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ABSTRACT OF THE DISSERTATION

The Properties of Gas Flows and Their Connection to z ~ 2 Star-Forming Galaxies
by
Andrew J. Weldon

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, June 2024
Dr. Naveen A. Reddy, Chairperson

The cycling of gas into and out of galaxies is a crucial ingredient in their evolution.
The incidence rate and effects of these gas flows are expected to be common and pronounced
at redshifts of z ~ 2, the peak of star formation and quasar activity in the history of the
Universe. In this work, I characterize cool low-ionized (~10% K) and warm ionized (~10%
K) gas outflows and inflows from individual and stacks of star-forming galaxies during this
epoch. I utilize rest-optical spectroscopic data from the MOSFIRE Deep Evolution Field
survey and rest-UV follow-up campaigns with Keck LRIS and KCWI. Using Lya emission,
low-ionization interstellar metal absorption lines, and broad components of strong rest-
optical emission lines, I measure the properties of outflows and inflows, how their properties
scale with the global properties of galaxies, and the driving mechanisms behind outflows. My
results indicate that mechanical energy from supernova explosions primarily drives cool gas
outflows, while a combination of mechanical energy and radiation pressure acting on dusty
material drives warm gas outflows. In addition, I find that warm outflows have modest mass-

loss rates and are likely negligible, even during the peak of cosmic star-formation history.
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By comparing galaxies with robust measurements of cool low-ionized gas inflows to those
without inflows, I explore the low detection rate of inflowing gas. My results reveal that
galaxies with inflows have higher star-formation activity and that the covering fraction of
inflowing gas is enhanced among galaxies with higher specific star-formation rates. Lastly,
I utilize integral field spectroscopy to measure the spectral variation of Lya emission across
stacked Ly« halos of z ~ 2 star-forming galaxies. Redshifted single-peaked Lya profiles
are ubiquitous down-the-barrel of galaxies, while farther out, the shape of the profile varies
with outflow velocity and star-formation activity. Overall, my dissertation work provides a
glimpse into the complex multi-phase nature of gas cycling around star-forming galaxies at

z ~ 2 when feedback from star-formation activity was at its highest.
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Chapter 1

Introduction

In simple terms, galaxies are gravitationally bound systems consisting of many
stars and gas, which represent the basic unit of observable structure in the Universe. At the
same time, galaxies are incredibly diverse, displaying an astonishing range of shapes, sizes,
colors, brightness, masses, and surroundings. One of the greatest open questions in modern
extragalactic astrophysics is how various interconnected processes operating on scales that
vary over orders of magnitude result in the diverse galaxy population we see today. Over the
past two decades, a general framework of galaxy evolution has emerged: accreted pristine
cold gas from large-scale filaments in the intergalactic medium (IGM) fuels star formation
in galaxies, which, in turn, results in feedback that ejects metal-enriched gas and imparts
energy and momentum back into the surrounding gas. Understanding this competition
between inflowing gas and feedback is crucial in developing a complete picture of galaxy

evolution.



1.1 The Impact of Gas Flows

Galaxies are not isolated systems, sitting out in Universe, passively evolving along
a well-established path. Instead, and far more interestingly, galaxies are open systems that
exchange gas, energy, momentum, and metals between their interstellar medium (ISM),
their surrounding circumgalactic medium (CGM), and farther out into the vast intergalactic
medium between galaxies. Understanding this cycling of gas is crucial for developing a
complete description of galaxy evolution.

Large-scale outflows of material from galaxies, of course, are the negative part of
this cycle. Driven by energy and momentum injected into the ISM (i.e., feedback) from stars
and active galactic nuclei (AGN), these outflows have many effects on their host galaxy.
Outflows suppress star formation in galaxies directly by removing the necessary cold gas
and indirectly through heating gas in the ISM and CGM (e.g., Scannapieco et al., 2005;
Croton et al., 2006). As they move through their host, outflows can carve low-column-
density channels in the ISM, which may be an important factor in the escape of ionizing
photons from galaxies (e.g., Gnedin et al., 2008; Leitet et al., 2013; Ma et al., 2016; Reddy
et al., 2016; Gazagnes et al., 2018; Reddy et al., 2022). If the velocity of an outflow is below
the escape velocity of their host, the outflow will be retained and eventually recycle back
onto the galaxy as part of a galactic fountain. This recycling gas may fuel a significant
fraction of star-formation in galaxies at late-times (Oppenheimer et al., 2010; Henriques
et al., 2013; Anglés-Alcazar et al., 2017). Outflows that escape their host are expected to
be metal-enriched relative to the ISM, thus they modulate the metallicity of galaxies, and

pollute the CGM and IGM with metals (e.g., Tremonti et al., 2004; Dalcanton, 2007).



As the counterpart to outflows, inflows of gas into galaxies are perhaps more fun-
damental, as gas accretion is required, but the launching of large-scale outflows is optional.
The accretion and conversion of cold into stars is a key process for the growth of galax-
ies. The gas reservoir around galaxies, however, can only sustain their star-formation rates
for a few gigayears (Leroy et al., 2008; Saintonge et al., 2017; Tacconi et al., 2018), thus
galaxies must continuously accrete pristine gas from the IGM to replenish these reservoirs
throughout their evolution (Kennicutt, 1983; Prochaska & Wolfe, 2009; Bauermeister et al.,
2010). In addition, the accretion of metal-poor gas may also resolve the discrepancy be-
tween the number of low metallicity stars observed in the Milky Way and predictions from
“closed-box” chemical evolution models, known as the G-Dwarf problem (van den Bergh,

1962; Schmidt, 1963; Sommer-Larsen, 1991).

1.2 Gas Flows at z ~ 2

An important epoch in the history of the Universe occurred about 2 — 3 Gyr
after the Big Bang (redshifts z ~ 2 — 3). Over this relatively short period, the cosmic
star-formation rate (SFR) density peaked, with galaxies experiencing intense episodes of
star formation and assembling most of their stellar mass (see Madau & Dickinson, 2014).
Many of the structural patterns observed among galaxies today were established during this
epoch, and feedback from star-formation and AGN was maximized.

The intense star formation of this era is well suited for studying the cycling of gas
into and out of galaxies. Inflows of gas should be common, providing the fuel for galaxies

to maintain their observed SFRs. At the same time, the increase in star-formation and



AGN feedback should naturally give rise to large-scale galactic outflows. In addition, at
these redshifts, there is access to a wealth of multi-wavelength observations. In particular,
the far-UV is shifted to wavelengths where the sky background is extremely low, and the
rest-optical is shifted into near-infrared atmospheric transmission windows. These two
wavelength regimes contain multiple absorption and emission lines that trace gas flows and
probe the physical conditions in galaxies.

Indeed, tremendous progress has been made in characterizing gas flows around
star-forming galaxies at z ~ 2 (see reviews by Heckman & Thompson, 2017; Rupke, 2018;
Veilleux et al., 2020). At these redshifts, information on gas flows come from kinematic
offsets in interstellar absorption, Ly« emission, and stellar photospheric/nebular emission
lines towards galaxies (“down-the-barrel”; e.g., Steidel et al., 2010; Newman et al., 2012) and
absorption lines along sightlines through foreground galaxy halos towards bright background
quasars or galaxies (“transverse absorption-line”; e.g., Steidel et al., 2010; Rudie et al.,
2012). Down-the-barrel and transverse spectroscopic surveys have revealed that outflows
are a common feature of star-forming galaxies, with moderate velocities (on average a few
hundred of km/s) that correlate with stellar mass, star-formation rate (SFR), and star-
formation-rate surface density (Xgrr), extending up to ~50-100 kpc. On the other hand,
direct observational detections of inflowing gas are sparse, with implied covering fractions

of ~5% (Rubin et al., 2012; Martin et al., 2012).



1.3 Dissertation Outline

The work presented in the chapters that follow address the following questions

regarding gas flows of z ~ 2 star-forming galaxies.
1. What are the properties of their outflows?
2. What is the primary driving mechanism of their outflows?
3. What is the frequency of inflows?

4. What are the kinematics and distribution of neutral gas within their circumgalatic

mediums?

These questions are difficult to address observationally. The range of scales that
flows operate over is enormous: from ~Mpc scales of the environment surrounding galaxies,
down through the size of galaxies, and to the sub-parsec scales where star-formation takes
place. Multi-wavelength observations show that outflows possess a complex, multi-phase
structure spanning from very hot (~105~7 K; e.g., Strickland & Stevens, 2000; Strickland
& Heckman, 2009), to warm (~10* K; e.g., Heckman et al., 2015; Du et al., 2016) and cool
(~10% K; e.g., Weiner et al., 2009; Kornei et al., 2012) ionized gas and down to cold (100
K; e.g., Leroy et al., 2015; Meléndez et al., 2015) molecular gas and dust. Furthermore,
observations of high-redshift galaxies are also subject to the effects of cosmological dimming
(see Barden et al., 2008), limiting previous studies to small samples of gravitationally lensed
galaxies, very luminous galaxies, or creating high signal-to-noise composite spectra to infer

average properties (e.g., Pettini et al., 2002; Shapley et al., 2003; Rubin et al., 2010; Jones



et al., 2012; Bordoloi et al., 2016). While the multi-scale and multi-phase nature of flows
cannot be avoided, deep spectroscopy can reveal gas flows of typical, individual galaxies.
In this dissertation, gas flows of z ~ 2 star-forming galaxies are examined on (1) an
individual galaxy basis using down-the-barrel rest-optical and rest-UV spectroscopy from
the MOSFIRE Deep Evolution Field (MOSDEF; Kriek et al., 2015) survey and the Keck
Low Resolution Imagining Spectrograph (LRIS; Oke et al., 1995); and (2) stacked galaxies
using rest-UV spectroscopy from the Keck Cosmic Web Imager (KCWI; Morrissey et al.,
2018) integral field spectrograph. The MOSDEF survey is a large spectroscopic program
targeting objects at 1.4 < z < 3.8 in well-studied extragalactic legacy survey fields to study
their stellar, gaseous, metal, dust, and black hole content. The survey obtained moderate-
resolution (R ~ 3000 — 3600) rest-optical spectroscopy of ~1500 typical star forming galaxies
using the MOSFIRE multi-object spectrograph (McLean et al., 2010, 2012a) on the Keck
I telescope. Galaxies with detections of several strong rest-optical emission lines (e.g., Hf,
[O 1], He, [N11]) were followed-up with LRIS and KCWI to obtain deep rest-UV spectra.
The outline of this dissertation is as follows. In Chapter 2, we investigate the
primary driving mechanisms of cool, neutral/low-ionization outflows traced by rest-UV
interstellar absorption lines. The frequency of inflowing gas is explored in Chapter 3 using
three galaxies with significantly redshifted low-ionization absorption lines. In Chapter 4, we
study the properties and driving mechanism of warm, ionized outflows traced by broad rest-
optical emission line components. In Chapter 5, spectral variations in the Ly« line profile
across Lya halos are explored to quantify the distribution and kinematics of neutral CGM

gas. The main conclusions of the dissertation and future work are presented in Chapter 6.



Chapter 2

The MOSDEF-LRIS Survey:
Connection between Galactic-scale

Outflows and the Properties of z ~

2 Star-forming Galaxies!

Abstract We investigate the conditions that facilitate galactic-scale outflows using a sam-
ple of 155 typical star-forming galaxies at z ~ 2 drawn from the MOSFIRE Deep Evolution
Field (MOSDEF) survey. The sample includes deep rest-frame UV spectroscopy from the
Keck Low-Resolution Imaging Spectrometer (LRIS), which provides spectral coverage of
several low-ionization interstellar (LIS) metal absorption lines and Lya emission. Outflow

velocities are calculated from the centroids of the LIS absorption and/or Ly« emission, as

' A version of this chapter was published in Weldon et al. (2022)



well as the highest-velocity component of the outflow from the blue wings of the LIS ab-
sorption lines. Outflow velocities are found to be marginally correlated or independent of
galaxy properties, such as star-formation rate (SFR) and star-formation rate surface density
(Xsrr). Outflow velocity scales with SFR as a power-law with index 0.24, which suggests
that the outflows may be primarily driven by mechanical energy generated by supernovae
explosions, as opposed to radiation pressure acting on dusty material. On the other hand,
outflow velocity and Ygpr are not significantly correlated, which may be due to the limited
dynamic range of Ygpr probed by our sample. The relationship between outflow veloc-
ity and YXgrr normalized by stellar mass (XssFr), as a proxy for gravitational potential,
suggests that strong outflows (e.g., > 200 km s~!) become common above a threshold of
log(Zssrr/yr~ ! kpe™2?) ~ —11.3, and that above this threshold, outflow velocity uncouples
from Y¢gpr. These results highlight the need for higher resolution spectroscopic data and

spatially resolved imaging to test the driving mechanisms of outflows predicted by theory.

2.1 Introduction

The evolution of galaxies is influenced by the flow of baryons. Galaxies accrete
cold gas from filaments in the cosmic web, convert the gas into stars, and eject metal-
enriched gas from the interstellar medium (ISM) into the circumgalactic medium (CGM)
or possibly beyond into the intergalactic medium (IGM). One important component of this
cycle is galactic-scale outflows, which enriches the CGM and IGM with metals, modulates
the metallicity within galaxies (e.g., Tremonti et al., 2004; Dalcanton, 2007; Finlator & Davé,

2008), and depletes the availability of cold gas causing a suppression of star formation (e.g.,



Scannapieco et al., 2005; Croton et al., 2006). Outflows also appear to be an important
factor in the creation of low-column-density channels in the ISM, allowing for the escape of
ionizing photons (e.g., Gnedin et al., 2008; Leitet et al., 2013; Ma et al., 2016; Reddy et al.,
2016; Gazagnes et al., 2018; Reddy et al., 2022).

Galactic outflows are a common feature of actively star-forming galaxies, with
observations of such flows in local galaxies (e.g., Heckman et al., 2000; Chen et al., 2010;
Roberts-Borsani et al., 2020) and high-redshift galaxies (e.g., Shapley et al., 2003; Steidel
et al., 2010; Davies et al., 2019). However, the physical mechanisms that generate and
sustain outflows remain an open question. In star-forming galaxies, outflows are theorized
to be driven by energy injected into the ISM by supernovae; radiation pressure acting
on cool, dusty material; or a combination of these mechanisms (Chevalier & Clegg, 1985;
Murray et al., 2005, 2011). Outflow velocity should then scale with star formation properties
as the level of star formation activity, which peaks at z ~ 1 — 3 (Madau & Dickinson, 2014),
sets the effectiveness of these mechanisms.

Galactic outflows are often probed by either blueshifted interstellar absorption or
redshifted resonantly-scattered emission of cool, diffuse interstellar and circumgalactic gas.
Observations of blueshifted interstellar absorption lines for both local and high-redshift
galaxies have found that outflow velocity (vout) increases with several galactic properties
such as stellar mass, star-formation rate (SFR), and star-formation-rate surface density
(Xsrr) (e.g., Sato et al., 2009; Weiner et al., 2009; Chen et al., 2010; Rubin et al., 2010;
Steidel et al., 2010; Law et al., 2012; Martin et al., 2012; Rubin et al., 2014; Chisholm et al.,

2015; Heckman et al., 2015; Bordoloi et al., 2016; Forster Schreiber & Wuyts, 2020; Prusinski



et al., 2021). However, the existence of a vout—SFR or vou—2Xsrr relation is still debated.
There is general agreement at low redshifts (z < 0.3) that the relations are significant, weak
power laws (vout o SFRO127035: Martin, 2005; Chisholm et al., 2015; Sugahara et al., 2017,
Vout ¢ Bsrr"!; Chen et al. 2010). At higher redshifts (1 < z < 2) there is disagreement on
the significance of the voy, —XgpR relation (Steidel et al., 2010; Kornei et al., 2012; Law et al.,
2012; Rubin et al., 2014; Prusinski et al., 2021). This tension may be due to the use of ions
(e.g., C IV, Si IV, Si II, and Mg II) that trace different components of the outflowing gas,
different methods to parameterize outflow kinematics, and differences in the methodology
used to estimate YXgpRr (see discussions in Ho et al., 2016; Heckman & Thompson, 2017).
Rest-UV spectra of z ~ 2 star forming galaxies contain a wealth of emission and
low-ionization interstellar (LIS) absorption metal lines (e.g., Si II, O I, C II, and Fe II) of
cool, diffuse interstellar gas transported by galactic-scale outflows. Due to the difficulty
of obtaining rest-UV spectra with sufficient S/N for typically faint high-redshift galaxies,
previous studies have been primarily limited to gravitationally-lensed Lyman Break galaxies
(LBGs), very luminous LBGs, or high S/N composite spectra to infer average outflow
properties (Pettini et al., 2002; Shapley et al., 2003; Rubin et al., 2010; Jones et al., 2012;
Bordoloi et al., 2016; Du et al., 2018). Here, we use a sample of 155 galaxies drawn from
the MOSFIRE Deep Evolution Field (MOSDEF; Kriek et al., 2015) Survey with additional
deep (~7.5 hrs) rest-UV observations from the Keck Low Resolution Imaging Spectrometer
(LRIS; Oke et al., 1995; Steidel et al., 2003). The combination of rest-optical spectra from
the MOSFIRE near-IR spectrograph and rest-UV spectra from LRIS creates an ideal dataset

for investigating the relationship between outflows and the physical properties of the host
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galaxy at high redshift on an individual galaxy basis. The primary objectives of this study
are to (1) explore which, if any, galactic properties correlate with outflow properties; and
(2) determine the primary driving mechanisms of outflows in z ~ 2 — 3 galaxies.

The outline of this paper is as follows. In Section 2.2, we introduce the sample and
stellar population models used in this work. Section 2.3 describes the approach for estimat-
ing SFR, Ysrr, outflow velocity, and other galaxy properties. In Section 2.4, we present our
main results on the correlations between outflow velocities and measured galaxy properties.
We discuss the physical context behind these results in Section 2.5 and summarize our con-
clusions in Section 2.6. Throughout this paper, we adopt a standard cosmology with 5 =
0.7, Qv = 0.3, and Hy = 70 km s~ *Mpc~!. All wavelengths are presented in the vacuum

frame.

2.2 Data

2.2.1 MOSDEF Spectroscopy

Our analysis utilizes rest-optical spectra from the MOSDEF Survey which targeted
~1500 H-band selected galaxies in the CANDELS fields (Grogin et al., 2011; Koekemoer
et al., 2011). The survey used the MOSFIRE spectrograph (McLean et al., 2012a) on the
10m Keck I telescope over 48.5 nights from 2012 — 2016 to obtain moderate-resolution (R
~ 3000-3600) near-infrared spectra. Galaxies were targeted for spectroscopy based on pre-
existing spectroscopic, grism, or photometric redshifts that placed them into one of three

redshift ranges (z = 1.37 — 1.70, z = 2.09 — 2.61, and z = 2.95 — 3.80) where strong

11



rest-frame optical emission lines lie in the Y JH K transmission windows. For full details
regarding the survey (targeting, data reduction, and sample properties), we refer readers to
Kriek et al. (2015).

Emission line fluxes were measured from the MOSFIRE spectra by simultaneously
fitting a line with a Gaussian function and a linear continuum component. Two Gaussian
functions were used to fit the [O II] doublet, while three were used to fit Ha and the [N II]
doublet. Systemic redshifts were derived from the strongest emission line, usually Ha or
[O IIIJA5008, and were used to fit the other rest-frame optical nebular emission lines. Line
fluxes and errors were derived by perturbing the spectra by its error spectrum to generate
1000 realizations, remeasuring the line fluxes from these realizations, and calculating the
average line fluxes and their dispersion from the realizations. Further details on emission
line measurements and slit loss corrections are given in Kriek et al. (2015) and Reddy et al.
(2015).

Galaxy sizes and inclinations were estimated from the effective radius (Rg), within
which half the total light of the galaxy is contained, and the axis ratio (b/a), respectively,
measured by van der Wel et al. (2014)? using GALFIT (Peng et al., 2010) on HST/F160W

images from the CANDELS survey.

2.2.2 MOSDEF-LRIS Spectroscopy

In this study, we use a sample of 155 galaxies drawn from the MOSDEF survey with

follow-up rest-UV frame LRIS observations. Here, we briefly summarize the sample and

’https://users.ugent.be/~avdrwel /research.html
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Figure 2.1: Properties of the LRIS-flow sample. Left: Redshift distribution. Open black
and solid gray histograms represent the MOSDEF-LRIS sample with systemic redshift mea-
surements (215 objects) and the LRIS-flow sample with additional LIS or Ly« redshifts (155
objects), respectively. Center: Velocity distribution. Blue and red hashed histograms de-
note the distribution of centroid velocities of the LIS absorption lines (149 objects) and
Lya emission (72 objects), respectively. Right: SFR versus stellar mass. SFRs and stellar
masses are derived from SED modeling (Section 2.2.4). For comparison, the SFR-stellar
mass relation derived in Shivaei et al. (2015) the parent MOSDEF sample is shown as an
orange dash line. The SFRs in the study are derived from dust-corrected Har fluxes.

refer readers to Topping et al. (2020) for more details. From the MOSDEF Survey, objects
were prioritized for LRIS spectroscopy based on detections of rest-optical emission lines (Hf,
[OII1], Hev, and [NII]). Higher priority was given to objects with confirmed spectroscopic
redshifts at 1.90 < z < 2.65. Additional objects were selected in the following order of
priority: objects with Ha, HB, and [OIII] detected at > 30 and an upper limit on [NIIJ;
objects with a confirmed systemic redshift from MOSDEF; objects observed as part of the
MOSDEF survey without a successful systemic redshift measurement, but with a prior
spectroscopic or photometric redshift; and finally, objects not observed with MOSFIRE,
but with a prior redshift from the 3D-HST survey that placed them within the redshift
ranges and magnitude limit of the MOSDEF survey. In total, 260 galaxies were selected for

follow-up observations with LRIS.?

3Systemic redshift measured by MOSDEF were obtained for 214 galaxies, while the remaining 45 galaxies
either have a spectroscopic redshift prior to the MOSDEF survey or a photometric redshift.
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LRIS observations were obtained over nine nights in 2017 and 2018 in the COS-
MOS, GOODS-S, GOODS-N, and AEGIS fields using nine multi-object slit masks milled
with 172 slits. The instrumental setup included a dichroic to split the incoming beam at
~5000A into the blue and red arms of LRIS. We configured the blue side with the 400
lines/mm grism, and the red side with the 600 lines/mm grating. This configuration pro-
vided continuous spectral coverage from the atmospheric cut-off at 3100A up to a typical
wavelength of ~7000A, depending on the position of the slit within the spectroscopic field
of view. The seeing ranged from 0’6 to 1”2 with a typical value of (/8. The process to create
the 1D spectra used in this study is described in Topping et al. (2020) and we refer readers
there for more details. The rest-frame spectra were continuum normalized around each LIS
absorption line. The local continuum was determined by fitting a linear model between the
average flux in two spectral windows, bluewards and redwards of the LIS absorption line.
The spectral windows, listed in Table 2.1, were chosen to bracket the line and free of other

spectral features.

2.2.3 Redshift Measurements

Due to large-scale galaxy outflows, low-ionization interstellar absorption lines and
the Ly emission are Doppler shifted away from the MOSDEF systemic redshift (zgys)
measured from strong rest-frame optical emission lines. LIS absorption line (zr1g) and
Lyo (21ya) redshifts and uncertainties were measured using the procedures described in
Topping et al. (2020). Briefly, these redshifts were obtained by fitting lines with Gaussian
functions and a quadratic function for the local continuum and calculating the centroids of

the Gaussians. Redshift uncertainties were determined by perturbing the LRIS spectra by
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the corresponding error spectra, refitting lines, and recalculating the centroids. Any LIS
absorption lines with poor fits were excluded in the calculation of the average zy1g, typically

based on two lines, for a given galaxy.

2.2.4 Sample Selection

For our analysis of outflows, 167 galaxies were initially selected with zss deter-
mined from MOSDEF observations, zr1s and/or 21y, measurements from LRIS observa-
tions. Additionally, as we are interested in star-forming galaxies, 12 galaxies were removed
for possible AGNs based based on IR emission, X-ray emission, and the [NII]/Ha line ratio
(Coil et al., 2015; Azadi et al., 2017, 2018; Leung et al., 2019). These requirements reduced
the sample of 260 MOSDEF-LRIS galaxies to 155 galaxies (hereafter the “LRIS-flow” sam-
ple). For nine galaxies, the MOSDEF or LRIS slit includes close, unresolved galaxies such
that there may be a mismatch between the measured redshifts. These galaxies are included
in the LRIS-flow sample, and we note that our final results are not affected by their inclu-
sion. As shown in Figure 2.1, the LRIS-flow sample has a redshift range of 1.42 < z < 3.48
with a median redshift of 2.24, centroid LIS absorption line velocities (Avrg) from —510
km s™! to 380 km s~! with a mean of —60+10 km s!, and centroid Lya emission velocities

(Avrye) from —190 km s to 950 km s~! with a mean of 400+23 km s~
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Table 2.1: Spectral Windows

Line X (A)* Blue Window (A)® Red Window (A)P
Lya 1215.67 1195 - 1202 1225 - 1235
Sill  1260.42 1245 - 1252 1270 - 1275
Ol 1302.17 1285 - 1293 1312 - 1318
CII  1334.53 1320 - 1330 1342 - 1351
Sill  1526.71 1512 - 1520 1535 - 1540
Fell 1608.45 1590 - 1600 1616 - 1620

& Rest-frame vacuum wavelength, taken from the Atomic Spec-
tra Database website of the National Institute of Standards and
Technology (NIST; Kramida et al., 2022).

b Wavelength window over which continuum fitting was per-
formed.

2.3 Measurements

2.3.1 Stellar Population Properties

Stellar masses (M, ) and SFRs of the LRIS-flow sample were derived from spectral
energy distribution (SED) modeling. Here, we briefly describe the models used and refer
readers to Reddy et al. (2015) for more details. The models were created adopting a
Bruzual & Charlot (2003a, hereafter BC03) stellar population synthesis model, Chabrier
(2003) initial mass function, constant star formation histories (SFH), Small Magellanic
Cloud (SMC) attenuation curve (Fitzpatrick & Massa, 1990; Gordon et al., 2003), and sub-
solar metallicity Z = 0.28Z5.* A lower age limit of 50 Myt was imposed, based on the typical
dynamical timescale of z ~ 2 galaxies (Reddy et al., 2012). The combination of the steeper
SMC attenuation curve, which has been found to best reproduce the dust obscurations of

typical star-forming galaxies at z ~ 2 based on far-infrared data (Reddy et al., 2018a), and

4Recent MOSDEF studies have suggested that a Calzetti et al. (2000) attenuation curve and solar metal-
licities provide a better description for high-mass (log(M,/Mg) > 10.04) star-forming galaxies at z ~ 2,
compared to an SMC attenuation curve with sub-solar metallicities (Reddy et al., 2018a; Shivaei et al.,
2020). If instead we assume a Calzetti et al. (2000) attenuation curve and solar metallicities for high-mass
galaxies, on average, stellar masses are lower and SFRs are higher. However, our main results do not
significantly change if we were to alter the assumed attenuation curve.
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sub-solar metallicity provide self-consistent SFRs with those derived using other methods
(Reddy et al., 2018b; Theios et al., 2019).> The best-fit stellar population parameters and
their errors were obtained by perturbing the photometry, refitting the models, and taking
the median and dispersion in the resulting parameters, respectively. As shown in the right
panel of Figure 2.1, the LRIS-flow sample covers a range of typical star-forming galaxies.
The LRIS-flow sample has a stellar mass range of 8.61 < log(M,/Mg) < 10.88 with a
median log(M, /M) of 9.89 and SFR[SED] range from 0.32 < log(SFR/My yr~!) < 1.97

with a median log(SFR/Mg, yr~!) of 0.9.

2.3.2 SFR and SFR Surface Densities

We calculate Ho SFRs (SFR[Hq]) from Ha and HB flux measurements corrected
for dust using the Balmer decrement. Following the methodology presented in Reddy et al.
(2015), Ha luminosities are corrected for attenuation assuming a Cardelli et al. (1989)
Galactic extinction curve® and converted to SFRs using the conversion factor from Reddy
et al. (2018b), 3.236 x 10742 Mg, yr=! ergs™' s, for a BCO3 stellar population synthesis
model and sub-solar metallicity adopted for the SED fitting (see Section 2.3.1). SFR[Hq]
is calculated for objects with significant detections (S/N > 3) of Ha and HS3. For objects
where Hf is undetected, 30 upper limits are assigned. In the LRIS-flow sample, 25% of the
galaxies do not have significant Ha and/or HS detections. To make full use of the statistical
power of the sample, we have chosen to focus on SFR[SED] when discussing SFR. However,

as the SFR[SED] is tightly correlated with stellar mass (i.e., both quantities are sensitive

®See also Appendix A of Reddy et al. (2022).
SReddy et al. (2020) found that the nebular attenuation curve is similar in shape to that of the Galactic
extinction curve (Cardelli et al., 1989).
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to the normalisation of the best-fit SED), SFR[Ha] is used instead for the specific star-
formation rate (sSFR = SFR[Ha|/M,). As discussed in previous studies, there is a general
agreement between SFR[SED| and SFR[Ha| for MOSDEF galaxies (e.g., Reddy et al., 2015;
Shivaei et al., 2016; Azadi et al., 2018; Reddy et al., 2022).

Along with the star-formation rate, the mechanisms that drive outflows may be
enhanced in regions of compact star formation, so we define the star-formation-rate surface

density (Xsrr) as

SFR[SED]

2.1
27TR]23 (2.1)

YSFR =

At a given Ygpr, outflows may be more effectively launched from a shallow galaxy potential
(i.e., low stellar mass) relative to a deep potential. To examine the dependence of outflow
velocity on both Ygpr and the galaxy potential, we compute the specific star-formation-rate
surface density (XssFR):

Ysrr(Ho] _ SFR[Ho]
Mx QWRI%:MX ’

ESFR/MX = (2.2)

where Mx can be stellar, dynamical, or baryonic mass (Section 2.3.3). As discussed in Price
et al. (2020), the stellar mass of MOSDEF galaxies correlates with their dynamical mass,
thus stellar mass can be used as a rough proxy for the gravitational potential well. For
simplicity, we have retained the factor of 2 in the denominator as the impact that feedback
has on the ISM is likely sensitive to the entire galaxy mass, not just the mass contained

within the half-light radius.
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2.3.3 Dynamical and Baryonic Masses

In addition to stellar masses, we also consider dynamical (Mgyy), and baryonic
(Mpar = M, + My,s) masses, as these masses may better trace the gravitational potential
well of the galaxies. The procedure to calculate Mgy, and Mg, is described in Price et al.
(2020) and we refer readers there for more details. Briefly, M4y, was calculated as

‘/circ (RE)2RE

Mayn = ktot (RE) e ; (2.3)

where Rp is the effective radii, kiot(Rg) is the virial coefficient and G is the gravitational

constant. For galaxies with resolved and detected rotation measured from 2D spectra,

circular velocities can be calculated as: Vey(Rg) = \/ V(RE)? + 3.350‘2,70, where oy is
the intrinsic galaxy velocity dispersion (Price et al., 2020). Otherwise, circular velocities
are calculated by assuming a fixed value of intrinsic rotation velocity divided by intrinsic
galaxy velocity dispersion. Gas masses are estimated using the Kennicutt-Schmidt (Kenni-
cutt, 1989) relation between Yspr = SFR/(27R%) and gas = Mgas/ (27 RE), where SFRs
are derived from Ha and Hf observations (if available) or SED fitting. In the LRIS-flow
sample, 136 galaxies have measured dynamical and baryonic masses’, with ranges of 9.1
< log(Mayn/Me) < 11.9 and 9.5 < log(Mpar/Me) < 11.2, and medians log(Mgyn/Me) =

10.3 and log(Myar/Me) = 10.4.

"Galaxies without a robustly measured Rg do not have a measured Mgy, or Mpar.
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2.3.4 Outflow Velocity

Using systemic redshifts, LIS absorption line redshifts, and Ly« emission redshifts,

we measure centroid outflow velocities from the redshift difference:

C(ZLya - Zsys)
1+ 2gys

c(2L1s — Zsys)

: 2.4
e (2.4)

AULIS = and A’ULya =

where 2y is the systemic redshift from optical emission lines. In addition to centroid
outflow velocities, another technique for estimating outflow velocity uses the blue wings
of the absorption line profile. In general, Avris may include both outflowing gas and
interstellar gas at or near zgys. The interstellar gas could then shift the line profile to lower
velocities, so that the true outflowing gas is better traced by the blue wings of the absorption
line profile.

To estimate the velocity of the blue wings, previous studies have either used the
outflow velocity where the absorption feature reaches some percent of the continuum level
(Martin, 2005; Weiner et al., 2009; Chisholm et al., 2015) or the maximum velocity where the
absorption feature returns to the continuum level (Steidel et al., 2010; Kornei et al., 2012;
Rubin et al., 2014; Prusinski et al., 2021). We consider both the outflow velocity at 80%
of the continuum (vgg) and maximum outflow velocity (vmax) following a similar approach
as Kornei et al. (2012). Using the normalized spectra, we identify the absolute minimum
of a detected absorption feature, then move towards shorter wavelengths, checking the sum
of the flux and its uncertainty at each wavelength step. We record the first wavelengths at
which this sum exceeds 0.8 and 1.0, perturb the spectrum by its error spectrum, and repeat

the same procedure many times. The average and standard deviation, after 3o clipping,
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of the trials are then used to calculate vgg, ¥max, and their uncertainties. This process
was repeated for each detected LIS feature, listed in Table 2.1, adopting vgg and vmax
as the average of the detected LIS features. A similar bootstrap method for calculating
uncertainties is applied for apparent optical depth (Section 2.3.5) and equivalent width
(Section 2.3.6). For objects in the LRIS-flow sample, vgg (Umax) ranges from —26 to —990

km s~! (=47 to —1090 km s71) with a median of —4284-29 km s~! (—574429 km s 1).

2.3.5 Apparent Optical Depth

The LIS absorption lines analyzed in this work are typically saturated, as observed
in other studies of z ~ 2 — 3 galaxies (Shapley et al., 2003; Trainor et al., 2015; Du et al.,
2018). Asthe LIS lines are saturated, the line depth provides a measure of the metal covering
fraction along the line of sight, rather than the metal column density. Furthermore, with
the LIS absorption lines falling on the flat part of the curve of growth, we cannot measure
their optical depth. Instead, we measure the apparent optical depth (7,) directly from the

flux ratio:

Fy ]
T, =—1n , 2.5
|:F)\, cont ( )

where F) is the observed flux and F) con¢ is the continuum flux.® For each detected LIS
feature listed in Table 2.1, the flux at the rest wavelength is calculated by weighting the
flux from the two nearest pixels. If the weighted flux is negative, then the 7, of that line is
not calculated. The average 7, from individually-detected LIS lines is adopted as 7, for the

galaxy.

8We note that 7, is sensitive to the spectral resolution; i.e., a lower “optical depth” would be measured
in a lower-resolution spectrum.
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2.3.6 Equivalent Width

The equivalent widths of the LIS features (W) are measured by summing the
normalized absorbed flux enclosed between the edges of a feature’s spectral window (Table
2.1). The average equivalent width of individually-detected LIS lines is taken as Wy
and its uncertainty is estimated by adding the lo error bar of the detected LIS lines in
quadrature. The equivalent width of Lya (Wiya) is measured following the procedures
given in Kornei et al. (2010) and Du et al. (2018). Throughout this work, W) refers to the

rest-frame value and is negative for absorption features.

2.3.7 Composite Spectra

To evaluate the average outflow velocities in bins of other galaxy properties, we
construct composite spectra by sorting the galaxies into equal-number bins according to
various physical properties (e.g., SFR, mass, XgpR, inclination, 7,, and W)). The composite
spectrum is computed by shifting each galaxy’s blue and red spectra into the rest-frame,
converting to luminosity density, interpolating onto a new wavelength grid, and taking
the unweighted average of the spectra for all galaxies contributing to the composite. We
refer readers to Topping et al. (2020) and Reddy et al. (2022) for more details on how
the composite and associated error spectra were calculated.” Using the same techniques
described for individual objects, vsg, Umax, Ta, and Wiigs were measured from the composite
spectra. Centroid velocities (Avrg and Avry,) for the composite were measured in a similar

way as vgg and Umax (Section 2.3.4), using the normalized spectra to measure the wavelength

9The code used to create the composite spectra is adapted from Shivaei et al. (2018); https://github.
com/IreneShivaei/specline/
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Figure 2.2: Outflow velocity versus log(SFR[SED]). Panel (a) Avrs, Panel (b) v, Panel (c)
Umax, and Panel (d) Avry,. Significant detections of outflows (Avpis - 30A4, < 0 km s71)
or inflows (Avrig - 30Au,s > 0 km sfl) are shown as blue and red circles, respectively. gray
circles are galaxies with non-significant measured flows. Results from composite spectra,
binning the galaxies by log(SFR[SED]), are shown as green squares. Blue pentagons are
Lyman Break galaxies from Erb et al. (2006) and orange crosses are Lya Emitter galaxies
from Erb et al. (2016). In the lower left corners, o is the number of standard deviations
from the null hypothesis that the quantities are uncorrelated, based on a Spearman rank
correlation test of the blue, red, and gray circles.
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at the absolute minimum of the detected LIS absorption trough or at the maximum of the

Lya peak.

2.4 Results

In this section, we present the relations between outflow velocity and several galac-

tic properties. Table 2.7 summarizes the results of Spearman correlation tests between
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Avpis, V80, Umax; AUy, and the galaxy properties analyzed in this work. Note that,
when SFR[Ha] is considered, 16 galaxies without robust measurements of the nebular dust

attenuation, i.e. HB detections, are not used in the correlation test.

2.4.1 SFR and sSFR

A key property is SFR, which sets the amount of mechanical energy and radiation
pressure available in star-forming galaxies to drive outflows. Figure 2.2 shows outflow
velocity against SFR[SED]. We find that vmax and Avpy, are marginally correlated with
SFR[SED], such that higher SFR[SED] galaxies appear to have gas at larger velocities than
lower SFR[SED] galaxies. While this trend is in agreement with the picture of galactic
outflows driven by supernova or radiation pressure (Chevalier & Clegg, 1985; Murray et al.,
2011), it is surprising that these relations are found, given the small range of SFR[SED]
probed by the LRIS-flow sample (SFR[SED]: 2 — 93 Mg yr—!). On the other hand, these
marginal correlations are not seen for the composite spectra (green squares), with the
correlations decreasing to 0.50 and 0.60 for vmax and Awpya, respectively. This suggests
that the average outflow properties measured from composite spectra may not accurately
reflect those of the individual galaxies.

To increase our sample size, we include z ~ 2 Lyman Break galaxies (LBGs) and
Lya-emitters (LAEs) from the literature (Erb et al., 2006, 2016).!? Including LBGs in the
Spearman test, the correlation between Avrg and SFR[SED] decreases to 0.20. The lack

of a correlation with Awvrg suggests, at a given SFR[SED], that Avpig may be biased to

10We recalculate the SFRs of the LBGs and LAEs using the same SED models as described in Section
2.3.1.
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lower average outflow velocities possibly due to gas at rest near zsys. In this case, vgg and
Umax are likely more robust indicators of the outflow velocity (see Section 2.3.4), thus a
correlation is more likely to be seen over a smaller range in SFR. For Avpy,, the larger
SFR[SED] range of LBGs increases the correlation with SFR[SED] slightly to 2.2¢, while
the correlation increases to 30 when LAEs are included. However, the LAEs appear to
have lower velocities at a given SFR[SED], as seen in studies of LAEs (Hashimoto et al.,
2013; Shibuya et al., 2014), complicating a direct comparison between these LAEs and the
LRIS-flow sample.

Next, we investigate the dependence of outflow velocity on specific SFR (sSFR).
As sSFR is a tracer of both mechanical energy and gravitational potential energy (the
latter due to the dependence of specific SFR on M,), one might expect a correlation with
outflow velocity. Of the four combinations of outflow velocities and SFR[Ha]/M,, only
a very marginal correlation is found between vgg and SFR[Ha|/M, at 20 (panel (a) of
Figure 2.3). These findings appear to contradict previous studies which have found no
correlation between SFR[Ha|/ M, and outflow velocity (Rubin et al., 2010; Chisholm et al.,
2015; Prusinski et al., 2021). However, the finding of a marginal correlation with vgg, but
not Ymax, 18 suspicious, as both should trace the high-velocity component of the outflow. If
we restrict the correlation test to include only those galaxies for which the uncertainties in
Awris imply that there are outflows with >30 significance, the correlation between vgy and
SFR[Ha]/M, drops to 1.60. We conclude that the apparent marginal correlation between
SFR[Ha|/ M, and wvgg is likely the result of galaxies with large uncertainties in vgg (gray

points), rather than having a physical origin.
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26



2.4.2 Lya Equivalent Width

Panel (b) of Figure 2.3 shows the relation between Wiy, and outflow velocity
Avrye. There is a clear anti-correlation between the two, such that objects with a larger
Lya equivalent width tend to have smaller outflow velocities. As shown in previous studies
of LAEs at z ~ 2 — 3 (Erb et al., 2014; Trainor et al., 2015; Nakajima et al., 2018), this
anti-correlation is likely tied to the column density of neutral hydrogen. For high column
densities of gas at systemic redshift, Lya photons resonantly scatter farther out in the wings
to escape, increasing Avry, while decreasing Wiy,. While we find a high significance of
3.70, this is weaker than the correlation reported by studies of LAEs. This is likely due
to the smaller dynamic range in Wiy, covered in the LRIS-flow sample, where only 5% of
objects have Wiy, > 40 A compared to 42% of LAEs in Erb et al. (2016). When LAEs
are included in the Spearman test, the correlation between Avry, and Wiy, increases, as

expected, to 6.70.

2.4.3 Apparent Optical Depth

Panels (c) and (d) of Figure 2.3 show the relation between 7, and outflow velocity.
As the LIS absorption lines are saturated, 7, is sensitive to the metal covering fraction
along the line of sight rather than metal column density. For both vgg and vpax, there is a
positive correlation with 7,, such that objects with lower 7, have faster outflow velocities.
This correlation is also seen in studies of Green Pea galaxies (e.g., Alexandroff et al., 2015;

Jaskot et al., 2017), where it is argued that extreme feedback (i.e., high voy) creates holes
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in the neutral ISM, which decreases 7.

ISM/CGM is beyond the scope of this paper, and we refer interested readers to Du et al.

(2021).
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2.4.4 Inclination

In the canonical picture of galaxy flows, outflows emerge perpendicular to the
disk in a biconical structure, while inflows occur along the major axis of the galaxy (Heck-
man et al., 1990; Katz & White, 1993). Within this picture, measured outflow velocities
would strongly depend on inclination, with low-inclination (face-on) galaxies exhibiting
faster outflows and weaker inflows compared to high-inclination (edge-on) galaxies. Stud-
ies of low-redshift galaxies have found a strong correlation of decreasing outflow velocity
with increasing inclination, consistent with the physical picture described above (e.g., Chen
et al., 2010; Concas et al., 2019; Roberts-Borsani & Saintonge, 2019). At intermediate
redshifts (z ~ 1), no strong correlation has been observed likely due to the difficulty of
measuring inclination robustly for high-redshift galaxies with low-spatial-resolution obser-
vations and complicated morphologies. Despite these complications, studies have shown
that low-inclination galaxies tend to exhibit outflowing gas, while inflowing gas is typically
found in high-inclination (i > 50) galaxies (Kornei et al., 2012; Rubin et al., 2012, 2014).
Additionally, at high redshifts (z 2 2), gaseous disks to neatly collimate galactic outflows
are only found in massive galaxies, which could explain the lack of a correlation between
inclination and veyt (Law et al., 2012).

Here, we investigate the dependence of outflow velocity on galaxy inclination,
where the inclination is calculated as the ratio of a galaxy’s semi-minor to semi-major axes, i
= cos(b/a)~!. As shown in panels (a) and (b) of Figure 2.4, galaxies with significant inflows
are only found at ¢ > 45°, consistent with the physical picture of inflowing gas entering

along the major axis of the galactic disk. For galaxies with significant outflows, 18/22 have
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inclinations above 45° (edge-on), which, at face value, is inconsistent with the canonical

picture of bi-polar outflows.!!

In part, the large fraction of outflowing galaxies in edge-
on galaxies may reflect the lack of thin disks and/or the difficulty of measuring structural
properties robustly for high redshift galaxies. Without established disks, the path with the
lowest ambient gas pressure may not be along the minor axis, allowing outflows to escape
at various angles, thus there would be no relation between inclination and vg,t. van der Wel
et al. (2012) found that the structural properties of galaxies in the CANDELS fields were
accurate within ~10° of the 'true’ properties using simulated galaxies images with known
light distributions.

To explore this issue further, we investigate a rotation-dominated subsample, with
(V/ovo)g, > 2 (Price et al., 2020). This subsample should resemble local star-forming
disks more closely than clumpy, irregular galaxies with large velocity dispersions, such that
inclination may be better measured from the axis ratio. Panels (¢) and (d) of Figure 2.4
show outflow velocity against inclination for the subsample. Significant outflows are still
primarily found in high inclination galaxies, with 6/7 of the galaxies inclined above 45°.
As with the full sample, there is no significant correlation between inclination and outflow
velocity for the significantly outflowing galaxies. These results may suggest that the covering
fraction of outflowing material is quite large, such that outflows are measurable even at high
inclinations. Recently, Chen et al. (2021) stacked Ly« spectral profiles of 59 star-forming
galaxies at z = 2 — 3 galaxies and found an excess emission in the blueshifted component

of Lya along the minor axis, indicating a high covering fraction of outflowing gas.'?

1We note that the lack of galaxies with low inclinations is unlikely due to selection effects. In the parent
MOSDEF sample, about 4% of the sample has an inclination below 25°, which is very similar to the 5% of
galaxies in the LRIS-flow sample.

12Reichardt Chu et al. (2022a) analyzed IFS observations of a starbursting disk galaxy at z ~ 0.02, and
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2.4.5 SFR Surface Density

The connection between Ygpr and galactic outflows has been investigated in sev-
eral studies (Steidel et al., 2010; Kornei et al., 2012; Rubin et al., 2014; Chisholm et al.,
2015; Davies et al., 2019; Prusinski et al., 2021). Specifically, it has been suggested that
regions with higher Xgpr, which traces the concentration of star formation in a galaxy,
will be more efficient at injecting energy and momentum into the ISM from overlapping
supernovae or stellar winds from massive stars, resulting in conditions amenable for launch-
ing outflows. Additionally, in this study, we consider a possible vou-2sspr relation. A
correlation between Yigpr and voy may be expected if galaxies with high Ygpr and low
gravitational potential (or low stellar mass) are more efficient in launching outflows (Reddy
et al., 2022). We investigate both Xgrr and Xsspr, and find no significant correlations (see
Figure 2.9), which may be due to the limited dynamic range and/or the spatial resolution
of our data (see Section 2.5.2).

There is a debate in the literature about the existence of a vout—2Xspr relation.
Kornei et al. (2012) used a sample of 72 star-forming galaxies at z ~ 1 and found that galax-
ies with higher ¥Xgpr had faster outflow velocities. However, Kornei et al. (2012) proposed
that such a relation is only present when inflowing and outflowing galaxies are considered
together, with no significant trend between YXgpr and velocity among galaxies where the
latter is negative (indicating outflows). Davies et al. (2019) found that outflow velocity is
related to Xgpr as Vour X Egﬁ’ﬁ, using integral field unit observations of 28 star-forming

galaxies at z ~ 2. The Davies et al. (2019) study traced denser, ionized outflowing gas using

found a high covering fraction of ~0.7 — 1.
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the narrow and broad components of Ha emission, which may be partially broadened by
shocks or turbulent mixing layers potentially making He less reliable for measuring outflow
velocities. Both Steidel et al. (2010) and Rubin et al. (2014) found no correlation between
outflow velocity with Ygpr. The limited dynamic range of SFR probed in these studies,

similar to the range in our sample, is likely a contributing factor to their results.

2.5 Discussion

2.5.1 Outflow Driving Mechanisms

The physical picture underlying observed trends among star-formation properties
and outflow velocities have been considered in several theoretical and observational stud-
ies (Chevalier & Clegg, 1985; Ferrara & Ricotti, 2006; Steidel et al., 2010; Murray et al.,
2011; Sharma & Nath, 2012). There are two commonly invoked mechanism for launching
galactic-scale outflows in star-forming galaxies: (1) mechanical energy injected by super-
novae (“energy-driven”; Chevalier & Clegg, 1985); and (2) momentum injected by super-
novae or radiation pressure from massive stars acting on dust grains (“momentum-driven”;
Murray et al., 2005, 2011). In the energy-driven case, mechanical energy from multiple,
overlapping supernovae thermalizes a large fraction of nearby gas into a hot over-pressured
bubble. As the bubble expands adiabatically through the disk, it sweeps up ambient ISM
material until it is ejected from the galaxy. Within the hot wind, ram pressure accelerates
entrained cold gas clouds. Outflows driven by mechanical energy are predicted to scale
weakly with star formation: vey; o< SFR?? (Ferrara & Ricotti, 2006) or vout X SFRY-2°

(Heckman et al., 2000) and vou o< X235 (Chen et al., 2010). In the momentum-driven case,
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momentum is injected into the ISM by supernovae that accelerates cold gas, or radiation
pressure from the absorption and scattering of photons on dust grains accelerating cold gas
coupled to the dust. If the outflows are purely radiatively driven, the outflow velocity is
predicted to scale strongly with star formation activity: veuy o< SFR (Sharma & Nath, 2012)
and Vo, X Lipg (Murray et al., 2011). As these mechanisms are likely dominate under dif-
ferent galactic conditions, outflows could be driven by a combination of mechanical energy
and radiation pressure. The power law scaling between outflow velocity and star formation
activity would then fall between the energy- and momentum-driven cases. Murray et al.
(2011) used 1-D models to investigate this case, and found that radiation pressure initially
drives cold gas to about the scale height of the galaxy. After ~3 — 5 Myr, the lifetime of
massive stars, supernovae begin to occur, and cold gas is then driven by radiation pressure
and ram pressure to hundreds of kiloparsecs from the galaxy.

Along with energy and momentum, cosmic rays produced by supernovae may
drive large-scale galactic outflows in star-forming galaxies (see discussions in Heckman &
Thompson, 2017; Zhang, 2018). As they diffuse out of the galaxy, cosmic rays scatter
several times off of magnetic inhomogeneities in the ISM, transferring momentum to the
surrounding gas. Based on the diffusion timescale of cosmic rays in the Milky Way, the
total momentum deposited by cosmic rays is comparable to the momentum injected by
radiation (Zhang, 2018). However, despite the promising potential of cosmic rays to drive
outflows, there are many open questions. Cosmic rays can be destroyed by scattering off
of ISM gas, creating pions. If this destruction timescale is significantly shorter than the

diffusion timescale, then the total cosmic ray momentum available to drive outflows would
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be severely limited. Additionally, the coupling between cosmic rays and multiphase gas is
unclear, with some simulations finding that cosmic rays can decouple from cold gas clouds
(Everett & Zweibel, 2011).

There is tension between studies of low and high-redshift galaxies regarding the
existence of a relation between SFR and outflow velocity. At low redshifts, Martin (2005)
found that outflow velocity traced by the Na I absorption line scales as vou; o< SFR?3,
covering four orders-of-magnitude in SFR. Chen et al. (2010) and Sugahara et al. (2017)
found no significant relation with the Na I centroid velocity over smaller ranges in SFR.
However, Sugahara et al. (2017) found a similar power-law scaling (vou; o< SFR??°) when
outflow velocity is defined using the blue wings of the absorption profile, rather than centroid
velocities. Studies at higher redshift are often limited to a smaller dynamic range of SFR
and fail to find a significant correlations between SFR and centroid or maximum outflow
velocities (Steidel et al., 2010; Law et al., 2012; Kornei et al., 2012; Rubin et al., 2014).

Here, we investigate the marginally-correlated trend of vyax with SFR[SED]. The

power-law relations discussed above can be generalized as

log(|V|) = a + Blog(SFR[SED]/My yr 1), (2.6)

where V is the outflow velocity, « is the scaling factor, and S is the power-law index.
We adopt a Bayesian approach for calculating the linear regression to simultaneously fit
possible combinations of o and 8 to equation 2.6, while accounting for the uncertainties in

Umax and SFR[SED]. The results of the fitting are shown in Figure 2.5. The best-fit power-
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Figure 2.5: log(|vmax|) versus log(SFR[SED]). Blue circles are galaxies with 3o-measured
outflows. gray circles are non-significant measured flows. The dashed black line and shaded
region (68% confidence intervals) is the best-fit line to the galaxies (blue and gray). The
functional form of the line is listed in the upper-right corner.

law index is S = 0.24+0.03. Our measurements of 5 are consistent with the energy-driven
case, suggesting that in these galaxies cool outflows are driven primarily from mechanical
energy injected into the ISM from supernovae. However, we caution that g is determined
from a marginal correlation between outflow velocity and SFR[SED]. In the next section,

we explore the contribution of radiation pressure on outflow velocity.

Radiation Pressure

While it appears that the outflows studied here are driven primarily by mechanical
energy, these outflows may be driven by a combination of ram and radiation pressure. To
explore the contribution of radiation pressure in driving outflows, we divided the sample into

groups according to the dustiness of the galaxies. Dust is the cornerstone of momentum-
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Figure 2.6: log(|vmax|) versus log(SFR[SED]). Panel (a) are “less dusty” galaxies (7, + o,
< T median ), While panel (b) are “more dusty” (7, - 0r, > T median)- Blue circles are galaxies
with 3o-measured outflows. gray circles are non-significant measured flows. The dashed
black line and shaded region (68% confidence intervals) is the best-fit line to the sample.
The slope and uncertainty of the line are listed in the upper-right corner.

driven outflows; without dust coupling to gas, radiation pressure on dust grains could not
drive large amounts of gas out of galaxies (Murray et al., 2005). If radiation pressure is
negligible, then the slope of the vyax-SFR relation will remain consistent with the energy-
driven case for galaxies with low and high dust content.

We parameterize the dustiness of galaxies using the Balmer optical depth (Calzetti

et al., 1994):

7 =In <}I;‘/8215> : (2.7)

where Ha/HS is the Ha to HS line luminosity ratio and 73, the Balmer optical depth,
is the difference in optical depths for HS and Ha. The Balmer optical depth is chosen
over other dust metrics (e.g., E(B-V) or UV continuum slope) as it is sensitive to the
reddening towards the ionized regions surrounding massive stars, which are more likely

to have sufficient radiation pressure to drive outflows. We require that galaxies have 3o
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detections of Ha and Hf to calculate 7,. Galaxies with measured Hoa/HS < 2.86, the
theoretical minimum value in the absence of dust for Case B recombination and T = 10000
K (Osterbrock, 1989), are assigned 7, = 0. Galaxies are divided into “less dusty” (7, + o, <
Thmedian) and “more dusty” (7, - 07, > T median) groups.'® The average 7, of the “less dusty”
and “more dusty” groups are 0.06 and 0.54, respectively. Figure 2.6 shows that the slopes
of the vyax-SFR relation between the two groups differ marginally (20), with “less dusty”
galaxies having a weaker slope (0.1040.05), while “more dusty” galaxies have a steeper slope
(0.26+0.06). The difference in the slopes suggests that radiation pressure plays a minor role,
along with ram pressure, in driving cool outflows. However, the dustiness traced by 7, may
not reflect the dust content of the outflows themselves, and without constraints on the other
outflow phases (i.e., ionized and molecular), we cannot fully separate the contributions of
ram and radiation pressure on galactic-scale outflows.

Lastly, it is useful to discuss the energy- vs. momentum-driven outflows in the
context of simulations. A complete description of galactic-scale outflows and their impacts
on galaxy evolution is challenging for simulations due to the different length scales of out-
flows. Both the ISM and large-scale galaxy features must be adequately resolved to capture
relevant physical processes that generate outflows and how outflows interact with the CGM
and IGM. These resolution requirements have led simulations of outflows to be performed
in a relatively new generation of cosmological “zoom-in” simulations (Hopkins et al., 2014;
Christensen et al., 2016; Hopkins et al., 2018), where an individual galaxy is simulated to a

high resolution within a larger, coarser cosmological volume. As simulations are not limited

13We note that the different ranges spanned by the “less dusty” and “more dusty” subsamples is primarily
due to one outlier “less dusty” galaxy at log(SFR[SED]/Mg yr') = 1.9. After removing the outlier, the
median SFR[SED] and interquartile range of the subsamples are similar, thus a comparison of the slopes is
reasonable.
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by observational constraints, one can directly probe the mass loading factor (n), the gas
mass outflow rates normalized by SFR, and how it scales with the circular velocity (Veirc)
of the halo. In contrast to the vy, -SFR relation, the n—V, . relation is predicted to be

-2

steeper in the energy-driven case (n o< V- ) and shallower in the momentum-driven case

(n oc VL) (Murray et al., 2005).

We have found that the outflows in the LRIS-flow sample are most consistent with
an energy-driven scenario, which is supported by results from zoom-in simulations. Muratov
et al. (2015) used the Feedback in Realistic Environments (FIRE-1; Hopkins et al., 2014)
zoom-in simulations to analyse galactic-scale outflows and found a broken power law for the
17— Vire relation spanning the energy- and momentum-driven cases. Muratov et al. (2015)
concluded that the broken power law represented a transition from energy-driven outflows
in dwarfs to momentum-driven outflows in higher mass halos. In a recent study, Pandya
et al. (2021) investigated outflows in the updated FIRE-2 simulations (Hopkins et al., 2018)
and found that z ~ 2 galaxies from low-mass dwarf halos to Milky Way-mass halos galaxies

—2

cire» in agreement with the energy-driven case. However, in both the FIRE-1

follow a n—V
and FIRE-2 simulations, missing physics (e.g., radiation pressure from infrared multiple-
scattering, type Ia SNe, cosmic rays, etc.) and the lower resolution of the ISM, compared

to “resolved” ISM simulations, may lead to overestimated of mass-loading factors, thus

radiation pressure could play a role in driving cool outflows.

2.5.2 Significance of SFR Surface Densities on Outflows

As discussed in Section 2.4.5, outflow velocity does not appear to correlate signif-

icantly with the star-formation-rate surface density over the dynamic range of our sample.
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This result appears to be in tension with several other studies at low and intermediate
redshifts, which find a weak vout-2spr relationship (Chen et al., 2010; Kornei et al., 2012;
Chisholm et al., 2015). However, there are three possible reasons for the lack of an observed
relation: (1) there is ambiguity regarding the actual location of the gas and its coupling
to the star formation activity, (2) Yspr and outflow velocity may be correlated on spatial
scales that are unresolved by the LRIS observations, and (3) the relationship between out-
flow velocity and YXgpr may be weak over the dynamic range of Ygrr probed in our sample.

We discuss each of these possibilities below.

Where is the Absorbing Gas?

Using starlight from the galaxy as the background light source against which in-
terstellar absorption and Ly« emission is measured (i.e., down-the-barrel observations) pro-
vides valuable information about gas flows. However, these observations tell us very little
about the spatial location of the absorbing gas. To gain a better insight into the phys-
ical mechanisms that drive galactic outflows, and their effects on their host galaxies, we
would require precise measurements of the physical location of the gas, so that position and
velocity could be simultaneously constrained.

The LRIS spectra, which probe down the barrel of the galaxy, only provide a
surface-brightness weighted absorption profile for each observed LIS line, integrated along
the entire line of sight. Although the different LIS lines appear to have similar profiles
after integrating along the line of sight, there is no way of knowing where the bulk of
the absorption is occurring relative to the galaxy. Furthermore, after integration, material

from both past and current outflows affects the shape of the absorption line profiles. This
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indicates that the observed absorption may originate from regions far enough away from
the galaxy that the outflow velocity traced by LIS absorption has uncoupled from changes
in YXgpr. However, using a sample of close angular pairs of galaxies at z ~ 2 — 3, Steidel
et al. (2010) found that LIS absorption line profiles are dominated by gas within ~10 kpc
of the galaxy. Based on (Avps) and (vmax) of the LRIS-flow sample, outflowing gas could
exceed that distance in a roughly 50 Myr dynamical timescale, travelling 10 to 36 kpc. The
observed absorption line profiles are likely originating in gas that is dynamically connected
to recent star formation, thus the location ambiguity introduced by the down-the-barrel

observations is unlikely the reason why we find no correlation between voyt and Yspr.

Limited Spatial Resolution

Another possible explanation for the observed lack of correlation between outflow
velocity and Ygpr is the limited spatial resolution probed by the LRIS spectroscopy. In
particular, if the velocity of outflowing gas is coupled to Ygrr on scales smaller than a few
kpc, then such a coupling may be masked by seeing-limited spectroscopy. Several studies
have suggested that Ygrr and outflow velocity are correlated on small ~kpc spatial scales.
Bordoloi et al. (2016) found that outflow velocities from individual star-forming knots in a
lensed galaxy at z ~ 1.7 are correlated to the Xgrr of the knots, suggesting that outflows
are ‘locally sourced’. Similarly, Davies et al. (2019) created high S/N stacks of IFU Ha
observations from 28 z ~ 2.3 galaxies in bins of resolved physical properties. From their
analysis, Davies et al. (2019) concluded that Ygrr and outflows are closely related on 1 — 2

kpc scales. In the LRIS-flow sample, ~54% of the galaxies have an effective radius, as
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measured from HST imaging, >2kpc, thus the seeing-limited observations could “wash-out”

the small scale structure where Y.grpg and outflows may be correlated.

Strength of vu->Xsrr

A final consideration is the predicted strength of the vou-Xspr relation. As dis-
cussed in Section 2.5.1, outflow velocity is predicted to scale as vouy ZgﬁR in the energy-
driven case up to vout X E%FR in the momentum-driven case.

While we do not find a correlation between outflow velocity and Ygpgr, here we
investigate which case could be consistent with the observed Awyg-Yspr correlation. Two
samples of outflowing galaxies (Avpis < 0 km s71) are simulated following the predicted
scaling relations of the energy- and momentum-driven cases over the dynamic range in
Ysrr probed by the sample. Each value of Y¥gpr and Awvrig is perturbed assuming typical
uncertainties of the measured values (s, = 0.1 Mg yr~! kpc ™2, 0y, = 100 km s71) and
the intrinsic scatter in the observed Awvyjs-Yspr relation (ojy = 0.09). This is repeated for
10,000 realizations in the energy- and momentum-driven cases. We find that none of the
momentum-driven realizations yield a correlation as insignificant as the one that is observed,
while 65% of the energy-driven realizations are <1.77c correlated. These results suggest
that the LRIS-flow sample more likely follows a weak relation as in the energy-driven case,
rather than a steep relation predicted by the momentum-driven case. As outflow velocity is
likely only weakly dependent on Ygrgr, a correlation between the two would require a large
dynamic range in Ygrr to be observable. Our simulations imply that the small dynamic
range of Ygpr of the LRIS-flow sample is likely responsible for the lack of an observed

correlation between outflow velocity and YgpR.
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2.5.3 SFR Surface Density Threshold

Starting with McKee & Ostriker (1977), theoretical studies have long predicted
that there exists a threshold Ygpr to launch galactic-scale outflows. Specifically, if the
concentration of star formation is sufficiently high, then enough energy can be injected into
surrounding gas allowing the gas to overcome its binding energy and escape the galaxy.
Based on the voui-Xgrr relation observed in local starbursts galaxies, Heckman (2002)
proposed a Yspr threshold of ~ 0.1 Mg, yr—! kpc 2.

We investigated if the LRIS-flow sample supports this threshold. The Heckman
(2002) threshold is ~0.05 Mg yr~! kpc™2 for the Chabrier (2003) IMF assumed here.

As shown in Figure 2.7, nearly every significant outflowing galaxy exceeds the Heckman
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Figure 2.8: Left: Avrs vs log(Xssrr). Blue, red, and gray circles are galaxies with signifi-
cant outflows, significant inflows, and non-significant flows, respectively. ¢ is the number of
standard deviations from the null hypothesis that the quantities are uncorrelated, based on
a Spearman rank correlation test. KS is the p-value of a Kolmogorov-Smirnov test (exclud-
ing significant inflowing galaxies) above and below log(Zssrr/yr~" kpc™2) = —11.3, marked
with a dashed line. Right: Distribution of outflow velocities below (gray) and above (black
outline) log(Zssrr/yr ' kpe™?) = —11.3.

(2002) threshold, with only one significant outflowing galaxy within the threshold given the
measurement uncertainties. It is not surprising that our galaxies lie above this threshold,
as the threshold itself is only approximate and the LRIS-flow sample does not probe to
Ysrr significantly lower than the threshold. However, there is debate around the Heckman
(2002) threshold, with some studies reporting galaxies with measurable outflow velocities
down to ~ 0.01 Mg yr~! kpc 2 (Rubin et al., 2014; Chisholm et al., 2015; Roberts-Borsani
et al., 2020).

In addition to Xgpgr, the mass of the galaxy, as a measure of the gravitational
potential, may play an important role in launching outflows (e.g., Reddy et al., 2022). In

this case, one might observe faster outflows in galaxies with a high Yspr and low potential
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(or mass). In Figure 2.8, nearly all of the galaxies with significant outflows have a high
YesFR, With only one found below log(Zssrr/yr ! kpe™2) = —11.3. A Kolmogorov-Smirnov
test (excluding the three galaxies with significant inflows) indicates a 4% probability that
galaxies below and above this threshold are drawn from the same parent distribution. Thus,
outflows may only become common for galaxies with log(Zssrr /yr ! kpe=2) > —11.3, while
below this outflows tend to be weak.'* Above log(Zesrr/yr~ " kpc™2) = —11.3, outflow
velocity appears to uncouple from Y gpr suggestive of a limit in the maximum allowable
outflow speed, probably tied to the Eddington limit from radiation pressure on dust grains
(Murray et al., 2005; Thompson et al., 2005; Hopkins et al., 2010). This behaviour in Ysrr
is seen regardless of whether Ygpr is normalized by stellar, dynamical, or baryonic mass

(see Figure 2.9).

2.6 Conclusions

We use a sample of 155 typical star-forming galaxies at redshifts z = 1.42 — 3.48 to
investigate how outflows vary with a number of galactic properties (e.g., SFR, mass, Xspg,
inclination, Ysspr). The sample includes deep optical and FUV spectra obtained with the
MOSFIRE and the Keck/LRIS spectrographs providing spectral covering of several LIS
absorption lines and Ly« emission. The combination of MOSFIRE and LRIS spectra allow
us to study outflows on an individual galaxy basis. Centroid velocities are measured from

the redshift difference between zgys, 2115, and/or 21y, while fractional (vgp) and maximum

14YWe note that the lack of galaxies in the lower left corner is unlikely due to selection effects. In the parent
MOSDEF sample, about 8% of the sample has a Xssrr below log(ZsspR/yr_l kpc_Q) = —11.3 (using the
same definition of Ysgrr given in equation 2.2), which is very similar to the 7% of galaxies in the LRIS-flow
sample.
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(Umax) outflow velocities are measured from the blue wings of LIS lines that may better
trace outflowing gas. The galaxies exhibit blueshifted absorption features with a mean
outflow velocities of Avrig = —60+£10 km s71, vgg = —468+29 km s, vpmax = —591429
km s~!, and redshifted Lya emission with a mean velocity of Avrye = 400£23 km s71
We combined SFRs from SED modeling, Ho SFRs, and masses with galaxy areas based on

effective radii to measure Ygpr and Ysspr. Our main conclusions are as follows:

e We find marginal correlations between SFR[SED] and outflow velocities measured by
Umax and Auvrye, such that higher SFR[SED] galaxies appear to have gas at larger

velocities than lower SFR[SED] galaxies (Section 2.4.1).

e Galaxies with significant outflows or inflows are found primarily at high inclinations
(¢ > 45°). There appears to be no correlation between v, and inclination, which
may be due to the difficulty of measuring inclination for these galaxies, the lack of

established disks, or large covering fractions of outflowing gas (Section 2.4.4).

e Outflow velocity scales as vmax SFR[SED]O'24iO'O3. This scaling is in agreement with
predictions for outflows driven by mechanical energy from supernovae, suggesting that
supernovae are the primary driver of outflows in these z ~ 2 galaxies (Section 2.5.1).
Radiation pressure acting on dusty material may play a minor role in the vyax-SFR

relation.

e Outflow velocity is not correlated with Ygpr or Yssrr, which may be due to limitations
in the LRIS observations. After integrating along the entire line of sight, we lose

vital spatial information about the absorbing gas. However, distant gas that has
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uncoupled from changes in Ygpr likely only provides a minor contribution to the
measured outflow velocity (Section 2.5.2). The LRIS observations are not resolved,
limiting our study to global Ygrr. Outflowing gas and Xgpr may be related on small
spatial scales, such that any correlation between outflow velocity and global Xgpr
disappears (Section 2.5.2). Simulations suggest that the vou-Xgrr relation follows a
weak scaling, as predicted by the energy-driven case, thus the small dynamic range of
Ysrr probed by the LRIS-flow sample is likely the contributing factor for the absence

of an observed correlation between voy and Yspr (Section 2.5.2).

Our sample agrees with the Heckman (2002) Xgpg threshold, and suggests a threshold
in Y¢srr above which outflows are commonly detected. In the vou->ssFr relation, a
KS-test indicates a 4% probability that galaxies below and above log(Zssrr /yr~" kpe™?)
= —11.3 are drawn from the same parent distribution. Above this threshold, strong
outflows are common, however, there appears to be a limit in the maximum allow-
able outflow speed, resulting in an insignificant correlation between outflow speed and

Yssrr above the aforementioned threshold (Section 2.5.3).

Galactic-scale outflows are a critical component of the baryon cycle, influencing

the environment and mass build-up of galaxies across cosmic time. Here, we have studied

outflows in a large sample of z ~ 2 galaxies that push the limits of current ground-based

facilities, with full night (~7.5 hrs) observations needed to obtain sufficiently high S/N

spectra. We find that global galaxy properties and outflows are only weakly correlated

and exhibit large scatter. However, outflows may be related to properties (e.g., ¥sFr)

across larger dynamical ranges or on smaller kpc scales. To build a better understanding of
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outflows, higher resolution spectroscopic data and spatially resolved imaging are necessary
to constrain the geometry of outflowing gas. The increased sensitivity and field-of-view of
the James Webb Space Telescope and next generation of 30-m class telescopes will enable
observations of galaxies with lower masses, lower star-formation rates, and higher star-
formation-rate surface densities, allowing for studies of galactic outflows across orders of

magnitude in galaxy properties.

2.7 Appendix

Here we provide a table of statistical tests between voyt and the galaxy properties

analyzed in this work (Table 2.7), and plots of vy versus YXgpr and Yggpr (Figure 2.9).
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Figure 2.9: Plots of outflow velocity versus Yspr and Ysspr. Blue, red, and gray circles
represent galaxies with significant (Avrg - 30 a4, < 0 km s~1) outflows, significant (Avrg
- 30Au,s > 0 km s71) inflows, and non-significant flows, respectively. Triangles (in Ysspr
panels) are upper limits for galaxies without Hj3 detections. Results from composite spectra
are shown as green squares. In the lower left corners, o is the number of standard deviations
from the null hypothesis that the quantities are uncorrelated, based on a Spearman rank
correlation test. For Xgpg, the dashed line marks the threshold Ygpg from Heckman (2002).
For Ysrr, the dashed line marks our proposed Y¢srr threshold; log(Yssrr /yr ! kpc_Q) =
—11.3 (Section 2.5.3).
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Chapter 3

The MOSDEF-LRIS Survey:
Detection of Inflowing Gas
Towards Three Star-forming

Galaxies at z ~ 2!

Abstract We report on the discovery of cool gas inflows towards three star-forming galax-
ies at (z) ~ 2.30. Analysis of Keck Low-Resolution Imaging Spectrometer spectroscopy
reveals redshifted low-ionization interstellar (LIS) metal absorption lines with centroid ve-
locities of 60 — 130 km s~!. These inflows represent some of the most robust detections of
inflowing gas into isolated, star-forming galaxies at high redshift. Our analysis suggests that

the inflows are due to recycling metal-enriched gas from previous ejections. Comparisons

' A version of this chapter was published in Weldon et al. (2023)
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between the galaxies with inflows and a larger parent sample of 131 objects indicate that
galaxies with detected inflows may have higher specific star-formation rates (sSFR) and
star-formation-rate surface densities (Xgpr). However, when additional galaxies without
robustly detected inflows based on centroid velocity but whose LIS absorption line profiles
indicate large red-wing velocities are considered, galaxies with inflows do not show unique
properties relative to those lacking inflows. Additionally, we calculate the covering fraction
of cool inflowing gas as a function of red-wing inflow velocity, finding an enhancement in
high sSFR binned galaxies, likely due to an increase in the amount of recycling gas. To-
gether, these results suggest that the low detection rate of galaxies with cool inflows is

primarily related to the viewing angle rather than the physical properties of the galaxies.

3.1 Introduction

A key mechanism for the growth of galaxies is the conversion of cold gas into stars.
However, the gas reservoir around galaxies can only sustain their star-formation rates (SFR)
for a few gigayears (Leroy et al., 2008; Saintonge et al., 2017; Tacconi et al., 2018). The
accretion of pristine gas from the intergalactic medium (IGM) into galaxies is required to
replenish their gas reservoirs throughout their evolution (Kennicutt, 1983; Prochaska &
Wolfe, 2009; Bauermeister et al., 2010). The continuous accretion of metal-poor gas may
also resolve the discrepancy between the number of low metallicity stars observed in the
Milky Way and predictions from “closed-box” chemical evolution models, known as the G-
Dwarf problem (van den Bergh, 1962; Schmidt, 1963; Sommer-Larsen, 1991). Additionally,

cosmological simulations suggest that inflows of recycled gas from past outflows are the
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dominant source of accretion at z < 1 (Oppenheimer et al., 2010; Henriques et al., 2013;
Anglés-Alcazar et al., 2017). While inflows are commonly invoked to reconcile observations
with theory, how gas accretes onto galaxies remains an open question, and is a top priority
for astronomers in the coming decade (see priority area: Unveiling the Drivers of Galaxy
Growth, The Astronomy and Astrophysics Decadal Survey, 2021).

The problem of gas accretion from the IGM into galaxies has been studied ex-
tensively by simulations. In the ‘classical’ theory of galaxy formation, cold gas from the
IGM falls into a dark matter potential well, shock heats to the virial temperature of the
dark matter halo, forming a hot, gas-pressure-supported atmosphere in quasi-hydrostatic
equilibrium, which can then radiatively cool and fall to the halo center (Rees & Ostriker,
1977; Silk, 1977; White & Rees, 1978a). More recently, a new theoretical paradigm emerged
in which infalling cold gas does not shock heat to the virial temperature of the dark matter
halo (e.g., Keres et al., 2005; Dekel & Birnboim, 2006; Faucher-Giguere et al., 2011). In
this picture, galaxies in dark matter halos below ~10'2M at any redshift freely accrete
cold gas from the IGM via a “cold-mode”, as the gas cooling times are shorter than the
dynamical times. Once inside the dark matter halo, large-scale tidal torques can align the
accreting gas with a pre-existing disk, forming a warped, extended “cold-flow disk” that
co-rotates with the central disk (e.g., Stewart et al., 2011). Additionally, in massive halos
(Mypato 2 10Y2Mg) at z 2 2, simulations predict that dense, collimated “cold-streams” of
gas can penetrate the hot medium surrounding a massive galaxy and feed the central galaxy

(e.g., Dekel & Birnboim, 2006; Dekel et al., 2009).
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Although simulations suggest that the accretion of cold gas is crucial for the for-
mation and evolution of galaxies, direct observational detections of such inflows are sparse.
Fortuitously aligned galaxy—quasar pair studies indicate that gas traced by low-ionization
interstellar (LIS) metal absorption lines appears to co-rotate with the host galaxy, which
is interpreted as evidence of a “cold-flow disk” (Kacprzak et al., 2010; Bouché et al., 2013,
2016; Diamond-Stanic et al., 2016; Ho et al., 2019; Zabl et al., 2019). However, there
are different possible origins for the gas that cause LIS absorption lines, such as outflows
that can carry angular momentum when launched from a rotating disk, complicating the
tracing of accretion by co-rotating LIS absorption lines. Recently, studies have shown ev-
idence of accretion from cold filamentary streams into the center of massive halos at z ~
3 (Daddi et al., 2021; Fu et al., 2021). Other studies, using down-the-barrel observations,
have reported redshifted LIS metal absorption lines in ~5% of star-forming galaxies at z
~ 1 (Rubin et al., 2012; Martin et al., 2012), similar to the small covering fractions pre-
dicted by simulations (e.g., Faucher-Giguere & Keres, 2011; Fumagalli et al., 2011, 2014;
Faucher-Giguere et al., 2015). At higher redshifts, z ~ 2 — 4.5, Calabro et al. (2022) found
redshifted LIS lines (v > 0 km s7!) in 34% of their star-forming galaxies. However, the
origin of inflowing gas in down-the-barrel observations is often ambiguous, as the gas must
have moderate metallicity to give rise to the LIS absorption lines. The gas could be part
of a filament of pristine, low-metallicity gas from the IGM that mixed with metal-enriched
gas while moving through the circumgalactic medium (CGM) or the re-accretion of gas

previously ejected from the galaxy.
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The low detection rate of inflowing gas may be due to (1) the geometry of accre-
tion, and/or (2) weak redshifted absorption line profiles. As simulations and observations
have shown, the covering fraction of inflows is relatively small (Faucher-Giguere & Keres,
2011; Faucher-Giguere et al., 2015). To be observable, a filament would need to be well
aligned with the line of sight so that a strong absorption feature is produced. Additionally,
inflows may be missed altogether due to weak or absent absorption lines if the filament has
low metallicity or a small velocity such that outflows or bulk ISM motions dominate the
absorption line profiles (Kimm et al., 2011).

In this paper, we report on the identification of three star-forming galaxies with
observed inflows drawn from the MOSFIRE Deep Evolution Field (MOSDEF; Kriek et al.,
2015) Survey, which have significant inflows based on LIS absorption lines measured from
deep (~7.5 hrs) rest-UV observations from the Keck Low Resolution Imaging Spectrometer
(LRIS; Oke et al., 1995; Steidel et al., 2003). The primary objectives of this study are
to (1) explore which, if any, galactic properties differ between galaxies with robust inflows
and outflows; and (2) measure the covering fraction of inflowing gas as a function of red-
wing inflow velocity. The outline of this paper is as follows. Section 3.2 describes the
MOSDEF survey, follow-up LRIS spectroscopy, stellar population models, and the approach
for measuring inflow velocity and galaxy properties. In Section 3.3, we present our main
results on the properties of the inflowing galaxies and discuss the implications in Section
3.4. The conclusions are summarized in Section 3.5. Throughout this paper, we adopt a
standard cosmology with Qy = 0.7, Qus = 0.3, and Hg = 70 km s~ 'Mpc~!. All wavelengths

are presented in the vacuum frame.
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3.2 Data and Measurements

3.2.1 MOSDEF Survey

The galaxies presented in this paper were drawn from the MOSDEF Survey, which
targeted ~1500 H-band selected galaxies and AGNs at redshifts 1.4 < z < 3.8. The sur-
vey obtained moderate-resolution (R ~ 3000—3600) near-infrared spectra using the Multi-
Object Spectrometer for Infra-Red Exploration (MOSFIRE; McLean et al., 2012a) spec-
trograph over 48.5 nights between 2012 — 2016. Galaxies were targeted for spectroscopy
based on pre-existing spectroscopic, grism, or photometric redshifts that placed them in
three redshift ranges (z = 1.37 — 1.70, z = 2.09 — 2.61, and z = 2.95 — 3.80) where strong
rest-frame optical emission lines (e.g., HG, [O111], He, [N11]) lie in the Y JH K transmission
windows. For full details regarding the MOSDEF survey (targeting, data reduction, and
sample properties), we refer readers to Kriek et al. (2015).

Emission-line fluxes were measured by simultaneously fitting a line with the best-
fit SED model for the continuum and a Gaussian function (see Reddy et al. (2022) for a
complete description of the SED modeling). For multiple lines that lie in close proximity,
multiple Gaussians were fit, such as the [O11] doublet and Ha and the [N 11] doublet, which
were fitted with two and three Gaussians, respectively. Systemic redshifts were derived
from the strongest emission line, usually Ha or [O 111]A5008, and were used to fit the other
rest-frame optical nebular emission lines. Further details on emission-line measurements
and slit loss corrections are given in Kriek et al. (2015) and Reddy et al. (2015).

Galaxy sizes and inclinations were estimated from the effective radius (Rg), within

which half the total light of the galaxy is contained, and the axis ratio (b/a), respectively,
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measured by van der Wel et al. (2014)? using GALFIT (Peng et al., 2010) on HST/F160W

images from the CANDELS survey.

3.2.2 MOSDEF-LRIS Spectroscopy

In this study, we use a subset of galaxies drawn from the MOSDEF survey with
follow-up rest-frame UV spectroscopy, which provides coverage of absorption and emission
features from diffuse circumgalactic gas (e.g., Lya, Sit, O1, Ci11). Here, we present an
overview of the sample and refer readers to Topping et al. (2020) and Reddy et al. (2022)
for more details on the sample selection, data collection, and reduction. Objects for follow-
up LRIS spectroscopy were prioritized based on strong detections of rest-optical emission
lines (HB, [O11], Ha, and [N1]), with higher priority given to objects with confirmed
spectroscopic redshift at 1.90 < z < 2.65. Additional objects were selected in the following
order of priority: objects with Ha, HB, and [O 111] detected at > 3¢ and an upper limit on
[N 11]; objects with a confirmed systemic redshift from MOSDEF; objects observed as part of
the MOSDEF survey without a successful systemic redshift measurement, but with a prior
spectroscopic or photometric redshift; and finally, objects not observed with MOSFIRE,
but with a prior redshift from the 3D-HST survey that placed them within the redshift
ranges and magnitude limit of the MOSDEF survey.

Observations were performed over nine nights in 2017 and 2018 in the COSMOS,
GOODS-S, GOODS-N, and AEGIS fields using nine multi-object slit masks milled with 172

slits. The instrumental setup included a dichroic to split the incoming beam at ~5000 A into

’https://users.ugent.be/~avdrwel /research.html
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Figure 3.1: The three galaxies with significantly measured inflows. Left: F160W HST
images. Each image is 4/8 on a side, which corresponds to an angular distance of 39
kpc at z = 2.3, and oriented such that North is up and East is left. The solid green
and dashed blue outlines represent the MOSDEF and LRIS slit placements, respectively.
Center: Comparison between the composite LIS metal absorption line profiles of the three
inflow galaxies and a stack of 29 outflow galaxies (Avris + 30, Args < 0 km s~1) as solid
black and blue dot-dashed lines, respectively. The centroid velocity (Awvyg) is marked with a
dashed vertical line. The dark grey shaded region marks the 1o confidence interval. Right:
Decomposition of absoprtion line profile into symmetric, interstellar absorption (purple
dashed Gaussian) and inflow absorption (solid red line) components, discussed in Section
3.2.5. The centroid velocity of the inflow component is marked with a red dashed vertical
line. The red shaded region marks the 1o confidence interval. For comparison, the dotted
line marks the maximum red-wing velocity (see Section 3.2.4).
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the blue and red arms of LRIS. We configured the blue side with the 400 lines/mm grism, and
the red side with the 600 lines/mm grating. This configuration provided continuous spectral
coverage from the atmospheric cut-off at 3100A up to a typical wavelength of ~7000A,
depending on the position of the slit within the spectroscopic field of view. The seeing
ranged from 0’6 to 1”2 with a typical value of (/8. The rest-frame spectra were continuum
normalized around each LIS absorption line. The local continuum was determined by fitting
a linear function between the average flux in two spectral windows, bluewards and redwards
of the LIS absorption line. The spectral windows, listed in Table 3.1, were chosen to bracket

the line and exclude other spectral features.

3.2.3 Sample Selection

Several criteria were applied to the parent MOSDEF-LRIS sample to create a
sample with robust systemic (zsys) and LIS absorption line redshifts (zr1g) for our analysis.
We select objects with secure systemic redshifts from MOSDEF spectroscopy. Specifically,
objects must have more than one emission line with an integrated line flux with S/N > 2.
Next, any objects for which the LRIS spectra contained irreparable artifacts that were too
noisy to yield a robust absorption-line redshift were removed. Active galactic nuclei (AGNs)
identified by IR colors, X-ray emission, and/or the [N11]/Ha line ratio were removed (Coil
et al., 2015; Azadi et al., 2017, 2018; Leung et al., 2019). Finally, objects for which the
MOSFIRE or LRIS spectra indicate that the target may be blended with a foreground
object were removed.

These criteria result in a final sample of 134 galaxies, of which 39 galaxies (29%)

exhibit redshifted LIS metal absorption lines. For our inflow analysis, galaxies that have red-
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shifted absorption lines with centroids statistically consistent with being redshifted (Awvrg
- 30ua,,4 > 0 km s!, see Section 3.2.4) are considered to have inflowing gas, reducing the
sample to three galaxies (hereafter the “LRIS-Inflow” sample). Similarly, 29 galaxies have
blueshifted centroids (Avis + 30u,,, < 0 km s71) indicating outflowing gas. Figure 3.1
presents images, composite and decomposed (see Section 3.2.5) LIS absorption line pro-
files of the LRIS-Inflow galaxies. Figure 3.7 presents individual optical emission and LIS
absorption lines of the LRIS-Inflow galaxies.

As the absorption line centroids reflect the overall velocity distribution of the gas,
galaxies may have a large amount of inflowing gas masked by more prevalent outflowing
gas or gas at zero systemic velocity. To increase the sample size of “inflowing” galaxies, we
consider galaxies whose LIS absorption line profiles are skewed redward, indicating a large
fraction of inflowing gas, see Figure 3.2. We define a Skewness Ratio (Vasan G. C. et al.,

2022)3 as

Umax,blue

Skewness Ratio = -1, (3.1)

Umax,red

where Vmax blue a1d Unmax red are the outflow and inflow and velocity at 100% of the continuum
(Section 3.2.4). A negative Skewness Ratio indicates that the red-wing is more extended
than the blue-wing. Galaxies with Skewness Ratio + 20skewness Ratio < 0 and Umax red —
Umax,blue > 300 km s~!, corresponding to the velocity resolution of the LRIS observations,

are added to the LRIS-Inflow sample to create a second, larger sample of galaxies with

3The Skewness Ratio presented in this study measures the skewness of the absorption line profile with
respect to 0 km s~ !, as oppose to Vasan G. C. et al. (2022) which measures skewness with respect to the
centroid velocity.
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inflowing gas. We adopt these thresholds because they are rather conservative, such that

the selected galaxies likely have a substantial amount of inflowing gas.

3.2.4 Velocity Measurements

Using systemic redshifts and LIS absorption line redshifts, we measured centroid

velocities from the redshift difference:

Avpg = SELIS = Zsys). (3.2)

where zr1g is taken from Topping et al. (2020). Briefly, z1,15 was obtained by fitting the
absorption lines with Gaussian functions and a quadratic function for the local contin-
uum, then determining the centroids of the Gaussians. Uncertainties were determined by
perturbing the LRIS spectra by the corresponding error spectra, refitting the lines, and
recalculating the centroids. Any LIS absorption lines with poor fits were excluded in the
calculation of the average 21,15, which is typically based on two lines for a given galaxy. The
uncertainties of the centroid velocities (o, Ams) are taken as the standard deviation of many
realizations after perturbing zss and 2115 by their corresponding errors and recalculating
Avrs.

In addition to centroid velocities, another technique for estimating velocities uses
the wings of the absorption line profile. In the down-barrel-observations, Awvrg represents
the sum of all outflowing, inflowing, and interstellar gas at or near zgs. Gas near the
systemic redshift will naturally shift the centroid towards zero systemic velocity. To better

estimate the velocity of inflowing (outflowing) gas, we consider the red (blue) wings of
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the absorption line profiles. Previous outflow studies have either used the velocity where
the absorption feature reaches some percent of the continuum level (Martin, 2005; Weiner
et al., 2009; Chisholm et al., 2015; Du et al., 2016; Weldon et al., 2022) or the maximum
velocity where the absorption feature returns to the continuum level (Steidel et al., 2010;
Kornei et al., 2012; Rubin et al., 2014; Weldon et al., 2022). We measure the inflow and
outflow velocity at 80% (vso,red, V80,blue) and 100% (Umax,reds Umax,blue) Of the continuum
following a similar approach as Kornei et al. (2012) and Weldon et al. (2022). Using the
normalized spectra, we identify the absolute minimum of a detected absorption feature,
then move towards longer (vyeq) or shorter (vpye) wavelengths, checking the sum of the flux
and its uncertainty at each wavelength step. We record the first wavelengths at which this
sum exceeds 0.8 and 1.0, for vgg and vpax, respectively, perturb the spectrum by its error
spectrum and repeat the same procedure many times. The average and standard deviation,
after 3o clipping, of the trials are then used to calculate vgg, vmax, and their uncertainties.
This entire process was repeated for each detected LIS feature, listed in Table 3.1, adopting
vgo and vmax as the average of the detected LIS features. For the 134 galaxies, vgp red
(Umax.red) ranges from —228 to 662 km s~ (—218 to 766 km s™!) with a mean of 2004150
km s~! (300+188 km s™!). For the LRIS-Inflow galaxies, vsored (Vmaxred) ranges from 328

to 662 km s™! (413 to 766 km s~!) with a mean of 5254143 km s~! (720£156 km s~ 1).

3.2.5 Decomposition into Symmetric and Redshifted Absorption

A complementary approach to isolate the inflowing gas is to separate its absorption

from the intrinsic absorption of interstellar gas. In the down-barrel-observations, the LIS
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Table 3.1: Spectral Windows

Line Arest (A)? Blue Window (A)® Red Window (A)P
Lya 1215.67 1195 - 1202 1225 - 1235
Sitn 1260.42 1245 - 1252 1270 - 1275
O + Sim 1303.27 1285 - 1293 1312 - 1318
Cu 1334.53 1320 - 1330 1342 - 1351
Sitr 1526.71 1512 - 1520 1535 - 1540

& Rest-frame vacuum wavelength, taken from the Atomic Spectra
Database website of the National Institute of Standards and Technol-
ogy (NIST; Kramida et al., 2022).

> Wavelength window over which continuum fitting was performed.

Normalized Flux

1000 ~500 0 500 1000
Velocity [km s71]

Figure 3.2: Average LIS metal absorption profile of GOODS-N 24328. An example of a

galaxy with a negatively skewed profile (Skewness Ratio = -0.474+0.17) added to the LRIS-

Inflow galaxies to create a larger “inflow” subsample. The centroid velocity (Awvrig) is

marked with a dotted vertical line. The dark grey shaded region marks the 1o confidence

on the centroid velocity.
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metal absorption lines probe the velocity of gas seen along the line of sight towards a
galaxy. Interstellar gas within the galaxy will absorb close to the systemic redshift (i.e., v ~
0 km s~!) with a velocity range set by the galactic rotation curve and velocity dispersion.
Inflowing gas gives rise to redshifted absorption (at v > 0 km s~!), while outflowing gas
produces blueshifted absorption (v < 0 km s™!). In principle, the redshifted (blueshifted)
absorption is a mixture of interstellar and inflowing (outflowing) absorption. However,
without detections of driven outflows from the LRIS-Inflow galaxies, it is difficult to separate
outflowing gas from the blue-wing of interstellar absorption. To determine properties of the
inflowing gas, we attempt to separate it from the systemic, interstellar gas by adopting a

simple three-component model:

Fobs = C()\) + Asys + Ainﬁowa (33)

where Fyps is the observed flux density, C()) is the underlying linear continuum of the
galaxy, Agys is the systemic absorption from interstellar gas at or near zgys, and Ajpfow is
the absorption from inflowing gas.

We begin by creating a composite LIS absorption line profile. For each galaxy,
the flux and error around each detected LIS line are interpolated onto a common velocity
grid. The composite flux is then taken as the average flux of the detected lines, and the
error is estimated by adding the error of the lines in quadrature. For the decomposition,
we perform two preliminary fits and one final fit. The first preliminary fit uses a linear
continuum with a Gaussian to fit the absorption profile using curve fit, a non-linear least

squares fitting routine from the scipy.optimize subpackage. We use this fit to divide the
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composite spectra by a linear continuum, normalising the spectrum to 1. Next, we fit a
Gaussian for the systemic absorption to the blue-side of F,ns/C — 1, using only the pixels
at —1600 < v < 0 km s~!. The free parameters are a constant continuum level, absorption
intensity, and velocity dispersion; the central velocity is held fixed at 0 km s~*. We use the
resulting values and errors of this second fit as initial values for the final fit, which is done
using emcee, a Python Markov chain Monte Carlo (MCMC) ensemble sampler. Finally,
we subtract the systemic absorption from the normalized spectra to obtain the redshifted
absorption of the inflowing gas.

The right panels of Figure 3.1 show the decomposition applied to LRIS-Inflow
galaxies. The centroid velocity of the inflowing gas (vcen red; red dashed line) is measured at
the absolute minimum of the redshifted absorption component, and its error is estimated by
perturbing the composite profile by its error, and repeating the decomposition many times.
The velocity of the inflow absorption presents an intermediate case between the centroid of

the observed profile and maximum red-wing velocity.

3.2.6 Galaxy Properties

In this study, we analyze several of the global galaxy properties (e.g., SFR, mass,
star-formation-rate surface density, inclination) discussed in Weldon et al. (2022). Here, we
briefly summarize the measurements and refer readers to Weldon et al. (2022) for more de-
tails. Stellar masses (M,) and SFRs were derived from spectral energy distribution (SED)
modeling, adopting a Bruzual & Charlot (2003a, hereafter BC03) stellar population synthe-
sis model, Chabrier (2003) initial mass function, constant star formation histories (SFH),

Small Magellanic Cloud (SMC) attenuation curve (Fitzpatrick & Massa, 1990; Gordon et al.,

65



2003), and sub-solar metallicity (Z, = 0.28Z).* The sample has a stellar mass range of
8.6 < log(M,/Mg) < 10.9 with a median log(M,/Mg) of 9.9 and SFR range from 0.32
< log(SFR/M¢ yr—!) < 1.97 with a median log(SFR/Mg yr~!) of 0.93. In addition, dy-
namical (Mgqyy) and baryonic mass (Mpar = Mayn + Mgas) were calculated following the
procedure of Price et al. (2020). Dynamical masses were derived using circular velocities
measured from 2D spectra with detected rotation or inferred using integrated velocity dis-
persions and the best-fit ensemble V/o from galaxies without detected rotation, while Mgy
was estimated from the Schmidt-Kennicutt (Kennicutt, 1989) relation between ¥gpr and
Ygas-

Absorption-line studies indicate that outflows are ubiquitous in z > 2 star-forming
galaxies (e.g., Shapley et al., 2003; Steidel et al., 2010). Observations suggest that outflow
velocity increases with the SFR and star-formation-rate surface density (Xsrr) of a galaxy
(e.g., see Weldon et al., 2022, and references therein). This result implies that detectable
inflowing gas may only occur in galaxies with low SFRs or Ygpr when outflows would be
weak or absent. We have chosen to focus on SFR[SED] when discussing SFR as of the 134
galaxies 23% lack significant Ha and/or HB detections. However, as the SFR[SED] is tightly
correlated with stellar mass (i.e., both quantities are sensitive to the normalization of the
best-fit SED), Ha SFRs are used to calculate specific SFR (sSFR), using the conversion

factor from Reddy et al. (2018b) for a BCO03 stellar population synthesis model and sub-

1A steep SMC-like attenuation curve and sub-solar metallicities have been found to provide self-consistent
SFRs with those derived using other methods (Reddy et al., 2018b, 2022). However, other studies have
suggested that a Calzetti et al. (2000) attenuation curve and solar metallicity provide a better description
for high-mass (log(M./Mg) > 10.04) star-forming galaxies at z ~ 2 (Reddy et al., 2018a; Shivaei et al.,
2020). If instead we assume a Calzetti et al. (2000) attenuation curve and solar metallicities for high-mass
galaxies, on average, stellar masses are 0.06 dex higher and SFRs are 0.4 dex higher. Our main results do
not significantly change if we were to alter the assumed attenuation curve.
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solar metallicity adopted for the SED fitting. The star-formation-rate surface density is
then defined as Ygpr = SFR[SED]/(27R%). Additionally, at a given SFR, outflows may
be more effectively launched from a shallow galaxy potential (i.e., low stellar, dynamical,
and/or baryonic mass) relative to a deep potential (Reddy et al., 2022). To examine the
frequency of galaxies with observed inflows on both Xgrr and the galaxy potential, we define
the specific star-formation-rate surface density (Xssrr) as Ssspr = SFR[Ha]/(2rREMx),

where M is the stellar, dynamical, or baryonic mass.

3.3 Properties of Inflowing Galaxies

In this section, we compare the properties of the three LRIS-Inflow galaxies to
those of the remaining LRIS galaxies. Of particular interest is whether the star-formation
activity or inclination of the two groups differ significantly. In typical star-forming galaxies,
inflows are theorized to enter along the major axis, either as part of a filament or “cold-flow
disk”, while outflows emerge perpendicular to the disk in a biconical structure (e.g., Katz
& White, 1993; Bordoloi et al., 2011; Stewart et al., 2011; Bouché et al., 2012; Kacprzak
et al., 2012). On the other hand, outflows are theorized to be driven by energy injected into
the ISM by supernovae; radiation pressure acting on cool, dusty material; cosmic rays; or
a combination of these mechanisms (Ipavich, 1975; Chevalier & Clegg, 1985; Murray et al.,
2005, 2011). As galactic outflows are a common feature of actively star-forming galaxies
(e.g., Shapley et al., 2003; Steidel et al., 2010; Weldon et al., 2022), observable inflows
may be biased towards edge-on galaxies with low star-formation rates, where inflows could

potentially dominate over outflows.

67



— ¥ ¥FFT7—T——T—T—7—
251 [ Red-Skewed 7
F ZZ LRIS-Inflow 1
20 + Remaining Galaxies -
15f ]
zZ L

10f .
sk .

ol o V777777 I . VP o

2 4 6 8 10 12
SNR/pixel

Figure 3.3: Distribution of UV continuum signal-to-noise ratio (SNR) per pixel over the
wavelength range 1425A < X\ < 1500A. Hashed red, open purple, and solid grey bars rep-
resent inflowing, redward-skewed, and remaining galaxies, respectively. Neither the LRIS-
Inflow nor red-skewed galaxies appear biased towards higher SNRs, suggesting that the
SNR does not play a significant role in whether their properties differ from the remaining
galaxies.

The detection of LIS metal absorption lines shifted away from systemic redshift
requires a high signal-to-noise ratio (SNR) in the UV continuum. However, galaxies with
high SNR are also associated with a high SFR. Therefore, it is important to check whether
the three LRIS-inflow galaxies may be biased towards higher SFRs relative to the underlying
sample. To investigate this possibility, we calculate the SNR, per pixel over the wavelength
range 1425A < X\ < 1500A. As shown in Figure 3.3, neither the LRIS-Inflow (red-hashed)
nor the red-skewed (open purple) galaxies are biased toward high SNRs. The SNR of the
continuum does not appear to play a significant role in whether the properties of these
subsamples differ from the remaining galaxies.

For each property (e.g., SFR, mass, Yspg, inclination), we investigate whether the
LRIS-Inflow galaxies have unique properties compared to the remaining galaxies. As shown

in Figure 3.4, the LRIS-Inflow galaxies appear to have higher sSFR and ¥gpg relative to the
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Figure 3.4: The distribution of various galactic properties, with the same style as Figure 3.3.
top left: log(SFR), top right: log(sSFR), bottom left: log(Xsrr), bottom right: Inclination.
The p-values of the KS and AD tests between the inflowing and remaining galaxies (red)
and inflowing, redward-skewed and remaining galaxies (magenta) are shown in the upper
corners of each panel. Of the three inflowing galaxies, one does not have a robust Rg
limiting our analysis to two inflowing galaxies for Ygpr and inclination.
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full sample, suggesting that both SFR and the gravitational potential well of a galaxy may
be important factors in determining the visibility of inflows. To quantitatively test whether
the LRIS-Inflow galaxies are drawn from the same parent distribution as the remaining
galaxies, we perform a Kolmogorov—Smirnov (KS) and Anderson-Darling (AD) test. While
these statistical tests are similar, the AD test is more sensitive to the tails of the distributions
than the KS test, which makes it a more powerful statistic when dealing with small sample
sizes (Hou et al., 2009).

Of the properties investigated, both the KS and AD tests indicate a <5% proba-
bility that the sSFR and YXgrr of the LRIS-Inflow and remaining galaxies are drawn from
the same distribution. On the other hand, the LRIS-Inflow galaxies have moderate (~45°)
inclinations. In part, these inclinations may reflect the lack of thin disks and/or the dif-
ficulty of measuring structural properties robustly for high redshift galaxies. The simple
picture of biconical outflows along the minor axis and inflows along the major axis may
not be applicable for galaxies without established disks. Rather, such galaxies may be fed
primarily by filamentary inflows that enter at random angles, resulting in no significant
relation between galaxy inclination and the detection of inflows. However, we caution that
these results are based on a small number of galaxies.®

To extend this analysis towards larger samples, we perform KS and AD tests on the
distribution of properties between the inflowing galaxies, redward-skewed galaxies (Section
3.2.3) and the remaining galaxies. The tests indicate that all of the properties investigated

are statistically consistent with having been drawn from the same parent distributions.

®One LRIS-Inflow galaxy does not have a robust Rg limiting our analysis to two inflowing galaxies for
Ysrr and inclination.
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Table 3.2: Inflow Velocities

Field VA4ID log(Mhalo /M(D) log(M* /MQ) 'Ucen,reda 'Umax,redb Vstream®
[km s7!]  [km s™1] [km s}
COSMOS 4156 11.5340.07 9.114+0.04 2504100 413451 98+11
GOODS-S 40218 11.9040.09 9.7940.04 4004£80  720£36  145£13
GOODS-S 40768 12.0640.06 10.0940.01 450487  766+£61 158411
@ Centroid velocity of the inflowing gas (See Section 3.2.5).

b Maximum inflow velocity (See Section 3.2.4).
¢ Cold stream inflow velocity

Given the lack of significantly different properties with this larger subsample, we suggest
that the detection of inflowing gas is likely dependent on the geometry and covering fraction
of the inflowing gas into a host galaxy’s potential well rather than the particular physical
properties of the host galaxy. In the next section, we explore the accretion geometry of the

galaxies.

3.4 Discussion

3.4.1 Comparison to Simulations

We report on three star-forming galaxies at (z) ~ 2.3, whose spectra show red-
shifted LIS metal absorption lines. As these detections were made using LIS metal lines,
they likely trace relatively metal-enriched gas rather than pristine gas accreting from the
IGM for the first-time. The origin of this gas could be the re-accretion of gas previously
ejected from the galaxy or gas-rich satellite dwarf galaxies being stripped and accreted onto
the central galaxy. Several cosmological simulations have investigated the origin of gas
accreted onto galaxies by considering pristine inflows, recycling gas, and interactions with

satellite galaxies (e.g., Anglés-Alcazar et al., 2017; Grand et al., 2019; Mitchell et al., 2020).
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While simulations disagree on the relative contributions to total gas accretion, they have
found that pristine inflows (Mitchell et al., 2020) or gas recycling (Anglés-Alcazar et al.,
2017) dominate the total accretion at z ~ 2, with satellite mergers and stripping contribut-
ing a non-trivial but minor amount. Without evidence of dwarf satellite galaxies in HST
imaging, we adopt the interpretation that the redshifted LIS lines are evidence of the re-
accretion of gas previously ejected from the galaxy. However, the LIS absorption lines may
also arise from filamentary inflows from the IGM. Several studies have shown that the cir-
cumgalactic medium (CGM) has a complex, multiphase structure in which metal-enriched
gas may be distributed throughout (e.g., Tumlinson et al., 2017; Pointon et al., 2019). As
pristine gas from the IGM moves through the CGM, it may mix with enriched gas before ac-
creting onto the galactic disk, thus giving rise to the LIS absorption lines (Faucher-Giguere
et al., 2015). However, the efficiency of mixing in the CGM remains highly uncertain and
requires high-resolution simulations to properly resolve the small-scales where this mixing
would take place.

To investigate the origin of the inflowing gas in the LRIS-Inflow galaxies, we com-
pared their redshifted centroid velocities and maximum red-wing inflow velocities to their
predicted circular halo velocities (Veire halo). Cosmological simulations suggest that the av-
erage radial inflow velocity of filamentary streams is between 0.5Veirc halo and 0.8Viire halo
(e.g., Keres et al., 2005; Goerdt & Ceverino, 2015). The Viire halo is calculated using the

following equations from Mo & White (2002):

‘/Circ,halo = ( (34)
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where My, is the inferred halo mass from the redshift-dependent stellar-halo mass ra-
tio from Behroozi et al. (2019). The conversion factor between Ve halo and filamentary
stream inflow velocity (Vigream) is calculated using the redshift-My,), dependent function
from Goerdt & Ceverino (2015).

As listed in Table 3.2, the LRIS-Inflow galaxies have vcen red ranging from 250 to
450 km s~ ! and Umax,red Tanging from 410 to 770 km s~!, well above the 98 to 158 km
s~! predictions for accretion of pristine gas from filamentary streams or the typical velocity
dispersion (~80 km s™1) of galaxies in the MOSDEF sample (Price et al., 2020). These large
inflow velocities imply that the LIS metal lines are tracing motion separate from filamentary
inflows or large-scale ISM motion. Taken together, the large inflow velocities and metal-
enrichment of the gas that gives rise to the redshifted LIS lines suggest that these lines are
likely tracing the re-accretion of metal-enriched gas previously ejected from the galaxy.

Simulations have focused on measuring flow properties, such as outflow rates and
mass-loading factors, that depend on the geometry of the flows, which makes them noto-
riously difficult to compare with observations.However, a different approach is to directly
compare observed absorption line profiles to “mock spectra” generated from simulations.
As the spatial distribution of the gas is known, simulations could separate the outflowing,
systemic, inflowing, and recycling gas components and assess their relative contributions
to the observed absorption line profile. Tools such as TRIDENT (Hummels et al., 2017),
FOGGIE (Peeples et al., 2019), and SALT (Carr & Scarlata, 2022) are promising for such

future analyses.
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Figure 3.5: Left: Covering fraction of inflowing gas versus vgg red. Right: Covering fraction
of inflowing gas versus Umax,red- 1The covering fraction is taken as the fraction of galaxies
with vyeq equal to or greater than the given velocity. The grey shaded regions mark the 68%
confidence interval. The dashed vertical line marks the dividing velocity calculated using a
subsample of galaxies with robust red-wing velocities (vreq — 30y, > 0 km s_l).

3.4.2 Covering Fraction of Inflowing Gas

The LRIS-Inflow galaxies do not exhibit unusual properties compared to other
galaxies, suggesting that the frequency of galaxies with observed inflows is related to the
geometry and covering fraction of inflowing gas. Specifically, three galaxies with robust in-
flow velocities in a sample of 134 imply that along a random sightline through a galaxy, the
chance of encountering an inflow (i.e., covering fraction) is ~2% + 1%. The low detection
rate of inflowing gas in the sample is consistent with previous studies at intermediate red-
shifts. Rubin et al. (2012) traced gas flows using Mg IT and Fe II absorption lines in 101 z ~
0.5 star-forming galaxies of a similar SFR range but smaller stellar mass range compared to
our sample (SFRs ~ 1 — 63 Mg yr—! and log(M,/Mg) ~ 9.5 - 11). They found six galaxies
with redshifted absorption lines indicating inflowing gas at a 20 level. When compared to

the remaining galaxies, their inflowing galaxies were highly inclined, suggesting that inflows
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Figure 3.6: The covering fraction of inflowing gas in “lower” (blue) and “higher” (red) bins
of left: log(SFR), left center: log(M./Mg), right center: log(sSFR), and right: log(XspRr).
The average value of each bin is listed in the top of each panel. Top panels are plotted
against vggreq and bottom panels are against Umaxred- The shaded regions mark the 68%
confidence interval.

are more likely along the major axis of a galaxy. Similarly, in a sample of 208 star-forming
galaxies with SFRs ~ 1 — 98 Mg, yr~! and stellar masses log(M,/Mg) ~ 9.4 —11.5 at z ~ 1,
Martin et al. (2012) detected inflowing gas at a 30 level in ~4% of galaxies. Both of these
studies concluded that the low detection rate of inflowing gas was due to the low covering
fraction of cold streams or recycled gas circulating in a galactic fountain. Alternatively,
Calabro et al. (2022) analyzed 330 z ~ 2 — 4.5 star-forming galaxies over a broad range of
SFRs from 1 to 500 Mg yr~!, and stellar masses log(M,/My) ~ 8 — 10, finding galaxies
with redshifted LIS lines (Avpis > 0 km s™1) in 34% of their sample. The authors suggest
that their high detection rate of inflowing gas may be due to the increased role of inflows

at earlier cosmic times. Although, we note that the higher detection rate of
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Calabro et al. (2022) may be a matter of definition. In the MOSDEF-LRIS sample, 29% of
galaxies have Avpis > 0 km s™1) similar to Calabro et al. (2022).

Using the full statistical power of the MOSDEF-LRIS sample, we investigated the
covering fraction of inflowing gas as a function of red-wing inflow velocity. At a given ve-
locity (v), we calculated the fraction of galaxies with red-wing velocities (vgored OF Umax red)
equal to or greater than v, perturbed the velocities by their uncertainties, and repeated this
calculation many times. The average and standard deviation of the fraction found for each
trial were taken as the covering fraction and its uncertainty at each v. This calculation,
however, is only meaningful for velocities above which inflows become prominent. Classify-
ing galaxies as “inflowing” or “outflowing” based solely on their red-wing velocity is difficult
as different combinations of centroids and line widths can produce the same absorption line
wing (i.e., a narrow, redshifted line and a broad, blueshifted line could both have vpax red
= 100 km s7!).5 Due to this ambiguity, we defined a “dividing” velocity as the v that
maximized the fraction of galaxies with v,eq > v and Avps > 0 km s~! (true positives) or
with veq < v and Avprs < 0 km s~! (true negatives). At each v, we calculated the fraction
of true positives and negatives, perturbed the red-wing velocities by their uncertainties,
and repeated this many times. Figure 3.5 shows the chance of encountering inflowing gas
of at least speed v along a random sightline through a galaxy (i.e., covering fraction) as
a function of vgyed and vmaxrea. The covering fraction is roughly 20%, 4%, and 0.3% for
Vg0 red larger than 350 km s7!, 550 km s™!, and 750 km s—!, respectively. In contrast, the
covering fraction is 12% (2%) for galaxies with vpmayxred larger than 550 km s=! (750 km

s~1). The rapid decrease of inflowing gas covering fraction with red-wing velocity suggests

5We note that red-wing velocity is also dependent on the spectral resolution of the observations.
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that the low detection rate of galaxies with cool inflows is related to the viewing angle.
As inflow velocity reaches speeds that may be more easily detected, the covering faction
decreases to levels such that observing inflowing gas would be rare.

A complementary question is how, if at all, the inflow covering fraction varies with
galactic properties. To investigate this, we divided the full sample into “lower” (z + o, <
Tmedian) and “higher” (z - 0, > Tmedian) Property bins. However, this simple division for
star-formation properties introduces significant SNR differences between the two bins. To
account for the effect of continuum SNR, we remeasure v,.q and vpe for galaxies in the
“higher” bins after adding random noise to their spectra, so that their SNR falls within the
SNR range of galaxies in the “lower” bins. In Figure 3.6, we plot the inflow covering fraction
in bins of several galactic properties. The covering fraction appears independent of SFR,
stellar mass, and Xgpgr. On the other hand, in the “higher” sSFR bin, the covering fraction
is enhanced by a factor of 1.840.6 (3.0£1.2) at the vy red (Vmaxred) dividing velocity. It is
not surprising that the galaxies with higher sSSFR have an increased inflow covering fraction,
as higher gas accretion would allow for more star formation per unit mass. The covering
fraction could increase due to thicker filaments from the IGM or more recycling gas in the
CGM from previous outflows. The down-the-barrel LRIS observations cannot distinguish
between these cases. However, in either case, the LIS absorption line profiles would be
red-skewed, as both cases increase the fraction of inflowing gas relative to outflowing and
interstellar gas. As a test, we compared the skewness-ratio of the LIS absorption line profiles
between the “lower” and “higher” bins. A KS-test indicates a 3% probability that galaxies

in the lower and higher sSFR bins are drawn from the same parent distribution, with the
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“higher” bin having a smaller skewness-ratio (i.e., more red-skewed) than the “lower” bin.
Conversely, the SFR, stellar mass, and Ygpg bins each have a >40% probability of being
drawn from the same skewness distribution. Thus, the increased inflow covering fraction
is likely due to more inflowing gas, such as recycling gas, which in turns increases the

star-formation rate per unit mass.

3.5 Conclusions

We report on three star-forming galaxies from the MOSDEF Survey with ad-
ditional deep rest-UV observations from Keck/LRIS with significantly measured centroid
inflow velocities traced by LIS absorption lines. These inflows represent some of the most
robust detections of inflowing gas into isolated, star-forming galaxies at (z) ~ 2.3. Centroid
velocities are measured from the redshift difference between zg and 2115, while fractional
(vgp) and maximum (vmax) inflow (outflow) velocities are measured from the red (blue)
wings of LIS lines that may better trace inflowing (outflowing) gas. Our main conclusions

are as follows:

e The LRIS-Inflow galaxies have higher sSFR and Ygrr compared to the remaining
galaxies, suggesting that both SFR and the gravitational potential of a galaxy are
important in gas accretion. However, when other galaxies with large amounts of
inflowing gas are included, no property is unique. The frequency of galaxies with ob-
served inflows is then likely related to the geometry and covering fraction of inflowing

gas (Section 3.3).
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e The inflow centroid (vcenred) and maximum inflow velocities (Umax,rea) of the LRIS-
inflow galaxies are larger than predictions for the accretion of pristine gas from fila-
mentary streams. We interpret the redshifted LIS absorptions lines of the LRIS-Inflow
galaxies as tracing metal-enriched inflowing gas, such as recycled gas from previous

ejections (Section 3.4.1).

e At a conservative level, the detection of three galaxies with significant inflows in a
sample of 134 implies a covering fraction of ~2% =+ 1%. Based on the full statistical
power of the sample, the maximum covering fraction of cool inflowing gas at vgp req =

350 km s~ is 20% and at Umaxrea = 550 km s~ is 12%.

e Galaxies with higher sSFR have an increased inflow covering fraction, relative to those
with lower sSFR. The larger covering fraction may be due to thicker filaments from

the IGM or an increase in the amount of recycling gas in the CGM (Section 3.4.2).

Inflows of pristine gas from the IGM are required for galaxies to sustain their SFRs
throughout their evolution. Here, we have presented three galaxies with significant inflows
in a large sample of z ~ 2 galaxies that push the limits of current ground-based facilities,
with full night (~7.5 hrs) observations needed to obtain sufficiently high SNR spectra. These
spectra, however, can only give a glimpse into the complex nature of filamentary inflows and
recycling gas. To build a better understanding of inflows, higher resolution spectroscopic
data and multiple sightlines through the CGM are necessary to constrain the frequency
and geometry of inflows and outflows around individual galaxies. The increased sensitivity
of the next generation of 30-m extremely large telescopes will enable observations of faint

background galaxies, increasing the density of sightlines through the CGM. In combination
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with deep IFU spectroscopy, studies will be able to probe the distribution and kinematics
of cool gas throughout the CGM, which may allow one to differentiate between pristine gas

accretion and enriched recycled material.

3.6 Appendix

Here we present plots of the MOSFIRE and LRIS spectra of the three galaxies
with detected inflows. In each panel, the top row shows strong rest-optical emission lines,

while the bottom row shows LIS metal absorption lines.
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Chapter 4

The MOSDEF Survey: Properties
of Warm Ionized Outflows at z =

1.4 — 3.8!

Abstract We use the large spectroscopic data set of the MOSFIRE Deep Evolution Field
survey to investigate the kinematics and energetics of ionized gas outflows. Using a sam-
ple of 598 star-forming galaxies at redshift 1.4 < z < 3.8, we decompose Ha and [O111]
emission lines into narrow and broad components, finding significant detections of broad
components in 10% of the sample. The ionized outflow velocity from individual galaxies
appears independent of galaxy properties, such as stellar mass, star-formation rate (SFR),

and star-formation-rate surface density (Xspr). Adopting a simple outflow model, we es-

!This chapter contains a draft of an article that has been submitted for publication by Oxford University
Press in the Monthly Notices of the Royal Astronomical Society written by Andrew Weldon, Naveen A.
Reddy, Alison L. Coil, Alice E. Shapley, Brian Siana, Mariska Kriek, Bahram Mobasher, Zhiyuan Song, and
Michael A. Wozniak.
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timate the mass-, energy- and momentum-loading factors of the ionized outflows, finding
modest values with averages of 0.33, 0.04, and 0.22, respectively. The larger momentum-
than energy-loading factors, for the adopted physical parameters, imply that these ionized
outflows are primarily momentum-driven. We further find a marginal correlation (2.50)
between the mass-loading factor and stellar mass in agreement with predictions by simula-
tions, scaling as 7,, oc M 945, This shallow scaling relation is consistent with these ionized
outflows being driven by a combination of mechanical energy generated by supernovae ex-
plosions and radiation pressure acting on dusty material. In a majority of galaxies, the
outflowing material does not appear to have sufficient velocity to escape the gravitational
potential of their host, likely recycling back at later times. Together, these results suggest
that the ionized outflows traced by nebular emission lines are negligible, with the bulk of

mass and energy carried out in other gaseous phases.

4.1 Introduction

Large-scale galactic outflows have long been recognized as a key process in galaxy
evolution. Early theoretical models of galaxy formation required outflows of mass and
energy to prevent gas from excessively cooling, causing overly efficient star formation and
an overproduction of stellar mass (White & Rees, 1978b; Dekel & Silk, 1986; White & Frenk,
1991). Modern models of galaxy evolution and simulations rely on intense, galactic-scale
outflows to suppress star formation and reproduce observed properties of galaxies, such as
the galaxy mass function and the sizes of galactic disks and bulges (e.g., Guedes et al., 2011;

Davé et al., 2011). Beyond suppressing star-formation, outflows modulate the metallicity
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within galaxies, enriching the circumgalactic medium (CGM) and possibly the intergalactic
medium (IGM) with metals (e.g., Tremonti et al., 2004; Dalcanton, 2007; Finlator & Davé,
2008). At late-times, z < 1, recycled gas from past outflows may fuel a significant fraction of
star-formation in galaxies (Oppenheimer et al., 2010; Henriques et al., 2013; Anglés-Alcazar
et al., 2017). Outflows also appear to be an important factor in the creation of low-column-
density channels in the ISM, allowing for the escape of ionizing photons (e.g., Gnedin et al.,
2008; Leitet et al., 2013; Ma et al., 2016; Reddy et al., 2016; Gazagnes et al., 2018; Reddy
et al., 2022).

Despite advances in numerical modeling, a complete description of galactic-scale
outflows and their impacts on galaxy evolution is challenging for simulations due to the wide
scale range of outflows. Large-scale cosmological hydrodynamical suites such as EAGLE
(Schaye et al., 2015) and Ilustris TNG (Pillepich et al., 2018) do not resolve the small
scales required to capture relevant feedback processes that generate outflows. Instead,
these models employ sub-grid processes for feedback, which vary between simulations. On
the other hand, high-resolution “local patch” simulations capture the interaction between
stellar feedback and the multi-phase ISM but lack the size needed to track the long-term
evolution of outflows (e.g., Girichidis et al., 2016, 2018; Li et al., 2017; Kim & Ostriker,
2018; Kim et al., 2020). In either case, observational constraints on how the properties of
outflows scale with the stellar mass, star-formation rate, and other properties of their host
across galaxy populations are essential.

Quantifying the impact of outflows on galaxy evolution based on observational data

has been an active area of research for well over a decade. Multi-wavelength observations
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have shown that galactic outflows have a multi-phase structure, with outflows detected
in hot X-ray (~10°~7 K) emitting gas, from emission and absorption lines tracing warm
(~10* K) and cool (~10® K) gas, and down to cold (<100 K) molecular and dust outflows
in radio observations (see reviews by Heckman & Thompson, 2017; Rupke, 2018; Veilleux
et al., 2020). In typical star-forming galaxies, outflows are theorized to be driven by energy
injected into the ISM by supernovae; radiation pressure acting on cool, dusty material;
cosmic rays; or a combination of these mechanisms (Ipavich, 1975; Chevalier & Clegg, 1985;
Murray et al., 2005, 2011). Galactic-scale outflows are then expected to play a major role
in galaxy evolution at z ~ 1 — 3, during the peak of the cosmic star-formation history
(“Cosmic Noon”; Madau & Dickinson, 2014), when feedback from star formation and AGN
was maximized.

At these redshifts, outflows are a common feature of star-forming galaxies, with
blueshifted rest-UV interstellar absorption lines tracing cool, neutral/low-ionization out-
flows (e.g., Shapley et al., 2003; Steidel et al., 2010; Weldon et al., 2022) and broad com-
ponents of rest-optical emission lines tracing warm, ionized outflows (hereafter ionized out-
flows; e.g., Genzel et al., 2011, 2014; Newman et al., 2012; Freeman et al., 2019; Concas
et al.,, 2022). Observations of cool outflows have found that outflow velocity increases
with several galactic properties, such as stellar mass, star-formation rate (SFR), and star-
formation-rate surface density (Xgspr) (e.g., Rubin et al., 2010; Steidel et al., 2010; Martin
et al., 2012; Rubin et al., 2014; Chisholm et al., 2015; Weldon et al., 2022). Absorption lines
are sensitive to gas along the entire line of sight, including both high- and low-density gas

from current and past outflows, thus they likely trace material ejected over long timescales.
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Estimates of mass outflow rates from absorption lines will then depend on the metallicity
of the outflowing gas, the outflow geometry, and the absorption contribution from the ISM
and faint satellite galaxies, which are often unconstrained by absorption line observations
(e.g., Weiner et al., 2009; Heckman et al., 2015). On the other hand, the underlying broad
components of strong rest-optical emission lines likely trace denser outflowing gas near the
launching points of the outflows, providing a snapshot of current outflow activity. The
mass outflow rates traced by emission lines depend on similar unconstrained (e.g., outflow
geometry) and other properties that may be estimated from emission lines (e.g., the elec-
tron density of the outflowing gas). However, due to the difficulty of detecting faint broad
components in typical z 2 1 galaxies, studies are primarily limited to local galaxies, small
samples, gravitationally lensed galaxies, or high S/N composite spectra to infer average
outflow properties (Newman et al., 2012; Davies et al., 2019; Freeman et al., 2019; Swin-
bank et al., 2019; Forster Schreiber et al., 2019; Concas et al., 2022; Reichardt Chu et al.,
2022b,c).

The mass-loading factor (7,,) is a key characteristic of outflows, which represents
the amount of mass they remove normalized by the galaxy’s star-formation rate and, in star-
forming galaxies, is thought of as a proxy for outflow efficiency. Simple analytical arguments
and numerical simulations predict an anti-correlation between the mass-loading factor and
outflow velocity or stellar mass of galaxies, which scales steeper if the outflows are energy-
driven and shallower if they are momentum-driven (e.g., Murray et al., 2005; Oppenheimer
& Davé, 2008; Muratov et al., 2015). Observations of ionized outflows in local galaxies

find such trends, suggesting that outflows are more efficient at removing material from the
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shallower potential wells of lower-mass galaxies (e.g., Heckman et al., 2015; Chisholm et al.,
2017; McQuinn et al., 2019; Marasco et al., 2023). In addition to the mass-loading factor,
outflows are characterized by the amount of energy and momentum they carry with respect
to the amounts generated by supernovae and stellar winds. However, at high redshifts,
there are few constraints on the mass-, energy-, and momentum-loading factors of outflows
in typical star-forming galaxies.

In this paper, we expand upon the work of Freeman et al. (2019) to characterize
the properties of ionized gas outflows from individual star-forming galaxies at z ~ 2 using
the complete MOSFIRE Deep Evolution Field survey (MOSDEF; Kriek et al., 2015). The
MOSDEF survey obtained rest-optical spectra for ~1500 high-redshift galaxies, most with
multiple emission lines for which we can investigate outflows in several emission lines (i.e,
Hp, [Om], Ha, and [N1]) from a large sample of galaxies. Our goals for this study are
to constrain the kinematics and loading factors of ionized gas outflows and to explore how
these properties are related to galactic properties, such as stellar mass, SFR, and Xgpr. The
outline of this paper is as follows. In Section 4.2, we introduce the sample, measurements
of galaxy properties, and the methodology of fitting galaxy spectra to characterize the
presence of outflows. Section 4.4, presents our main results on the correlations between
measured galaxy properties, ionized outflow velocities, and mass-loading factors. We discuss
the physical context behind these results in Section 4.5 and summarize our conclusions in
Section 4.6. Throughout this paper, we adopt a standard cosmology with 2, = 0.7, Qps =

0.3, and Hy = 70 km s~ 'Mpc~!. All wavelengths are presented in the vacuum frame.

87



4.2 Data and Measurements

4.2.1 MOSDEF Survey

Galaxies analyzed in this paper were drawn from the MOSDEF survey, which
targeted ~1500 H-band selected galaxies and AGNs at redshifts 1.4 < z < 3.8 in the CAN-
DELS fields (Grogin et al., 2011; Koekemoer et al., 2011). The survey obtained moderate-
resolution (R ~ 3000-3600) rest-optical spectra using the Multi-Object Spectrometer for
Infra-Red Exploration (MOSFIRE; McLean et al., 2012a) on the Keck I telescope. Galaxies
were targeted for spectroscopy based on pre-existing spectroscopic, grism, or photometric
redshifts that placed them in three redshift ranges (z = 1.37 — 1.70, z = 2.09 — 2.61, and
z = 2.95 — 3.80). This selection optimized the coverage of several strong rest-frame op-
tical emission lines ([O 11]AA3727,3730, Hf, [O 111]AN4960,5008, He, [N 11]AN6550,6585, and
[S1]AN6717,6732) that lie in the YJHK transmission windows. The final MOSDEF sample
spans ranges of star-formation rate (1 < SFR < 200 Mg, yr~!) and stellar mass (10° < M,
< 10" Mg) typical for galaxies at z ~ 1.4 — 3.8, with the majority of galaxies having detec-
tions of multiple rest-frame optical emission lines. For full details regarding the MOSDEF
survey (targeting, data reduction, and sample properties), we refer readers to Kriek et al.
(2015).

Emission-line fluxes were measured by simultaneously fitting a line with the best-
fit SED model for the continuum and a Gaussian function for the line (see Reddy et al.,
2022, for a complete description of the SED modeling). For multiple lines that lie in close
proximity, multiple Gaussians were fit, such as the [O11] doublet and Ha and the [N1]

doublet, which were fitted with two and three Gaussians, respectively. Systemic redshifts
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were derived from the strongest emission line, usually Ha or [O m]A5008, and were used
to fit the other rest-frame optical nebular emission lines. Further details on emission-line
measurements and slit loss corrections are given in Kriek et al. (2015) and Reddy et al.
(2015).

Galaxy sizes and inclinations were estimated from the effective radius (Rg), within
which half the total light of the galaxy is contained, and the axis ratio (b/a), respectively,
measured by van der Wel et al. (2014)? using GALFIT (Peng et al., 2010) on HST/F160W

images from the CANDELS survey.

4.2.2 Sample Selection

In our analysis, we search for underlying, broad rest-optical emission components
from star-forming galaxies, tracing ionized outflowing gas. The parent MOSDEF sample
contains 878 galaxies with [O111] and 759 with Ha detections. Several criteria are applied
to the parent MOSDEF sample to create a sample conducive for measuring broad emission.
First, 94 [O 1] and 104 Ha detections from active galactic nuclei (AGNs) identified by
IR colors, X-ray emission, and/or the [N11]/Ha line ratio were removed (Coil et al., 2015;
Azadi et al., 2017, 2018; Leung et al., 2019). Next, we removed: detections with S/N <
10; detections that were affected by bright skylines; and detections that lay close to the
edge of their spectra, reducing the sample to 431 galaxies with [O111] and 514 with Ha
detections. Finally, galaxies may have broad line components simply from rotation and
velocity dispersion. As such, to isolate outflowing broad emission, we limit the narrow

emission to FWHM < 275 km s~! (see Section 4.3) and remove detections with FWHM >

*https://users.ugent.be/~avdrwel /research.html
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275 km s~! from a single Gaussian fit. These criteria result in a final sample of 598 galaxies
(hereafter the “MOSDEF-ionized” sample), of which 391 (435) have [O 111] (Ha) detections.

There are 228 galaxies with both an [O111] and Ha detection.

4.2.3 Galaxy Properties

In this study, we investigate the properties of ionized outflows against several global
galaxy properties (e.g., stellar mass, SFR, star-formation-rate surface density). Stellar
masses (M,), SFRs, ages, and color excesses were derived from spectral energy distribution
(SED) modeling. Here, we briefly describe the models used and refer readers to Reddy et al.
(2015) for more details. The models were created adopting a Bruzual & Charlot (2003b,
hereafter BC03) stellar population synthesis model, Chabrier (2003) initial mass function,
constant star formation histories (SFH), Small Magellanic Cloud (SMC) attenuation curve
(Fitzpatrick & Massa, 1990; Gordon et al., 2003), and sub-solar metallicity (Z, = 0.287¢).
A lower age limit of 50 Myr was imposed, based on the typical dynamical timescale of z ~ 2
galaxies (Reddy et al., 2012). The combination of the steeper SMC attenuation curve, which
has been found to best reproduce the dust obscurations of typical star-forming galaxies at
z ~ 2 based on far-infrared data (Reddy et al., 2018a), and sub-solar metallicity provide
self-consistent SFRs with those derived using other methods (Reddy et al., 2018b; Theios
et al., 2019). The best-fit stellar population parameters and their errors were obtained by
perturbing the photometry, refitting the models, and taking the median and dispersion in
the resulting parameters, respectively.

Blueshifted interstellar absorption lines tracing cool, neutral/low-ionization gas

outflows are ubiquitous in z 2 2 star-forming galaxies (e.g., Shapley et al., 2003; Steidel
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et al., 2010). Observations suggest that the velocity of cool outflows increases with the SFR
and Ygpg of a galaxy (e.g., Steidel et al., 2010; Martin et al., 2012; Rubin et al., 2014; Weldon
et al., 2022). As the broad components of rest-optical emission lines likely trace denser
outflowing gas near the launching points of the outflows, they provide a snapshot of current
outflow activity, thus their velocity may also scale with SFR and YXgrr. We calculate Ha
SFRs (SFR[Ha]) from Ha and HS flux measurements corrected for dust using the Balmer
decrement. Following the methodology presented in Reddy et al. (2015), Ha luminosities are
corrected for attenuation assuming a Cardelli et al. (1989) Galactic extinction curve and

converted to SFRs using the conversion factor from Reddy et al. (2018b), 3.236 x 10~42

1 1

Mg yr~— ergs™' s, for a BC0O3 stellar population synthesis model and sub-solar metallicity
adopted for the SED fitting. SFR[Hq] is calculated for objects with significant detections
(S/N > 3) of Ho and HB. As discussed in previous studies, there is a general agreement
between SFR[SED] and SFR[Ha] for MOSDEF galaxies (e.g., Reddy et al., 2015; Shivaei
et al., 2016; Azadi et al., 2018; Reddy et al., 2022).

When an ionized outflow is detected, SFR[Ha] should be derived from the narrow
flux component tracing gas within the galaxy. The Ha SFRs above are then overestimates
as they use Ha and Hf fluxes measured from single-Gaussian fits. As the stellar continuum
is unlikely affected by emission from an outflow, SFR[SED]| should be insensitive to the
presence of outflowing gas. On the other hand, when detected in Ha, we can correct
SFR[Ha| by multiplying it by the narrow-to-single Ha flux ratio. For these reasons, in our

analysis, we have chosen to focus on SFR[SED] when discussing outflows detected in [O 111]

and SFR[Ha| when detected in Ha.
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Along with the star-formation rate, the mechanisms that drive outflows may be
enhanced in regions of compact star formation. We define the star-formation-rate surface
density as Yspr = SFR/(2mR%). Additionally, at a given Ygpg, outflows may be more
effectively launched from a shallow galaxy potential (i.e., low stellar mass) relative to a deep
potential (Pucha et al., 2022; Reddy et al., 2022). To examine the frequency of galaxies
with observed outflows on both gpr and the galaxy potential, we define the specific star-

formation-rate surface density as Ysspr = SFR/ (27rR%M*)

4.3 Searching for Broad Emission Lines

4.3.1 Fitting Individual Galaxies

We search for ionized gas outflows by decomposing HS, [O 111]AA4960,5008 and
Ha, [N 11]AN6550,6585 into narrow Gaussian components, tracing virial motions within the
galaxy, and broad Gaussian components tracing the ionized outflowing gas. In the most
general case, simultaneously fitting narrow and broad Gaussians to each set of three emission
lines would require 19 free parameters. Motivated by previous studies (e.g., Genzel et al.,
2011, 2014; Newman et al., 2012), we adopt the following assumptions: (1) the narrow
components of each line share the same FWHM (FWHM,,) and redshift, (2) the broad
components of each line share the same FWHM (FWHM,,) and velocity offset from the
narrow component (Awy,), and (3) the [O 111]A5008 /[0 111]A4960 and [N 11]A6585 /[N 11| A6550
flux ratios are 2.98 and 2.93, respectively (Osterbrock, 1989). Therefore, each fit has nine

free parameters; five shared by each line (FWHM,,, FWHM},;, Avy,, narrow component
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redshift, and constant background) and four controlling the narrow and broad component
amplitudes (A,, and Ay;).

For each set of lines, we perform two preliminary fits and one final fit. The first
preliminary fit uses a linear continuum and single Gaussians to fit the emission lines using
curve fit, a non-linear least squares fitting routine from the scipy.optimize subpackage.
We use this fit to subtract off the linear continuum and normalize the spectra by the peak
of the brightest line for each set of lines ([O111] or H). Next, using the normalized spectra,
we fit each emission line with a narrow and broad Gaussian with curve fit. The resulting
values of the second fit are used as initial values for the final fit, which is done using emcee,
a Python Markov chain Monte Carlo (MCMC) Ensemble sampler (Foreman-Mackey et al.,
2013). We take the median values of the resulting posterior probability distributions for all
the model parameters. The errors on the parameters are estimated using the 16th and 84th
percentiles.

In order to properly study ionized outflows, we must be certain that the broad
components trace a kinematically distinct feature from the rotation of the host galaxy,
thus we place physically motivated restrictions on the free parameters. In particular, we
restricted the FWHM,,, to values between 80 and 275 km s~! and FWHM,, to values
between 300 and 800 km s~!. The lower limit on FWHM,,, is the average skyline FWHM of
the MOSDEF-ionized galaxies, while a majority of galaxies (90%) exhibit an FWHM < 275
km s™! when fitting [O 111] or Ha with a single Gaussian component. The additional 25 km
s~! separation between FWHM,,, and FWHM,, helps ensure that the broad component is

not an artefact from a better fit to the narrow emission by using two Gaussian components.
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Figure 4.1: Examples of fits for individual spectra with large ABIC values. The field and
3D-HST v4.1 catalog ID is given in the upper left. Each line is normalized such that the
strongest line peak is unity. The single Gaussian fit is shown in green, the overall fit for
the narrow-+broad components is shown in purple, and the broad component is shown in
blue. The bottom plot in each panel shows the residuals after subtracting the best-fit
single (green) and narrow+broad fit (purple) from the spectrum. The “wave” pattern, an
underestimation flux at the peak and overestimation in the wing(s), in the residuals shows
that a single Gaussian does not fit the observed line profiles well.
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Typical values of FWHMy, for ionized outflows from star-forming galaxies are 300-600 km
s~! (Genzel et al., 2011; Newman et al., 2012; Wood et al., 2015). The centroids of the
narrow and broad components are limited to within 100 km s~' of their initial values,
as found by similar studies (Newman et al., 2012; Wood et al., 2015; Davies et al., 2019;
Concas et al., 2022).

To determine whether a broad component is detected, we evaluate the improve-
ment over a single Gaussian fit using the Bayesian Information Criterion (BIC; Schwarz,
1978) and the amplitude of the broad component. Following a similar procedure as for
the double Gaussian fit, we fit each set of lines with single Gaussians: the spectra are first
normalized using an initial fit, then refitted, the results of which serve as the initial values

for a MCMC fitting process.> The BIC is defined as:

BIC = x* + kln (n), (4.1)

where x? is the chi squared of the fit, k is the number of parameters used in the fit, and n is
the number of points used in the fit. Following similar studies, we adopt ABIC = BICgjpgle
— BICqouble > 10 as “very strong” evidence against a single Gaussian fit (e.g., Swinbank
et al., 2019; Avery et al., 2021; Concas et al., 2022). Additionally, to ensure that the broad
component is not an artefact, we require that the broad component amplitude of [O111]
or Ha is robustly measured (Ap, — 30a,, > 0) as evidence for the detection of a broad
component. Figure 4.1 presents fits for six galaxies that show strong evidence for a broad

component.

3For the single fits there are five free parameters: constant background, redshift, FWHM, and two
amplitudes (AHB and A[O 111 or AHQ and A[N H]).
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Figure 4.2: The distribution of broad-to-narrow Ha flux ratios for galaxies with a detected
broad Ha emission component. The grey (black) vertical dashed line is the minimum flux
ratio required for a broad component to be detected using the fitting procedure in Section
4.3 for a broad component with Avp, = 10 km s=! (Av,, = 90 km s7!) and a Ha signal-
to-noise ratio of 25 (100).

4.3.2 Detectability of Broad Components

The detection of an underlying broad component depends on several factors. A
broad component may be indistinguishable from that of HII regions at low velocities and
small velocity offsets. At the same time, low S/N could prevent the detection of a broad
component in the faint, high-velocity wings of an emission line, where the broad component
may be the strongest. To quantify the detectability of a broad component, we create
simulated Ha emission lines where we can control the parameters of the broad component
and signal-to-noise ratio (SNR) of the line.

For this test, we considered two cases with fixed values for Avy, and line SNR. In
the first case (“conservative”), the broad component had a small velocity offset, Avy,, = 10
km s~!, and line SNR = 25, the average value of galaxies in the MOSDEF-ionised sample.
In the second case (“ideal”), the broad component had a large velocity offset, Avy, = 90

km s~! and line SNR = 100. For each case, 110 single Ho emission lines were simulated,
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with 11 different FWHMy, between 300 and 500 km s~! and 10 normalized Ay, between
0.05 and 0.5, which span the range of measured broad components from individual detected
galaxies. The values for the simulated narrow components are randomly selected between
the measured narrow component values of individual detected galaxies. We adopt the same
resolution and wavelength as a Ha line of a z ~ 2.3 galaxy. Following the same fitting
process and selection criteria as for individual galaxies in Section 2.4.1, we fit the simulated
lines with two Gaussians and a single Gaussian and determined which simulated spectra
have a detected broad component.

The results of these tests are shown in Figure 4.2. We find that the lowest de-
tectable broad component has an integrated flux of 10% and 38% of the narrow component
for the “ideal” and “conservative” cases, respectively. Not surprisingly, for individual de-
tections, their broad component flux lies above these limits of the fitting process. For all
of the galaxies, their broad flux is greater than the “ideal” limit, while 75% are above the
“conservative” limit. We note, however, that the detection of the broad component is a
function of both Awy, and line SNR. Here, we explored two extreme cases, but varying the

values may lead to different limits.

4.3.3 Composite Spectra

Decomposing emission lines into narrow and broad components is often limited by
the S/N of a galaxy’s spectra. The high-velocity wings of an emission line, where the broad
component may be the strongest, are typically dominated by noise. In order to investigate
ionized outflows across a wide range of properties, we construct high S/N composite spectra

in bins of several galactic properties. We follow a similar method as Weldon et al. (2022)
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for constructing composite spectra. In brief, galaxies in the MOSDEF-ionized sample were
grouped together into equal-number bins based on various physical properties (e.g., stellar
mass, SFR, Ygpr). The science and error spectra of individual galaxies were shifted to
the rest frame, converted to luminosity density, interpolated onto a grid with a wavelength
spacing of A\ = 0.5A, and normalized by either the [O111] or Ha luminosity, depending on
the line of interest, measured from the science spectrum. The composite spectrum at each
wavelength point was computed as the weighted average with 30 outlier rejection of the
luminosity densities of individual spectra at the same wavelength point, where the weights
are 1/ (\)? and o () is the value of the error spectrum at wavelength A. The line-fitting
process for the composite spectra is the same as for individual galaxies. The spectra are
first normalized using an initial fit, then refitted, the results of which serve as the initial
values for an MCMC fitting process. However, when fitting the Ha and [N 11| doublet, we

include the faint [S11JAN6716,6731 doublet (see Section 4.4.3).

4.4 Results

With the decomposition of rest-optical emission lines into narrow and broad com-
ponents for individual galaxies and stacked spectra in hand, we are in a position to in-
vestigate the properties of the ionized outflows against galactic physical properties. The
occurrence of ionized outflows is discussed in Section 4.4.1. Section 4.4.2 focuses on trends
between ionized outflow velocity and galactic properties. Section 4.4.3 discusses the mass-
loading factor of the ionized outflows and its relations with galactic properties. The ener-

getics of the ionized outflows are discussed in Section 4.4.4.

98



80
60[
40¢

20}

60
40t

20¢

Figure 4.3: The distribution of various galactic properties. Panel (a): stellar mass, Panel
(b): SFR, Panel (c): Ygrr, Panel (d): Xsspr. Solid gray and open bars represent the 62
galaxies with detected broad components and the remaining galaxies, respectively. The
p-value of a KS test between galaxies with a broad component and the remaining galaxies
is shown in the upper corners of each panel. The vertical dashed line in panel (c) marks
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the Ygrr threshold proposed by Heckman (2002) for launching an outflow.
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4.4.1 Occurrence

As discussed in Section 4.2.2, the MOSDEF-ionized sample consists of 598 galaxies,
with 392 [O111] and 435 Ha detections. Of these, there is significant evidence for broad
emission in 39 of the 391 (10%) [O m1] detections and in 33 of the 435 (7%) Ha detections.
Overall, a broad component is detected in 62 (10%) of the MOSDEF-ionized galaxies. These
galaxies typically have a S/N > 50%, highlighting the difficulty of decomposing rest-optical
emission lines into multiple components.

In Figure 4.3, we show the distributions of various galactic properties for the subset
of galaxies with evidence of ionized outflows and the remaining MOSDEF-ionized galaxies.
To quantitatively test whether the galaxies with detected ionized outflows are drawn from
the same parent distribution as the remaining galaxies, we perform a Kolmogorov—Smirnov
(KS) test. Unsurprisingly, the detection of ionized outflows is strongly tied to signatures of
elevated star-formation activity (SFR and Xgpr). This connection is expected as, in star-
forming galaxies, the injection of energy and momentum associated with the late stages of
massive stellar evolution are theorized to drive galactic-scale outflows. Additionally, nearly
all of the galaxies with ionized outflows have an Ygpg above the ~0.05 Mg yr—' kpc 2
threshold (dashed-line in panel (c) of Figure 4.3) proposed by Heckman (2002)°, which
is interpreted as the point where energy and momentum can overcome the gravity of the
galaxy disk and launch an outflow. Alternatively, the apparent difference between the

galactic properties of the outflowing and remaining galaxies may reflect limitations in our

fitting technique. Outflows from galaxies with lower SFR or ¥grr could be missed if their

“We take the S/N as the flux of a single Gaussian divided by the error in the flux for either [O 111] or Ha.
®Heckman (2002) propose a 0.1 Mg yr~% kpc~?2 threshold based on local starbursts galaxies. For a
Chabrier (2003) IMF assumed in our study, this threshold becomes 0.05 Mg yr~! kpc™2.
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Figure 4.4: Maximum outflow velocity versus various galactic properties. left: stellar mass,
left center: SFR, right center: Ygpr, right: Ysgrr. Top (bottom) rows are plotted versus
[O11] (Ha) vmax. Individual galaxies are shown as blue circles, while results from composite
spectra are shown as black squares.

velocity is low (FWHMy,, < 300 km s~!), such that the emission from the broad component
is indistinguishable from that of HII regions. Likewise, the detection of a distinct broad
emission component likely requires a high SNR of the desired line, and galaxies with strong
rest-optical emission lines are also associated with higher star-formation properties. We
explore possible dependencies of ionized gas outflow properties on galactic properties in the

following sections.

4.4.2 Outflow Velocity

A fundamental property of outflowing gas is its velocity. As stellar feedback in
star-forming galaxies likely drives their outflows, correlations between outflow velocity and
star-formation properties should naturally arise. Several studies have found that the velocity

of cool, neutral gas outflows traced by low-ionization UV absorption lines increases with the
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star-formation rate and star-formation-rate surface density of the host galaxy (e.g., Chen
et al., 2010; Steidel et al., 2010; Martin et al., 2012; Rubin et al., 2014; Chisholm et al.,
2015; Heckman et al., 2015; Bordoloi et al., 2016; Weldon et al., 2022). However, fewer
studies have explored how the velocity of warm ionized gas outflows varies with SFR, YsprR,
and other properties of the host galaxy (Swinbank et al., 2019; Davies et al., 2019; Avery
et al., 2021; Couto et al., 2021; Davis et al., 2023).

We estimate the maximum outflow velocity from the broad component following
previous studies as vmax = Avpr — 20y, wWhere oy, is the Gaussian sigma value of the
broad component (see Genzel et al., 2011, 2014; Wood et al., 2015). Figure 4.4 presents
Umax derived from [O111] and Ha as a function of stellar mass, SFR, Ygrr, and .srR.
Considering individual galaxies (blue circles), we find no significant correlations between
Umax and properties of the host galaxy, which may be due to limitations in our fitting
technique (Section 4.5.3). On the other hand, the composite spectra (black squares) exhibit
clear trends with velocity. The highest stellar mass, SFR, and Xgpr bins appear to have gas
at significantly larger Vijax (o] compared to the lowest bins. Similarly, VinaxHo appears
faster in the higher (lower) Xgpr (XssFr) bin compared to the lowest (highest) bin. The
sudden increase in Vyay o in the highest galactic properties bins may reflect different
initial conditions of the outflowing gas. The [O 111]-emitting zone is likely more compacted
compared to the HII region, due to the higher ionization potential of OII than HI — 35
eV and 13.6 eV, respectively. Removing the [O111] gas from a smaller, more tightly bound
region then likely requires more extreme conditions (i.e., higher SFR, Ygpr). The trend

of galaxies with higher SFR and Xgpgr hosting faster outflows agrees with the picture of
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outflows driven by feedback from star-formation. Although, these global trends are quite
weak, with Vipax Ha Zgg{io.os_ On smaller 1 — 2 kpc scales, Davies et al. (2019) measured
broad Ha components in composites of IFU Ha observations from 28 z ~ 2.3 galaxies and
found Yspr and outflows are closely, with vgyt o< Eg'g’ﬁio'lo. Conversely, the Vijax Ha trend
with Ysgpr suggests that — at a fixed YXgpr — faster outflows are launched from high-mass
galaxies relative to low-mass ones. However, the observed trend is quite weak, with Vijax Ha

1

increasing only by ~80 km s~ across the roughly 1.5 dex range in ¥sspr for the composite

spectra.

4.4.3 Mass-Loading Factor

In this section, we turn towards estimating the mass-loading factor of the ionized
outflows, focusing on galaxies with a detected broad Ha component. While a similar analysis
is possible for the [O 111] line, there are additional dependencies (i.e., the chemical enrichment
of the outflowing gas) that further complicate the derived values. Previous studies have
found that the mass-loading factor derived from [O 111] is consistent with but systematically
lower than values derived from Ha (see Carniani et al., 2015; Marasco et al., 2020; Concas
et al., 2022).

Adopting the simple outflow model described in Genzel et al. (2011) and Newman
et al. (2012), we estimate the mass outflow rate (Mout) of the galaxies. This model is based
on three main assumptions: (1) the geometry of the outflow is multi-conical or spherical
with constant velocity and mass loss, (2) the gas in the broad component is photoionized

and in case B recombination with an electron temperature of T,=10%K, and (3) the electron

density
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of the broad component does not vary significantly with radius. Under these conditions the

mass outflow rate can be calculated as:

1.36m Ve
Mout - 7H < Hea, Broad) —out

4.2
YHale Rout ( )

where my is the atomic mass of hydrogen, viq(7Te) = 3.56><10_25T4_0'91 erg cm ™2 571 is
the Ha emissivity at an electron temperature Ty = 10K, n, is the electron density of the
outflow, Ly Broad is the extinction corrected Ho luminosity of the broad component, Vo
is the velocity of the outflow, and Ry is the radial extent of the outflow.

We adopt this model as the observations are not resolved and to facilitate compar-
isons with similar studies in the literature. However, varying the assumptions of the model
can have noticeable effects on Mout. For example, the inverse dependence of 7y, on electron
temperature creates a temperature dependence for Myy,. Sanders et al. (2020) preformed
direct measurements of 7, from the [O111]A4363 line for four star-forming galaxies in the
MOSDEF survey. They found an ISM T, of ~14000 — 17000 K, with a value of 15400
K for a composite of the four galaxies. If we assume this higher electron temperature for
the outflowing gas, M,y would increase by a factor of 1.5. At higher temperatures, the
gas responsible for the broad component may be dominated by collisional ionization, rather
than photonized. Genzel et al. (2011) considered collisional ionisation at T, = 2x10* K and
found that the inferred M, decreased by a factor of 2, with the difference decreasing at
lower temperatures.

In principle, the electron density of the outflowing gas can be calculated from

the broad [S1IJA6717/[S11]A6732 line ratio (Osterbrock, 1989; Sanders et al., 2016). Using
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the composite spectra, we attempt to measure this ratio directly. However, the broad
components of the [S11] doublet are not well constrained in any of the composite spectra.
Instead, we follow a similar approach as Forster Schreiber et al. (2019) and search for
broad components in a composite spectrum of the 33 galaxies with detected broad Ha
components. In this new composite, the broad components of the [S11] doublet are well
constrained. Using the relationship from Sanders et al. (2016), we estimate an electron
density of 4201%88 cm ™3, consistent within the large uncertainties of the 300 — 500 cm ™3
range of ne broad reported for ionized outflows in local and high-z star-forming galaxies (e.g.,
Arribas et al., 2014; Ho et al., 2014; Forster Schreiber et al., 2019; Fluetsch et al., 2021). The
intrinsic Ha luminosity of the broad component is measured individually for each galaxy by
scaling the total corrected Ho luminosity by the broad-to-single Ha ratio (Firoad/Fsingle)-
For Vout, we adopted the maximum velocity from Section 4.4.2. We take the radial extent
of the outflows to be their hosts’ effective radii, R,y = Rg, motivated by high-resolution
adaptive optics SINFONTI observations of ionized gas outflows in high redshift star-forming
galaxies indicating that outflows typically extend over the half-light radius (Newman et al.,
2012; Forster Schreiber et al., 2014).

The mass-loading factor (7, ) represents the amount of mass removed by an outflow
per stellar mass formed, and, for star-formation driven outflows, is thought of as a diagnostic

of outflow efficiency. Specifically, 1, is defined as the outflow rate normalized by the star

formation rate: n,, = Mot /SFR. An estimate of the SFR can be obtained from the narrow
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Figure 4.5: Mass-loading factor versus various galactic properties, compared with values
from the literature. left: outflow velocity, center: stellar mass, right: Xspr. Individ-
ual MOSDEF galaxies are shown as blue circles, while results from composite spectra are
shown as black squares. Markers show observational results including low-mass star-forming
galaxies at z ~ 3 from Llerena et al. (2023, green diamounds), local starburst dwarf galaxies
from Marasco et al. (2023, yellow stars), and composites of z ~ 2 star-forming galaxies from
Concas et al. (2022, pink circles).

Gaussian component of Ha tracing the ongoing star formation activity in the galaxy disk:

F
SFRNarrow = 3.236 x 107* <LHQFNW> (Mo /yr] (4.3)
Single

where the first term is the conversion factor between Hoa luminosity and SFR from Reddy
et al. (2018b) (Section 4.2.3) and FiNarrow/ FSingle is the fraction of the total flux in the narrow
component. When divided by the narrow component Ha SFR and simplified, Equation 4.2

can be written as

100 cm ™3 Vinax k R
T = 3.05 cm ma: pc Broad (44)
Ne 300 km s~ RE FNarrow

where FBroad/FNarrow 1S the broad-to-narrow flux ratio. Table 4.2 lists the mass-loading

factor for galaxies with a detected broad Ha component, finding 7,, ranging from 0.02
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— 1.44, with a median of 0.23. Uncertainties on 7, are taken as the dispersion of 1000
realizations after perturbing vmax, Rg, and Fproad/FNarrow Dy their errors. We do not
include errors in the electron density and temperature assumed, and including these errors
would increase the error on 7, by ~0.2 dex.

The values we estimate for n,,are similar to those of other recent studies of ionized
outflows. Swinbank et al. (2019) stacked Ha emission of ~530 star-forming galaxies at z ~
1 and found 7, ~ 0.1-0.4. Similarly, at z ~ 2, Davies et al. (2019) and Forster Schreiber
et al. (2019) stacked Ha emission from star-forming galaxies finding 7, ~ 0.3-0.5 and 7,
~ 0.1 — 0.2, respectively. Recently, Llerena et al. (2023) investigate ionized outflows in a
sample of low-mass (7.8 < log(M,/Mg) < 10.2) star-forming galaxies at z ~ 3 and found
a wide range of 7,,, from 0.1 to 4.9. However, there is debate about the typical value
of Ny, in star-forming galaxies, with some studies reporting values less than 0.1 (Concas
et al., 2022; Marasco et al., 2023). The tension in 7,, between various studies is likely due
to different assumptions when estimating Mout, or differences in the methodology used to
measure ionized outflows (see discussion in Concas et al., 2022).

Here, we explore which, if any, internal galaxy properties correlate with the mass-
loading factor. Of particular interest is how 7, potentially scales with the (1) ionized
outflow velocity, (2) stellar mass, and/or (3) Xsrr. Regarding the first two properties,
simple analytical arguments and numerical simulations predict an anti-correlation between
the mass-loading factor and the outflow velocity or stellar mass of galaxies, suggesting

that outflows are more efficient at removing material from the shallower potential wells

5The uncertainty in Rg, adopted as the radial extent of the outflows, is likely smaller than true uncertainty
in Rout-
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of lower-mass galaxies (Murray et al., 2005; Oppenheimer & Davé, 2008; Muratov et al.,
2015). Additionally, the scaling relation between 7, and outflow velocity or stellar mass is
predicted to depend on the driving mechanism of the outflow, which scales steeper if the
outflows are energy-driven and shallower if they are momentum-driven (see Section 4.5.1).
At the same time, one might expect a correlation with Ygpr, which traces the concentration
of star formation in a galaxy, as regions with higher Ygspr will be more efficient at injecting
energy and momentum into the ISM from overlapping supernovae or stellar winds from
massive stars, resulting in conditions amenable for outflows.

Figure 4.5 presents the variation of the mass-loading factor as a function of vyax,
stellar mass, and Ygpr with similar results from the literature. In the MOSDEF-ionized
sample, we find that 7,, is not significantly correlated with vy,ax, while marginally correlated
with both stellar mass (2.50) and Xgpr (2.20). Galaxies with lower masses appear to have
larger n,, than higher mass galaxies, with 7, decreasing by a factor of 0.6 over a mass range
log(M,/Mg) = 9 — 10.7. Although, at a fixed stellar mass, there is a large range in 7,,,
which may reflect the variation in outflow efficiency amongst different outflow phases for
individual galaxies. On the other hand, galaxies with higher Xgrr appear to have larger
Nm than lower Ygpr galaxies, with 7, increasing 1.8 dex over an Ygpr range log(Xsrr/ Mo
yr~! kpe™2) =-1.4 - 0.7.

A negative relation between 7,, and stellar mass is predicted by analytical argu-
ments and simulations. Observations, however, have yielded ambiguous results, as shown in
Fig 4.5. Studies that measure ionized outflows in composite spectra tend to find a roughly

constant relation between 7, and stellar mass, while studies of individual galaxies generally
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find the expected negative correlation between 7, and stellar mass. At z ~ 2, Concas et al.
(2022) reported relatively low mass-loading factors that exhibit little variation among three
stellar mass bins below 10" M, but increases ~0.2 dex towards the highest mass bin — likely
due to increased AGN activity in more massive systems. Meanwhile, Llerena et al. (2023)
and Marasco et al. (2023) found that 7, decreases with stellar mass for individual z ~
3 star-forming and local dwarf starburst galaxies, respectively. However, the mass-loading
factors of Marasco et al. (2023) are offset towards significantly lower values compared to the
MOSDEF-ionized sample. This discrepancy may be due to differing methodologies used to
parameterize the outflow velocity, varying assumptions about the outflow geometry, or it
may suggest a possible redshift evolution of the mass-loading factor.

The correlation between 7, and Ygrr agrees with the simple outflow picture:
galaxies with higher YXqrr are more effective in driving outflows. However, this relation is
likely caused by an underlying correlation between >R, 7m, and Rg. With our adopted
definitions, Ygrr o« Rg~2 and 7,, o< Rg~!, thus a positive relation would naturally arise.
A similar positive relationship is found by Llerena et al. (2023) who also derived Yspr and
Nm using effective radii. Conversely, Marasco et al. (2023) derived 7,, with outflow radii
measured directly from their sample — independent of the effective radius — and found a

strong negative correlation between 7,, and XgprgR.

4.4.4 Outflow Energetics

In addition to mass, outflows are characterized by the amount of energy and mo-

mentum they remove from the ISM. In Appendix 4.7.1, we present a derivation for the
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Figure 4.6: Momentum-loading factor versus energy-loading factor. The dashed line marks
the one-to-one line. In all of the galaxies, the outflows appear to carry away more momentum
than kinetic energy from the ISM.

energy and momentum outflow rates and reference rates of energy and momentum pro-
duced within galaxies. Briefly, the energy and momentum outflow rates are calculated from
the mass outflow rate (Equation 4.2). Reference rates are calculated following similar ana-
lytic arguments as Murray et al. (2005), focusing on the injection of energy and momentum
from type Ila supernovae. Dividing the outflow rates by the reference rates and simplifying,

the energy- and momentum-loading factors of the outflowing ionized gas are given by:

100 Cm_3 Vmax 3 kpc FBroad
=0.2 - 4.
e =0 7( e ) (300 km s_l) (RE) (FNWOW) (4.5)
100 Cm_3 Vmax 2 kpC FBroad
—1.76 =pe 4.6
"l ( e ) (300 km s_1> (RE> (FNamW (4.6)
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Directly comparing Equation 4.5 and 4.6, we find that the ratio of the momentum- to

energy-loading factor is simply:

k —1
% _65 (300‘;“) (4.7)

For the sample, vpax ranges between ~200 — 500 km s~!, suggesting that these
ionized outflows carry away more momentum than kinetic energy from the ISM, with 7, /ng
ranging from ~4 to 10. We further test this result by varying the various physical parameters
within a factor of 2 from their adopted values (see Appendix 4.7.1). Considering the most
favorable case, 1), remains larger than ng by about a factor of 2.

Taken at face value, the larger momentum-loading factors suggest that the ionized
outflows are primarily momentum driven. However, the comparison between momentum-
and energy-loading factors is highly model dependent. There are other sources of energy
and/or momentum within the galaxy not accounted in our analytic reference rates (e.g.,
cosmic rays, winds from massive stars), such that ng and 7, are likely upper limits. For ex-
ample, in Figure 4.6, there are a few galaxies with abnormally high energy- and momentum-
loading factors (ng > 0.1, 1, ~ 1), which would suggest that their ionized outflows remove
nearly all of the energy and momentum produced.” Additionally, the assumptions made
in our calculations may be incorrect. Based on high-resolution “local patch” simulations
of supernovae in the ISM, Kim & Ostriker (2015) argue that the momentum injected by
supernovae is better represented by the spherical momentum at the end of the Sedov-Taylor

stage when an SN blast wave cools and a shell forms, rather than the initial injected mo-

"High-resolution hydrodynamical simulations find that the energy from supernovae is rapidly thermalized
and radiated away, with effectively ~10% transferred to the ISM to drive outflows (Creasey et al., 2013).
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mentum. If we adopted this convention, 7, decreases by ~0.72 dex, such that 7, and ng
are about equal. In Section 4.5.1, we further investigate the primary driving mechanism of

the ionized outflows.

4.5 Discussion

4.5.1 Driving Mechanism

While there is a general picture of the origin of outflows and their role in galaxy
evolution, the physical mechanism(s) that generates and sustains outflows remains an open
question. In star-forming galaxies, outflows could be launched by momentum injected into
the ISM by supernovae, or by radiation pressure acting on dust grains accelerating gas
coupled to the dust (“momentum—driven”; Murray et al., 2005, 2011). In addition to
injecting momentum, mechanical energy released from multiple, overlapping supernovae
thermalizes a large fraction of nearby gas forming a hot over-pressured bubble that sweeps
up ambient ISM material until it is ejected from the galaxy (“energy—driven”; Chevalier &
Clegg, 1985). Finally, cosmic rays produced by supernovae can transfer momentum to gas
after scattering off of magnetic inhomogeneities in the ISM as they diffuse out of a galaxy
(see discussions in Heckman & Thompson, 2017; Zhang, 2018). Simple analytic arguments
predict that for purely momentum-driven outflows the mass-loading factor scales as 7,
o VO;tl and 7, o« M, 173, Similarly, for purely energy-driven outflows: 7, VOTHQ and ny,

o M, 2/3 (Murray et al., 2005). As these mechanisms are likely dominate under different
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Figure 4.7: Mass-loading factor as a function of stellar mass, compared with predictions
from simulations. Individual MOSDEF galaxies are shown as blue circles, while results from
composite spectra are shown as black squares. The dotted blue line and shaded region (68%
confidence intervals) is the best-fit line to the MOSDEF-ionized galaxies. The functional
form of the line is listed in the upper-right corner. Lines show theoretical predictions from
the FIRE-2 Pandya et al. (2021, dashed grey) and Ilustris TNG50 Nelson et al. (2019, solid
orange) cosmological simulations.

galactic conditions, outflows could be driven by a combination of mechanical energy, radi-
ation pressure, and cosmic rays.

Here, we investigate the marginally-correlated trend of n,, with stellar mass. Figure
4.7 presents the best-fit linear regression in logarithmic space for galaxies with detected Ho
outflows:

log () = (3.95 4 0.54) — (0.45 & 0.06)log(M,. /M) (4.8)

The power-law index of -0.45 is intermediate between the M, 23 and M, 1/3 dependence
predicted for energy- or momentum-driven outflows, suggesting that these ionized outflows
are driven by a combination of mechanical energy and radiation pressure.

In Figure 4.7, we also show the comparison between our derived n,,—M, relation to

theoretical predictions from Illustris TNG50 (Nelson et al., 2019; Pillepich et al., 2019) and
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Feedback in Realistic Environments (FIRE; Hopkins et al., 2014, 2018, 2023) cosmological
simulations. In particular, we focus on the TNG50 values derived from outflowing gas at a
fixed distance of 10 kpc from the galaxy with a radial velocity > 0 km s~! and the FIRE-2
values for warm (103 < T < 10° K) outflowing gas at a fixed thickness of 0.1-0.2Ry;,®
(Pandya et al., 2021). We note that this is not a direct comparison, as the simulations
measure 7, at ~4x larger distances than the effective radii used in our derivation of 7,,.
As the properties of the outflowing gas (e.g., density, velocity) change with distance, 7,
would also vary with distance. For example, Nelson et al. (2019) measured lower 7, at
larger distances (see their Figure 5).

Below log(M, /M) ~ 10.5, there is general agreement of a negative correlation
between stellar mass and 7,,. Unsurprisingly, the theoretical values from TNG50 are larger
than the observed MOSDEF-ionized mass-loading factors. In these types of large-volume
simulations, small scales are not resolved, instead relying on sub-grid recipes to describe
stellar feedback, which may overpredict the efficiency of stellar feedback. Additionally, the
TNG50 values represent the total mass-loading factor of all phases, rather than our values
which only trace ionized outflows from rest-optical emission lines. On the other hand, there
is remarkable (~10) agreement between our derived relation and the theoretical prediction
from FIRE-2. Pandya et al. (2021) reported a broken power law dependence between 7,, and
stellar mass, with a shallower (-0.54=£0.05) slope below and steeper (-2.45+0.3) slope above
log(M,./Mg)~10.5. Although, at log(M,/Mg) ~ 10.5, we do not see strong evidence for a

sudden drop in 7,,,. The broken power law relation may be due to decreasing ISM resolution

8The average Ryir of our sample is 100 kpc — estimated using the stellar-to-halo mass relation of Behroozi
et al. (2019)
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in the FIRE-2 simulations towards higher stellar masses, such that 7, is underestimated.
However, we caution our derived relation is determined from a marginal correlation between

Nm and stellar mass.

4.5.2 Fate and impact of ionized outflows

The impact of outflows on their hosts’ evolution is directly related to the amount of
material that escapes from the gravitational potential well of their host. Here, we investigate
whether the ionized outflows have sufficient speeds to escape the gravitational potential of
their host or whether the gas is retained and likely recycled as a part of a galactic fountain.
For an isothermal gravitational potential truncated at ryax, the escape velocity at radius r

is

Uesc(r) = Ucirc \/2 [1 +1In (Tmax/rﬂ (49)

where vciye is the circular velocity of the galaxy, taken from Price et al. (2020). Briefly,

for galaxies with resolved and detected rotation measured from their 2D spectra, circular

velocities are calculated as vcire(1.3Rg) = \/ V(1.3Rg)? + 4.40‘2/0, where oy is the intrinsic

9 Otherwise, circular velocities are inferred using integrated

galaxy velocity dispersion.
velocity dispersions and the best-fit ensemble V' /o from galaxies without detected rotation.

Figure 4.8 shows the maximum ionized outflow velocity as a function of circular
velocity. To gauge whether the gas escapes, we adopt a rather conservative threshold of

Tmax/T = 33 (Vese = 3Ucire), such that outflowing gas likely has enough velocity to escape

or is retained (Veilleux et al., 2005, 2020). In the top panel, we find that outflows detected

9We take 7 = 1.3Rg for the radius for galaxy’s circular velocity as a conservative choice, as this is the
radius where an exponential rotation curve peaks.
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Figure 4.8: Maximum ionized outflow velocity versus circular velocity. Left: [O111] Right:
Ha. The line denotes the gas velocity required to escape the gravitational potential assuming
an isothermal gravitation potential that extends to a maximum radius of ry.x, see Equation
4.9. Outflowing gas above 3ucire (rmax / 7 = 33) likely has enough velocity to escape, while
below 3vcire the gas is likely retained. Objects are color coded according to their stellar
mass.

in [O1m] appear to escape from four and are retained by 32 galaxies, while outflows de-
tected in Ha are retained in all of the galaxies. In addition, we do not find that outflows
from shallower potential wells lie closer to the vesc = 3vcire line (i.e., more easily removed)
compared to outflows from deeper potential wells. It thus seems that the ionized outflows
studied in this work are predominantly retained, recycling back onto the galaxy as part of
a galactic fountain, rather than escaping into the IGM. However, these outflows could still
potentially contribute to heating the CGM, reducing the rate at which gas can accrete and
suppressing star formation.

Multi-wavelength observations and multi-phase simulations have investigated the
contribution of ionized outflows to the total mass and energy outflow rates. On the observa-
tion side, studies on molecular, neutral, and ionized outflows in local AGNs, ULIRGs, and

starburst galaxies (e.g., Cicone et al., 2014; Carniani et al., 2015; Leroy et al., 2015; Rupke
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et al., 2017; Fluetsch et al., 2019, 2021) have found that the molecular and neutral phases
typically dominate the mass outflow rate. Similarly, local patch and zoom-in simulations
predict that the majority of outflowing energy (mass) is carried in the hot (cold) phase (Kim
& Ostriker, 2018; Kim et al., 2020; Pandya et al., 2021). In the MOSDEF-ionized sample,
the high fraction of warm, ionized outflows retained and their modest mass-, energy-, and
momentum-loading factors suggest their contribution may be negligible, even during the
peak of cosmic star-formation. However, without observations of other outflow phases (i.e.,
hot, neutral, molecular), we cannot constrain the contribution of these outflows to the total

mass, energy, and momentum outflow rates.

4.5.3 Significance of Outflow Velocity and Galactic Properties

As discussed in Section 4.4.1, in individual galaxies, neither the maximum ionized
outflow velocity derived from broad [O111] or Ha emission components appear to correlate
significantly with any galactic property. In particular, the lack of a relation between outflow
velocity and star formation properties appears to be in tension with the picture of stellar
feedback driven outflows, as the level of star formation activity should set the amount
of energy and momentum injected into the ISM. However, this apparent lack of observed
relations may be due to contributions to the broad component from turbulent motions
and/or the limited dynamic range of properties probed by galaxies with detected broad

components in the MOSDEF sample.
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Turbulence

Throughout this paper, we have adopted the interpretation that the broad com-
ponent of rest-optical emission lines is a tracer of ionized gas entrained in star-formation
driven outflows. However, the broad emission component may originate from other sources.
Here, we consider whether shocks can explain the observed broad emission components
within the sample.

Outflows can produce widespread shocks throughout a galaxy by injecting mechan-
ical energy into the ISM. As shocked regions have high electron temperatures and ionization
states (e.g., Dopita & Sutherland, 1996), collisional excitation and ionization from shocks
can produce a variety of optical emission lines, creating broad emission line components. In
slow shocks (V < 200 km s~1), the shock front moves faster than the photoionization front,
producing relatively weak high ionization lines, but strong low ionization lines. Conversely,
in fast shocks (V > 200 km s~!) a supersonic photoionization front pre-ionizes the gas —
known as a precursor — which produces strong high ionization lines. The emission line ra-
tios of shocked gas differ from those of gas photoionized in HII regions, often with higher
[N11]/Her and [O111]/Hp ratios similar to gas photoionized by AGN (e.g., Allen et al., 2008;
Alarie & Morisset, 2019).

If the broad components arise from shocked gas, the width of the broad component
would trace the velocity of the shock rather than the velocity of outflowing material. To
investigate whether shocks can explain the broad components, we consider MAPPINGS V

(Sutherland & Dopita, 2017; Sutherland et al., 2018) fully radiative shock models from the
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3MdBs!? database (Alarie & Morisset, 2019). This database provides simulated emission
line ratios for shock gas, the precursor, and a combination of shock and precursor for
multiple grids. To facilitate comparisons between our observations and the models, we use
the low metallicity grid, matched to the broad range of metallicities, 6.64 < 12+log(O/H)
< 9.28, used by Gutkin et al. (2016). This grid spans a large range in shock parameters
— for each metallicity — with shock velocities of V; = 100 — 1000 km s~—!, magnetic field
parameters of B, = 107% — 10 xG, and pre-shock densities of n, = 1 — 10000 cm™3.

For this analysis, we focus on the composite spectra binned by stellar mass, as
the broad components of HB and [N11] are not robustly detected in individual galaxies,
and mass is estimated independently from the Ha line, thus unlikely influenced by broad
emission. The widths of the broad components for each mass bin are larger than 200 km
s~!, thus we consider the shock-+precursor models. Additionally, we restrict the models to
those that have a pre-shock density <100 cm™ and to shock velocities within 50 km s~! of
the broad component width of a mass bin.

To determine whether shocks can explain the observed broad components in the
composite spectra, we consider their (1) broad emission line ratios, (2) inferred electron
density, and (3) emitting areas. We first compare the measured broad emission line ra-
tios — [O11]/HB and [N11]/Ha — from each mass bin to the predicted shocked+precursor
model ratios, keeping the ten models per bin, which best match the observations. Figure
4.9 shows the BPT diagram for the five stellar mass bins and their best-matched models. A
majority of the best-matched models for the lowest, second-lowest, and highest mass bins

(red, blue, and orange diamonds) are inconsistent with the observed line ratio(s) by >30.

Yhttp://3mdb.astro.unam.mx/
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On the other hand, there are models that can reproduce the observed line ratios of the
middle and second-highest mass bins (green and purple diamonds) within their uncertain-
ties. In addition to directly comparing line ratios, we can use them to infer other physical
properties. If the broad emission arises due to shocks, the electron density measured from
the broad [S1JA6717/[S11]A6732 line ratio would come from the post-shock recombination
regions where the gas densities are expected to be higher than the pre-shock densities (e.g.,
Allen et al., 2008). We measure the electron density from the [S11] ratio of the ten best-
matched models for each mass bin using the relationship from Sanders et al. (2016). For
the upper three mass bins, the inferred electron densities from the models span over two
orders of magnitude, with a majority of the models within 1.5¢ of n, = 420 cm™ derived
in Section 4.4.3. Conversely, the inferred electron densities in the two lowest mass bins are
consistently larger — ranging from ~4000 to 7000 cm 3. Finally, the database also provides
the predicted HS luminosity per unit area for the different models. Using the best-matched
models, we calculate the emitting area required to produce the observed broad component
HpB luminosity. For the two lowest mass bins, the required emitting areas are ~2 kpc?,
consistently smaller than the average size of the galaxies in the composite — 8 and 13 kpc?,
respectively. On the other hand, for the three upper mass bins, the emitting areas are
larger, ranging from 4 to 20x than their average sizes.

These comparisons show that no shock model simultaneously agrees with the ob-
served broad component line ratios, sample electron density, or the average area of the
composite spectra. The best-matched [O111]/HS or [N11]/Ha model line ratios are incon-

sistent with the observed broad line ratios in the lowest, second-lowest, and highest mass
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Figure 4.9: BPT diagram for composite spectra binned by stellar mass and
shocked+precursor models from the 3MdBs database (Alarie & Morisset, 2019). The broad
component and ten best shocked+precursor model emission line ratios are shown as dia-
monds and transparent circles. The solid black line separates star-forming galaxies and
AGN (Kauffmann et al., 2003). The dashed gray line is the “maximum starburst” line,
where above this line lie AGN from Kewley et al. (2001). The bottom panel shows the
residuals after subtracting the shocked+precursor models from the observed broad compo-
nent line ratios.

121



bins, the inferred model electron densities for the lowest and second-lowest mass bins are 2
15x higher than the value we derived in Section 4.4.3, and the emitting area to reproduce
the broad HB luminosity is 2 4x the average area of galaxies in the middle, second-highest,
and highest mass bins. We therefore conclude that shocks alone cannot produce the broad
emission components observed in this study.

This analysis, however, does not rule out other possible origins for the broad
emission component. The broad emission may be a mixture of outflowing gas, shocked gas,
and other turbulent motions, such as turbulent mixing layers between hot and cold outflow
phases. Recent studies that trace outflows using both blueshifted rest-UV absorption lines
and broad components of rest-optical emission lines in individual galaxies have found that
the two tracers are kinematically similar, thus the broad components can measure the

kinematics of outflowing gas (Perrotta et al., 2021; Avery et al., 2022).

Other Physical Origins of Scatter

In addition to effect of turbulent motions, the lack of correlations between ionized
outflow velocity and galactic properties may be due to line-of-sight affects or the small dy-
namic range probe by the sample (see discussion in Davies et al., 2019). If the observations
are not well aligned with the outflowing material, then the derived velocities would not
capture the true velocities. This in turn would increase the scatter between outflow veloc-
ity and galaxy properties and mask any potential correlations. Similarly, if relationships
between outflow velocity and properties are weak, then they may not be captured over
the small dynamic range probe by our sample. Decomposing rest-optical emission lines

into separate narrow and broad components is challenging, with the detection of a broad
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component requiring high signal-to-noise in the desired line. However, galaxies with strong
nebular emission lines are also associated with elevated star-formation properties. Outflows
from galaxies with low star-formation properties would be missed if their velocity is low
(FWHMy, < 300 km s7!), such that the emission from the broad component is indistin-
guishable from that of HII regions. As shown in Figure 4.3, the galaxies with a detected
broad component appear to be biased toward higher SFR and Ygpr compared to the re-
maining MOSDEF-ionized galaxies. In comparison, at low redshifts, Arribas et al. (2014)
measured ionized outflows in luminous and ultra-luminous infrared galaxies and found that
outflow velocity scales weakly with both SFR and Ygpr, covering three order-of-magnitude
in SFR and Xgpr. Similarly, Xu et al. (2022) found the ionized outflow velocity scales weakly
with SFR in local low-mass (10* — 107 M) galaxies. In addition to probing larger dynamic
ranges, both of these studies detect broad components in lower SFR (Xgrr) galaxies, with
a majority below 10 Mg yr=! (1 Mg yr~! kpc=2). However, the weak scaling relations
found by these studies suggest that the outflows are primarily energy-driven, as opposed
to the mix of energy- and momentum-driven found for our sample (Section 4.5.1). In this
case, the scaling between ionized outflow velocity and star-formation properties should be
steeper than for a pure energy-driven outflow, thus a relation between ionized outflow ve-
locity and star-formation properties may be captured over a smaller dynamic range. If the
outflows are driven by a mix of energy and momentum, then the dynamic range probed by
our sample is unlikely the reason why we find no correlation between outflow velocity and

star-formation properties.
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4.6 Conclusions

We have presented an analysis on the kinematics and energetics of ionized gas
outflows within a sample of 598 typical star-forming galaxies at z = 1.4 — 3.8. Using
the extensive spectroscopic dataset of the MOSDEF survey, we decompose strong nebular
emission lines of individual galaxies and composite spectra into narrow and broad Gaussian
components, tracing virial motions within the galaxy and outflowing gas. Maximum ionized
outflow velocities are derived from the FWHM of the broad components, with a mean vyax
= —320490 km s~!. Using vmax in the outflow model described in Genzel et al. (2011),
we estimate the mass-, energy- and momentum-loading factors of the ionized gas outflows.

Our main conclusions are as follows:

e There is significant evidence for broad emission components in 10% (7%) of [O111]

(Har) detections, with their incidence becoming more prevalent among systems with

higher SFR and YgpR.

e In individual galaxies, the maximum ionized outflow velocity is not significantly cor-
related with any galactic property. Composite spectra binned by stellar mass, SFR,
and Ygspr show clear trends with vy, such that faster outflows are found in bins of

higher galactic properties.

e The ionized outflows appear to remove more momentum than kinetic energy from
the ISM, with n,/nEg~6.5, suggesting that the outflows are primarily momentum-
driven. However, these results are model-dependent, and it is likely that there are

non-negligible contributions from mechanical energy.
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e The mass-loading factor is marginally correlated (2.50) with stellar mass, scaling as

23 and M*_l/3 dependence

Nm o< M 7945 This scaling is intermediate between the M,
predicted for energy- or momentum-drive outflows, suggesting that these ionized out-

flows are driven by a combination of these mechanisms, with a larger contribution

from radiation pressure acting on cool, dusty material.

e We find ~1o agreement between our derived n,, — M, relation and the theoretical
prediction from the FIRE-2 simulations for warm outflowing gas, measured at a larger

radial distance.

e 11% (0%) of [O111] (Her) maximum outflow velocities are larger than the escape veloc-
ity from the gravitational potential of their host, suggesting that the ionized outflows

are often retained and likely setup a galactic fountain.

Obtaining robust constraints on the properties of outflows across different phases
is crucial to understand their impact on galaxy evolution. Here, we have studied ionized
outflows from typical z ~ 2 galaxies traced by broad components of rest-optical emission
lines, finding that these outflows appear to play a negligible role, even during the peak
of cosmic star-formation activity. A majority of the ionized outflows likely remain bound
to the host galaxy, and their properties (e.g., Umax, 7m) are independent or weakly corre-
lated with galactic properties. However, these results are based upon simple models and
assumptions on the geometry and physical condition of the outflowing gas. To build a bet-
ter understanding of outflows, higher resolution spectroscopic data and spatially resolved

imaging is necessary to constrain the geometry, extent, and conditions of outflowing gas.

125



Future progress will greatly benefit from such observations, probing both a wider dynamic

range of galaxy properties and tracers of other outflow phases.

4.7 Appendix

4.7.1 Derivation of Energy and Momentum Rates

In this section, we derive equations for the energy- and momentum-loading factors
of an outflow. A loading factor is the ratio of how much of a quantity (mass, energy,
momentum, etc.) is carried out in an outflow relative to the amount produced within a

galaxy, thus we define loading factor (1) as:

Xout
X = o (4.10)
Xref

where “out” and “ref’ refer to the outflow rate and reference rate of the galaxy, respectively.
The energy and momentum outflow rates are easily calculated from the mass

outflow rate (Section 4.4.3) as:

. 1. . .
Eout = §Moutvz)2ut Dout = Mout Vout (4-11)

On the other hand, estimating the reference energy and momentum rates is non-

trivial due to the wide range of physical processes that can generate energy and momentum.

126



Focusing on type Ila supernovae, the total energy injected into the ISM from supernovae

is:

SFRnarrow

Frof = Esny = NsnFsn & 3.17 x 104 ( "
Mg yr—

> [erg/s] (4.12)

where Ngy is the supernova rate, taken as one SN occurs per 100My formed, and Fgn =
10°! ergs is the mechanical energy released by a Type Ila SN.
Following the analytical arguments of Murray et al. (2005), for star-forming galax-

ies, we consider momentum injection from supernovae and a central starburst:

]jref — pSN + ]jstarburst R4/ 2E/‘SN]\fejj\.]SN + Lbol/c
(4.13)

SFRnarrOW -
~ 3.285 x 1033 <J\4®yr_1> [Cm gs 2]

where Me;j = 10M, is the mean ejected mass from a Type II SN, and Ly, is the bolometric
luminosity of the galaxy. We assume that Ly, ~ SFRx10'Y L, (Kennicutt, 1998).
Alternatively, based on high resolution “local path” simulations of supernovae in
the ISM, Kim & Ostriker (2015) argue that the pg, is better represented by the spherical
momentum at the end of the Sedov-Taylor stage when an SN blast wave cools and a shell
forms, rather than the initial injected momentum as in Equation 4.13. If this convention is

adopted then:

) . i - FEsN
Pref — PSN + Dstarburst = NSN + Lbol/c ~
Vcool (4‘14)
SFR W
1.71 x 103 (mrml> [cm g 572
Mg yr—
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where veoo = 200 km s~! is the terminal velocity of the supernova remnant after it has

shocked and swept up ambient ISM material.

4.7.2 Results

In this Appendix, we provide tables of the ionized gas outflow properties detected

in [Om1] and Hev.
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Table 4.2: Properties of the ionized gas outflows based on Ha modeling

FIELD VAID  z  log(M./Mp) log(SFR[Ho]) log(Ssgrr(a))  FWHMp, Vort
[km s71] [km s~1]

) 2 3) 4) (5) (6) () )
AEGIS 3658 2.17  9.86+0.03 1.43+0.08 -0.1140.08 461.097590  _56.217 2202
AEGIS 8907 159  10.0640.03 0.87+0.07 -1.4340.08 314.6075150 175372009
AEGIS 10386 1.67  10.6040.01 1.9940.05 0.05+0.06 392.99755-0¢ 135271701
AEGIS 11930 157  9.7040.04 1.5440.04 -0.3340.05 359.547520  _95.687322
AEGIS 14536 1.57  10.13+0.06 1.5140.06 -0.09£0.06  357.73%153°  -19.997207
AEGIS 15737 2.30  9.5940.05 1.48+0.05 0.30+0.06 327.22735-16 504971561
AEGIS 17556  1.40  10.13+0.04 1.72+0.03 -0.1640.03 360.59792 06 02077582
AEGIS 26886 1.64  10.07+0.04 1.2640.14 -0.85+0.14 3449175910 77.067 155"
AEGIS 27627  1.67  10.5440.01 1.63%0.10 -0.4340.10 4379075215 _84.99116-10
AEGIS 35764 2.37  10.4740.03 1.8040.07 0.28+0.08 3923779582 91.85T L%
AEGIS 39567 1.58  10.5540.03 1.8240.07 0.01+0.07 32071723359 515675430
COSMOS 3185 217  9.7440.06 1.0140.26 0.50+0.28 397.59T 5573t 64.47153 53
COSMOS 6754  2.12 9.55+0.04 0.3340.24 -1.12+0.25 329.68T57°72  71.96755 0,
COSMOS 11530 2.10  9.14:£0.04 1.1240.10 0.44:£0.10 337.501501 77231 0 0]
COSMOS 12476 1.51  9.98+0.03 1.61+0.08 0.2440.08 449.34T5757 14347590
COSMOS 13701 217  10.65+0.05 1.98+0.09 -0.0440.09 308.537:%%  -65.101179%
COSMOS 18064 1.65  9.88%0.03 1.49+0.09 0.1740.09 42022735358 82,9118
COSMOS 27945 2.02  10.10+0.03 .8 . 4474872305 -97.2075 00
GOODS-N 328 227  10.5340.05 2.0840.04 0.4740.04 3225374570 _83.99F17-33
GOODS-N 7652  2.27  10.59£0.04 1.5140.20 -0.5440.20 315.10725-35  64.1271121
GOODS-N 8099 1.49  10.39+0.01 1.7840.04 0.36+0.04 377527 551 21,9812
GOODS-N 12345 227  10.3440.05 1.8240.11 -0.1340.11 331.89755 1% -3.62113°57
GOODS-N 16060 1.52  10.04+0.06 1.54+0.05 0.7140.06 367.177525% 1867000
GOODS-N 22235 243  9.5440.05 1.2340.09 0.28£0.09 313.6175%07  72.38F12 80
GOODS-N 23869 2.24  10.3240.02 1.8040.16 -0.0840.16 317.0117573 85731230
GOODS-N 27035 242  9.67+0.03 1.45+0.09 0.50£0.10 4740772596 92.57110,92
GOODS-N 28061 2.20  9.9840.03 2.32+0.20 0.45+0.21 317.56 79575 47247238
GOODS-N 30053 2.25  10.504:0.03 1.8640.07 0.3540.07 452.85T50-16 o9 711330
GOODS-N 30564 2.48  10.47+0.01 1.62+0.07 b 382.87195:00 721075058
GOODS-N 34699 2.20  10.04+0.06 .8 3829775508 25.95T1050
GOODS-S 40768  2.30  10.090.02 2.150.03 32096177057 38.317 %!
GOODS-S 46938 2.33  9.95-+0.04 1.9540.07 446.84155°20  6.3711520
UDS 16873 147  10.7140.01 2 304.807 709 -83.587 1509

131



FIELD VA4ID Vinax Mout log(nar) log(ng) log(np)

[km s (Mg yr—1]

(1) (@) (9-)4-85 7 (14?1) 38 (1}-2) 77 (142-% 5T (1-?-2) 38
ABCIS  so0r  oaoestBE  onebd PRI Res TN
AEGIS 10386 3202571588 1g39tidl  _gasr028 7088 o een8ls
AEGIS 11030 401047088 5 ogt0B8  gav008 oo d085 oo v008
AEGIS 14536 -323.897002  yqgr0s g eerO08 5008 o 800
AEGIS e 1 S | s SO .
AEGIS 17556 -306.06757°00  p.g3tios  _y 7028 poov0dl 508
AEGIS 06886 01588 Fa001 1 ogr080 o -o¥0ds o 08 g¥0:3k
AEGIS 27627 4560071403 g sptied  _goor0ad 08 pos8al
AEGIS 35764 4251071308 11 g7tivs o gpr0il ) oa¥038 o aOid
AEGIS 30567 2208270545 51 tL05  _ggt000 o 304 o 043

6215 86 Ay 704 520 08 19014 2l 011
COSMOS 3185  -273.22735%35  3.0373%% 0257053 -1.39708%  -0.537052

COSMOS 6754  -208.057357° 0301018 -0.41t915 177020 _0.8070%2
COSMOS 11530  -363.88739:05 278105 0567018 -1.457538  _o.7271023

—0. —0.19 —0.17
+41.16 +2.60 +0.14 +0.23 +0.18
el ¢ I B B
U —27.59 oY —1.47 Y —-0.12 YT =0.17 11 -0.14

COSMOS 27945  -477.267 2475 e s.C e S.C
+59.31 +2.19 +0.21 +0.32 +0.26
Coomen e mwid Dol A 2RE USE
oY —17.39 YUY —1.08 *2Y—-0.13 7 —-0.18 eY—0.15

GOODS-N 8099  -342.627527%  6.7971% 0807813  -1.7470-2L  _0.9970-18
GOODS-N 12345  -285.5015300  3.52%737  _1.11%005 2217027 _1.37+028

—0.18 —0.15
+39.51 +3.59 +0.21 +0.30 +0.25
GOODS-N 16060 -313.71%3920 13527339 _0.07102L  -1.007030  _0.29+0-23

+22.97 +1.06 +0.13 +0.21 +0.16
ooy mrly i e omdd
GOODS-N 27035 4952072040  1g43+i28 o 16H044 047031 (o 13+0.10
GOODS-N 28061 -316.9672531  15.37+i042 g oad0ir _ga3028 ) S%ih
GOODS-N 30053 -414.3270420 oy g3+iis  go,70ds  ohsbud o7 5018
: —31.47 : 7(‘/4.35 : —0.10 . —0.14 :

—0.12
GOODS-N 30564  -253.08795%7 . e e e
GOODS-N 34699  -299.32155-7 e S.C e SC
GOODS-S 40768  -234.2973%-%) e .e e e
GOODS-S 46938  -373.1419302 e e e e
UDS 16873 -342.527 1587 ..C S.C .c SC

(1): CANDELS field (2): 3D-HST v4 catalogue ID (3): Redshift measured by MOSDEF Survey (4): Stellar Mass (5):
Star-formation rate from SED fitting (6): Star-formation-rate surface density (7): Full width half max of the broad
Ha component (8): Velocity offset between the broad and narrow Ha components (9): Maximum outflow velocity
(10): Mass outflow rate (11): Mass loading factor (12): Energy loading factor (13): Momentum loading factor
& Galaxy does not have a significant detection of HS
b Galaxy does not have a robust Rg measurement
¢ Property could not be measured, due to lack of SFR or Rg.
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Chapter 5

The MOSDEF-KCWI Survey:

Spectral Properties of Lya halos

around z ~ 2 star-forming galaxies!

Abstract We present Keck Cosmic Web Imager integral field observations of extended
Ly« emission in the circumgalactic medium of 27 typical star-forming galaxies at z ~ 2,
drawn from the MOSFIRE Deep Evolution Field survey. Using composite spectra in two
bins of star-formation rate (SFR), star-formation-rate surface density (¥spr), and other
galactic properties, we measure spatial variations in the Ly« profile across three regions in
the Lya halo. We find single-peaked, redshifted profiles are ubiquitous within a central 7

kpc radii region. Further out in the halo (7 — 14 kpc and 14 — 21 kpc), the Ly« profile of

!This chapter contains a draft of an article that has been submitted for publication by the American
Astronomical Society in the Astrophysical Journal written by Andrew Weldon, Zhiyuan Song, Naveen A.
Reddy, and Alice E. Shapley.
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the resonantly scattered emission exhibits more diversity, either transitioning to a double-
peaked profile or remaining single-peaked across the halo. We find a shorter scale-length
of the Lya halo surface-brightness profile for composite halos with faster winds. The com-
posites have a similar average inclination, suggesting those with faster winds clear channels
in the ISM, reducing the fraction of Ly« resonantly scattered to large radii. A uniform
expanding shell radiative transfer model reproduces the shape, but not the normalization
of the observed double-peaked Lya profiles. Models that adopt a more realistic, clumpy

ISM are likely needed to reproduce both the shape and normalization of the Ly« profiles.

5.1 Introduction

The faint and diffuse nature of the CGM has made studying its structure with
direct observations difficult. Halos of Ly« emission extending several kpc around galaxies
are frequently used to probe the distribution and kinematics of neutral gas in the CGM.
These Ly« halos are theorized to be powered by either: (1) resonant scattering of Ly«
photons produced within star-forming regions and/or AGN by neutral hydrogen gas in the
CGM (Dijkstra et al., 2006; Zheng et al., 2011; Steidel et al., 2011) or (2) in situ ionization
or collisional emission in the CGM from inflowing gas (Dijkstra et al., 2006; Faucher-Giguere
et al., 2010; Goerdt et al., 2010; Rosdahl & Blaizot, 2012; Lake et al., 2015), outflowing gas
(Dijkstra & Kramer, 2012; Orsi et al., 2012), or a nearby ionizing source (Adelberger et al.,
2006; Mas-Ribas & Dijkstra, 2016). In either case, the resonant scattering of Lya photons as

they escape the ISM yields important clues on the kinematics, clumpiness, column densities
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of neutral hydrogen, and dust content within the CGM (e.g., see Ouchi et al., 2020, and
the references therein).

Detecting Lya halos around z 2 2 star-forming galaxies is difficult due to their
faint emission coupled with sensitivity limitations. At these redshifts, Lya halos were ini-
tially observed using stacked, narrowband images (Hayashino et al., 2004; Steidel et al.,
2011), while individual spectroscopic detections were limited to local galaxies, gravitation-
ally lensed galaxies, and/or AGNs (e.g., Swinbank et al., 2007; Christensen et al., 2012;
Hayes et al., 2013; Hayes, 2015; Cantalupo et al., 2014). The Ly« profile from these sources
is typically redshifted relative to the systemic velocity, likely due to backscattering from
a receding outflow. If the Lya optical depth is relatively low, the emission profile will
typically be double-peaked, exhibiting a dominant red and secondary blue peak, with the
peak separation depending on the neutral hydrogen column density (Verhamme et al., 2006,
2017; Henry et al., 2015; Gronke & Dijkstra, 2016).

Recently, with the arrival of the Multi-Unit Spectroscopic Explorer (MUSE; Bacon
et al., 2010) at the ESO-VLT and the Keck Cosmic Web Imager (KCWI; Morrissey et al.,
2018), studies have investigated variations in Ly« emission across the halo in gravitationally
lensed (Patricio et al., 2016; Claeyssens et al., 2019; Solimano et al., 2022) and unlensed
(Leclercq et al., 2020; Erb et al., 2022) galaxies at z > 2. Studies of single-peaked Ly«
profiles have found that the Ly« line becomes redder and narrower at large radii (Claeyssens

et al., 2019; Leclercq et al., 2020; Solimano et al., 2022). For double-peaked profiles,
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Erb et al. (2022) found that the velocity separation between the blue and red peaks de-
creases, while the blue-to-red peak flux ratio increases towards the outskirts of the halo.
However, most Ly« halo studies have focused on bright halos that surround Ly«
emitters (LAEs). As only ~ 20% of star-forming galaxies with R<25.5 at z ~ 2 — 3 are
LAEs (e.g., Shapley et al., 2003; Reddy et al., 2008; Cassata et al., 2015), it is still unknown
whether the trends seen in Lya emission across the halo are present within the larger galaxy
population. In this paper, we analyze the spectral properties of extended Lya emission from
27 star-forming galaxies, without preselection on the down-the-barrel Ly« emission, using
integral field (IFU) spectroscopy from KCWI. This sample is a blind search for Ly« halos in
typical star-forming galaxies drawn from the MOSFIRE Deep Evolution Field (MOSDEF;
Kriek et al., 2015). The paper is structured as follows. In Section 5.2, we describe the
sample, observations, data reduction, and measurements of physical properties. Section 5.3
describes how the Lya profiles were fit and line properties measured in regions across the
halos. We present our main results on the variation in the Ly« profile in Section 5.4, their
physical implications on the CGM in Section 5.5, and summarize our conclusions in Section
5.6. Throughout this paper, we adopt a standard cosmology with 2, = 0.7, Qs = 0.3, and

Ho = 70 km s~ 'Mpc~!. All wavelengths are presented in the vacuum frame.

5.2 Data

5.2.1 MOSDEF Survey

Our analysis utilizes rest-optical spectra from the MOSDEF Survey which targeted

~1500 H-band selected galaxies and AGNs at redshifts 1.4 < z < 3.8. The survey obtained
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moderate-resolution (R ~ 3000-3600) near-infrared spectra using the Multi-Object Spec-
trometer for Infra-Red Exploration (MOSFIRE; McLean et al., 2012b) spectrograph over
48.5 nights between 2012 - 2016. Galaxies were targeted for spectroscopy based on pre-
existing spectroscopic, grism, or photometric redshifts that placed them in three redshift
ranges (z = 1.37 — 1.70, z = 2.09 — 2.61, and z = 2.95 — 3.80) where strong rest-frame optical
emission lines (e.g., Hp, [O111], Hey, [N11]) lie in the Y JH K transmission windows. For full
details regarding the MOSDEF survey (targeting, data reduction, and sample properties),
we refer readers to Kriek et al. (2015).

Emission-line fluxes were measured by simultaneously fitting a line with the best-
fit SED model for the continuum and a Gaussian function (see Reddy et al., 2022, for a
complete description of the SED modeling). For multiple lines that lie in close proximity,
multiple Gaussians were fit, such as the [O 11] doublet and Ha and the [N 11] doublet, which
were fit with two and three Gaussians, respectively. Systemic redshifts were derived from
the strongest emission line, usually Ha or [O 111]A5008, and were used to fit the other rest-
frame optical nebular emission lines. Further details on emission-line measurements and

slit loss corrections are given in Kriek et al. (2015) and Reddy et al. (2015).

5.2.2 MOSDEF-KCWI Spectroscopy

In this study, we use a sample of galaxies drawn from the MOSDEF survey with
follow-up KCWI IFU observations. Here, we briefly summarize the sample and refer readers
to Song et al. (2024) for more details. From the MOSDEF Survey, objects were prioritized
for KCWI observations based on strong detections of Ha, HB, and [O111] at > 30, and

either a detection or upper limit on [N11]. In addition, several objects observed as part
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of the MOSDEF survey were also included within the KCWI field-of-view. Objects were
observed with KCWI over eight nights in 2018 — 2020. The medium slicer with the BL
grating, central wavelength of 4500 A, was used, resulting in a 16”5x20"0 field of view and
a spectral resolution R ~ 1800. The typical integration time per pointing was ~ 5 hours,
and the average seeing was ~ 170. In total, 40 galaxies were followed up with KCWI.

The reduction of the KCWI data is discussed in more detail in Chen et al. (2021)
and Song et al. (2024), but here we provide a brief overview. Individual exposures were
reduced using the KCWI Data Reduction Pipeline, which performs overscan subtraction,
cosmic ray removal, scattered light subtraction, wavelength calibration, flat-fielding, sky-
subtraction, differential atmospheric refraction correction, and flux calibration. Additional
low frequency background structures, due to imperfect sky-subtraction, were removed using
a 3D boxcar filter to create a median-filtered cube.? Next, we removed any remaining low-
frequency residuals from imperfect sky background subtraction by forming a median-filtered
cube after masking obvious continuum and extended emission line sources using a running
3D boxcar filter. The final product of the pipeline were 3D data cubes assembled from the
2D spectra of all slices. Data cubes of multiple exposures of the same target were rotated
to the north-up direction, drizzled onto a common 3D grid, and averaged, creating the final
data cube for each target.

Several criteria were applied to the parent MOSDEF-KCWI sample for our analysis
on Ly« halos of typical, star-forming galaxies at z ~ 2. We remove 10 objects without secure

systemic redshifts from MOSDEF spectroscopy. Specifically, objects must have more than

2The typical dimensions of the 3D boxcar filter were 100 A(100 pixels) in the wavelength direction, 16
pixels along slices, and 1 pixel perpendicular to the slices.
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one emission line with an integrated line flux with S/N > 2. One galaxy with an active
galactic nuclei (AGN) identified by IR colors, X-ray emission, and/or the [N11]/Ha line
ratio was removed (Coil et al., 2015; Azadi et al., 2017, 2018; Leung et al., 2019). Finally,
two objects at zgs = 3.2 and 3.4 were removed as the KCWI observations lacked coverage

of Lya. These criteria result in a final sample of 27 galaxies.

5.2.3 MOSDEF-LRIS Spectroscopy

In addition to KCWI IFU observations, 16 galaxies have rest-UV slit spectroscopy
as part of follow-up observations to the MOSDEF survey with the Keck Low Resolution
Imaging Spectrometer (LRIS; Oke et al., 1995; Steidel et al., 2003). Observations were
performed over nine nights in 2017 and 2018 in the COSMOS, GOODS-S, GOODS-N, and
AEGIS fields using the Keck Low Resolution Imaging Spectrometer to obtain low-resolution
(R ~ 800 — 1300) optical spectra. The instrumental setup provided continuous spectral cov-
erage from the atmospheric cut-off at 3100A up to a typical wavelength of ~7000A, depend-
ing on the position of the slit within the spectroscopic field of view. Objects for follow-up
LRIS spectroscopy were prioritized based on strong detections of rest-optical emission lines
(HB, [Om], Ha, and [N11]), with higher priority given to objects with confirmed spectro-
scopic redshift at 1.90 < z < 2.65. For full details regarding the follow-up LRIS observations
(sample selection, data collection, and reduction), we refer readers to Topping et al. (2020)

and Reddy et al. (2022).
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5.2.4 Stellar Population Properties

In this study, we consider several global galaxy properties (e.g., star-formation rate,
stellar mass, star-formation-rate surface density). As part of the MOSDEF survey, SED fits
are available for all of the KCWI galaxies. Here, we briefly describe the models and refer
readers to Reddy et al. (2015) for more details. The models were created adopting a Bruzual
& Charlot (2003a, hereafter BC03) stellar population synthesis model, Chabrier (2003)
initial mass function, constant star formation histories (SFH), Small Magellanic Cloud
(SMC) extinction curve (Fitzpatrick & Massa, 1990; Gordon et al., 2003), and sub-solar
metallicity (Z, = 0.2825). A lower age limit of 50 Myr was imposed, based on the typical
dynamical timescale of z ~ 2 galaxies (Reddy et al., 2012). The combination of the steeper
SMC attenuation curve, which has been found to best reproduce the dust obscurations of
typical star-forming galaxies at z ~ 2 based on far-infrared data (Reddy et al., 2018a), and
sub-solar metallicity provide self-consistent SFRs with those derived using other methods
(Reddy et al., 2018b; Theios et al., 2019). The best-fit stellar population parameters and
their errors were obtained by perturbing the photometry, refitting the models, and taking
the median and dispersion in the resulting parameters, respectively.

Radiative transfer models of Lya emission have shown that redshifted, single-
peaked profiles are a signature of Lya photons backscattering from a receding galactic
outflow (e.g., Dijkstra et al., 2006; Verhamme et al., 2006). Observations suggest that out-
flow velocity may scale with the SFR, SFR surface density (Xgpr), and specific SFR surface
density (Xssrr) of a galaxy (e.g., see Weldon et al., 2022, and references therein). Together,

these results suggest that the Ly« profile may vary significantly between galaxies with dif-
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ferent SFR, Xgpr, or Ysspr. To make full use of the statistical power of the sample, we
have chosen to focus on SFR[SED] when discussing SFR as 9 galaxies (33%) lack significant
Ha and/or Hf detections necessary for dust-corrected SFRs based on these nebular lines.
The star-formation-rate surface density and specific star-formation-rate surface density are
defined as Ygrr = SFR/(27R%) and Ysspr = SFR/(27 REM,), where SFR and M, are the
star-formation rate and stellar mass from SED fitting, and Rg is the effective radius, within
which half the total light of the galaxy is contained, measured by van der Wel et al. (2014)3

using GALFIT (Peng et al., 2010) on HST/F160W images from the CANDELS survey.

5.3 Resolved spectroscopy of the Lya halos

In this section, we describe the technique for measuring spatial variations in the
Lya profile across the extended, diffuse halos. To quantify changes in the profile, we measure
six parameters: the peak velocity shift (Aveg), the full-width half maximum (FWHM), and
the asymmetry parameter (aasym) for single-peaked profiles or the peak separation (Avpeaks),
blue-to-red peak flux ratio (f,—;), and trough flux ratio (fi,) for double-peaked profiles. We
also describe the methods to measure outflow velocities from low-ionization interstellar

metal absorption lines and create 2D Lya images.

5.3.1 Fitting Lya emission

In order to investigate the variation in the Ly« halo, we first divide each galaxy
into three regions: a central continuum region (<7.3 kpc radii), an inner halo (7.3 — 14.6

kpc), and an outer halo (14.6 — 21.9 kpc). The size of these regions are set to the seeing

Shttps://users.ugent.be/~avdrwel/research.html
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Table 5.1: Global properties of the galactic property stacks

Property Bin Mean Min Max
log(SFR/Mg yr—1) Lower  0.66+0.08  0.02  1.04
Higher  1.30+£0.05  1.06  1.61
log(Xsrr/Me kpe? yr=!)  Lower  -0.80+£0.08 -1.21  -0.47
Higher  0.05+0.09  -0.40  0.55
log(Xssrr/ kpe? yr— 1) Lower -10.3840.06 -10.71 -10.18
Higher -9.62+0.10 -10.07 -9.03
Avpgs [km s Lower -168+27 -304  -101
Higher 3420 93 68

of the KCWI observations.* The 1D spectra are taken as the sum of fluxes within each
of the three regions, while the error is calculated by summing the uncertainty per pixel
in quadrature. Next, to increase the S/N of the halos, galaxies are divided into “lower”
( < Tmedian) and “higher” (z > Zyedian) bins, where “z” corresponds to the value of a given
galaxy property, see Table 5.1. Composite spectra are constructed by shifting each galaxy’s
extracted 1D spectra into the rest frame, converting flux density to luminosity density,
interpolating onto a common wavelength grid, and taking the unweighted average of the
spectra for all galaxies contributing to the composite. However, one galaxy (COSMOS 1908)
exhibits a strong, double-peaked Lya profile, which would bias any composite spectra that
included it. As such, in Section 5.4.2, we analyze this galaxy separately from the composite
Lya profiles.

Next, we fit the Ly« line in each bin and region, performing two sets of fits: a
single asymmetric Gaussian,

a2
f(A\) = Aexp (W) (5.1)

47.3 kpc corresponds to 079 at (z) = 2.4; the seeing of the KCWI observations.
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and a double asymmetric Gaussian,

9
(X)) = Aplue exp <_ (A~ Ao,btue) ) +

20p1ue(N)?

- ()‘ - )‘O,red)2>

Ared P ( 20—red(A)2

where A, A\, and o(\) are the amplitude, peak wavelength, asymmetric line width of the
single, blue, or red components, respectively. The asymmetric line width is defined as ()
= a(\- A\g) + d, where a and d describe the asymmetry and width of the profile, respectively.
Asymmetric Gaussians may provide a more robust peak position than a symmetric Gaussian
profile, and have been used to fit single-peaked (Shibuya et al., 2014; Leclercq et al., 2020)
and double-peaked (Erb et al., 2022) Ly« profiles at z = 2.

For both cases, we perform two preliminary fits and one final fit. The first pre-
liminary fit uses a linear continuum with a single or double asymmetric Gaussian to fit
the Lya emission using curve fit, a non-linear least squares fitting routine from the
scipy.optimize subpackage. We use this fit to subtract off the linear continuum and
normalize the spectra by the peak of the Lya emission. Next, we fit the normalized spectra
again with curve fit. The resulting values of this second fit are used as initial values for
the final fit, which is done using emcee, a Python Markov chain Monte Carlo (MCMC)
Ensemble sampler (Foreman-Mackey et al., 2013). We take the median values of the re-
sulting posterior probability distributions for all the model parameters. The errors on the
parameters are estimated using the 16th and 84th percentiles. Using the best-fit single- and
double-peaked models, we perform a x? difference test, adopting the double-peaked model

for the Ly« profile when the significant <0.05, otherwise adopting the single-peaked model.
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For single-peaked profiles, we derive the he peak velocity shift (Aveg) and FWHM
from the fitted parameters. Using the modeled peak wavelength, Awv.g is taken as the
velocity difference of the peak to the zero velocity. From Equation 5.1, we derive the

analytic expression for the full width at half maximum of the line as

2v21In2d

1—2Iln2a2

asym

FWHM = (5.3)

Uncertainties on the peak offset and FWHM are taken as the dispersion of 200 realizations
after perturbing the fitted parameters by their errors.

For double-peaked profiles, we measure the peak separation (Avpeaks), blue-to-red
peak flux ratio (fi,—;), and trough flux (fi;) of the line profile. Using the modeled blue and
red wavelengths, Avpcaks is taken as the velocity difference of the two peaks. The blue (red)
peak flux is measured by integrating the normalized observed profile between the points
where the data meets the error spectrum on the blue (red) side and the trough between the
peaks. The trough flux® represents the depth of the trough between the peaks and is taken
as the ratio of emission within 4+ 100 km s~! of the trough centroid to total line emission
(Erb et al., 2022). Flux uncertainties are derived by perturbing the spectra by its error
spectrum to generate 1000 realizations, remeasuring the fluxes from these realizations, and
calculating the dispersion from the realizations. The peak separation uncertainty is taken

as the dispersion of 200 realizations after perturbing the fitted parameters by their errors.

5We note that trough flux depends on spectral resolution; i.e., in a lower-resolution spectrum, it becomes
more challenging to discriminate between the peaks in the Lyman-alpha profile, decreasing the depth of the
trough and increasing the trough flux. However, we do not expect this to affect our analysis, as we are
performing a relative comparison of objects whose spectra all have a similar resolution.
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Table 5.2: Low- and high-ionization metal absorption lines

Line Aresta(A) foscb
Siir 1260.42  1.220
Oon 1302.17  0.052
Cnu 1334.53 0.129
Sitr 1526.71  0.133
Sitv 1393.76  0.513
Sirv - 1402.77  0.255
Civ  1548.20 0.190
Civ  1550.77 0.095

& Rest-frame vacuum wave-
length, taken from the
Atomic Spectra Database
website of the National
Institute of Standards and
Technology (NIST; Kramida
et al., 2022).

b Oscillator strength from
the NIST Atomic Spectra
Database.

5.3.2 Fitting Absorption lines

In addition to the Ly« emission line, the KCWI datacubes provide coverage of
several low-ionization (LIS) metal absorption lines. Due to large-scale galaxy outflows,
these absorption lines are Doppler shifted away from systemic redshift (zsys) measured from
strong rest-frame optical emission lines. Outflow velocities derived from these lines provide
an independent check as to whether the velocities from radiative transfer models are reliable.
We use a similar procedure as described in Section 5.3.1 to fit symmetric Gaussians to LIS
absorption lines in the central region of each bin. Each line is first normalized from an initial
fit using a linear continuum and Gaussian, which is then refitted with emcee. We manually
inspect the fits to each line and exclude lines if the fits were poor. The final z11g is taken

as the average z from all available interstellar absorption lines. Using the mean systemic
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redshift of the bin (zmean), we measure centroid velocities from the redshift difference:
A'ULIS _ C(ZLIS - Zmean) (54)

Uncertainties in Awrig are determined by perturbing the spectra by their corresponding
error spectra, refitting the lines, and recalculating zrig for 200 realizations.

Additionally, the relative strength of low- and high-ionization (HIS) metal absorp-
tion lines can provide insight on the presence of low-column-density channels. As LIS and
HIS metal absorption lines are typically saturated in star-forming galaxies with proper-
ties similar of those in our sample (e.g., Shapley et al., 2003), their equivalent widths are
sensitive to the gas covering fraction rather than the column density of gas. In order to
measure the equivalent widths of the LIS and HIS features (W)) in the central region, we
construct “mean” absorption profiles. For each LIS or HIS transition (see Table 5.2), the
spectral region within #5000 km s~! of the rest-frame wavelength is interpolated onto a
common velocity grid and normalized to its local continuum, taken as the median flux in
two regions bracketing the transition, -5000 — -1000 km s~* and 1000 — 5000 km s~'. The
mean absorption profile is then taken as the weighted average of the profiles. An effective

rest-frame equivalent width is measured for the profile via direct integration according to

[ f,\>
VV/\—/)\1 <1 Foom dA, (5.5)

where A\; and Ay correspond to £1000 km s~! from the rest-frame line center, f is the

the following expression:
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observed spectral flux density, and feont is the local continuum. The uncertainty on W) is
estimated by perturbing the mean profile by its error and remeasuring W for 200 realiza-

tions.

5.3.3 2D Lya Images

Along with 1D spectra, the KCWI IFU data cubes can be used to create pseudo-
narrowband Lya surface brightness images. We create 2D Ly« emission images of each
galaxy from the 3D data cubes using a similar method, as described in Song et al. (2024).
We first identify the spatial peak of the Lya emission in each data cube, then extract
the summed one-dimensional spectra from a square 9x9 pixel (2/7x2"7) region centered on
this peak. The continuum level bluewards (11601180 A; Chlue) and redwards (1269-1279
A; creq) of Lya are calculated by averaging the spectrum within these windows. Next,
two-dimensional images of Lya and the red side continuum are constructed by collapsing
the cube along the wavelength axis over the regions 1210 - 1220 A and 1269 - 1279 AS,
respectively. The red-side continuum image is then scaled by the average value of the blue-
and red-side continuum creating an underlying continuum image. Finally, the underlying
continuum image is subtracted from the Ly« image to create an emission-only Lya image.
Uncertainty images for the continuum and emission-only Ly« images are estimated from

the 2D Ly« and red-side continuum variance images.

5This region was chosen to avoid N v features at ~1240A and Si1r absorption at 1260A.
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Figure 5.1: Ly« spectral profiles and derived properties across the Ly« halo in bins of (from top
to bottom) SFR, Ygrr, Xssrr, and Avpis. Left: The Lya profile in three regions. Distance from
the center increases from left to right, starting in a central continuum region (<7.3 kpc radii), to
an inner halo (7.3 — 14.6 kpc), and an outer halo (14.6 — 21.9 kpc). The bottom row of each panel
(blue) displays the “lower” bin, while the top row (red) is the “higher” bin. Right: The properties
of the single- or double-peaked Lya profiles. The panels in the left column are the peak velocity
shift (Aveg), FWHM, and the asymmetry parameter (adasym) for single-peaked profiles, while in the
right column are the peak separation (Avpeaks), blue-to-red peak flux ratio (f,—r), and trough flux
ratio (fi,) for double-peaked profiles. Filled blue circles and red squares are values measured from
the observed “lower” and “higher” binned profiles, respectively. The error bars are typically smaller
than the symbol size.

149



5.4 Results

5.4.1 Spatial Lya Emission

Figure 5.1 presents the 1D composite Lya profiles and their properties in three
regions across the halo in two bins of SFR, YXgrr, YssFr, and Awvrs, respectively. The first
interesting feature we find is a redshifted, single-peaked Ly« profile in the central region
— regardless of the property or bin. Moving outwards to the inner and outer halo regions,
the profiles exhibit more diversity between the various properties and bins. The Ly« profile
transitions from single- to double-peaked in both bins of SFR and Awrig. On the other
hand, the profiles of the Xgpr and Ysgpr bins appear to have opposite trends with distance.
The profiles in the higher Ygpr and lower Ysgpr bins transition to double-peaked, while the
profiles in the lower ¥gpr and higher Ysspr bins remain single-peaked across the halo.

In bins that transition to double-peaked profiles in the inner and outer halo regions,
the peak separation decreases and the blue-to-red peak and trough flux ratios increase
between the inner and outer regions. These trends are similar to those presented in Erb
et al. (2022) who measured the properties of double-peaked Ly« profiles in 12 relatively
low-mass (M, ~ 109 M), extreme emission line galaxies at z ~ 2. In the lower Yspr and
higher Yssrr bins, their single-peak profiles generally become broader and more blueward
asymmetric between the central and outer halo regions. These trends of a strengthening
blue-side suggest that the profile may be doubled-peaked, but due to the faintness in the

outer halo, the blue peak is unresolved.
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Figure 5.2: Variation in the double-peaked Ly« profile of COSMOS 1908 across the Lya
halo. Upper Left: Map of the Lya peak separation. Upper Right: Map of the Lya blue-
to-red peak flux ratio. Lower Right: Map of the trough flux ratio. The solid white (black
dashed) contours indicate the surface brightness of the Ly« halo (galaxy).
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5.4.2 Case Study: COSMOS 1908

In this section, we discuss the velocity structure of the bright, extended Ly« halo
around COSMOS 1908. The rest-optical spectrum of COSMOS 1908 reveals several striking
physical properties, such as a high specific SFR, low-metallicity, young age, and dust-free
ISM; properties typical of z > 3 galaxies thought to have ionized the Universe. Weak
LIS absorption lines suggest a hard radiation field associated with low-metallicity star for-
mation. Additionally, with the detection of the auroral [O111]A4363 line, Sanders et al.
(2016) estimated an electron-temperature-based metallicity, representing one of the highest
redshift direct measurements prior to the launch of JWST.

The high signal-to-noise of the Ly« halo allows for the construction of reliable
maps of the Ly« profile across the halo using individual spaxels. In particular, as COSMOS
1908 exhibits strong doubled-peak Ly« emission, we focus on the velocity separation of the
peaks, the blue-to-red peak and trough flux ratios. For each spaxel with a S/N > 3.5, we
fit the profile with two asymmetric Gaussian functions, following the same method as for
composite spectra described in Section 5.3.1. The flux of the blue and red peaks is measured
by integrating each side of the line between the trough between the peaks and the points at
which the S/N drops below unity. The flux ratio and uncertainty are taken as the mean and
standard deviation of 1000 perturbations of the spectra by its error spectrum. The peak
separation is calculated using the fitted red and blue peak wavelengths, while its uncertainty
is taken as the dispersion of 200 realizations after perturbing the fitted parameters by their

CITors.
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Maps of the peak separation, peak and trough flux ratios are shown in Figure 5.2.
There is a clear variation in the Ly« profile across the halo. The largest peak separations
of ~550-600 km s~! occur in the eastern and central regions of the halo, while the smallest
separations of ~325 km s~! along the western edge. On the other hand, the peak flux
ratio is dominated by the red peak in the western region, transitioning to the blue peak
along the northern and southern outskirts of the halo. The trough flux ratio appears to be
minimal near the center of the halo and increases almost uniformly outwards. A dominant
red-peak Lya profile is widely interpreted as a signature of Lya photons backscattering off
a receding galactic outflow on the far side of a galaxy. However, LIS absorption lines, which
trace large-scale galactic outflows, are not observed in COSMOS 1908. The low peak flux
ratio in the western region then may imply the presence of low-column-density channels or
a low covering fraction of neutral gas cleared by previous outflow events. Radiative transfer
models indicate that the velocity separation of the blue and red peaks is due to the column
density of neutral hydrogen — with peak separation increasing with column density (e.g.,
Gronke & Dijkstra, 2016; Verhamme et al., 2017). The low peak separations along the
western edge of the 2D map appear to support a scenario of channels or a low covering
fraction easing Ly« escape from the galaxy.

The smaller peak separations, larger blue-to-red peak and trough flux ratios to-
wards the outskirts of the halo are broadly consistent with the trends seen in the composite
spectra between the inner and outer halo regions. To gain further insight into the connec-
tion between individual spaxels and their location within the halo, we perform Spearman

correlation tests between their properties and the distance from the Lya surface brightness
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peak. The peak and trough flux ratios are significantly correlated (> 30) and peak separa-
tion is not correlated with distance. Increasing blue-peak strength towards the outskirts of
the halo agrees with Erb et al. (2022) who found strong (> 50) and significant correlations
for peak flux ratio and peak separation, respectively, in 8/12 of their Ly« halos of z ~
2 galaxies, suggesting stronger correlations may only be found over a relatively large Ly«
halo. The relationship between distance and Lya profile properties is discussed in more

detail in Section 5.5.

5.4.3 Ly« surface brightness profiles and scale lengths

A complementary approach to investigate Ly« halos is to study their 2D surface
brightness. Using the same sample as in this study, Song et al. (2024) examined how
the extent of Lya halos varies with the properties of the host galaxy. The authors found
that the scale length of the halo is smaller for composite halos with lower SFR and Ygpgr,
suggesting that the fraction of Lya that escapes “down-the-barrel” is larger, possibly due
to a lower neutral gas covering fraction. Here, we extend the analysis of Song et al. (2024)
by considering the impact that outflow velocity may have on the size of the Ly« halo.

Galaxies are divided into “faster” (Avpis< AvLIS, median) and “slower” (Awvpg>
AVLIS, median) centroid outflow velocity bins. Composite 2D images are taken as the un-
weighted mean of each galaxy’s Ly« emission-only image (Section 5.3.3), while individual
uncertainty images are summed in quadrature to calculate the uncertainty of the composite

image. We use the Python package photutils to calculate the surface brightness flux
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Figure 5.3: Top: Composite Lya emission surface brightness images of the “faster”and
“slower” Awris bins. Bottom: Surface brightness profiles of composite Lya images. The
blue (red) solid line and shaded region are Ly« surface brightness profile and 1o error of the
“faster” (“slower”) bin. The blue (red) dashed lines indicate the surface brightness profiles
of the continuum images of the “faster” (“slower”) bin.

density and its uncertainty in annuli with radii r = 0 to 4”5 (18 pixel) and a width of (/15
(0.5 pixel).

The surface brightness profile of the Lya halo is usually described by a decreasing
exponential model (Steidel et al., 2011):

S (r) = Cpe~"/™

(5.6)
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where C,, is a constant and r, is the scale length. However, as the surface brightness profiles
are not monotonically decreasing, we fit the profiles with Equation 5.6 from the peak of the
profile out to 4’5. Figure 5.3 shows the composite Lya halo of the “faster” and “slower”
outflow velocity bins. The surface brightness profiles of both bins have a non-monotonic
shape with a peak at r ~1.2 arcsec and a deficiency of Lya emission within a ~0.6 arcsec
radius. However, the scale length of the Ly« halo for the “faster” outflow velocity bin
(7.0£1.4 kpc) is smaller than for the “slower” outflow velocity bin (21.44+3.3 kpc) — a 4o
difference. The difference in the scale length may be due to the “faster” outflow velocity
bin containing galaxies with outflows oriented along our line-of-sight or stronger outflows.
In either case, low-column-density channels created by the outflows would ease the escape
of Ly« photons and decrease the scale length of the Ly« halo. To test between these cases,
we calculate the average inclination of galaxies in both bins under the assumption that
the outflows are preferentially launched perpendicular to the “disk” of the galaxy. The
average inclinations of the “faster” and “slower” bins are similar within their uncertainties,
5446° and 5245°, respectively. The difference in halo scale length then seems to support
a physical picture where the “faster” outflow velocity bin hosts stronger outflows, which
create low-density channels that facilitate the escape of Lya photons.

To investigate the presence of low-column-density channels along our line-of-sight,
we compare the equivalent widths of LIS and HIS lines in the central region as proxies for
neutral and ionized metal covering fractions. If the W) of LIS lines is weaker than that of
HIS lines, it would imply that the covering fraction of neutral gas is lower, possibly due to

outflows creating channels in the ISM. We find that the “faster” outflow velocity bin has
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marginally lower LIS and higher HIS EWs (-1.6 4+ 0.2 and -2.0 4+ 0.2) compared to the
“slower” outflow velocity bin (-2.3 £ 0.2, -1.1 £ 0.3), with 2.50 differences, suggesting that
the “faster” bin may have a lower neutral gas covering fraction towards us. On the other
hand, the effect of low-column-density channels along our line-of-sight is not observed in the
Ly« profile. There is a deficiency of Ly« emission in the surface brightness profile at small
distances, suggesting that Lya photons are scattered out toward larger radii along our line-
of-sight. In the central region of the Ly« line profile (Figure 5.1), the peak of Ly« emission
is shifted several 100 km s~! from rest rather than emerging near the line center (< 100 km
s~1) expected for Lya photons escaping through low-column-density channels (e.g., Behrens
et al., 2014; Verhamme et al., 2015; Dijkstra et al., 2016; Rivera-Thorsen et al., 2017). Taken
together, we argue that the low-column-density channels in the “faster” outflow velocity bin

do not lie along our line-of-sight.

5.5 Discussion

5.5.1 Variations within Lya Halos

This study allows for the analysis of Lya emission both spatially across Ly« halos
and with the galactic properties of the host. Of particular interest is how the shape of
the profiles (i.e., single- or double-peaked) varies individually across the halo and between
galactic property bins. A generic expectation is that Lya photons that undergo scatter-
ing — those that interact with neutral gas before escaping — will produce a double-peaked

spectral profile. In the central region of all the halos, however, the Lya profile is single-
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Figure 5.4: Composite spectra of low-ionization (Top) and high-ionization (Bottom) inter-
stellar metal absorption lines for the two bins of outflow velocity. The blue (red) lines are
the spectra for the “faster” (“slower”) bin. The “faster” outflow velocity bin has marginally
lower LIS and higher HIS EWs compared to the “slower” outflow velocity bin, suggesting
that the “faster” bin may have a lower neutral gas covering fraction.

peaked, suggesting that the photons escape with few scatterings. The mechanical feedback
associated with star formation can result in strong gas outflows, which, in turn, can create
low-column-density channels in the ISM. The presence of such channels would allow Ly«
photons to escape with relatively few scatterings, thus giving rise to a single-peaked profile
near the line center (< 100 km s™'; e.g., Behrens et al., 2014; Verhamme et al., 2015; Dijk-
stra et al., 2016; Rivera-Thorsen et al., 2017). Although, these channels would have to lie
along our line-of-sight in order in order for the single-peaked profiles to be observable. At
the same time, Lya photons may also backscatter off a receding gas outflow on the far side
of a galaxy, which then shifts their frequency out of resonance, allowing them to pass back
through the galaxy without additional scatterings (e.g., Dijkstra et al., 2006; Verhamme

et al., 2006). Given the high average inclinations (>50°) of the composites and Ly« peak
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velocity offsets (>200 km s~1) observed in the central region, the single-peaked profiles are
likely due to backscattering, suggesting the presence of strong outflows among all of the
composites.

Farther out in the halo, a double-peaked profile is more likely to arise as Ly«
photons have a greater chance to undergo multiple scatterings while trying to escape. In-
deed, for 6/8 composite halos, the profiles transition to a double-peaked profile in the inner
and outer halo regions. In the lower SFR, ¥.srgr, and higher Avrg (i.e., slower) bins, this
transition may be due to slower outflows, as expected for lower star-formation activity bins,
allowing for more blueshifted Lya photons to escape. On the other hand, double-peaked
profiles are also observed in the higher SFR, ¥grr, and lower Avyg (i.e., faster) bins, which
likely host strong outflows relative to their counterparts. The transition in these bins may
suggest that the primary factor shaping their observed profile is not the kinematics, but
rather the distribution of neutral gas. Alternatively, the transition in the higher Ygrr bin
may indicate that outflowing gas experiences a sudden decrease in velocity — possibly due
to gravitational deceleration or moving through the stationary medium.

In bins that exhibit double-peaked profiles in both the inner and outer halo regions,
the peak separation decreases and the blue-to-red peak and trough flux ratios increase
between the inner and outer regions. These changes may be related to the geometry of
the halo. The decrease in peak separation can be naturally explained by lower HI column
densities, as the covering fraction of HI decreases at large radii due to the increased physical
volume of the halo (Rudie et al., 2012). Similarly, a Lya photon would travel through

less of the CGM along our line-of-sight the farther its last scattering occurs in the halo,
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thus the profile would suffer from less extinction at line center, increasing the trough flux
ratio. Finally, a strengthening blue peak in the outer region may be due to the preferential
scattering of blue-shifted Lya photons to larger radii (Zheng et al., 2010) or a decrease in

the average projected outflow velocity with distance (Li et al., 2022).

5.5.2 Radiative Transfer Modeling

Lya emission is a powerful observational tool, tracing the structure and kinematics
of neutral gas that is otherwise challenging to observe. However, the complex radiative
transfer of Lya impedes the physical interpretation of the emergent line profile. Several
radiative transfer models have been developed to connect observed Ly« profiles to properties
of neutral gas within the CGM. The most widely used model is the “shell” model, in which
the emergent Lya profile arises from photons resonantly scattering off of an expanding,
homogeneous neutral gas shell surrounding the central Lya source. Despite the simple
geometry employed, these models are able to reproduce a wide range of observed Ly«
profiles, such as single- and double-peaked profiles from Lyman break galaxies (LBGs), Ly«
emitters (LAEs), damped Ly« systems (DLAs) and Green Pea galaxies (e.g., Verhamme
et al., 2008; Vanzella et al., 2010; Krogager et al., 2013; Hashimoto et al., 2015; Yang
et al., 2016, 2017), providing insight on the properties of HI. In general, the strength of the
blue peak increases with decreasing shell velocity, while the peak separation decreases with
decreasing HI column density (e.g., Verhamme et al., 2015). However, discrepancies persist
between the modeled parameters and observational constraints from interstellar absorption
and nebular emission lines (e.g., Kulas et al., 2012; Leitherer et al., 2013; Hashimoto et al.,

2015; Orlitové et al., 2018). In particular, the outflow velocity of the shell is often lower
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than those derived from LIS interstellar absorption metal lines, the intrinsic Ly« line widths
are broader than observed Balmer lines, and the range of velocities suggested by the widths
of LIS lines are not consistent with a thin shell model (Steidel et al., 2010; Kulas et al.,
2012). These inconsistencies have motivated the use of alternate models that employ more
realistic gas structures. One such model is the “clumpy” model, which consists of cool
(~ 10* K) neutral hydrogen clumps moving within a static, hot (~ 10 K), highly ionized
inter-clump medium (ICM) (e.g., Neufeld, 1991; Hansen & Oh, 2006; Dijkstra & Kramer,
2012; Laursen et al., 2013; Duval et al., 2014; Gronke & Dijkstra, 2016). Recent studies
have shown that the clumpy models can reproduce Ly« profiles of Ly« blobs (Li et al.,
2021, 2022) and spatially resolved double-peaked profiles of LAEs (Erb et al., 2022).

To quantify the physical properties of gas across the Lya halo, we fit the composite
spectra using the radiative transfer model zELDA (Gurung-Lépez et al., 2022), an open-
source Python module. Based on the radiative transfer Monte Carlo code LyaRT (Orsi
et al., 2012), zELDA fits the observed Ly« profiles from a grid of LyaRT outputs using a
MCMC methodology. Several simple geometries are available in zELDA, such as the “shell”
model (e.g., Verhamme et al., 2006; Schaerer et al., 2011; Gronke et al., 2015), galactic wind
(Orsi et al., 2012; Gurung-Loépez et al., 2019), and moving slabs (Schaerer & Verhamme,
2008). As we are studying composite spectra averaged over many galaxies viewed from
different angles with different neutral gas covering fractions, we apply the widely studied
thin shell model. The free parameters are the outflow expansion velocity, Veyp, the HI
column density, log(Ny), and the dust optical depth, 7. As with fitting the Ly« profile

(Section 5.3.1), we take the median values of the resulting posterior probability distributions
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as the best-fit model parameters and the 16th (84th) percentile as the lower (higher) error
of each parameter.

Figure 5.5 shows the best-fit shell models to the composite spectra (black lines)
and the variation in the profile properties across the halo (open black circles and squares).
The properties of the modeled Ly« profile were derived using the same methods described
in Section 5.3.1. In the central region, the thin shell model reproduces the redshifted peak
but appears to overpredict the observed profile with the addition of an extremely faint blue
peak. In the inner and outer halo regions, the thin shell model predicts a double-peaked
profile regardless of the property or bin. As with the observed double-peaked profiles,
between the inner and outer halo, Avpears decreases, while fi,_, and fi, increase for the
modeled Ly« profiles.

Next, we turn to how the properties of the neutral gas predicted by zELDA vary in
the Lya halo, and their possible connection to the observed profiles. In Section 5.5.1, we
attributed the transition in profile shape and trends of double-peaked profile properties to
differences in the neutral gas velocity or column density. With the thin-shell modeling in

hand, we are now able to investigate these possibilities.
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Figure 5.5: Lya spectral profiles and derived properties across the Lya halo in bins of var-
ious galactic properties. Left: The Lya profile in three regions. Distance from the center
increases from left to right. The bottom row of each panel (blue) displays the “lower” bin,
while the top row (red) is the “higher” bin. The black line is the best-fit shell model from
zELDA. Right: The properties of the single- or double-peaked Ly« profiles. The panels in
the left column are the peak velocity shift (Av.g), FWHM, and the asymmetry param-
eter (aasym) for single-peaked profiles, while in the right column are the peak separation
(Avpeaks), blue-to-red peak flux ratio (f,—.), and trough flux ratio (fi;) for double-peaked
profiles. Filled blue and open black circles are measured from the observed and best-fit shell
model “lower” bin, respectively. Filled red and open black squares are measured from the
observed and best-fit shell model “higher” bin, respectively. The error bars are typically
smaller than the symbol size.
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Table 5.3 reports the best-fit values of the properties of the gas predicted by zELDA
and the chi-squared of the best fit. As shown in previous studies, by fitting the Ly« profile
alone, the shell model cannot provide reliable constraints on the dust optical depth but
can constrain the shell expansion velocity and HI column density (e.g., Gronke et al., 2015;
Gurung-Lépez et al., 2022); thus, we only report on the expansion velocity and column
density.

We first consider the transition to double-peaked profiles in the lower SFR, ¥ssrrR,
and higher (i.e., “slower”) outflow velocity bins. The double-peaked profiles may be the
result of lower neutral gas kinematics in the inner halo region due to weaker outflows.
Indeed, the shell expansion velocity decreases in the inner halo region for the lower SFR
and Yggpr bins, as expected for lower star-formation activity driving weaker outflows. On
the other hand, Vg, increases in the inner halo region of the higher outflow velocity bin.
Although, Vixp in the central and inner halo regions of each of these bins agree within 1o,
suggesting that the kinematics of neutral gas is not the primary factor in reshaping their
Lya profile. The transition may be due instead to changes in the distribution of neutral
gas. The column density of the thin shell between the central and inner halo regions in
the lower SFR and Y¥sgpgr bins varies slightly (1.60 and 0.30), while decreasing significantly
(3.40) in the higher outflow velocity bin. The distribution of neutral gas within the CGM
appears to have a large role in shaping the Ly« profile in the higher outflow velocity bin.
Although, changes in the thin shell expansion velocity and column density cannot explain

the transition to double-peaked profiles in bins of lower SFR and XggpR.
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Table 5.3: Best fit parameters of zELDA models
Quantity Bin Region Vexp log(Ng x>

fn 5] [em™?
SFR Lower Cont. 300715 19.2705 7
Inner 23078 185705 5
Outer 2120 20.1190 6

Higher Cont. 19073  20.1%57 13

Inner 2203218 19.01_8:% 2

Outer  26077% 17.7153 7
YSFR Lower  Cont. 3101“33 20.0418:% 4
8
7

Inner 320135  18.7102
Outer ~ 5073%  17.6%57
Higher Cont. 20075  20.0743 15
Inner 200735 19.0703 8
Outer 130750 182707 3
YSFR Lower Cont. 607" 20.570% 17
Inner 20130  21.170% 5
Outer 260739 183102 5
Higher Cont. 280750 19.870] 14
Inner 300735 183703 10
Outer 2107750  19.970%8 9
Avs Lower Cont. 200730 19.9701 15
Inner 2301‘}2 19.3t8:i
Outer 11073  18.670%
Higher ~Cont. 130750  20.175)
Inner 200750 18.67073
Outer 405(5)0 17.9:%:2
Expansion velocity, Vexp, and HI column density, log(Nw), of
the zELDA models. The last column provides an estimation of
the goodness of the fit in terms of reduced x?. The numbers
in the fourth and fifth columns correspond to the 50th per-

centile, while uncertainties are reported at the 16th and 84th
percentiles.

© o~
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Next, we consider the transition to double-peaked profiles in the higher SFR, YsprR,
and lower (i.e., “faster”) outflow velocity bins. As these bins likely host faster outflows, this
transition may indicate a rapid decrease in Viy,. However, between the central and inner
halo regions, Vixp remains constant in the higher ¥gpr bin and increases slightly in the
higher SFR and lower outflow velocity bins, 0.60 and 0.90, respectively. On the other
hand, there is a marginal (2.70) and significant (3.50 and 4.20) decrease in the column
density of the shell for the higher SFR, ¥grr, and lower outflow velocity bins, respectively.
The distribution of neutral gas in the CGM appears to be the primary factor shaping the
Ly« profiles in these regions.

In addition to the overall shape of the profile (i.e., single- or double-peaked),
variations in the properties of the Ly« profile (e.g., Avpeaks, fo—r) across the halo will depend
on the distribution of neutral gas in the CGM. Here, we investigate the decrease (increase)
in peak separation (blue-to-red flux ratio) between the inner and outer halo regions where
both the observations and zELDA models exhibit double-peaked profiles. In general, both
Vexp and log(Np) decrease between the inner and outer halo regions. We argue that Vex,
controls the blue-to-red flux ratio, and log(/Ny) sets the peak separation. In this framework,
photons emerging from the outer halo would undergo (1) fewer resonant scatterings due to
the decrease in column density and (2) experience smaller resonant shifts due to the slower
expansion velocity of the shell.” With fewer scatterings, the photons could escape closer to
the systemic redshift, thus decreasing the peak separation. Smaller resonant shifts would

allow more photons to escape in the blue wing of Lyman-alpha, as they would appear farther

"A possible explanation for the decrease in shell expansion velocity could be the increasing significance
of gravitational deceleration at large radii (e.g., Thompson et al., 2016; Chen et al., 2020).
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from resonance in the reference frame of the expanding, blueshifted shell approaching the
observer. However, in the SFR and lower X¢gpr bins, Vexp or log(Ng) increases in the outer
halo, while the trends in peak separation and blue-to-red flux ratio remain unchanged.
Similarly, the best-fit shell models are unable to recreate profiles with similar physical
properties. The peak separation is consistently underpredicted, while the blue-to-red and
trough flux ratios vary between under- and overpredicted. These discrepancies suggest that
the geometry of the shell model may be too simplistic, even for these less extreme Ly«
halos, and that more realistic (e.g., clumpy ISM) models should be considered to extract

robust physical information from the Ly« profile.

5.6 Conclusions

We have presented results on the spectral properties of Lya emission in a sample of
27 star-forming galaxies using KCWTI integral field spectroscopy. These objects represent a
search for Lya halos in typical star-forming galaxies with no preselection based on the down-
the-barrel Lya emission. Composite spectra were constructed in three regions across the
Lya halo in bins of various galaxy properties, and fitted with single and double asymmetric
Gaussian profiles. To quantify changes in the Ly« profile across the halo, the red peak
velocity offset, FWHM, and asymmetry in single-peaked profiles, or the peak separation,
blue-to-red peak flux ratio, and trough flux ratio in double-peaked profiles were measured.
This study allowed us to further push the analysis of spatially resolved Ly« halos towards

the larger galaxy population at z ~ 2. Our main results are as follows:
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e Redshifted single-peaked Ly« profiles are ubiquitous within a central region, while the
profiles in the inner and outer halos are more diverse. In the SFR, Avrs, lower YspR,
and higher Ygpr bins, the profiles transition to double-peaked profiles. Between the
inner and outer halo regions, the peak separation decreases, while the blue-to-red peak
and trough flux ratios increase. On the other hand, the higher ¥¢grr and lower YXgpr
bins remain single-peaked, and becoming broader and more blueward asymmetric at

large radii.

e For the brightest halo in the sample, COSMOS 1908, we measured the properties of
the Ly« profile in individual spaxels. The halo displays large azimuthal variations in
peak separation, with both regions of narrow and large separation near the outskirts
of the halo. The blue-to-red peak and trough fluxes are significantly correlated with

distance, increasing towards the outskirts of the halo, similar to the composite spectra.

e We investigated the effect of outflow velocity on the Lya surface brightness profile.
The “faster” outflow bin appears to have a smaller Lya halo than that of the “slower”
bin. This may be due to outflows clearing channels in the ISM/CGM, aiding in the
escape of Lya photons. Considering the EW of LIS and HIS lines, the faster bin
has stronger (weaker) HIS (LIS) than the slower bin, suggesting a lower neutral gas
covering fraction. However, the deficiency of Lya in the surface brightness profiles
at small distances and large velocity offset of the Ly« profiles suggest that the low-

column-density channels do not lie along our line of sight.

o We fitted the composite spectra with a uniform expanding shell radiative transfer

model. The model reproduces the redshifted single-peaked profile in the central re-
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gion, and predicts double-peaked profiles in the inner and outer halo regions, regard-
less of property or bin. When both the the observations and zELDA models exhibit
double-peaked profiles, the shell expansion velocity and HI column density decrease
as distance increases. However, the properties derived from the modeled profiles can
be significantly different than those from the observed profiles. These discrepancies
suggest that the geometry of the shell model is too simplistic. To derive physical
insights from the Ly« profile, models that employ realistic neutral gas distributions

should be considered.

The emergent Ly« profile encodes a wealth of information about neutral gas within
the CGM, where many processes crucial to galaxy evolution are regulated. Here, we have
studied the spatial variation within Lya halos in a small sample of typical star-forming
galaxies with KCWI observations. This study gives us a glimpse into the complexity of
recovering physical information from Ly« profiles in typical z ~ 2 star-forming galaxies.
To build a better understanding of the connection between gas properties and the shape of
the Lya profile, larger and deeper samples of galaxies and the continuing development of
realistic radiative transfer models are crucial. As integral field observations push towards
individual galaxies with lower masses, lower star-formation rates, and higher star-formation-
rate surface densities, we expect that use of Lya halos as probes of neutral gas kinematics

and structure will only continue to grow.
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Chapter 6

Conclusions

In order to study the cycling of gas into and out of galaxies, this work has taken
advantage of the spectroscopic coverage of the MOSDEF Survey and follow-up campaigns
with LRIS and KCWI. The combination of rest-UV and rest-optical spectra allowed outflows
and inflows to be studied on an individual galaxy basis for star-forming galaxies at z = 1.42
— 3.48. In Chapter 2, the relation between cool, low-ionized gas outflows and their host
galaxies was investigated to determine the primary driving mechanism of the outflows, the
low detection rate of gas inflows was explored in Chapter 3, strong rest-optical emission
lines were decomposed in Chapter 4 to constrain the loading factors of warm, ionized gas
outflows, and variations in the Ly« emission line profile across composite Lya halos were

investigated in Chapter 5 to quantify the distribution and kinematics of neutral CGM gas.
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6.1 Gas flows and Galaxy Evolution

To place the conclusions of this dissertation into the larger context of galaxy evo-

lution, we return to the questions presented in Section 1.3. For star-forming galaxies at z ~

1. What are the properties of their outflows?

In Chapter 2, the outflow velocity of cool, low-ionized outflows traced by rest-
UV absorption lines was measured for individual galaxies. Comparing outflow velocity to
global galactic properties revealed that only the maximum outflow velocity was marginally
correlated with SFR, such that galaxies hosting faster outflows have higher SFRs. The large
fraction of outflows among galaxies at high (>45°) inclinations, even within a rotation-
dominated sub-sample, suggests that the outflows are not well collimated. Instead, the
outflows likely have large covering fractions and, thus, are observable at high inclinations.
Limitations in the down-the-barrel observations can explain the lack of a correlation between
outflow velocity and Ygpr. The outflowing gas could uncouple from changes in Ygpgr at
large distances from galaxies, outflows and Xgpr may be related on local scales rather than
the global scales observed, or the global v,,t—>grr relation may be weak and undetectable
within the Ygrpr range probed by the sample. Within the sample, there was no strong
evidence of a threshold Ygpr or Yssrr value necessary to launch an outflow.

In Chapter 4, [O111] and Ha emission lines were decomposed into narrow com-
ponents tracing motion within galaxies and broad components tracing warm, ionized gas
outflows. Significant evidence for broad emission was found in ~10% of the sample and was

more prevalent among galaxies with higher SFRs and Ygrr. The maximum ionized outflow
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velocity, however, did not exhibit significant correlations with any galactic property and
was below the escape velocity of their host in a majority of the galaxies. Moving beyond
velocity, the mass-, energy-, and momentum-loading factors of the ionized outflows were
derived using the simple outflow model of Genzel et al. (2011) and found to be modest,
with the mass-loading factor marginally correlated with stellar mass. These results suggest
that the contribution of ionized outflows may be negligible, even during the peak of cosmic
star-formation.

Together, these two outflow phases hint at the multi-scale nature of outflows.
Absorption lines tracing cool outflowing gas are sensitive to both high- and low-density gas,
while broad emission line components trace warmer, denser outflowing gas. This difference
in density sensitivity likely leads to a difference in scales probed, with emission lines tracing
gas closer to the launching sites of outflows compared to absorption lines. Within this
context, our results suggest that outflows are connected to the regions that launch them
rather than the global properties of their host. Cool outflows have almost no correlations
with the properties of their host galaxies, while warm outflows, tracing gas on smaller
scales, in composite spectra exhibit clear trends with several galactic properties. However,
the trends presented in this work need to be confirmed over a larger range of galactic

properties with outflows detected with absorption and emission line tracers (see Section

6.2).

2. What is the primary driving mechanism of their outflows?

The primary outflow driving mechanism is predicted to affect how the velocity and

mass-loading factor of outflows scale with the SFR and stellar mass of galaxies. In Chapter
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2, the scaling between the maximum outflow velocity of cool, low-ionized gas outflows and
SFR agreed with predictions for outflows primarily driven by mechanical energy injected by
supernovae, as opposed to radiation pressure acting on dusty material. On the other hand,
the scaling of the mass-loading factor of warm, ionized gas outflows with stellar mass in
Chapter 4 was intermediate between the predicted dependence for energy- or momentum-
driven outflows, suggesting that ionized outflows are driven by a combination of these
mechanisms. Together, these results indicate that different physical mechanisms may be

responsible for driving different outflow phases.

3. What is the covering fraction of inflows?

At a conservative level, the detection of three galaxies with robust measurements
of inflowing gas traced by red-shifted rest-UV low-ionization absorption lines from a sample
of 134 galaxies in Chapter 3 implies that along a random sightline through a galaxy, the
chance of encountering inflowing gas is ~2% =+ 1%. The three inflow galaxies were found to
have higher sSFR and Xgrr compared to the remaining sample. However, no property was
unique within a larger sample of “inflowing” galaxies that included galaxies with heavily
redward skewed absorption line profiles - indicating a large fraction of inflowing gas. The
low detection rate of inflowing gas is likely related to the geometry and covering fraction
of inflowing gas. Within the entire sample, higher sSFR galaxies were found to have an
enhanced inflow covering fraction at a given inflow velocity relative to those with lower
sSFR, possibly due to thicker filaments from the IGM or an increase in the amount of

recycling gas in the CGM.
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4. What are the kinematics and distribution of neutral gas within their circumgalatic

mediums?

In Chapter 5, redshifted single-peaked Ly« line profiles were found to be ubiqui-
tous within a central region of composite Lya halos, while farther out, the profile either
remained single-peaked or transitioned to double-peaked. These profiles were fit with a
uniform expanding thin shell radiative transfer model to connect the properties of neutral
gas to the observed profiles. The model reproduced the observed redshifted single-peaked
profile within the central region and predicted double-peaked profiles in the inner and outer
halo regions, regardless of galactic property. When both the observed and modeled pro-
files double-peaked, the neutral gas shell expansion velocity and column density generally
decreased with distance. However, the large errors in the modeled properties and discrep-
ancies between the best-fit models and the observed profiles suggest that the geometry of
the shell model is too simplistic and that more realistic gas distribution models should be

considered.

6.2 Future Work

The work presented in this dissertation provides a glimpse into the complexities
that arise while studying gas cycling around z ~ 2 star-forming galaxies with direct observa-
tions. As such, there are several directions for future work that will be critical to furthering
our understanding of outflows and inflows during this important epoch. A persistent ob-
servational limitation at z ~ 2 is the relatively limited range in galactic properties probed,

often missing galaxies at the extreme ends of parameter space (e.g., very high or low stellar
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masses and SFRs). In the local Universe, samples that span several orders of magnitude
in stellar mass, SFR, or Yspr have shown that outflow velocity scales weakly with these
properties (e.g., Martin, 2005; Heckman et al., 2015). As discussed in Chapter 2, the lack of
correlations found between the velocity of cool, low-ionized gas outflows and galactic prop-
erties is likely a result of the limited range of properties probed by the MOSDEF Survey,
highlighting the need for a large parameter space to establish clear relations. Alternatively,
the properties of outflows may strongly couple to the regions that launch them rather than
the “global” properties of their host (e.g., Bordoloi et al., 2016). The upcoming arrival of
wide-field, massive multiplexing spectrographs on ground-based 8-10m telescopes, such as
MOONS on VLT and PFS on Subrau, will be of major importance for such work. Surveys
with these instruments will enable us to probe a wider range of galactic properties and
better constrain how outflow velocity scales with galactic properties, providing insight into
the nature of outflows (global or local) and their primary driving mechanism (energy- or
momentum-driven).

Another limitation of current observational studies is probing the multi-phase na-
ture of outflows. Multi-wavelength observations have demonstrated that outflows are multi-
phased, spanning up to six orders of magnitude in temperature (10 — 107 K). Beyond the
local Universe, however, studies are often limited to a single gas tracer, which only probes
a single outflow phase. Studying various outflow phases simultaneously from individual
high redshift galaxies will help constrain the total effect outflows have on galaxy evolution.
Progress on this front will require spectroscopic surveys with multiple instruments providing

broad wavelength coverage. Large rest-optical surveys with wide-field, massive multiplexing
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spectrographs will greatly increase the number of known galaxies with detections of warm,
ionized gas outflows. Smaller, targeted follow-up campaigns with different instruments can
then probe other outflow phases of those galaxies.

Another area that requires attention is constraining the properties of gas flows be-
yond their kinematics. The effects that gas flows into and out of galaxies will have depend
on several properties of the gas, such as their metallicity, electron density, covering frac-
tion, etc. Current studies can begin to estimate these properties under simple models and
with various assumptions. However, properly constraining these properties in high-redshift
galaxies will require the development of models to extract information from subtle signa-
tures in observed line profiles and observations along multiple sightlines through galaxies

to break degeneracies in the modeling, which will not be feasible in the foreseeable future.
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