysis: how do di!erent

measurements of outflow velocity impact the derived velocities and subsequent
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scaling relations with galaxy properties? Two techniques feature prominently

in the literature for quantifying the blueshift of an absorption line tracing an

outflow. Some authors rely on fitting the centroid of an absorption line; i.e.,

measuring the wavelength at which the bulk of the absorption occurs and as-

suming that this velocity characterizes the outflowing gas (Shapley et al., 2003;

Martin, 2005; Rubin et al., 2012; Coil et al., 2011; Law et al., 2012b). Other

authors parameterize a maximal outflow velocity by measuring the blue shoulder

of an absorption line at some fractional level of the continuum (e.g., 90%, Weiner

et al., 2009; Coil et al., 2011).

These two techniques, measuring di!erent characteristics of the outflow, are

complementary and both methods have associated uncertainties. In the case

of the centroid measurement, one is susceptible to mistakenly attributing the

entire absorption profile to an outflow when in fact the profile should be de-

composed into both an outflow signature and a stellar absorption (or stationary

ISM) component. Failing to correct for the gas not entrained in the outflow

will yield an underestimate of the derived outflow velocity (Weiner et al., 2009;

Coil et al., 2011), although such a correction is di"cult and highly uncertain

for low-resolution, low-S/N data (Steidel et al., 2010). In our sample, the Fe II

absorption centroid that we measure is unlikely to be significantly contaminated

by stellar absorption due to the young, star-forming nature of the majority of

our galaxies; stellar Fe II absorption is more prevalent in older populations (e.g.,

Bruzual & Charlot, 2003b). The maximal outflow velocity method is dependent

on resolved absorption lines; low spectral resolution data of unresolved absorption

lines will merely reflect the instrumental profile and therefore measurements of a

supposed wing profile will be meaningless. Furthermore, maximal outflow veloc-

ity measurements are strongly dependent on spectroscopic S/N (Section 3.3.3).

We mitigate this e!ect in our present work by limiting our analyses of maximal
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outflow velocities to measurements from the composite spectra which have largely

uniform S/N.

3.6 Summary and Conclusions

We utilized spectroscopic and imaging observations to investigate the properties

and prevalence of outflowing galactic winds in a sample of 72 objects at 0.7 < z

< 1.3 in the Extended Groth Strip. These data are part of a larger study dis-

cussed in Martin et al. (2012). We used LRIS spectroscopy to study interstellar

absorption lines in the rest-frame UV, including transitions of Fe II and Mg II.

With GALEX, HST, and Spitzer imaging from the AEGIS dataset, we employed

two complementary analysis techniques to investigate how galaxy properties are

correlated with the prevalence and strength of winds: 1) direct comparison of

individual outflow velocities with galaxy properties and 2) construction of com-

posite spectra based on subsamples of objects exhibiting similar star-forming or

structural characteristics. We provide below a numbered list of our main conclu-

sions in summary and expand on these points in the following paragraphs.

1. Approximately 40% of the sample exhibits > 1" outflows in Fe II.

2. We find a 3.1" trend between outflow velocity and 'SFR.

3. Outflow velocity and SFR are only weakly correlated.

4. There is no apparent link between outflowing gas and host galaxy morpho-

logical type.

5. Face-on galaxies exhibit more blueshifted Fe II centroids than edge-on

galaxies.

6. The kinematics of Fe II and Mg II gas are often discrepant, with Mg II

preferentially tracing higher velocity gas.
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The sample includes objects exhibiting Fe II Doppler shifts ranging from –217

km s!1 to +155 km s!1, where approximately 40% of the sample exhibits > 1"

outflows in Fe II. We find that 40 ± 5% of the sample is characterized by Fe II

bllueshifts of at least –40 km s!1; this outflow fraction is consistent with that of

the parent sample discussed in Martin et al. (2012). We used SFRs inferred from

GALEX imaging in tandem with galaxy area estimates to measure 'SFR. Given

the clumpy morphologies of star-forming galaxies at z " 1, we developed a new

technique to estimate the area of only UV-bright clumps. Using these new “clump

areas” and also galaxy areas corresponding to Petrosian radii, we measured 'SFR.

The majority of objects have 'SFR > 0.1 M" yr!1 kpc!2, yet we observe significant

Fe II blueshifts in only a minority of the sample. The lower fraction of objects

showing outflows relative to that meeting the 'SFR threshold for driving a wind

is evidence that winds are collimated and therefore observable only over a limited

range of inclinations. We find a strong (" 3") trend between outflow velocity

and 'SFR such that objects with higher star-formation rate surface densities show

more blueshifted Fe II absorption. Composite spectra assembled on the basis of

'SFR also support this correlation, with V1, Vmax(Fe II), and Vmax(Mg II) all

varying toward more blueshifted values with increasing 'SFR. At the same time,

outflow veflocity and SFR are only weakly correlated. We propose that the data

span too narrow a range in SFR (roughly two orders of magnitude) to show a

trend. While the range of 'SFR is similarly limited (0.03 ! 'SFR(A74) ! 3.0), the

trend between outflow velocity and 'SFR may be more fundamental and therefore

recoverable over a smaller dynamic range.

Based on quantitative morphological analyses of V +I HST imaging, we do

not find any link between outflowing gas and galaxy structure. Rather, galaxies

experiencing winds appear to span the classical morphological regimes from disks

to spheroidals to mergers. We estimated galaxy inclinations from axis ratios in the
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HST imaging and found that face-on systems exhibit stronger Fe II blueshifts

than edge-on galaxies. This result lends credence to the canonical picture of

outflowing winds emanating perpendicular to galactic disks. Motivated by recent

results of faster outflows in smaller galaxies, we investigated the relationship

between outflow velocity and size, but found no evidence for a trend.

Quantifying the prevalence of outflows requires an understanding of the phys-

ical processes a!ecting the absorption lines tracing winds. Di!erent elemental

tracer species often yield discrepant outflow velocities, for reasons including emis-

sion filling, di!erences in oscillator strengths, and perhaps simply intrinsic vari-

ations in gas cloud kinematics. Furthermore, the variety of techniques available

for quantifying the speed of galactic winds (centroid fitting, maximal velocity

measurements from a blue wing, etc.) complicate the parameterization of a sin-

gle outflow velocity. Future studies utilizing higher resolution spectroscopic data

and complementary spatially-resolved imaging to determine galaxy morphologies

and the spatial extent of winds will be crucial for better understanding the link

between galactic outflows and their host galaxies at a range of redshifts.
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Table 3.2. Correlations Between V1 Outflow Velocity and Galaxy Properties

Property Correlation with V1
a

SFR 1.2, –0.17 (47)

sSFR 2.3, –0.33 (47)

'SFR(RP) 2.4, –0.40 (36)

3.1, –0.54b(34)

'SFR(A74) 2.4, –0.40 (36)

3.1, –0.54b(34)

i 0.9, –0.14 (46)

RP –1.4, 0.20 (47)

(A74/*)1/2 –0.9, 0.14 (47)

aThe first number indicates the number of stan-

dard deviations from the null hypothesis that

the quantities are uncorrelated, according to the

Spearman ( correlation test. A larger number of

standard deviations means a higher likelihood that

the data are correlated; negative values refer to in-

verse correlations. The second number is the corre-

lation coe"cient, rS. The quantity in parentheses

indicates the number of objects in the sample.

bCorrelations calculated omitting two outliers

(12015914 and 12100420) whose extremely com-

pact morphologies translated into large size uncer-

tainties.
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Table 3.3. Composite Spectra

Composite Average Value V1
a Vmax(Mg II)b Vmax(Fe II)c

(km s!1) (km s!1) (km s!1)

EGS · · · –5 ± 6 –730 ± 93 –564 ± 87

SFR – high 32 ± 4 M" yr!1 –24 ± 9 –748 ± 94 –514 ± 84

SFR – low 7 ± 1 M" yr!1 29 ± 11 –614 ± 83 –453 ± 104

sSFR – high 1.9 ± 0.2 & 10!9 yr!1 –34 ± 9 –605 ± 80 –556 ± 94

sSFR – low 4.1 ± 0.6 & 10!10 yr!1 27 ± 11 –834 ± 148 –456 ± 86

'SFR(RP) – high 0.29 ± 0.05 M" yr!1 kpc!2 –25 ± 6 –862 ± 69 –614 ± 97

'SFR(RP) – low 0.05 ± 0.007 M" yr!1 kpc!2 33 ± 13 –668 ± 105 –444 ± 87

'SFR(A74) – high 0.93 ± 0.15 M" yr!1 kpc!2 –31 ± 7 –855 ± 66 –611 ± 103

'SFR(A74) – low 0.18 ± 0.02 M" yr!1 kpc!2 44 ± 15 –640 ± 117 –451 ± 86

AUV – high 2.7 ± 0.13 –3 ± 10 –732 ± 71 –497 ± 88

AUV – low 1.1 ± 0.078 –10 ± 9 –652 ± 89 –522 ± 91

i – high 58% ± 1% 28 ± 11 –692 ± 95 –464 ± 77

i – low 38% ± 1% –19 ± 9 –811 ± 140 –557 ± 101

aOutflow velocity measured from the simultaneous fit to five resonance Fe II absorption

lines, as described in Section 3.3.2 and Martin et al. (2012).

bMaximal outflow velocity measured from the 2796 Å Mg II line (Section 3.4.3).

cMaximal outflow velocity measured from the 2374 Å Fe II line (Section 3.4.3).
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CHAPTER 4

Fine-Structure Fe II. Emission and Mg II

Emission in z " 1 Star-Forming Galaxies

The transport of gas into and out of galaxies has been recorded at a range of red-

shifts (e.g., Heckman et al., 1990; Steidel et al., 1996b; Franx et al., 1997; Martin,

1999; Pettini et al., 2000, 2001; Shapley et al., 2003; Martin, 2005; Veilleux et al.,

2005; Rupke et al., 2005; Tremonti et al., 2007; Weiner et al., 2009; Steidel et al.,

2010; Coil et al., 2011). This cycling of baryons is an integral component of

galaxy evolution as galactic winds are thought to drive the mass-metallicity re-

lation (Tremonti et al., 2004; Erb et al., 2006b), enrich the intergalactic medium

in metals (Bordoloi et al., 2011; Ménard et al., 2011), and regulate both star

formation and black hole growth (Tremonti et al., 2007; Gabor et al., 2011).

In the local universe, galactic winds are revealed through H! and X-ray imag-

ing of high surface brightness gas around the disks of starburst galaxies (e.g.,

Lehnert & Heckman, 1996). At higher redshifts, however, studies of galactic

winds often rely on spectral data tracing foreground gas absorbed against the

light of background galaxies or quasars (e.g., Sato et al., 2009; Weiner et al.,

2009; Steidel et al., 2010; Rubin et al., 2010b; Coil et al., 2011). While absorption

lines unambiguously probe gas between Earth and a more distant light source,

emission lines can arise from either foreground or background gas due to scat-

tering. Observations of emission lines associated with galactic winds accordingly

152



comprise rich datasets complementing absorption-line studies.

One of the first spectroscopic observations of resonant emission associated

with outflowing gas was made by Phillips (1993) of a Na I P-Cygni profile in the

local starburst galaxy NGC 1808. Resonance emission, also known as scatter-

ing, arises after an electronic transition back down to the ground state. Another

category of emission is fine-structure emission, where a non-resonance photon

is emitted following an electronic transition to an excited ground state. Since

the observations of Phillips (1993), many authors have noted resonance and fine-

structure emission lines in diverse samples of star-forming galaxies hosting galac-

tic winds at 0.5 < z < 4 (Shapley et al., 2003; Weiner et al., 2009; Rubin et al.,

2010b, 2011; Coil et al., 2011; Kornei et al., 2012; Martin et al., 2012; Jones et al.,

2012).

Quantifying the velocities of emission lines relative to a systemic rest frame

is not su"cient for determining if emission lines trace galactic winds or star-

forming regions (Prochaska et al., 2011). As line emission from an optically

thin source will be visible over both its approaching and receding sides (i.e.,

its blueshifted and redshifted sides), the emission profile can remain centered

at roughly 0 km s!1 while still tracing a gas flow. Likewise, an emission line

arising from a stationary H II region will exhibit a line profile largely at the

systemic velocity. Rubin et al. (2011) investigated fine-structure Fe II emission

in a starburst galaxy at z " 0.7 and concluded that since the emission is redward

or within 30 km s!1 of the systemic velocity, the velocity profile of Fe II fine-

structure emission is significantly di!erent from both absorption lines tracing

galactic winds and nebular lines associated with H II regions. On the other hand,

Coil et al. (2011) reported that these same transitions are consistently blueshifted

in a sample of post-starburst and active galactic nucleus (AGN) host galaxies at
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Figure 4.1 Composite spectrum of all of the data in our sample. Prominent

interstellar absorption lines (Fe II, Mg II, and Mg I) and emission lines (C II]

and fine-structure Fe II#) are labeled; the absorption line at 2297 Å is a stellar

C III line.
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0.2 < z < 0.8. At higher redshift, Erb et al. (2012, in prep.) studied 96 star-

forming galaxies at 1 ! z ! 2 and found that the measured velocities of Fe II

fine-structure emission scattered around 0 km s!1. At z " 3, Shapley et al. (2003)

measured an average redshift of 100 ± 35 km s!1 for Si II fine-structure emission,

although these authors cautioned that the presence of nearby absorption features

may be biasing the emission centroids to more redshifted values. The kinematics

of fine-structure emission are still an open question and more data are clearly

needed.

The prevalence of emission lines has been found to vary widely among di!erent

samples; studies at 0.5 < z < 3 routinely detect fine structure Si II, fine structure

Fe II, and resonance Mg II emission lines (e.g., Shapley et al., 2003; Weiner et al.,

2009; Rubin et al., 2010b). In a study of 1406 star-forming galaxies at z " 1.4,

Weiner et al. (2009) found that " 4% of objects showed excess Mg II emission;

these authors attributed the presence of Mg II emission to low-level AGNs but

still observed Mg II emission even when the AGN candidates were removed from

the sample. Rubin et al. (2011) detected Mg II emission in a starburst galaxies

at z " 0.7 and measured that the emission was spatially extended to distances

of " 7 kpc. Local star-forming galaxies, on the other hand, are strikingly bereft

of these features (Leitherer et al., 2011). Giavalisco et al. (2011) and Erb et al.

(2012, in prep.) suggest that slit losses are responsible for the lack of emission

in nearby samples, given that spectroscopic observations in the local universe

typically probe only the inner regions of galaxies where emission may not be

present.

While previous studies have collectively shown that emission lines are present

in galaxies at z " 0.5 exhibiting galactic winds, a systematic analysis of the

prevalence and properties of emission lines as a function of host galaxy stellar
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Figure 4.2 A comparison of composite spectra assembled from Fe II# emitters

(black) and non-emitters (red), respectively. Short vertical lines delineate the

locations of Fe II# emission features at 2365, 2396, 2612, 2626, and 2632 Å; the line

at 2326 Å is a blend of C II] and [O III] transitions. On average, Fe II# emitters

show deeper Fe II absorption, weaker Mg II absorption, and more blueshifted

Mg II absorption than Fe II# non-emitters.
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populations, star-formation rate surface density, and outflow characteristics has

thus far been absent from the literature. We present here an investigation of the

prevalence, strength, and kinematics of ultraviolet Fe II and Mg II emission lines

in a sample of 212 galaxies at 0.7 < z < 1.3 for which stellar populations and

outflow properties have been estimated. In Section 4.1, we present the observa-

tions and discuss how outflow velocities were measured. Section 4.2 summarizes

the Fe II# emission features seen in the data while Section 4.3 is devoted to Mg II

observations. A discussion appears in Section 4.4 and conclusions are presented

in Section 4.5. Throughout the paper, we assume a standard $CDM cosmology

with H 0 = 70 km s!1 Mpc!1, %M = 0.3, and %! = 0.7. All wavelengths are

measured in vacuum. At z = 0.7 (1.3), an angular size of 1$$ corresponds to 7.1

(8.4) kpc.

4.1 Observations

The 212 objects presented here are drawn from the DEEP2 survey utilizing the

DEIMOS spectrograph on Keck II (Newman et al., 2012). While the DEIMOS

spectra are generally dominated by nebular emission features, the majority of

low- and high-ionization interstellar absorption features tracing outflows are in

the rest-frame ultraviolet and are observed at shorter wavelengths than the blue

edge of the typical DEIMOS spectra (" 6500 Å in the observed frame). In

order to probe these outflow features (e.g., Fe II #2344, Fe II ##2374,2382, Fe II

##2587,2600, Mg II ##2796,2803), we obtained spectroscopic data using the LRIS

spectrograph on Keck I. These LRIS data are described in detail in Martin et al.

(2012) and we provide here only a summary of the observations.

The LRIS data were collected from 2007–2010 using 1.$$2 slits on multi-object

slitmasks targeting 20–28 objects each. We used two set-up configurations, both
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with the Atmospheric Dispersion Corrector: the d680 dichroic with the 400 line

mm!1 grism and the 800 line mm!1 grating (145 objects) and the d560 dichroic

with the 600 line mm!1 grism and the 600 line mm!1 grating (67 objects). Inte-

gration times varied from 3–9 hours per slitmask, where objects observed with the

d560 dichroic had typically shorter exposures (3–5 hours) than objects observed

with the d680 dichroic (5–9 hours); the slitmasks used with the d560 dichroic

were reserved for brighter objects observed in poorer conditions. The resolutions

of the 800, 600 and 400 line mm!1 gratings/grisms are R = 2000, 1100, and 700,

respectively, and the reduction procedure – flat-fielding, cosmic ray rejection,

background subtraction, one-dimensional extraction, wavelength and flux cali-

bration, and transformation to the vacuum wavelength frame – was completed

using IRAF scripts (Martin et al., 2012). The continuum signal-to-noise (S/N)

ratios of the LRIS observations over the rest wavelength interval 2400–2500 Å

range from " 1–25 pixel!1 with a median of 6 pixel!1.

The spectra were continuum-normalized and composite spectra were assem-

bled from stacks of mean-combined rest-frame spectra. In assembling the com-

posite spectra, we smoothed the spectra of objects obtained with the 600 line

mm!1 grism or grating in order to account for the di!erence in resolution be-

tween those obtained with the 600 line mm!1 and 400 line mm!1 setups. In

Figure 4.1, we show the composite spectrum assembled from all of the data in

our sample.

72 of the galaxies observed with LRIS fall in the Extended Groth Strip and ac-

cordingly have extensive multi-wavelength coverage from the All-Wavelength Ex-

tended Groth Strip International Survey (AEGIS; Davis et al., 2007). AEGIS ob-

servations cover a broad range in wavelength; we utilized Chandra X-ray, GALEX

FUV and NUV imaging, HST ACS F606W (V ) and F814W (I) imaging, optical
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Figure 4.3 Fe II# kinematics versus equivalent width for a set of high S/N com-

posite spectra. As there is substantial overlap among the samples that comprise

each composite spectrum, the data points are not independent. Stronger features

– 2396 and 2626 Å – show kinematics consistent with 0 km s!1 while weaker lines

– 2365 and 2612 Å – exhibit systematic redshifts. The 2626 Å feature is isolated

from neighboring absorption lines and its centroid is therefore the most robust

of the Fe II# features. We accordingly conclude that the kinematics of Fe II#

emission are consistent with the systemic velocity.
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CFHT and MMT observations, Palomar/WIRC J and Ks imaging, and Spitzer

IRAC and MIPS pointings in our analyses. We specifically employed GALEX

observations to estimate dust-corrected star-formation rates and HST imaging

to estimate disk inclinations and galaxy areas; we refer the reader to Kornei et al.

(2012) for a full description of these quantities.

4.1.1 The Determination of Systemic and Outflow Velocities

As the kinematics of galactic winds are only meaningful when compared to

a systemic redshift frame, zsys, we used nebular emission lines such as [O II]

##3726,3729, [O III] ##4959,5007, and the Balmer series to define zsys for each

galaxy in our sample (Martin et al., 2012). Comparing our measurements of zsys

determined from the LRIS data with those given for the DEIMOS data in the

DEEP2 catalogs, we find a mean velocity discrepancy of –14 ± 3 km s!1 and

a standard deviation of 41 km s!1. We accordingly assume a systemic redshift

uncertainty of 41 km s!1 for our observations and require that secure detections

of galactic winds meet the criterion of velocity o!sets having a magnitude of at

least 41 km s!1.

We discuss our procedure for determining outflow velocities in Martin et al.

(2012) and provide here only a summary of the methodology. We fit a single-

component model simultaneously to five resonance Fe II absorption lines tracing

cool (T < 104 K) gas at 2249.88, 2260.78, 2344.21, 2374.46, and 2586.65 Å in

the LRIS spectra1. The model fit to the Fe II lines has four free parameters:

Doppler shift, optical depth at line center, Doppler width (b, where b =
)

2"

1The Fe II features at 2382.76 and 2600.17 Å are purposefully omitted from fitting as these
lines are more susceptible to filling from resonance emission; this “emission filling” can shift
the measured centroid of absorption lines to bluer wavelengths (e.g., Prochaska et al., 2011;
Martin et al., 2012).
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Figure 4.4 A spectral stack of the 12 objects showing # 2" detections of Fe II#

2626 Å and # 3" detections of the nebular emission line [Ne III] 3869 Å. The

kinematics of Fe II# and [Ne III] are similar, with Fe II# showing a velocity o!set

of –12 ± 14 km s!1 from systemic velocity and [Ne III] shifted by –16 ± 4 km

s!1 (overlapping vertical dashed lines). Given the systematic uncertainty on the

systemic redshift determination (Section 4.1.1), we conclude that the centroids

of both the Fe II# 2626 Å and [Ne III] 3869 Å emission lines are consistent with

0 km s!1.
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= FWHM/2
)

ln2), and covering fraction. Due to the low spectral resolution

and finite S/N of the observations, the Doppler shift is the primary quantity

of interest; the other three parameters of the model will not be discussed in

this paper. We measured velocities for 172/212 objects, where 40 objects had

no significant absorption lines and therefore could not be modeled, and find

velocities ranging from –302 to +401 km s!1 with a mean of –30 km s!1 and

a 1" dispersion of 89 km s!1. We define here the convention of employing “V1” to

refer to the measured velocity shift of the deepest part of the Fe II absorption line

fit, relative to a systemic reference frame typically defined by nebular emission

lines. Negative V1 values refer to blueshifts (“outflows”) while positive V1 values

correspond to redshifts (“inflows”). Fe II velocity shifts significant at the 1" (3")

level are observed in " 55% (22%) of the sample. In this paper, we primarily

utilize the V1 measurements of composite spectra.

4.2 Fine-Structure Fe II. Emission

The Fe II ion has myriad transitions in the rest-frame ultraviolet and several

authors have used Fe II resonance absorption lines to trace the bulk motion of

outflowing interstellar gas (Rubin et al., 2010b; Coil et al., 2011; Kornei et al.,

2012; Martin et al., 2012). The absorption of a resonance photon can result in ei-

ther the re-emission of another resonance photon to the ground state (scattering)

or the emission of a photon to an excited ground state (fluorescence). We observe

resonance Fe II absorption in our data, but do not see resonance Fe II emission

as Erb et al. (2012, in prep.) do. Here, we focus on the emission features of Fe II

resulting from fluorescence, where we denote these fine-structure lines with an

asterisk: Fe II#. In this work, we examine four Fe II# lines at 2365.55, 2396.35,

2612.65, and 2626.45 Å. An additional Fe II# line within our data’s wavelength
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coverage, at 2632.11 Å, is absent in individual observations but plausibly detected

in a stack of the strongest Fe II#-emitting galaxies.

4.2.1 Fe II# Emitters and Non-emitters

We measured the equivalent widths of the Fe II# features on a per-object basis.

The equivalent width of each line was calculated over a fixed wavelength interval

approximately 10 Å wide, where the precise wavelength interval was derived from

the 3" extent of each Fe II# feature measured in a high S/N stack of all the spectral

data2. We find typical rest-frame Fe II# equivalent widths of several tenths of an

angstrom and the number of objects exhibiting # 2" detections of each of the four

Fe II# lines – 2365, 2396, 2612, and 2626 Å – is 23, 37, 23, and 58, respectively.

We observe that the 2626 Å line is the most frequently detected of the four Fe II#

lines. Since this feature is in relative isolation from neighboring absorption lines,

the kinematics of the 2626 Å line may furthermore be more robust than those of

other Fe II# features.

Using individual measurements of Fe II# equivalent widths, we isolated sub-

samples of objects exhibiting strong or weak Fe II# emission and examine the

structural, outflow, and star-forming properties of these galaxies. We focused

our selection criteria on the 2396 Å and 2626 Å features given that the largest

number of objects had significant detections in these lines. Furthermore, a high

S/N spectral stack of all the data showed larger equivalent widths for the 2396

and 2626 Å features (0.72 ± 0.07 and 0.80 ± 0.09 Å, respectively) than for the

2365 and 2612 Å lines (0.42 ± 0.05 and 0.41 ± 0.09 Å, respectively). None of

the Fe II# lines are resolved at our spectral resolution.

2The exact wavelength intervals we use are: 2360.4–2371.4 Å for Fe II$ 2365 Å, 2390.9–
2401.1 Å for Fe II$ 2396 Å, 2607.8–2617.2 Å for Fe II$ 2612 Å, and 2622.2–2630.3 Å for Fe II$

2626 Å, respectively.
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Figure 4.5 A comparison of composite spectra of di!erent attenuation levels.

Lower attenuation objects ('AUV( = 1.1) are shown in blue, while higher atten-

uation objects ('AUV( = 2.7) are plotted in red. Fe II# emission lines are weaker

in dustier systems, consistent with predictions by Prochaska et al. (2011). We

find that objects with larger AUV values show, on average, more blueshifted 2626

Å Fe II# emission (–20 ± 42 km s!1 compared with 37 ± 41 km s!1), although

the kinematic di!erences are small and are not statistically significant given the

systemic redshift uncertainties of our data. Higher resolution data are needed in

order to test the Prochaska et al. (2011) hypothesis that increased dust attenua-

tion produces more blueshifted Fe II# profiles.
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We define a subsample of 13 “Fe II# emitters” based on objects having >

4" equivalent width detections in either the 2396 Å or 2626 Å lines, where this

detection threshold was motivated by visual inspection of obects showing obvious

Fe II# emission. These 13 objects have continuum S/N ranging from 7.8–25.1

pixel!1. We also collect a subsample of 9 “Fe II# non-emitters” selected to have

< 1" equivalent width detections in both the 2396 Å and 2626 Å lines and

continuum S/N > 7.8 pixel!1. We imposed a S/N threshold for both the Fe II#

emitter and non-emitter samples in order to ensure a fair comparison between

samples of comparable S/N. Three of the Fe II# non-emitters have colors typical

of “Green Valley” galaxies; our conclusions remain unchanged if these objects are

omitted from analyses.

In Figure 4.2, we compare the composite spectra assembled from the Fe II#

emitter and non-emitter samples. The 2365, 2396, 2612, and 2626 Å Fe II# lines

are clearly detected in the composite of Fe II# emitters, and the 2632 Å Fe II# line

is plausibly detected as a “shoulder” on the red side of the 2626 Å feature. The

relatively low spectral resolution of our composite spectra (FWHM " 435 km

s!1) makes it di"cult to detect the 2632 Å feature securely given its proximity

to the Fe II# line at 2626 Å (645 km s!1 to the blue). In a higher resolution

(FWHM " 190 km s!1) composite spectrum of 96 star-forming galaxies at 1 !

z ! 2, Erb et al. (2012, in prep.) detect the 2632 Å line at " 4" significance

and resolve this feature cleanly from the 2626 Å line. The Erb et al. (2012,

in prep.) composite spectrum is inclusive of all these authors’ data, while the

corresponding stack of all of our data does not show any signature of 2632 Å

emission; we only observe 2632 Å emission in the stack of objects specifically

selected on the basis of Fe II# emission. Convolving the Erb et al. (2012, in

prep.) spectrum to our lower spectral resolution yields a blended 2626+2632 Å

complex consistent with the profile of our data. This similarity in profile shape
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supports our hypothesis that we detect the 2632 Å line blended with the 2626

Å feature. We fit two Gaussian profiles simultaneously to our data’s 2626+2632

Å complex and find that the strength of 2632 Å emission is approximately half

that of the 2612 Å feature, as predicted by the ratio of these lines’ Einstein A

coe"cients. In the composite spectrum assembled from all of the data in our

sample (Figure 4.1), however, we find that the 3" upper limit on the strength of

2632 Å emission is 0.21 Å, less than 50% of the strength of the 2612 Å feature

(0.55 Å). Additional, unaccounted-for absorption near 2632 Å may be responsible

for the weaker-than-expected 2632 Å strength.

The composite spectra assembled from the Fe II# emitter and non-emitter

samples exhibit di!erent Fe II# strengths, by construction. However, these spec-

tra also show variation in the strength and kinematics of their Fe II and Mg II res-

onance absorption features. Evidently, the presence or absence of fine-structure

Fe II# emission is linked to the strength and velocity of Fe II and Mg II gas traced

by resonance absorption lines. Based on inspection of the composite spectra as-

sembled from the Fe II# emitter and non-emitter samples, two trends are visually

apparent:

1. Fe II# emitters show stronger Fe II resonance absorption lines and weaker

Mg II resonance absorption lines than Fe II# non-emitters.

2. Fe II# emitters show more blueshifted Mg II resonance absorption lines

than Fe II# non-emitters.

The composite spectrum of Fe II# emitters exhibits " 50% stronger Fe II

absorption troughs and " 50% weaker Mg II absorption troughs than the com-

posite spectrum of Fe II# non-emitters. The presence of deeper Fe II absorption

with increasing Fe II# emission strength is consistent with the physical picture

of fine-structure emission arising from excited states populated by resonance ab-
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Figure 4.6 Velocity profiles of Fe II 2600 Å absorption (red line) and Fe II# 2626 Å

emission (blue line), where the Fe II 2600 Å line is also shown reflected around y

= 1 for comparison with the Fe II# 2626 Å emission profile. All of the data in our

sample were combined to make these profiles. Fe II absorption is stronger than

Fe II# emission, consistent with Erb et al. (2012, in prep.). The blue side of the

Fe II feature does not meet the continuum due to the adjacent Fe II absorption

feature at 2587 Å.
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sorption. In a sample of 96 star-forming galaxies at 1 ! z ! 2, however, Erb et

al. (2012, in prep.) found a trend of decreasing Fe II# emission with increasing

Fe II absorption. These authors suggest that systems with strong Fe II absorp-

tion may be preferentially dusty and therefore show a dearth of emission. Erb

et al. (2012, in prep.) also propose that galaxy inclination may modulate the

observed ratio of emission and absorption equivalent widths, as an anisotropic

(i.e., biconical) outflow viewed edge-on will show more emission than absorption.

Furthermore, Erb et al. (2012, in prep.) suggest that slit losses – i.e., the size of

the Fe II#-emitting region relative to the area encompassed by the spectroscopic

slit – may reduce the observed strength of Fe II# emission if the emission arises

from spatially-extended gas. In z " 3 Lyman Break Galaxies, Shapley et al.

(2003) found that fine-structure Si II# emission lines were too strong to be pro-

duced in H II regions yet much weaker than the Si II absorption lines. These

authors hypothesized that the narrowness of the spectroscopic slit (1.$$4) might

be including only a small portion of the region in which Si II# emission was aris-

ing. The weaker Mg II absorption observed for Fe II# emitters relative to Fe II#

non-emitters is in the opposite sense to the trend seen for Fe II absorption. As

Fe II# emitters are lower mass and bluer in color than Fe II# non-emitters, these

objects may have less systemic Mg II absorption in their interstellar media than

the Fe II# non-emitter sample.

The centroids of both features of the Mg II doublet are blueshifted in the

Fe II# emitter composite relative to the Fe II# non-emitter composite. While

emission filling may be responsible for shifting the centroids of Mg II, we also

observe that the overall profiles of the Mg II doublets are o!set between the

Fe II# emitter and non-emitter composite spectra. In particular, the di!erent

velocities seen in the wings of the features – where emission filling is negligible –

indicate the discrepancy in gas kinematics between the Fe II# emitter and non-
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Figure 4.7 Comparison of Fe II absorption equivalent widths and Fe II# emission

equivalent widths, for the ensemble of composite spectra. Di!erent composite

spectra are plotted as indicated in the legend below. Data with Fe II 2600 Å

equivalent widths " 2.3 Å show a trend of increasing Fe II# emission strength

with increasing Fe II absorption strength, although this trend is not present for

composite spectra with weaker Fe II absorption.
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emitter populations. The Fe II# emitter spectrum shows evidence for outflows in

Mg II, although the Fe II absorption lines are not as strongly blueshifted – we

find evidence that some of the Fe II resonance absorption lines are blueshifted,

although the di!erence in absorption line kinematics between the Fe II# emitter

and non-emitter composite spectra is not statistically significant. As discussed in

Kornei et al. (2012), Mg II is optically thick at lower column densities than Fe II

due to its larger oscillator strength. Mg II is therefore a better probe of rarefied

gas, which may have a high-velocity component.

4.2.2 Fe II# Kinematics

Strongly blueshifted or redshifted Fe II# emission is consistent with moving gas,

although work by Prochaska et al. (2011) has shown that emission profiles cen-

tered at roughly 0 km s!1 can still arise in the presence of gas flows. Measuring

kinematics indicative of stationary gas is therefore not su"cient to robustly de-

termine if the gas is indeed truly at rest with respect to stars. We measured

the centroids of the Fe II# lines in the Fe II# emitter composite spectrum using

Gaussian fits from the IDL routine gaussfit. We find that the lines have cen-

troids of –40 ± 111, –36 ± 28, 7 ± 33, and –6 ± 21 km s!1, respectively, where

errors were estimated from Monte Carlo simulations. The large uncertainty on

the centroid of the 2365 Å line is due to its weak strength. We conclude that the

Fe II# centroids are consistent with no o!set from the systemic velocity, given

both the measured uncertainties on the velocities and the systematic uncertainty

on the systemic redshift determination (Section 4.1).

We also measured the centroids of the Fe II# lines in other composite spec-

tra assembled on the basis of morphological and stellar population parameters

(Figure 4.3). In the ensemble of composite spectra, we find that the strongest
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Figure 4.8 Left: Color-magnitude diagram of the full sample, where objects with

continuum S/N > 7.8 are indicated with black crosses. Within this subsample

of objects with higher S/N, Fe II# emitters are shown in black (13 objects) and

Fe II# non-emitters are shown in red (9 objects). Object 12015320, a Fe II# non-

emitter, is di!erentiated with a red cross since it is likely an AGN based on its

broad Ne V emission and X-ray flux. Fe II# emitters appear to be preferentially

bright, blue galaxies, although Figure 4.9 shows no statistically significant trend

between Fe II# strength and either luminosity or color, based on a binary division

of the data. Right: Color vs. stellar mass plot, where the symbols are the same

as in the left panel. Fe II# emitters have lower stellar masses on average than the

sample as a whole.
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Fe II# lines (2396 and 2626 Å) have centroids consistent with 0 km s!1 while the

weaker Fe II# lines (2365 and 2612 Å) are predominantly redshifted. Since all the

Fe II# emission lines trace the same underlying population of gas, we conclude

that the kinematics of Fe II# emission are consistent with 0 km s!1 based on the

measurements of the strongest Fe II# features in composite spectra. Given the

relatively low S/N of our data, it is di"cult to robustly measure the kinematics

of Fe II# in individual objects.

A complementary investigation of Fe II# kinematics is to compare the velocity

o!sets of a strong Fe II# line and a nebular emission line (Rubin et al., 2011).

Nebular emission lines trace star-forming regions and therefore probe largely

stationary gas. In Figure 4.4, we show the Fe II# 2626 Å and [Ne III] 3869

Å features of a composite spectrum assembled from the spectra of 12 objects

with strong detections of both Fe II# 2626 Å and [Ne III]. The kinematics of

these two lines are similar; the Fe II# Å has a centroid of –12 ± 14 km s!1 while

the [Ne III] line has a centroid of –16 ± 4 km s!1. In light of the uncertainty

on our determination of the systemic redshift, we conclude that both Fe II# and

[Ne III] have kinematics consistent with being centered at 0 km s!1.

Rubin et al. (2011) measured Fe II# lines in the spectrum of a starburst galaxy

at z " 0.69 and found that Fe II# lines trace gas that is redward or within 30

km s!1 of the systemic velocity. These authors note that the kinematics of Fe II#

features are inconsistent with the kinematics of both FeII resonance absorption

lines (&V " –200 km s!1, where &V is the o!set from systemic velocity) and

features tracing galactic H II regions ([NeIII], H$, H); &V " 0 km s!1). In

contrast with Rubin et al. (2011), Coil et al. (2011) found that Fe II# lines are

typically blueshifted in a sample of post-starburst and AGN host galaxies at 0.2 <

z < 0.8. Coil et al. (2011) note that " 40% of Fe II# lines are blueshifted at > 2"
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significance while none are significantly redshifted; the Coil et al. (2011) sample

is characterized by a median &V of –119 km s!1. These authors propose that

Fe II# emission arises in galactic winds as opposed to star-forming regions, since

Fe II# emission is observed in post-starburst galaxies not currently experiencing

star formation. We note that the composite spectra we use here for measuring

Fe II# kinematics have significantly higher S/N (but lower resolution) than the

spectra of individual objects employed by both Rubin et al. (2011) and Coil et al.

(2011). In composite spectra of star-forming galaxies at 1 < z < 2, Erb et al.

(2012, in prep.) find that Fe II# 2626 Å exhibits blueshifted velocity centroids

of about –50 km s!1, although these authors report that individual spectra show

Fe II# 2626 Å centroids scattering around 0 km s!1. Erb et al. (2012, in prep.)

conclude that Fe II# 2626 Å is on average observed at velocities closer to systemic

than the resonance Fe II absorption lines. While the high S/N composite spectra

of Erb et al. (2012, in prep.) show Fe II# kinematics near the systemic velocity,

as we find in our own sample, high-resolution observations of a large number of

individual objects are needed in order to definitively measure the kinematics of

fine-structure emission on a per-object basis.

Numerous studies have been devoted to developing models of line emission

associated with galactic winds (Steidel et al., 2010; Rubin et al., 2011; Prochaska

et al., 2011). In particular, Prochaska et al. (2011) present modeling of Fe II#

emission arising from photons scattered in galactic winds. These authors predict

Fe II# emission at velocities close to the systemic velocity, since an optically thin

galaxy will transmit the Fe II# emission scattered from both the backside and

frontside of the wind. However, Prochaska et al. (2011) also note that increased

dust opacity may produce more blueshifted Fe II# profiles as the redshifted pho-

tons scattering o! the backside of the wind will be preferentially suppressed due

to their longer path lengths. In Figure 4.5, we compare composite spectra assem-
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Figure 4.9 Variation of Fe II# emission strength with galaxy properties. DFeII" , a

parameterization of how Fe II# strength changes between two spectra, is shown

for pairs of composite spectra assembled according to eighteen di!erent galaxy

properties. Lines are alternately bolded for visual clarity. The largest DFeII"

values, significant at > 2", are observed for 3 intrinsic properties: SFR, AUV,

and W[OII], as well as z. Stronger Fe II# emission is seen for lower SFR, larger

W[OII], lower AUV, and higher z objects. DFeII" values are significant at > 1" for

the following additional parameters: 3" gas flow, U $ B color, the presence of

Mg II emission, angular size, and physical size, such that Fe II# emission is more

pronounced in systems with 3" inflows (as opposed to 3" outflows), bluer U $B

colors, stronger Mg II emission, smaller angular sizes, and smaller physical sizes.
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bled on the basis of AUV. While we find that objects with larger AUV values show,

on average, more blueshifted 2626 Å Fe II# emission (–20 ± 42 km s!1 compared

with 37 ± 41 km s!1), the kinematic di!erences are small and are not statis-

tically significant given the systemic redshift uncertainties of our data. Higher

resolution data are needed in order to test the Prochaska et al. (2011) hypothesis

that increased dust attenuation produces more blueshifted Fe II# profiles. We

note that the C II] line at 2326 Å is more blueshifted in objects with larger AUV

values, but blending with nearby [O III] transitions renders uncertain the precise

rest-frame centroid of this feature.

4.2.3 Fe II# Emission and Resonance Absorption

As Fe II# emission arises from upper states populated by resonance absorption, a

strong link between Fe II emission and absorption profiles is expected. In Figure

4.6, we compare the velocity profiles of the Fe II 2600 Å resonance absorption

line and the Fe II# 2626 Å fine-structure emission line. We find that both profiles

have centroid velocities close to 0 km s!1and that the Fe II absorption is stronger

than the Fe II# emission line. These results are consistent with the findings of

Erb et al. (2012, in prep.). The fact that Fe II absorption is stronger than

Fe II# emission has implications for the derived geometry of galactic winds. For

example, an edge-on view of a system with a collimated wind will show emission

but no absorption. Likewise, a galaxy viewed face-on will exhibit more absorption

than emission. While these inclination e!ects are important when considering

systems on an individual basis, the our finding that Fe II absorption is stronger

than Fe II# emission in a composite spectrum assembled from many independent

sources provides only an averaged view of what the wind geometry may be.

In Figure 4.7, we show the equivalent width of Fe II# 2626 Å versus the equiv-
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alent width of Fe II 2600 Å. We find that these two quantities are positively

correlated for the subsample of objects with strong Fe II absorption (" 2.3 Å).

Erb et al. (2012, in prep.) find that the equivalent width of Fe II# 2626 Å is

inversely correlated, however, with the equivalent width of Fe II 2600 Å. These

authors propose that the Fe II# emission from dusty, high-mass systems expe-

riences a high optical depth due to a significant interstellar medium. In this

physical picture, galaxies with substantial Fe II absorption profiles are also the

same systems in which Fe II# emission is extinguished. Support for the hypothesis

that massive objects have more optically thick interstellar media was noted by

Steidel et al. (2010) in a sample of objects at z " 2. Steidel et al. (2010) found

that systems with larger baryonic masses had more absorption at the systemic

velocity. This result corroborates the physical picture of Erb et al. (2012, in

prep.) that systems showing stronger interstellar absorption (i.e., more massive

galaxies) are the same objects in which Fe II# emission may be the most attenu-

ated. We find, however, that Fe II# equivalent width and Fe II equivalent width

are positively correlated, at least over the subsample of objects with strong Fe II

absorption. This result is consistent with radiative transfer modeling of a spheri-

cally symmetric outflow in the absence of dust (Prochaska et al., 2011). Since all

absorbed photons have to be re-emitted from the system (as none are lost due to

absorption by dust), conservation of photons implies that the strength of emis-

sion equals the strength of absorption. Therefore, in this model from Prochaska

et al. (2011), systems showing stronger resonance Fe II absorption will also show

correspondingly stronger fine-structure Fe II# emission. In other less simplistic

models of outflows (i.e., varying the covering fraction of gas, changing the open-

ing angle of the biconical wind, adding in dust, and including absorption from

a stationary interstellar medium), Prochaska et al. (2011) still recover a positive

correlation between Fe II absorption strength and Fe II# emission strength. Our
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results are accordingly consistent with the findings of Prochaska et al. (2011). As

these authors also predict the presence of spatially-extended Mg II line emission

in their models, we hypothesize that our sample may exhibit extended emission

as well (Martin et al. 2012b, in prep.).

4.2.4 Fe II# Strength and Galaxy Properties

In Figure 4.8, we show a color-magnitude diagram indicating the Fe II# emitters

and non-emitters. Objects showing strong Fe II# emission are brighter ('MB( =

–21.0 ± 0.1) and bluer ('U $B( = 0.54 ± 0.02) than objects of comparable S/N

('MB( = –20.5 ± 0.1; 'U $ B( = 0.59 ± 0.02). While this finding is consistent

with the interpretation that Fe II# emitters likely have little dust attenuation

(Prochaska et al., 2011, Erb et al. 2012, in prep.), we can use our extensive multi-

wavelength dataset to more completely investigate how Fe II# strength depends

on galaxy properties.

We measured the equivalent widths of Fe II# features in eighteen pairs of

composite spectra assembled based on star-forming, gas flow, Fe II and Mg II,

stellar population, size, morphological, and redshift parameters. The star-forming

properties include star-formation rate (SFR), specific star-formation rate (sSFR

= SFR/stellar mass), star-formation rate surface density assuming a Petrosian

area ('SFR(RP)), [O II] emission linewidth, corrected for instrumental resolution

("[OII]), and [O II] emission line equivalent width (W[OII]). The gas flow prop-

erties are 1" gas flows and 3" gas flows. Fe II and Mg II properties include the

presence of Mg II emission and Fe II 2344 Å equivalent width (WFeII). Dust

attenuation (AUV), B-band luminosity (MB), U $B color, and stellar mass (M#)

are all measured stellar population parameters. Size and morphological proper-

ties include angular size, physical size, disk inclination (i), and Gini coe"cient
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Figure 4.10 Composite spectra of galaxy parameters that strongly modulate Fe II#

emission strength. From top to bottom, composite spectra are shown comparing

low and high SFR, low and high AUV, small and large W[OII], and low and high

z. In each case, the composite spectrum with stronger Fe II# emission is plotted

in black.
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(G; Lotz et al., 2004). Redshift, measured spectroscopically, is an additional

parameter.

For each property, we assembled composite spectra based on a binary division

of the data according to that parameter. We investigated how the strength of

Fe II# varied within each pair of composite spectra based on measurements of

the strongest Fe II# features at 2396 Å and 2626 Å. We measured local continua

around each Fe II# line and defined the extent of each feature as the region where

the flux was greater than the continuum. Fitting a Gaussian profile to each

Fe II# line, we estimated the equivalent width by integrating the Gaussian fit and

dividing the summed flux by the local continuum. We define the quantity DFeII"

as the average of the equivalent width di!erences between each pair of composite

spectra:

DFeII" =
&EW2396 + &EW2626

2
(4.1)

where &EW2396 is the di!erence in Fe II# 2396 Å equivalent widths between the

composite spectra and &EW2626 is the analogous di!erence in the 2626 Å line. In

Figure 4.9, we show the values of DFeII" for the eighteen parameters. We observe

DFeII" ranging from 0.0–0.4 Å. The uncertainty on DFeII" , $DFeII" , was estimated

through Monte Carlo realizations: for each composite spectrum, we constructed

1000 simulated spectra by perturbing the data by a value drawn from Gaussian

distribution of width the data’s error. We measured the Fe II# equivalent widths

for each ensemble of 1000 simulated spectra and adopted the standard deviation

of the equivalent width distribution as the error. Propagating errors through

Equation 4.1, we estimated $DFeII" for each parameter. The average $DFeII" of

the sample is 0.15 Å, with extrema ranging from 0.11–0.20 Å.

DFeII" is significant at # 2" for 4 parameters: SFR, AUV, W[OII], and z.
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Figure 4.11 Histograms of the four parameters most strongly modifying Fe II#

emission strength: SFR, W[OII], AUV, and z. In each panel, the open histogram

shows the sample of objects with S/N > 7.8. Fe II# emitters are shown in the

black shaded histogram and Fe II# non-emitters are indicated with the red shaded

histogram. Fe II# emitters are characterized by lower dust attenuations, smaller

SFRs, larger W[OII], and larger redshifts than Fe II# non-emitters.
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Stronger Fe II# emission is seen in higher redshift objects, those with lower SFRs,

lower AUV values, and larger W[OII] measurements. In Figure 4.10, we show the

four pairs of SFR, AUV, W[OII], and z composite spectra. It is important to

highlight that the composite spectra assembled on the basis of SFR, AUV, and

W[OII] exhibit di!erent properties than the composite spectra made according

to z. The stronger Fe II# emission observed in the lower SFR, lower AUV, and

larger W[OII] composite spectra is accompanied by weaker Mg II absorption and

similar, if not weaker, Fe II absorption. However, the higher z composite shows

stronger Fe II# emission and yet comparable Mg II absorption and stronger Fe II

absorption than the lower z composite. Therefore, it appears that the division of

objects on the basis of redshift yields significantly di!erent spectral trends than

the division of the sample according to SFR, AUV, or W[OII]. Below, we discuss

several complementary analyses of the links between Fe II# emission and SFR,

AUV, W[OII], and z.

We utilize our previously-defined samples of Fe II# emitters and non-emitters

(Section 4.2) to investigate if and how these objects separate in SFR, AUV, W[OII],

and z parameter space (Figure 4.11). Each of these four parameters shows a

separation of Fe II# emitters and non-emitters, although the sample size is small

in some cases. The larger sample of objects with redshifts permits a Kolmogorov-

Smirnov (KS) test of the probability that emitters and non-emitters are drawn

from the same parent z population: 0.003. While this result indicates the high

significance with which Fe II# emitters and non-emitters separate in z space,

such that Fe II# emitters are preferentially found at larger redshifts, z is not an

intrinsic property of a galaxy. It is therefore important to examine how SFR,

AUV, and W[OII] themselves are correlated with z in order to investigate if the

observed trend between Fe II# emission strength and z is a secondary correlation.
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Figure 4.12 Top panels: SFR, AUV, and W[OII] (from left to right) versus red-

shift, where Fe II# emitters are indicated in thick black diamonds and Fe II#

non-emitters are shown as thick red diamonds. Bottom panels: Correlations

among AUV, SFR, and W[OII], using the same notation as above. SFR and AUV

are positively correlated, while both W[OII] and AUV and W[OII] and SFR are

inversely correlated. These correlations are consistent with AUV being the pri-

mary modulator of Fe II# emission, given that Fe II# emitters are characterized

by smaller SFRs and larger W[OII] values than Fe II# non-emitters.
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In the top panels of Figure 4.12, we plot SFR, AUV, and W[OII] versus redshift.

Redshift and SFR are correlated at the 3.1" level (rS = 0.44), where higher

redshift systems have higher SFRs. This positive correlation between redshift

and SFR is in the opposite sense of the trends we find with Fe II# emission

strength, where both low-SFR and high-redshift systems show stronger Fe II#

emission. We also find a correlation at the 2.4" level (rS = –0.33) between

redshift and AUV, such that higher redshift systems are less attenuated. Finally,

we find a 2.7" correlation (rS = 0.20) between redshift and W[OII], in the sense

that higher redshift objects have larger W[OII] measurements. Given that intrinsic

galaxy properties vary as a function of redshift, we conclude that SFR, AUV, and

W[OII] most strongly modulate Fe II# emission strength. The bottom panels of

Figure 4.12 show how SFR, AUV, and W[OII] are themselves interrelated: systems

with larger SFRs have larger AUV values, objects with stronger W[OII] have lower

AUV values, and systems with stronger W[OII] also have larger SFRs. SFR, AUV,

and W[OII] are accordingly correlated such that the stronger Fe II# emission in

objects with ower SFRs, lower AUV values, and larger W[OII] measurements can

be explained as arising primarily due to the e!ect of a single parameter. In

Section 4.4, we propose that the presence or absence of dust may most strongly

a!ect the strength of Fe II# emission.

Other parameters besides SFR, AUV, W[OII], and z also modulate Fe II# emis-

sion strength. We find that 3" gas flow, U $ B color, the presence of Mg II

emission, angular size, and physical size have DFeII" values significant at # 1",

such that stronger Fe II# emission is seen in systems with 3" inflows (as opposed

to 3" outflows), bluer U $ B colors, stronger Mg II emission, smaller angular

sizes, and smaller physical sizes. The stronger Fe II# emission observed in sys-

tems with smaller angular sizes is consistent with the theory that slit losses may

be responsible for the lack of Fe II# emission in galaxies with larger angular sizes.
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Figure 4.13 Methodology for identifying Mg II emission. We assumed that the

Fe II profile, in this case a fit to the 2374 Å feature, represented a fiducial ab-

sorption profile largely una!ected by emission filling. We normalized the depth of

Fe II profile to that of the Mg II profile and summed the flux in the Mg II feature

above the scaled Fe II profile. This summed flux is representative of the emission

contribution of Mg II to the overall Mg II profile. We find that 31 objects in the

sample show Mg II emission at # 3" significance for both the 2796 and 2803 Å

Mg II lines.
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The fact that we do not observe a correlation between Fe II# emission strength

and Fe II equivalent width is striking given that Fe II# emitter and non-emitter

composite spectra show di!erences in Fe II absorption strength (Figure 4.2).

4.3 Mg II Emission

The high cosmic abundance of magnesium (Savage & Sembach, 1996) makes Mg II

a useful tracer of interstellar gas in galaxies. Mg II transitions in the rest-frame

ultraviolet are commonly used as probes of galactic winds at intermediate red-

shifts due to their placement above the atmospheric cut-o! for samples at z " 0.2.

The Mg II doublet at ## 2796,2803 Å, while primarily seen in absorption, is also

observed with a P-Cygni emission profile in objects as varied as Seyfert 1s (Wu

et al., 1983), ultraluminous infrared galaxies (ULIRGs; Martin & Bouché, 2009),

and high-redshift starbursts (Weiner et al., 2009; Rubin et al., 2011; Giavalisco

et al., 2011, Erb et al. 2012, in prep.). The physical origin of Mg II emission has

been attributed to both low-level AGN activity and scattering o! the backside of

the wind (Phillips, 1993; Weiner et al., 2009; Rubin et al., 2011), where the latter

process has also been seen in Ly! emission in Lyman Break Galaxies (Pettini

et al., 2001; Shapley et al., 2003).

Both features of the Mg II doublet at ## 2796,2803 Å have large oscillator

strengths and a high probability of emission due to the lack of excited ground

states for fluorescence. We examine here the diversity of Mg II profiles in our

sample, focusing specifically on the incidence of Mg II emission. Even in our

relatively low resolution data, the Mg II doublet is resolved given its wide velocity

separation (770 km s!1). In unsaturated systems, the 2796 Å line of the Mg II

doublet should be twice as strong as the one at 2803 Å. However, this 2:1 line

ratio is not always seen in our data. Rather, we find that the Mg II features
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Figure 4.14 Thumbnails of the 31 objects with # 3" detections of Mg II emission

in both the 2796 and 2803 Å lines. The majority of objects show pronounced

Mg II emission above the continuum. Each thumbnail is 30 Å wide.
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Figure 4.15 Left: Color-magnitude diagram with the 31 Mg II emitters shown

as filled black diamonds. Gray crosses indicate objects with S/N > 4.1 pixel!1,

the minimum S/N of the Mg II emitter sample. Consistent with Weiner et al.

(2009), we find that objects showing Mg II in emission are bluer than the general

galaxy poulation: the Mg II emitters have an average U $ B color of 0.48 ±

0.02 compared with the global sample average of 0.61 ± 0.01, where the errors

represent the standard deviation of the mean. Right: Color vs. stellar mass

plot, where the symbols are the same as in the left panel. Mg II emitters have

characteristically lower stellar masses than the sample as a whole.

often have roughly equal line strengths, indicative of saturation. In some cases,

we even observe systems where the 2803 Å line is stronger than the 2796 Å

feature. Emission filling may be responsible for the deviation of these line ratios

from their expected values.

4.3.1 Mg II Emitters

Weiner et al. (2009) report Mg II emission in 4% of their sample of z " 1.4 star-

forming galaxies, compared with Rubin et al. (2010b) who find that only 4/468
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(< 1%) star-forming galaxies at a similar epoch exhibit emission. Both of these

authors identified the presence of Mg II emission by comparing the fluxes in two

wavelength windows tracing the continuum and the region immediately redwards

of the 2796 Å line, respectively (Figure 3 in Weiner et al. 2009). While this

technique should robustly identify strong Mg II emitters, it may miss objects with

only weak Mg II emission. Weiner et al. (2009) find Mg II emission preferentially

in blue, luminous galaxies and propose that the emission may be due to low-

level AGN, although these authors fail to find any Ne V emission at 3425 Å

characteristic of active galaxies in their co-added spectra. Weiner et al. (2009)

still find Mg II emission in a composite spectral stack even after clipping their

sample of likely AGN candidates, indicative that Mg II emission is pervasive

in star-forming samples. These authors argue that stellar chromospheric Mg II

emission is unlikely to account for the observed emission, given that this stellar

feature is weaker in hot stars (Snow et al., 1994).

In light of the increased S/N of our data (" 11 per resolution element) rela-

tive to that of Weiner et al. (2009) (" 1 per resolution element) and Rubin et al.

(2010b) (" 2 per resolution element), we developed a new method to systemati-

cally isolate objects with Mg II emission. Instead of relying on flux measurements

within prescribed wavelength windows, we employed the fits to the data’s reso-

nance Fe II absorption features (Section 4.1.1). Since Fe II, and the Fe II 2374 Å

feature in particular, is not as susceptible to emission filling as Mg II, we assumed

that the Fe II features served as fiducial profiles largely una!ected by emission

filling. In other words, Fe II o!ers an unbiased view of the intrinsic Mg II ab-

sorption profile. In Figure 4.13, we schematically illustrate how we compare the

Mg II and Fe II profiles to estimate the contribution of Mg II emission to the

overall Mg II profile. For each of the objects with spectral coverage of both Mg II

and Fe II, we began by plotting the Fe II and Mg II features in velocity space and
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normalizing the Fe II profile (of the 2374 Å line, whenever possible) to the lowest

pixel of the Mg II absorption trough. We then estimated the Mg II emission

component as being the flux enclosed between the Mg II profile and the normal-

ized Fe II fit. We used the 2374 Å Fe II line when possible due to its strength

and minimal susceptibility to emission filling. If the 2374 Å feature was noisy or

otherwise compromised (by a sky residual, for example), we employed either the

2344 or the 2587 Å Fe II line. We normalized the depths of the features in order

to most fairly compare the enclosed flux.

By calculating the associated error from the error spectra, we assigned an

emission significance to each object for both features of the Mg II doublet. This

method is sensitive to strong Mg II emitters – such as those found using the

technique of Weiner et al. (2009) and Rubin et al. (2010b) – and also objects in

which emission may not be visually apparent but the kinematic profile of Fe II

di!ers from that of Mg II. This technique’s ability to isolate objects for which the

kinematics of Fe II and Mg II di!er results in a more complete sample of Mg II

emitters than is found using the method employed by Weiner et al. (2009) and

Rubin et al. (2010b).

Of the 186 objects in our sample with spectral coverage of Mg II, 49 (26%)

show emission at or above the 3" level in the 2796 Å line while 44 (24%) show

emission at the same threshold in the 2803 Å line. 31 objects (17%) exhibit # 3"

emission in both lines of the Mg II doublet (Figure 4.14). These percentages of

Mg II emitters are significantly higher than those found by Weiner et al. (2009)

and Rubin et al. (2010b); we attribute this discrepancy to our method’s increased

sensitivity to objects in which the kinematics of Fe II and Mg II di!er. In the

left-hand panel of Figure 4.15, we show a color-magnitude diagram and indicate

the 31 objects with Mg II emission significances # 3" in both lines. Consistent
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Figure 4.16 Top: Composite spectra in four bins of stellar mass, where the

strongest variation with stellar mass is seen in Mg II strength and kinematics.

Deep Mg II absorption is observed in high stellar mass objects, while less massive

objects show weaker Mg II absorption. The equivalent width values listed in the

figure are calculated by summing over both the 2796 and 2803 Å lines. Bottom:

Comparison of the Mg II feature in the four composite spectra. The inset shows

AUV versus stellar mass; the most massive galaxies (in red) are characterized

by the largest dust attenuations. The shallower Mg II absorption profiles seen in

low-mass galaxies may be due to a combination of more emission and less intrinsic

absorption. The di!erences in the red wings of the Mg II doublet are indicative of

emission filling, consistent with the picture of low-mass objects exhibiting more

emission.
190



with Weiner et al. (2009), we find that galaxies showing strong Mg II emission are

preferentially blue, with an average U $ B color of 0.48 ± 0.02 (compared with

0.61 ± 0.01, the average U $ B color of the whole sample); the errors on these

colors represent the standard deviation of the mean. We also find that objects

with strong Mg II emission have lower stellar masses ('M#( = 8 & 109 M"), on

average, than the population as a whole ('M#( = 1 & 1010 M"; right-hand panel,

Figure 4.15). Weiner et al. (2009) also propose that objects showing Mg II in

emission are typically drawn from a more luminous population. We conducted a

KS test comparing the distributions of the B -band absolute luminosities of the

31 objects with Mg II emission significances # 3" in both lines and the entire

sample of objects. We find a probability of " 70% that the two distributions are

drawn from the same parent population, indicating that our data do not suggest

an intrinsic luminosity di!erence between objects showing Mg II in emission and

those exhibiting Mg II in absorption.

In the top panel of Figure 4.16, we show four composite spectra of objects

divided on the basis of stellar mass. Mg II emission is prominent in the lowest

mass composite, consistent with the trend seen in Figure 4.15 of Mg II emitters

being preferentially low-mass objects. The highest mass objects, in comparison,

show deep Mg II absorption that is nearly 6 times stronger than the absorption

profile of the lowest-mass sample. We attribute these di!erences to low-mass

objects experiencing both less intrinsic absorption and also more emission filling;

we see evidence for emission filling in the lowest mass composite spectrum in

the form of its blueshifted centroid and filled red wing relative to the highest

mass composite spectrum. In the bottom panel of Figure 4.16, a zoom-in of the

Mg II profile for the four composites are shown, along with an inset plotting AUV

versus stellar mass. As the least massive objects show lower dust attenuation than

higher mass objects, emission is less likely to escape from high-mass systems. The
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Figure 4.17 Comparison of composite spectra assembled from stacks of the 31

Mg II emitters (black line) and 29 Mg II non-emitters (blue line).

di!erences in the Mg II doublets – where low-mass objects show more blueshifted

absorption centroids – are indicative of emission filling in the lowest mass sample.

We assembled a spectral stack of the 31 objects in our sample exhibiting

Mg II emission significances # 3" in both lines and find no evidence for Ne V

AGN emission at 3425 Å in the 28 objects with spectral coverage of the Ne V

region. Based on Chandra X-ray flux catalogs available for the Extended Groth

Strip (72/212 objects fall in this field), only one object is likely an AGN due

to its X-ray flux and this object does not have spectral coverage of Mg II. We
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also assembled a stack of the 29 objects with < 1" detections in both Mg II

lines, where we required that each object have a S/N greater than the smallest

S/N observed in the Mg II emitter sample (4.1 pixel!1). This methodology of

requiring comparable S/N in the Mg II emitter and non-emitter samples ensures

that objects do not scatter into the Mg II non-emitter sample purely on the

basis of being noisy. In Figure 4.17, we plot these two composite spectra. While

Fe II# emission is stronger in the stack of Mg II emitters, the composite spectra

are otherwise comparable in terms of Fe II kinematics and strength. 10 objects

in the sample of Mg II non-emitters have colors indicative of “Green Valley”

galaxies; our conclusions remain unchanged if these objects are removed from the

non-emitter sample.

4.3.2 Properties of the Strongest Mg II Emitters

We measured the kinematics of the Mg II emission peaks of the composite spec-

trum assembled from the 31 objects showing significant Mg II emission. Fitting

a Gaussian profile to the 2796 and 2803 Å features separately, we find that the

emission peaks are located at 108 ± 26 and 176 ± 17 km s!1, respectively. This

result that the emission peaks are redshifted is di!erent from the findings of Coil

et al. (2011). These authors reported that 7/11 X-ray AGN and post-starburst

galaxies at 0.2 < z < 0.8 have Mg II velocity centroids consistent with the sys-

temic velocity (less than 3" deviant) while only 4 objects show blueshifted or

redshifted emission.

According to Prochaska et al. (2011), the ratio of absorption to emission

equivalent width of Mg II depends both on the geometry of the wind and the

amount of dust in the system. These authors use radiative transfer modeling

and find that the opening angle of the biconical outflow strongly modulates the
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strength of Mg II emission, with more collimated outflows showing less emission.

According to these models, the 31 objects in our sample that show significant

Mg II emission would be expected to have narrower gas flows. Integral field unit

observations of the geometry of emission lines are necessary in order to investigate

this hypothesis.

Prochaska et al. (2011) also conclude that the presence of dust a!ects the

incidence of Mg II emission; dustier systems show significantly less emission.

The Mg II ## 2796,2803 Å doublet is particularly susceptible to attenuation by

dust since resonance photons scatter and experience longer path lengths (and

therefore more opportunities for encountering a dust grain) than non-resonance

photons. We also find that Mg II emission is stronger in systems with bluer U$B

colors, as discussed below.

4.3.3 Mg II Strength and Galaxy Properties

Given the diversity of Mg II profiles in our sample, we now turn to systematically

analyzing how galaxy properties are correlated with Mg II emission strength. In

Figure 4.15, we showed that individual objects with strong Mg II emission have

bluer colors and lower stellar masses than the sample as a whole. Here, we employ

composite spectra to investigate how the strength of Mg II emission varies as a

function of many di!erent galaxy properties.

We employed a similar technique for measuring Mg II emission strength in

the composite spectra that we utilized for the individual spectra (Section 4.3.1).

Instead of defining the intrinsic Mg II absorption profiles based on the fits to the

Fe II absorption lines as we did in Section 4.3.1, we assumed that the Fe II data

themselves were accurate tracers of Mg II absorption. This technique is robust

for the composite spectra due to their higher S/N compared with the individual
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Figure 4.18 Excess Mg II 2796 Å emission relative to the Fe II 2374 Å profile.

Three composite spectra – large W[OII], blue U $ B color, and low M# – exhibit

Mg II emission at # 3" significance. For each composite, the Fe II profile (blue

line) is shown overplotted on the Mg II profile (red line) in velocity space and

the vertical black lines delineate excess Mg II emission above the Fe II profile.

The excess Mg II emission strength, in Å in shown in the lower left of each plot.

These results corroborate the findings of Figure 4.15, in which individual objects

with Mg II emission were found to be bluer and lower mass than the sample

as a whole. The composite spectrum composed of objects with low AUV values

also shows strong Mg II emission, although the emission is not detected at 3"

significance due to the relatively few number of objects with AUV measurements.
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spectra. Using the eighteen pairs of composite spectra from Section 4.2.4 that

parameterize galaxies on the basis of star-forming, gas flow, Fe II and Mg II,

stellar population, size, morphological, and redshift properties, in addition to

composite spectra assembled according to Fe II# emission strength, we measured

the strength of Mg II emission in the 2796 Å line. We find that three composite

spectra show Mg II emission at or above the 3" level: large W[OII], blue U $ B,

and low M# (Figure 4.18). The composite spectrum composed of objects with

low AUV values also shows strong Mg II emission, although the emission is not

detected at 3" significance due to the relatively few number of objects with AUV

measurements. These results are consistent with our observation that individual

Mg II emitters are preferentially bluer and lower mass than the sample as a whole

(Figure 4.15). As we discuss below, we propose that dust is the primary factor

modulating Mg II emission strength.

4.4 Discussion

4.4.1 The Absence of Fe II# Emission in Local Samples

While Fe II# emission lines are prevalent in samples at z # 0.5, including star-

forming and post-starburst galaxies, AGNs, and quasars (Wang et al., 2008; Coil

et al., 2011; Giavalisco et al., 2011; Rubin et al., 2010a, 2011, Erb et al. 2012,

in prep., this work), Fe II# emission is conspicuously absent in local starbursts.

Figure 4.19 contrasts a z " 0 composite starburst spectrum from Leitherer et al.

(2011) with the composite spectrum of z " 1 star-forming galaxies from this

work. One immediately notices the lack of Fe II# emission in the local sample.

Giavalisco et al. (2011) propose that nearby samples do not exhibit Fe II# emission

simply due to slit losses: Fe II# lines arising from spatially-extended winds will
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not fall within the spectroscopic slit at z " 0. Given the small physical-to-

angular conversion valid for the local universe – 170 pc/$$ at the average redshift

of the Leitherer et al. (2011) sample – spectroscopic observations at z " 0 fail

to encompass the halos of galaxies where Giavalisco et al. (2011) propose Fe II#

emission originates. In particular, the Leitherer et al. (2011) observations target

only small H II regions of size " 100 pc. Spectroscopic observations of distant

galaxies, in comparison, are inclusive of extended Fe II# emission given physical-

to-angular conversions of 8 kpc/$$ at z = 1 and typical slit widths of " 1$$.

The hypothesis that slit losses are responsible for the lack of Fe II# emission

in local samples is supported by theory. Prochaska et al. (2011) present models of

galactic winds in which Fe II# line emission is generated by all galaxies driving a

cool gas outflow. While not all objects in our sample show evidence for outflows,

we use spatially-resolved imaging in Kornei et al. (2012) and outflow fraction

calculations in Martin et al. (2012) to infer that the prevalence of outflows is likely

modulated by galaxy inclination. All star-forming systems may in actuality drive

outflows, but only a fraction of objects exhibit outflow signatures depending on

the orientation of the outflowing wind with respect to the observer. While work

by Prochaska et al. (2011) focuses on Fe II# emission arising in the presence of gas

flows, Fe II# lines are generated even in the absence of galactic winds. Prochaska

et al. (2011) find that Fe II# emission is spatially extended with non-zero surface

brightness at large galactocentric radii; a 1$$ slit covering a galaxy at z > 0.5

would include less than 50% of the Fe II# emission. At lower redshifts, even less

of the Fe II# emission would fall into the spectroscopic slit.

If the frequency of detecting Fe II# emission depends on the spatial scale

probed by spectroscopic observations, as Giavalisco et al. (2011) and Prochaska

et al. (2011) suggest, one would expect to see variation in the strength of Fe II#
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Figure 4.19 Comparison of composite spectra of star-forming galaxies at z " 1 and

z " 0. Fe II# emission is conspicuous in the z " 1 sample (data from this work)

while the z " 0 sample (28 local star-forming galaxies observed in 46 unique

pointings from Leitherer et al. (2011)) is strikingly bereft of Fe II# emission.

Giavalisco et al. (2011) and Erb et al. (2012, in prep.) hypothesize that slit

losses may be responsible for the lack of Fe II# emission in nearby samples. As

the Leitherer et al. (2011) pointings target very small spatial scales (starburst

regions of size " 100 pc), spatially-extended Fe II# emission would be missed

by these observations. On the other hand, spectroscopic observations of galaxies

at z " 1 typically encompass the entire galaxy given the physical-to-angular

conversion of " 8 kpc/$$.
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emission as a function of galaxy angular size. We used Petrosian radii – measured

in the V band for objects at z < 1.10 and in the I band for objects at z > 1.10

– to divide the sample into two groups based on angular size. From composite

spectra assembled from each group, we found that smaller objects ('RP( = 0.$$6,

where RP is the Petrosian radius) showed stronger 2396 and 2626 Å Fe II# emission

than larger ('RP( = 1.$$3) objects (Figure 4.20). While these results are consistent

with Fe II# emission arising from spatially-extended winds, we caution that solely

dividing galaxies on the basis of angular size is a blunt tool for analysis given the

diversity of galaxies populating each angular size bin3.

4.4.2 Fe II# and Mg II Emission are Modulated by Dust

The strongest Fe II# emission in our study is observed in systems with lower

SFRs, lower AUV levels, and larger W[OII] measurements. Several authors have

proposed di!erent explanations for the changing strength of Fe II# emission in

star-forming galaxies, including slit losses (Giavalisco et al., 2011, Erb et al. 2012,

in prep.), dust attenuation (Prochaska et al., 2011), and viewing angle e!ects of

observing a non-spherical wind (Erb et al. 2012, in prep.).

Our observations are most consistent with Fe II# emission strength being

primarily modulated by the presence of dust, since AUV and other properties

closely linked to AUV are correlated with the strength of Fe II# emission. Figure

4.12 shows that systems with lower SFRs and larger W[OII] measurements – those

properties found to modulate Fe II# emission – have typically lower AUV levels.

The simple picture of emission photons being absorbed by dust is consistent with

our data. In Figure 4.20, we show that dividing objects on the basis of angular

3Angular size is correlated with redshift at the 2.7% level, and redshift is in turn correlated
with SFR, AUV, and W[OII] (Figure 4.12). In the absence of a larger sample, it is di"cult to
isolate objects that vary in angular size but do not vary significantly in other galaxy properties.
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Figure 4.20 Composite spectra assembled on the basis of angular Petrosian radius.

The stack of smaller objects ('RP( = 0.$$6) is shown in blue while the composite

spectrum comprised of larger objects ('RP( = 1.3$$) is shown in red. Smaller ob-

jects show stronger 2396 and 2626 Å Fe II# emission than larger objects, consistent

with the theory of Fe II# emission slit losses presented by Giavalisco et al. (2011)

and Erb et al. (2012, in prep.). Smaller objects also exhibit more blueshifted

Mg II centroids, although the overall strengths of Mg II absorption in the two

composite spectra are comparable.
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size (i.e., simulating the e!ects of slit losses) yields a qualitative di!erence in

Fe II# strength, but one that is weaker than the di!erence in Fe II# emission

observed when the data are divided according to AUV (Figure 4.9). A non-

spherical galactic wind will also introduce variations in Fe II# emission strength

purely dependent on the viewing geometry of the observer with respect to the

wind. For a biconical wind arising perpendicular to a galaxy disk, observations

of the system face-on will yield strong absorption signatures and weak emission

measurements while a galaxy viewed edge-on will predominantly show emission.

When we divided our sample on the basis of disk inclination, we find no significant

change in Fe II# emission strength. While we caution that the sample of objects

with inclination estimates is small, this result does not suggest that the viewing

angle e!ects of observing a non-spherical wind strongly a!ect the measured Fe II#

emission strength. The conclusion that Fe II# emission is modulated by dust is

the simplest inference, given the uncertainties in estimating di!erential slit losses

and disk inclinations in our dataset.

We find that Mg II emission is most prevalent in systems with larger W[OII]

measurements, bluer U $ B colors, and lower stellar masses. These correlations

are also consistent with Mg II emission being primarily modulated by dust. High

levels of dust would attenuate [O II] emission and redden systems with intrinsi-

cally blue U $ B colors. Since low-mass objects are less attenuated than high-

mass objects (Hopkins et al., 2001), the stronger Mg II emission seen in systems

with lower stellar masses can be plausibly explained by lower dust levels in these

objects.

These properties of Mg II emitters – stronger [OII] emission, bluer colors,

and lower stellar masses – are accordingly consistent with objects having low

dust attenuation. Composite spectra assembled on the basis of AUV also show
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pronounced di!erences in Mg II strength, with lower AUV systems showing weaker

Mg II absorption (Figure 4.10). The uncertainties on the Mg II strengths in

the AUV composites are large given the relatively few number of objects with

AUV measurements, however, so AUV was not flagged as a parameter controlling

Mg II strength in Section 4.3.3. We conclude that dust is the primary property

modulating Mg II emission.

4.5 Summary and Conclusions

We have investigated the properties and prevalence of fine-structure Fe II# emis-

sion and resonance Mg II emission in a sample of 212 star-forming galaxies at

z " 1. Using rest-frame ultraviolet spectroscopy and a rich ancillary dataset

comprised of GALEX, HST, and Spitzer imaging, we studied how the strength of

both Fe II# and Mg II vary as a function of star-forming, gas flow, Fe II and Mg II,

stellar population, size, morphological, and redshift properties. We provide below

a numbered list of our main conclusions:

1. Fe II# emission is prevalent at z " 1 in composite spectra assembled from

a range of galaxy properties, although Fe II# emission is not observed in local

studies probing star-forming regions.

2. The kinematics of the strongest Fe II# emission lines are consistent with

the systemic velocity.

3. Fe II# emission is most strongly correlated with SFR, AUV, and W[OII],

where lower SFR, lower AUV, and higher W[OII] systems preferentially exhibit

Fe II# emission. We propose that Fe II# emission is modulated by the presence

of dust.

4. Mg II emission is most strongly correlated with W[OII], stellar mass, and
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Table 4.1. Fe II and Fe II# Lines

#a Jlower
b Jupper

b A21
c Feature Type Equivalent Widthd

(Å) (s!1) (Å)

2344.21 9/2 7/2 1.7 & 108 resonant abs. 1.94 ± 0.06

2365.55 7/2 7/2 5.9 & 107 fine-structure em. –0.42 ± 0.05

2380.76 5/2 7/2 3.1 & 107 fine-structure em. · · · e

2374.46 9/2 9/2 4.3 & 107 resonant abs. 1.39 ± 0.08

2396.35 7/2 9/2 2.6 & 108 fine-structure em. –0.72 ± 0.07

2382.77 9/2 11/2 3.1 & 108 resonant abs. 1.53e± 0.06

2586.65 9/2 7/2 9.0 & 107 resonant abs. 1.72 ± 0.06

2612.65 7/2 7/2 1.2 & 108 fine-structure em. –0.41 ± 0.09

2632.11 5/2 7/2 6.3 & 107 fine-structure em. –0.21f

2600.17 9/2 9/2 2.4 & 108 resonant abs. 2.35 ± 0.09

2626.45 7/2 9/2 3.5 & 107 fine-structure em. –0.80 ± 0.09

aVacuum wavelengths from Ralchenko et al. (2005).

bOrbital angular momenta.

cEinstein A coe"cients.
dEquivalent width of feature measured in the global composite spectrum

(Figure 4.1). Negative equivalent widths correspond to features in emission.

eFe II# 2380.76 Å is blended with Fe II 2382.77 Å.

f3" upper limit. 203



color, where objects with higher W[OII], bluer U $ B colors, and lower stellar

masses are more likely to show Mg II emission. Like Fe II# emission, Mg II

emission is dependent on the level of dust attenuation; low-AUV objects show

weaker Mg II absorption than high-AUV systems.

Galactic winds are a critical component of the regulation of star formation

and prescriptions of galaxy evolution are dependent on detailed modeling of out-

flows. Probing the spatial and morphological properties of galactic winds in

emission – information that is lacking from long-slit spectroscopic observations –

will be possible with new instrumentation such as the Keck Cosmic Web Imager

and the Multi Unit Spectroscopic Explorer on the VLT. Upcoming observations

with these instruments will be important for understanding the enrichment of

the circumgalactic medium and the connections between galaxies and their envi-

ronments.
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CHAPTER 5

Conclusions and Future Work

5.1 Summary & Conclusions

In this dissertation, I have explored the environment and regulation of star for-

mation using samples of galaxies at z " 1 and z " 3. Chapter 2 focused on a

population of 321 Lyman break galaxies at z " 3 for which rest-frame ultraviolet

spectroscopy and multiwavelength imaging were available. I measured the spec-

troscopic strength of the H I Ly! line for each galaxy and studied how Ly! line

strength varied as a function of stellar populations (star-formation rate, E(B–V),

stellar mass, and dust attenuation). I found that objects with the strongest Ly!

emission were preferentially older, less dust attenuated, and forming stars at a

lower rate than galaxies with weaker (or absent) Ly! emission. This result is

consistent with the physical picture of older galaxies having experienced galactic

winds from massive stars and supernovae that cleared their halos of dust and

enabled Ly! photons to escape unimpeded.

Within the same sample of Lyman break galaxies, I also investigated the spa-

tial distribution of neutral, ionized, and dust species in the interstellar medium.

I used resonant Ly! photons and non-resonant continuum photons as two com-

plementary probes of the interstellar medium, based on the knowledge that Ly!

resonantly scatters o! of neutral hydrogen, does not interact with ionized hy-

drogen, and is absorbed by dust while continuum emission does not interact

205



with either neutral or ionized hydrogen and is absorbed by dust. Comparing

the strengths of Ly! and continuum emission provides information that models

of the spatial distribution of neutral, ionized, and dust species can be tuned to

match. I find that Ly! photons are generally more attenuated than continuum

photons, consistent with an interstellar medium in which neutral, ionized, and

dust species are evenly distributed. This result constrains the structure of the

interstellar medium at z " 3, an epoch for which it is di"cult to attain direct

imaging of galaxies.

Chapter 3 of this dissertation presented a study of 72 star-forming galaxies

in the Extended Groth Strip (EGS) at z " 1. These objects are part of a larger

sample of 212 objects for which rest-frame ultraviolet spectroscopy was obtained

using LRIS on Keck I. With GALEX, Hubble Space Telescope, and Spitzer imag-

ing available for the EGS enabling estimates of dust-corrected star-formation

rates, star-formation rate surface densities, galaxy areas, and disk inclinations,

I investigated the properties and prevalence of galactic winds at z " 1. These

winds, arising from the combined energy and momentum of massive stars and

supernovae, are a critical component of galaxy evolution as they disperse, heat,

and accelerate the reservoirs of cool gas necessary for star formation. From ob-

servations of resonance lines of Fe II and Mg II absorbed against the light of host

galaxies, I measured the spectral shifts of Fe II and Mg II relative to the systemic

frame defined by nebular emission lines. I found that gas flows significant at the

1" level are found in 40% of the sample. The velocity of the gas flows traced

by Fe II and Mg II are most strongly correlated with star-formation rate surface

density, consistent with recent modeling of galactic winds. Furthermore, Mg II

absorption traces gas at systematically larger velocities than Fe II absorption;

the Mg II features have larger oscillator strengths than the Fe II lines so this

observation may simply be due to Mg II tracing a more tenuous population of
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high-velocity ions. Using spatially-resolved Hubble Space Telescope imaging, I

found that outflows are more prevalent in face-on systems, supporting the hy-

pothesis that winds are biconical in geometry and arise perpendicular to galactic

disks. This result supports other observations at similar redshifts that winds

emerge in distinct geometries (Bordoloi et al., 2011), although higher redshift

observations (1.5 < z < 3.6) suggest that winds are not collimated (Law et al.,

2012b). Understanding what causes this transition in wind geometry is an open

question that future observations will help to constrain.

While absorption lines are an important probe of gas flows, observations of

resonant and fine-structure emission lines associated with galactic winds enable a

complementary investigation of outflowing gas. The scattering of emission lines

ensures that lines can be observed at spatial positions other than their point of

origin; this property complicates interpretation of observations but also enables

detailed study of the morphology and structure of the circumgalactic medium.

In Chapter 4, I present measurements of emission lines from Fe II# transitions in

a sample of 212 star-forming galaxies at z " 1. The Fe II# lines correspond to

fine-structure transitions, in which electrons fall to excited ground states. These

Fe II# lines are seen in four strong transitions at 2365, 2396, 2612, and 2626 Å

in our data; I find that Fe II# emission is most pronounced in systems with low

star-formation rates, low dust attenuations, and large [OII] emission equivalent

widths. These trends are consistent with Fe II# emission being strongly attenu-

ated by dust and therefore most prevalent in systems with low levels of dust. The

kinematics of Fe II# emission are consistent with 0 km s!1, although it is di"cult

to unequivocally state that the emission therefore arises from stationary H II

regions. Since emission may be seen from both the backside (i.e., receding) and

frontside (i.e., approaching) of the wind, modeling suggests that emission tracing

gas flows may nonetheless appear centered at roughly the systemic velocity.
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5.2 Future Work

Precision studies of the environment and regulation of star formation will be

greatly aided by upcoming new instruments and telescopes. While current studies

of Ly!-emitters rely on stellar population modeling of stacks of data, the James

Webb Space Telescope will enable detailed studies of individual Ly!-emitters at

high redshift. Long integration times and the low background of space will ensure

that stellar population modeling can be done on a per-object basis. Investigations

of the Ly! escape fraction will continue to yield information about the structure

of the interstellar medium at epochs where spatially-resolved imaging becomes

ever more di"cult.

The anticipated Keck Cosmic Web Imager on the Keck telescopes will provide

detailed observations of the tenuous emission from galactic winds and will enable

studies of the morphology and density structure of emission tracing gas flows.

The ongoing CANDELS project using the Hubble Space Telescope is obtaining

di!raction-limited imaging in the rest-frame optical; these data are critical for in-

vestigating accurate sizes of galaxies, disk inclinations, and the outflow geometry

of galactic winds.

While new telescopes and instrumentation enable ever deeper observations,

larger surveys, and increased redshift space available for study, local studies of

star-forming regions a!ord a unique perspective on the stellar environment. New

observations of super star clusters – local analogs to high-redshift starbursts – re-

veal a detailed look at star-formation feedback occurring on the scales of parsecs.

Nearby sources provide an important local laboratory for investigating theories

of high-redshift star formation.

Advances in models and simulations are also critical to furthering our under-
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standing of the environment of star formation. Simulations of the propagation

of Ly! photons through an interstellar medium can be matched to observations

in order to infer the distribution of neutral, ionized, and dust species. Models of

galactic winds are also key components in the study of gas regulation. Theoretical

work, with predictions that can readily be tested with data of achievable signal-to-

noise and spectral resolution, will provide important benchmarks against which

future observations can be compared. Studying star formation across di!erent

epochs is critical to tracing the build-up of matter in the Universe and better

understanding the evolution of galaxies across cosmic time.
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Oppenheimer, B. D., & Davé, R. 2006, MNRAS, 373, 1265

Osterbrock, D. E. 1989, Astrophysics of gaseous nebulae and active galactic nu-

clei, ed. Osterbrock, D. E.

Ouchi, M., Shimasaku, K., Akiyama, M., Simpson, C., Saito, T., Ueda, Y., Furu-

sawa, H., Sekiguchi, K., Yamada, T., Kodama, T., Kashikawa, N., Okamura,

S., Iye, M., Takata, T., Yoshida, M., & Yoshida, M. 2008, ApJS, 176, 301

Ouchi, M., Shimasaku, K., Okamura, S., Furusawa, H., Kashikawa, N., Ota, K.,

Doi, M., Hamabe, M., Kimura, M., Komiyama, Y., Miyazaki, M., Miyazaki,

S., Nakata, F., Sekiguchi, M., Yagi, M., & Yasuda, N. 2004, ApJ, 611, 685

Papovich, C., Dickinson, M., & Ferguson, H. C. 2001, ApJ, 559, 620

Peng, C. Y., Ho, L. C., Impey, C. D., & Rix, H.-W. 2002, AJ, 124, 266

—. 2010, AJ, 139, 2097

Pentericci, L., Grazian, A., Fontana, A., Castellano, M., Giallongo, E., Salimbeni,

S., & Santini, P. 2009, A&A, 494, 553

Pentericci, L., Grazian, A., Fontana, A., Salimbeni, S., Santini, P., de Santis, C.,

Gallozzi, S., & Giallongo, E. 2007, A&A, 471, 433

Pettini, M., Kellogg, M., Steidel, C. C., Dickinson, M., Adelberger, K. L., &

Giavalisco, M. 1998, ApJ, 508, 539

Pettini, M., Rix, S. A., Steidel, C. C., Adelberger K. L., Hunt, M. P., & Shapley,

A. E. 2002, ApJ, 569, 742

224



Pettini, M., Shapley, A. E., Steidel, C. C., Cuby, J., Dickinson, M., Moorwood,

A. F. M., Adelberger, K. L., & Giavalisco, M. 2001, ApJ, 554, 981

Pettini, M., Steidel, C. C., Adelberger, K. L., Dickinson, M., & Giavalisco, M.

2000, ApJ, 528, 96

Phillips, A. C. 1993, AJ, 105, 486

Press, W. H., Teukolsky, S. A., Vetterling, W. T., & Flannery, B. P. 1992,

Numerical Recipes in FORTRAN: the Art of Scientific Computing (Cambridge:

University Press, 2nd ed.)

Prévot, M. L., Lequeux, J., Prévot, L., Maurice, E., & Rocca-Volmerange, B.

1984, A&A, 132, 389

Prochaska, J. X., Kasen, D., & Rubin, K. 2011, ApJ, 734, 24

Quider, A. M., Pettini, M., Shapley, A. E., & Steidel, C. C. 2009, MNRAS, 1081

Ralchenko, Y., Fuhr, J. R., Jou, F.-C., Kramida, A. E., Martin, W. C.,

Podobedova, L. I., Reader, J., Saloman, E. B., Sansonetti, J. E., & Wiese,

W. L. 2005, in American Institute of Physics Conference Series, Vol. 771,

Atomic and Molecular Data and their Applications, ed. T. Kato, D. Kato,

& H. Funaba, 276–285

Reddy, N. A., & Steidel, C. C. 2009, ApJ, 692, 778

Reddy, N. A., Steidel, C. C., Erb, D. K., Shapley, A. E., & Pettini, M. 2006a,

ApJ, 653, 1004

Reddy, N. A., Steidel, C. C., Fadda, D., Yan, L., Pettini, M., Shapley, A. E.,

Erb, D. K., & Adelberger, K. L. 2006b, ApJ, 644, 792

225



Reddy, N. A., Steidel, C. C., Pettini, M., Adelberger, K. L., Shapley, A. E., Erb,

D. K., & Dickinson, M. 2008, ApJS, 175, 48

Renzini, A. 2006, ARAA, 44, 141

Rhoads, J. E., Malhotra, S., Dey, A., Stern, D., Spinrad, H., & Jannuzi, B. T.

2000, ApJL, 545, L85

Robertson, B., Hernquist, L., Cox, T. J., Di Matteo, T., Hopkins, P. F., Martini,

P., & Springel, V. 2006, ApJ, 641, 90

Rubin, K. H. R., Prochaska, J. X., Koo, D. C., & Phillips, A. C. 2012, ApJL,

747, L26

Rubin, K. H. R., Prochaska, J. X., Koo, D. C., Phillips, A. C., & Weiner, B. J.

2010a, ApJ, 712, 574

Rubin, K. H. R., Prochaska, J. X., Ménard, B., Murray, N., Kasen, D., Koo,

D. C., & Phillips, A. C. 2011, ApJ, 728, 55

Rubin, K. H. R., Weiner, B. J., Koo, D. C., Martin, C. L., Prochaska, J. X., Coil,

A. L., & Newman, J. A. 2010b, ApJ, 719, 1503

Rupke, D. S., Veilleux, S., & Sanders, D. B. 2002, ApJ, 570, 588

—. 2005, ApJS, 160, 115

Salim, S., Rich, R. M., Charlot, S., Brinchmann, J., Johnson, B. D., Schiminovich,

D., Seibert, M., Mallery, R., Heckman, T. M., Forster, K., Friedman, P. G.,

Martin, D. C., Morrissey, P., Ne!, S. G., Small, T., Wyder, T. K., Bianchi, L.,

Donas, J., Lee, Y., Madore, B. F., Milliard, B., Szalay, A. S., Welsh, B. Y., &

Yi, S. K. 2007, ApJS, 173, 267

226



Salpeter, E. E. 1955, ApJ, 121, 161

Sanders, D. B., & Mirabel, I. F. 1996, ARAA, 34, 749

Sato, T., Martin, C. L., Noeske, K. G., Koo, D. C., & Lotz, J. M. 2009, ApJ,

696, 214

Savage, B. D., & Sembach, K. R. 1996, ARAA, 34, 279

Scannapieco, E., Silk, J., & Bouwens, R. 2005, ApJL, 635, L13

Schiminovich, D., Wyder, T. K., Martin, D. C., Johnson, B. D., Salim, S., Seibert,
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