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ABSTRACT

Galaxy clusters are regions of the universe which host extreme gas physics, and allow

us to probe fundamental physical properties such as dark matter, structure formation, and

baryonic properties. In the local universe, galaxy clusters host a population of galaxies

distinct from isolated galaxies. They tend to consist of galaxies with quenched or low star

formation, older stellar populations, low gas fractions, higher levels of velocity dispersion,

and elliptical shapes. In less dense areas of the universe, the fraction of galaxies with ordered

rotation, higher star formation, disky morphology, and high gas fractions increases. At z ∼ 2,

galaxies in clusters and proto-clusters are still at a stage of rapid star formation and are not

yet quenched. We observe two galaxy proto-clusters at z = 1.62 and z = 2.095 to measure

the kinematic and nebular gas properties of galaxies in these forming clusters.

We perform a kinematic and morphological analysis of star-forming galaxies at z ∼ 2

in the COSMOS legacy field using near-infrared spectroscopy from Keck/MOSFIRE and

F160W imaging from CANDELS/3D-HST. Our sample consists of cluster and field galaxies

from 2.0 < z < 2.5 with K band multi- object slit spectroscopic measurements of their

Hα emission lines. We measure Hα emission-line integrated velocity dispersions (σint) from

50 − 230 km s−1, and from these data we estimate virial, stellar, and gas masses and de-

rive correlations between these properties for cluster and field galaxies at z ∼ 2. We find

evidence that baryons (gas and stars) dominate the mass within the central effective radius.

However, we find no statistically significant differences between the cluster and the field,

and conclude that the kinematics of star-forming galaxies at z ∼ 2 are not significantly dif-

ferent between the cluster and field environments. Hα rotational velocities and gas velocity

dispersions are measured using the Heidelberg Emission Line Algorithm (HELA), which

compares directly to simulated 3D data-cubes. We examine the role of regular and irregular

morphology in the stellar mass kinematic scaling relations, deriving the kinematic measure-

ment S0.5, and finding log(S0.5) = (0.38 ± 0.07) log(M?/M�- 10) + (2.04 ± 0.03) with no
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significant offset between morphological populations and similar levels of scatter (∼ 0.16

dex). We estimate the specific angular momenta (jdisk) of these galaxies and find a slope of

0.36 ± 0.12, shallower than predicted without mass-dependent disk growth, but this result

is possibly due to measurement uncertainty at M?< 9.5. However, through a K-S test we

find irregular galaxies to have marginally higher jdisk values than regular galaxies, and high

scatter at low masses in both populations.

We measure the properties of ionized regions in galaxies in the UDS and COSMOS

proto-clusters by measuring fluxes from emission lines Hβ 4861Å, [O III] 5007Å, Hα 6563Å,

[N II] 6585Å, and [S II] 6716,6731Å. We measure gas-phase metallicity of both proto-

clusters using two metallicity indicators, including an indicator independent of ionization

parameter and electron density, finding that cluster and field galaxies in both UDS and COS-

MOS lie on the same Mass-Metallicity Relation. We find tentative evidence (∼ 2σ) that

galaxies in clusters have lower [O III]/Hβ ratios (∼ 0.2 dex) relative to the field. However,

we are limited by small numbers in the clusters and contamination by sky lines in measuring

Hβ. Results indicate that galaxies in proto-clusters have lower ionization parameter than

field galaxies at similar redshift and stellar mass, possibly due to the development of the hot

intracluster medium.
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DEDICATION

This work is dedicated to the many who have helped me along the way, the giants whose

shoulders I stand upon.

So mysterious is your world

Concealed beyond the stars

Far away from the earth

It flows one with time and dark as the night

Million shapes and colours

Are storming inside your mind

Creating endless dimensions

Forming universes without walls

Excerpt from Starchild by Wintersun, self-titled

You’re like a fart on the high wind, and nobody’s sniffin’. - Colin Witucki,

On Mankind’s Place in the Universe, December 29th, 2018.
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” Arcsecond

Å Angstroms

AGN Active Galactic Nucleus/Nuclei

BCG Brightest Cluster Galaxy

ΛCDM Dark Energy and Cold Dark Matter

BPT Baldwin, Phillips, Terlevich Diagram

HI Neutral Hydrogen

HII Ionized Hydrogen

ISM Interstellar Medium

MCMC Monte Carlo Markov Chain

HELA Heidelberg Emission-Line Algorithm

FWHM Full Width at Half Maximum

PSF Point-Spread Function

HST Hubble Space Telescope

IFU Integral Field Unit

TFR Tully-Fisher Relation

NIR Near-InfraRed

CMB Cosmic Microwave Background

MZR Mass-Metallicity Relation

viii



TABLE OF CONTENTS

Page

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii

DEDICATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

CONTRIBUTORS AND FUNDING SOURCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

NOMENCLATURE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

TABLE OF CONTENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii

LIST OF TABLES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .xviii

1. INTRODUCTION AND LITERATURE REVIEW .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 The Cosmological Context and ΛCDM .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 A History of Galaxy Properties Over Cosmic Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 Local Galaxies and Galaxy Clusters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2.2 High z Galaxies and Proto-Clusters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3 The FourStar Galaxy Evolution Survey, ZFOURGE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.4 ZFIRE: A Survey of Proto-Clusters at z = 1.62 and z = 2.09 . . . . . . . . . . . . . . . . . . 9
1.5 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2. ZFIRE: THE KINEMATICS OF STAR-FORMING GALAXIES AS A FUNC-
TION OF ENVIRONMENT AT Z ∼ 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2.1 HST Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.2.2 ZFOURGE Photometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.2.3 MOSFIRE NIR Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3.1 Hα Emission-Line Widths at z ∼ 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3.2 Virial Masses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.3.3 Estimating Gas Mass from the Kennicutt-Schmidt Relation . . . . . . . . . . . . 22

2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

ix



3. ZFIRE: 3D MODELING OF ROTATION, DISPERSION, AND ANGULAR MO-
MENTUM OF STAR-FORMING GALAXIES AT Z ∼ 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2.1 Sample Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.2.2 HST Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.2.3 MOSFIRE NIR Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.2.4 PSF Fitting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.3 Methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.3.1 Spectroscopic Fitting Method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.3.2 Fitting ZFIRE Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.4.1 Measured Kinematic Scaling Relations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.4.2 Comparison to Disk-Formation Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.4.3 Angular Momenta of SFGs at z ∼ 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.5.1 Morphology and Kinematics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.5.2 The Reliability of Kinematics From Slit Spectroscopy . . . . . . . . . . . . . . . . . . 55

3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4. NEBULAR GAS PROPERTIES OF PROTO-CLUSTERS AT Z ∼ 1.6 AND Z ∼ 2 59

4.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.2 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.2.1 Sample Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.2.2 MOSFIRE NIR Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.3 Methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.3.1 Emission Line Flux Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.3.2 Stacking Emission Lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.4.1 Gas-Phase Metallicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.4.2 BPT Diagnostics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.5 Analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.6 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5. SUMMARY AND CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.1 The Kinematics of Star-Forming Galaxies at z ∼ 2 as a Function of Environ-
ment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.2 The 3D Kinematics of Star-Forming Galaxies at z ∼ 2 . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5.3 Nebular Gas Properties and Gas-Phase Metallicities of Star-Forming Galax-

ies at z ∼ 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
5.4 Further Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.4.1 On Kinematics and Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.4.2 On Ionized Gas and Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

x



REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

APPENDIX A. HELA MODELING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

APPENDIX B. FITTING SIMULATED EMISSION LINES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

B.1 The Effects of SNR and Masking Sky Emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
B.2 Fixed and Free Turnover Radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

xi



LIST OF FIGURES

FIGURE Page

1.1 The Cosmic Microwave Background as observed by the Planck satellite. De-
spite the appearance in this image, the CMB is remarkably consistent, and
the temperature difference is only on the scale of 10−6 Kelvin. The tem-
perature variations are indications of density variations in the early universe.
Image by Planck/ESA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 The varying properties of low and high redshift star-forming galaxies. Top:
We see that local galaxies tend to have smooth, disky morphologies, low
levels of random motions, and thin disks. Bottom: Comparatively, high-z
galaxies have clumps of gas on the order of 1-2 kiloparsecs, thick disks, and
high levels of random motions. Above each model, an example image of
each type of galaxy is seen. Image from Glazebrook (2013). Reproduced by
permission of K. Glazebrook and Publications of the Astronomical Society
of Australia. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3 A proto-cluster at z ∼ 2 from the ZFIRE survey. This particular proto-cluster
consists of four merging groups. This image shows detections in the proto
cluster, and the relative deviation in density compared to the field. Image
credit: Nanayakkara et al. (2016). Reproduced by permission of the AAS. . . . . 10

2.1 Top: RGB images of three galaxies in the ZFIRE sample. ID numbers are
object IDs listed in the ZFIRE catalog (Nanayakkara et al., 2016). RGB col-
ors are from CANDELS/3D-HST imaging in F160W (Red), F140W (Green),
and F125W (Blue). Middle: Example flux and telluric corrected spectra from
the ZFIRE pipeline corresponding to the images in the top row. Here we see
the Hα and [N II] emission lines. Bottom: 1D summed spectra in black,
and the error spectrum in green. We plot the Gaussian fit to the data in red.
Masked sky regions are in grey. Reproduced by permission of the AAS.. . . . . . . 15

xii



2.2 Stellar mass vs σint of the ZFIRE galaxies. Size and color of the points refers
to the quality of the spectroscopic measurement: filled points for confirmed
line widths, outlined points for faint emission lines or emission lines partially
obscured by sky interference. Blue stars are field galaxies, and red stars are
galaxies in the z ∼ 2.09 cluster identified in Spitler et al. (2012). Character-
istic errorbars are located in the upper left, in black. We compare the ZFIRE
COSMOS sample with emission-line z ∼ 2 field galaxies from Barro et al.
(2014) (written as Ba14), Förster Schreiber et al. (2009) (written as (SINS),
and Masters et al. (2014) (written as M14). Objects with line width less than
instrumental resolution are displayed as upper limits. The bootstrapped 1σ
confidence intervals of the least-squares linear fits are shown as translucent
boxes around the best fit lines. We see no significant difference between the
best-fit relations for cluster and field. Reproduced by permission of the AAS. . 18

2.3 Left: Estimated virial masses obtained from the virial formula vs. stellar
masses. Best-fit relations are included with 1σ deviation boxes, in the same
colors as represented in Figure 2.2. Right: Virial masses binned by stellar
mass. Errors in log(M?/M�) are the width of each bin. We compare the
ZFIRE sample to the z ∼ 2 field galaxies of Förster Schreiber et al. (2009),
Barro et al. (2014), and Masters et al. (2014) to find consistent values with
extended SFGs. Reproduced by permission of the AAS. . . . . . . . . . . . . . . . . . . . . . . . . 22

2.4 Left: Virial masses obtained from the virial formula compared to estimated
baryonic masses. Baryonic masses are from the addition of stellar masses
and gas masses computed from dust-corrected Hα fluxes and the Kennicutt-
Schmidt relation (Kennicutt, 1998). We use the same colors as represented in
Figure 2.2, with characteristic errorbars for our data in black in the upper left
of the panel. Right: Virial mass binned by baryonic mass. We include 3′′ ×
3′′ RGB images of selected galaxies in each bin. Borders around the RGB
cutouts are blue for field galaxies, and red for cluster galaxies. Reproduced
by permission of the AAS.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1 Imaging of our sample. Two galaxies are shown per row. From left for
each galaxy: The F160W imaging from CANDELS/3D-HST. Center: Best-
fit GALFIT model, and if the galaxy is considered “compact”, it is noted.
Right: Residual of the fit from the data. The residual is used to determine
whether an object is regular or irregularly-shaped, and its classification is
noted in this panel. Regular galaxies are in dark blue, and are plotted as dark
blue circles in the text. Irregular galaxies are in light blue, and are plotted
as light blue stars in the text. Compact galaxies of either classification are
unfilled circles or stars. Reproduced by permission of the AAS. . . . . . . . . . . . . . . . . 31

xiii



3.2 Histograms of our galaxy populations. Light blue solid bins are irregular
galaxies, and dark blue hatched bins are regular galaxies. By applying a
two-population KS test, we find similar properties in both populations, al-
though irregulars are marginally more likely to have higher star-formation
rates. Reproduced by permission of the AAS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.3 Kinematic scaling relations of the ZFIRE sample. Irregular galaxies are light
blue stars, and the linear fit to irregular galaxies is the light blue line. Regular
galaxies are dark blue circles, and the fit is the dark blue line. Compact galax-
ies of either population are unfilled circles or stars. Galaxies with unreliable
velocity measurements are shown as upper limits. The best-fit linear relation
to the total sample is the solid red line, and the grey shaded regions show the
uncertainty in the best-fit line. The best-fit lines from Straatman et al. (2017)
are the green dashed line. Upper Left: The stellar-mass TFR. We compare to
the SIGMA sample (grey triangles) (Simons et al., 2016) and the SINS data
points (grey squares) (Förster Schreiber et al., 2009). Lower Left: As upper
left, with slope fixed to A = 0.29 for consistency with the z = 0 TFR (black
dashed) (Reyes et al., 2011) and the SINS IFU survey (pink dashed) (Cresci
et al., 2009). Upper Right: The stellar-mass S0.5 relation from Kassin et al.
(2007), which includes the contribution of σg to the total kinematics of the
system, and a comparison to Simons et al. (2016). Lower Right: Slope is
fixed to A = 0.34. We compare to their relation at 0.1 < z < 1.2 and find an
offset of 0.16±0.04 dex higher S0.5 at a given stellar mass. Reproduced by
permission of the AAS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.4 V2.2/σg of galaxies in the ZFIRE sample, showing the ratio of rotational sup-
port (measured at V2.2) and σg, pressure support. We find consistent values
between regulars and irregulars, and a clear relation between the rotational
support and stellar mass. Colors and markers are as described in Figure 3.3.
The black dashed line shows equal rotation and pressure support. Repro-
duced by permission of the AAS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.5 σg plotted against M?, values as determined by HELA models. Colors and
markers are as described in Figure 3.5. Areas below MOSFIRE instrumental
resolution are shown in the shaded region, marked by the red dotted line.
Reproduced by permission of the AAS.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.6 Relationship of our modeled σg values against dust-corrected Hα star-formation
rate from Tran et al. (2017). We compare our results to the models derived
in Krumholz et al. (2018) for local disks and high-z disks. Local and high-z
samples with Hα SFRs featured in Krumholz et al. (2018) are also shown
here. Reproduced by permission of the AAS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

xiv



3.7 Specific angular momenta of ZFIRE galaxies. Left: Specific angular mo-
menta j against M?. We compare to the z = 0.9 KROSS survey (purple
dashed) (Harrison et al., 2017), the z = 0 spiral galaxies from Romanowsky
and Fall (2012) (green dashed line), and the z = 0.1 clumpy, turbulent disk
sample of Obreschkow et al. (2015). The shaded squares show the density of
objects from the KROSS z = 0.9 survey. Right: We correct our values of j
for redshift and compare to the results of Burkert et al. (2016) (red dashed).
The shaded region shows the mass limit for the selection of galaxies used in
the Burkert et al. (2016) sample. Reproduced by permission of the AAS. . . . . . . 51

4.1 Stacked rest-frame spectra of our sample, showing Hα, [N II] , Hβ, and
[O III]. In the COSMOS sample, Hβ and [O III] are found in the MOSFIRE
H band, and Hα,[N II] , and [S II] in the K band. Black are the stacked lines,
which have been outlier-rejected. Green are the error spectrum, and pink are
the best-fit Gaussian for the measured emission lines. Red arrows at the top
of each spectrum point to the measured emission lines. Left Column: The
stacked [O III] and Hβ emission lines. In COSMOS, these lines are observed
in the MOSFIRE H band. Right: The stacked Hα, [N II] , and [S II] emission
lines. In the COSMOS sample, these lines are observed in the K band. The
Gaussian fits are used to measure stacked flux ratios. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.2 Top Left: Metallicity values as determined by the indicator presented in Pet-
tini and Pagel (2004). All emission lines are above a 2σ detection limit.
When at least one emission line shows significant sky interference, the point
is unfilled. We compare to the MOSDEF metallicity measurements (Sanders
et al., 2018) at z ∼ 2.3. Top Right: Metallicity values as determined by the
indicator presented in Dopita et al. (2016). We show our best-fit linear rela-
tions for UDS and COSMOS in their respective colors. Bottom rows: The
dotted and dashed lines in pink and lavender are theoretical measures of the
Mass-Metallicity Relation (MZR) from the Illustris simulation (Torrey et al.,
2018). Shaded regions show the scatter in the accreted populations. Central
galaxies have equivalent levels of scatter. Centrals are galaxies in the center
of their own dark matter potential (equivalent to a field sample), and accreted
galaxies are equivalent to a cluster sample. We plot the deviation from the
MZR predicted in IllustrisTNG with respect to z = 2 centrals (black dotted
line). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

xv



4.3 The stacked metallicity measurements from the sample. Top rows are metal-
licities determined from the indicator presented in Pettini and Pagel (2004),
bottom rows are determined from the indicator in Dopita et al. (2016). Mass
bins are offset for clarity. The IllustrisTNG simulations are shown in pink
and lavender, with scatter in the accreted values shown in shaded regions.
Left: Metallicity values binned by mass. The low mass bin includes galaxies
with log(M?) < 9.54, the medium mass bin from 9.54 <log(M?)< 10.1, and
the high mass bin from log(M?)> 10.1. The legend displays the number of
galaxies in low, medium, and high mass bins, respectively. Right: Metallicity
binned by environment and mass. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.4 BPT diagram of galaxies within our two fields (COSMOS and UDS). Galax-
ies with all four emission lines Hα, [N II] , Hβ, and [O III] with greater than
2σ detection limit are shown. Galaxies with one or more emission lines
with heavy sky interference are unfilled points. Colors are as in Figure 4.2.
Shaded regions are SDSS galaxies. Colored curves from Kewley et al. (2013)
are the upper-limit to the theoretical evolution of star-forming galaxies at
z = 0 and z = 2.5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.5 BPT diagram of galaxies within our two proto-clusters. We stack our galax-
ies according to their mass, environmental density, field (COSMOS or UDS),
and inferred excitation mechanism (AGN identified via radio, IR, UV, or
BPT diagram are separated from all stacks). Upper left: Stacking according
to field and environmental density, where we find no significant environmen-
tal effects in either field. Upper right: Stacking according to FAST-inferred
stellar mass. We find a stronger effect from stellar mass in both fields. Lower
left: The COSMOS z ∼ 2 sample, split into low and high mass bins in both
cluster and field. We see a ∼ 0.2 dex offset between field and cluster galax-
ies. Lower right: The UDS sample similarly separated into high and low
stellar mass bins with respect to environment, again showing a strong effect
of stellar mass on the Hα/[N II] ratio, but also an offset between cluster and
field in [O III]/Hβ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

A.1 An example of our models created in HELA. Left: Spatial intensity profile
of an infinitely thin disk galaxy, with Vt = 300 km s−1, rs = 0.5′′, rt =
0.15′′, σg= 25 km s−1, i = 30o, and ∆α = 15o. Center: The line of sight
velocity field of the galaxy to the left. Right: Emission line of the galaxy
described, convolved with a 2D Moffat profile at 0.7′′ seeing. Reproduced
by permission of the AAS.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

xvi



A.2 Imaging and best fits of galaxies in our sample. From Left: RGB images
are from F160W (red), F140W (green), and F125W (blue). The slit overlay
is shown in green and the major axis of the galaxy is shown in red. Second
from left: The LOS map is aligned with the RGB image. Center: The Hα
emission line with sky emission masked in white and continuum removed,
if present. Second from right: Best-fit emission line from HELA model-
ing, characterized by the LOS map. Right: Residual from the best-fit line.
Reproduced by permission of the AAS.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

B.1 Examples of models used in our model library. Left column: Models from
GBKFIT with 1.25′′ dither patter. Right column: Models with low MOSFIRE-
level sky noise added, with no sky emission. These are examples of our sim-
ulated observations, used to test the effectiveness of our method. Reproduced
by permission of the AAS.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

B.2 Recovery rates of V2.2 and σg for simulated MOSFIRE observations at vary-
ing SNR and portion of the emission line masked (due to sky emission).
Simulations are emission line models generated by GBKFIT, and embedded
in MOSFIRE-level sky noise. Using HELA modeling, we test our recovery
rate against (from left, top row) ∆α (slit and morphological PA offset), in-
clination, SNR, (from left, bottom row) rs (disk scale radius), rt (turnover
radius), and emission line masked fraction. All 2D histograms are plotted on
the same color scale. We tend to overestimate V2.2 by ∼10%, and underesti-
mate σg by 10%. Inclination tends to have an effect at an inclination of 30o,
where we begin overestimating our V2.2 by up to 30%. At more than half the
emission line masked, our recovery is unreliable. Reproduced by permission
of the AAS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

B.3 Recovery rates of S0.5 and V2.2/σg for simulated MOSFIRE observations.
Top: We overestimate S0.5 by within 10% of the input values. Inclination
affects recovery starting at around 30o, where we begin overestimating S0.5

by 20%. Bottom: V2.2/σg recovery is less reliable, where we tend to over-
estimate our values at around 25% of our input value with significant scat-
ter. These results indicate that the S0.5 parameter is by far the more reliable
method of measuring kinematics, and V2.2/σg values are possibly biased too
high and at high scatter. Reproduced by permission of the AAS. . . . . . . . . . . . . . . . 128

B.4 Recovery rate of jdisk for simulated MOSFIRE observations. We can reliably
recover input jdisk for objects with less than 50% of the line masked, or with
SNR>10. Reproduced by permission of the AAS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

xvii



LIST OF TABLES

TABLE Page

2.1 The least-square linear fits relation is of the form log(y) =A(log(x)-10) +B.
Errors are determined by bootstrapping the data 1000 times, and determining
the 1σ confidence intervals of the bootstrapped results. N is the number of
objects used for the linear fit. The residual quoted is the median residual
value from the best fit line. σint is in units of km s−1. We do not apply a
weight to these fits. Reproduced by permission of the AAS. . . . . . . . . . . . . . . . . . . . . 20

3.1 Morphological measurements from F160W imaging. Reproduced by per-
mission of the AAS.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2 Properties and best-fit Moffat parameters of the ZFIRE observations and slit
masks. PA is defined as east of north. Reproduced by permission of the AAS. 37

3.3 Kinematic measurements of ZFIRE galaxies using HELA. SFR is deter-
mined from the Hα flux and corrected for dust assuming a Calzetti et al.
(2000) dust law. Reproduced by permission of the AAS. . . . . . . . . . . . . . . . . . . . . . . . . 41

3.4 Values for all weighted least-square linear fits to the stellar-mass Tully-Fisher
Relation and S0.5 Relation and j-M? Relation, of the form log(y) = A(log(x)−
10.) + B. Objects more than 3σ away from the fits are rejected from the fits
to minimize the influence of outliers. Fixed values areA = 0.29 for the TFR,
A = 0.34 for S0.5, and A = 0.67 for j. Reproduced by permission of the AAS. 45

xviii



1. INTRODUCTION AND LITERATURE REVIEW

1.1 The Cosmological Context and ΛCDM

The current cosmological paradigm is Λ Cold Dark Matter, or ΛCDM. This model of

our universe states that vacuum energy, represented Λ in cosmological equations of state, is

the dominant energy in the local universe. According to recent Planck observations, Λ is

estimated to make up 73% of the universe (Planck Collaboration et al., 2018). The dominant

form of matter is Cold Dark Matter, cold meaning non-relativistic. Dark matter, which inter-

acts gravitationally with itself and baryonic (atomic) matter but not electromagnetically, has

been observed indirectly in multiple contexts, but no dark matter particle has been identified.

Dark matter is likely to be non-relativistic based on simulations of cold, warm, and hot dark

matter, which predicted that cold dark matter would form the structure of the Cosmic Web

similar to what astronomers observe. Matter is estimated to make up 27% of the universe,

but baryonic matter is estimated to make up only 4% of the universe. Baryonic matter is the

only form of matter that can be directly observed by astronomers given current instrumenta-

tion. While this work concerns itself with baryonic matter and baryonic physical processes,

our observations add important constraints on the fundamental properties of the rest of the

universe.

The universe is currently estimated to be 13.7 billion years old. The Cosmic Microwave

Background (CMB) is observational evidence of a period of rapid universal expansion,

known colloquially (and originally, disparagingly) as the "Big Bang Theory". While the

universe expanded over a period of ∼380,000 years, the universe was an opaque hydrogen

plasma, where the mean free path of a photon was so small that we are unable to observe

photons from this period. As the universe expanded, the temperature dropped, and at this

380,000 year mark (called the epoch of recombination), neutral hydrogen could form. The

neutral hydrogen could not absorb these photons, and the universe became transparent. The

1



CMB is the surface of last scattering of primordial photons, and can be used to map temper-

ature and density of the universe at this time.

The CMB is remarkably homogeneous (the average density is the same at all places)

and isotropic (there is no preferred orientation). Temperature differences are on the order

of 10−6 Kelvin (from the average temperature of 2.7 Kelvin), but these small deviations in

temperature provide the first observations of the seeds of cosmic structure (See Figure 1.1).

Denser regions of neutral hydrogen, which appear in the CMB, gravitationally accrete more

matter. Dark matter and baryonic matter collapse onto these denser regions and form the first

stars, galaxies, and galaxy clusters.

Figure 1.1: The Cosmic Microwave Background as observed by the Planck satellite. De-
spite the appearance in this image, the CMB is remarkably consistent, and the temperature
difference is only on the scale of 10−6 Kelvin. The temperature variations are indications of
density variations in the early universe. Image by Planck/ESA.

As galaxies form, they re-ionize the hydrogen gas in the universe (the methods by which

are still a very active area of research, but will not be the subject of this work). This results in

the epoch of reionization, and one method of causing this ionization is from the high flux
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of ionizing photons produced by rapid star formation. Star formation continues to increase

globally until the star-formation rate density peaks at z ∼ 2 (Madau and Dickinson, 2014).

1.2 A History of Galaxy Properties Over Cosmic Time

Here we introduce the subjects of this thesis: galaxies. Galaxies are defined as collec-

tions of stars, gas, dust, and dark matter. What differentiates them from stellar clusters (open

or globular) is the significant presence of dark matter. Galaxies form in a variety of mor-

phologies, merger and star formation histories, and environments. The history of individual

galaxies, as such, are varied and there is no one preferred mode of galaxy evolution. Even

galaxies of similar morphologies and physical properties can be formed from a variety of

evolutionary paths (Wellons et al., 2016).

In order to determine the dominant factors in galaxy evolution and the particular situa-

tions they apply to, there are two major modes of study. First is to simulate galaxies given

our current knowledge of physics. This method’s strength is in its ability to track precise and

specific evolutionary paths of individual galaxies, galaxy clusters, and galaxy properties.

Simulations can vary from dark matter only simulations (for cosmological structure forma-

tion, like Aquarius) to hydrodynamical simulations (IllustrisTNG, EAGLE, FIRE). Some

challenges of this method are due to the vast amount of computing time and power neces-

sary in these projects, and issues involving sub-grid models of stellar, active galactic nuclei

(AGN), and supernovae feedback (as these processes are still not well understood). The sec-

ond method (and the method used in this thesis) is by observing a variety of galaxies and

their physical properties, over cosmic time (from local galaxies to the current search for the

first galaxies). Then, we compare galaxy properties to local galaxies and infer evolutionary

paths. The individual evolutionary paths of galaxies cannot be measured outside of simula-

tions, but overall trends and scaling relations can be observed and matched to different stages

in the universe.

Here, we review galaxy and galaxy cluster properties in the local universe, and introduce

the properties of their higher-redshift progenitors.
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1.2.1 Local Galaxies and Galaxy Clusters

Galaxies in the local universe show diverse characteristics, indicating a variety of forma-

tion and evolution mechanisms. The earliest classification of galaxy characteristics was the

Hubble Tuning Fork, a proposed explanation for the variety of galaxy morphologies (Hubble,

1927). The fork consists of elliptical and lenticular galaxies at its base, and spiral galaxies

with and without barred centers on its tines. Irregular galaxies that do not fit into either cat-

egory are outside this model. It was originally predicted through this model that elliptical

and lenticular galaxies (deemed "early-type" galaxies) evolved into the more complex spiral

galaxies (termed "late-type" galaxies). However, current observations and simulations do not

confirm this model. Instead, elliptical galaxies are the oldest and most evolved population of

galaxies.

Recent observations instead show a more complex set of physical phenomena in these

galaxies that provides clues to their evolutionary paths. Elliptical galaxies have spherical

morphologies, dispersion-dominated dynamics, older stellar populations, and lower gas con-

tent. They also display lower star-formation rates (SFRs) in the local universe. These prop-

erties indicate earlier epochs of star formation. Spiral and lenticular galaxies (referred to

as disk galaxies in this work) have flattened structures, more ordered rotation support and

low levels of dispersion. These galaxies typically have higher gas fractions, younger stellar

populations, and higher ongoing star-formation.

A fundamental physical property of galaxies are their internal kinematics. Kinematics

can include rotation (often seen as v or V in texts), or ordered motion, and velocity dispersion

(seen as σ in literature), or random motions. Kinematics are used as tracers of gravitational

potential or mass internal to orbit using the Virial Theorem. One example of this is the

Tully-Fisher Relation (TFR) (Tully and Fisher, 1977), which was a relationship between the

HI rotation curve of a galaxy and its absolute magnitude. It was originally used as a distance

measurement, but more recently it is a tracer of dynamical mass in its form as the stellar-

mass Tully-Fisher Relation. This modification instead is a relationship between rotational
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velocity and stellar mass. Additionally the rotational velocity can often be measured using

the bright Hα emission line, which is emitted from the birth clouds that surround young O-

type stars. In star-forming galaxies, the Hα flux can be used to estimate the instantaneous

star-formation rate (Kennicutt, 1998).

The Cosmic Web is a poetic name for the large scale structure of the universe, consisting

of galaxy clusters, filaments, and voids. Galaxy clusters are the hubs of the Cosmic Web,

formed from gravitationally bound groups of galaxies connected by filaments of gas and

small galaxy groups (of 2 - 6 members). The Milky Way and Andromeda are not members

of galaxy clusters, but are in a small galaxy group called "The Local Group". Galaxy clus-

ters are giant physics laboratories, allowing astronomers to probe extreme processes involv-

ing gas interactions, dark matter physics, and hierarchical formation. In the local universe,

the dense environments of galaxy clusters have distinct galaxy populations characterized by

environmental effects on their evolution. A hot blanket of ionized hydrogen gas (the Intra-

cluster Medium, or ICM) enfolds galaxies and glows with X-ray light, composed of gas

stripped from in-falling galaxies (Reiprich and Böhringer, 2002).

In the local universe, the properties of galaxies such as their star formation rate (Lewis

et al., 2002; Grootes et al., 2017; Jarrett et al., 2017), metal content (Cooper et al., 2008;

Ellison et al., 2009), morphology (Houghton, 2015), stellar mass function (Papovich et al.,

2012), and internal dynamics (Cappellari et al., 2011) are correlated with their environmental

density. Galaxies in the cluster environment contain older stellar populations, as the gas that

forms new stars has been stripped from them (Muzzin et al., 2014; Ebeling et al., 2014) or

the accretion of gas from the surrounding environment has been cut off (van de Voort et al.,

2017). Cluster galaxies can become massive due to the increased number of interactions be-

tween them (Lotz et al., 2013), merging together to form huge galaxies with chaotic internal

motions (Cappellari et al., 2011).

Because local galaxy clusters contain members with older stellar populations and lower

SFRs, it is difficult to directly compare the properties of their constituent galaxies with iso-
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lated galaxies. The spectra of rapidly star-forming galaxies (SFGs) contains nebular emission

lines. These emission lines are emitted from the ionized Hydrogen gas that surrounds young

O-type stars, which live for a period of only 10 million years. Thus, galaxies without ongo-

ing star formation do not show strong emission lines, making it difficult to use these lines to

directly compare internal dynamics and ionized gas properties.

1.2.2 High z Galaxies and Proto-Clusters

As astronomers observe more distant galaxies, the light emitted from them takes more

time to reach our instruments. Thus, when we observe distant galaxies, we look into the

history of the universe. Due to the expansion of the universe, the light emitted from distant

galaxies is redshifted, or, the wavelength of the light is lengthened. Redshift, or z, is then a

shorthand way to refer to the age of the universe. Redshift zero or z = 0, is the local universe,

or the universe at 13.8 billion years old. However, of particular interest to this work, and to

astronomers in galaxy evolution studies, are 1 < z < 4 or the universe from 1.56 − 5.9

billion years old, which is a period of rapid star formation in all galaxy populations.

The peak of cosmic star formation was at z ∼ 2, the universe at ∼3 billion years old

(Madau and Dickinson, 2014). Galaxies in proto-clusters, even the brightest cluster galaxies

which are typically quiescent in the local universe, were forming stars at rates similar to iso-

lated galaxies (Tran et al., 2010). However, these dense environments were not dynamically

relaxed, and instead were still in the process of merging groups. Hence we refer to dense

environments as over-densities or proto-clusters, because galaxy clusters are dynamically re-

laxed systems with an X-ray emission component. The star formation seen in proto-clusters

conveniently allows astronomers to perform direct comparisons between cluster and isolated

galaxies at this redshift, unlike at local redshifts where cluster galaxies are unlikely to have

nebular emission lines.

Galaxy properties at the epoch of rapid star formation had different physical properties

from local galaxies. See Figure 1.2 for a visual example of the physical differences between

local and high redshift galaxies. In particular, galaxies tended to have smaller effective radii
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Stellar thin disk σz ~ 20 km/s, hz~200–300 pc
Stellar thick disk σz ~40 km/s, hz~1500 pc

HI gas, molecular gas, GMCs, HII regions, OBA stars
σz ~ 5 km/s, hz~50 pc

(Note thermal 104K broadening of Hα ~ 9 km/s)

z~0

HI gas, molecular gas, sGMCs?, sgHII 
regions (~1–2 kpc), OBA stars
σz ~ 50 km/s, hz~1500 pc

z~2

Figure 1.2: The varying properties of low and high redshift star-forming galaxies. Top:
We see that local galaxies tend to have smooth, disky morphologies, low levels of random
motions, and thin disks. Bottom: Comparatively, high-z galaxies have clumps of gas on
the order of 1-2 kiloparsecs, thick disks, and high levels of random motions. Above each
model, an example image of each type of galaxy is seen. Image from Glazebrook (2013).
Reproduced by permission of K. Glazebrook and Publications of the Astronomical Society
of Australia.

(van der Wel et al., 2012), higher gas fractions (Tacconi et al., 2013), higher SFRs (Erb et al.,

2006), more irregular morphology (such as gas-rich clumps), and more turbulent internal
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kinematics (Simons et al., 2017). Due to increased levels of random motions, the TFR has

high scatter at higher redshift (Kassin et al., 2007). By including a component of velocity

dispersion in measurements of overall kinematics, this scatter tightens considerably (Weiner

et al., 2006; Kassin et al., 2007).

1.3 The FourStar Galaxy Evolution Survey, ZFOURGE

Observations of higher-z galaxies have historically been limited by instrumentation. At

z ∼ 2 the diagnostic optical nebular emission lines are shifted to the near-infrared. New

infrared instrumentation, in this case the FourStar instrument on the Magellan telescope,

has allowed astronomers to push their observations to observe highly redshifted galaxies.

Additionally, new infrared instruments are attached to space telescopes such as Spitzer, the

Hubble Space Telescope, and (hopefully soon) the James Webb Space Telescope, and large

ground-based telescopes such as Keck, the Very Large Telescope, and Magellan. Both large

ground-based telescopes and space-based telescopes provide the angular resolution to ob-

serve high-redshift galaxy sizes, although the resolving of individual stellar populations or

color and metallicity gradients remains impossible.

The ZFOURGE survey (Straatman et al., 2016) used the FourStar instrument to measure

precise photometric redshifts using medium-band near-infrared filters. Medium-band filters

allow a precise measurement of spectral features such as the 4000Å break without need

for a spectrograph due to increased sampling. It was a large, deep survey of three HST

legacy fields (CDFS, COSMOS, and UDS) which provided a reference of ∼60,000 galaxies

at z > 1. The photometric redshifts provided were accurate to spectroscopic redshifts within

1 − 2%. The work of the ZFOURGE team created a reference for galaxy properties from

1 < z < 6, notably scaling relations and mass and luminosity functions for galaxies up to

z = 4 (Tomczak et al., 2014; Straatman et al., 2014; Spitler et al., 2014; Kawinwanichakij

et al., 2014; Allen et al., 2015; Straatman et al., 2015; Kawinwanichakij et al., 2016; Papovich

et al., 2015; Cowley et al., 2016; Tomczak et al., 2016; Forrest et al., 2016).

The ZFOURGE collaboration explored the effect of environment and mass on galaxy
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quenching mechanisms and stellar mass functions (Spitler et al., 2012; Kawinwanichakij

et al., 2014, 2016; Forrest et al., 2017; Kawinwanichakij et al., 2017; Papovich et al., 2018).

During this work, they identified over-dense regions at z > 1.5, most notably the COSMOS

proto-cluster at z = 2.095, prominently featured in this work. Due to the precise photometric

measurements determined by ZFOURGE, the cluster was identified using density mapping

(Spitler et al., 2012), and they did not detect X-ray emission, indicating the young age of the

cluster. Spectroscopic follow-up would later confirm the cluster and provide observations

for this work.

1.4 ZFIRE: A Survey of Proto-Clusters at z = 1.62 and z = 2.09

The ZFIRE survey (Nanayakkara et al., 2016) was a spectroscopic follow-up to two

clusters at the peak of cosmic star-formation history. The goal of this survey was to study

the formation of galaxies in cluster, and observe the physical properties of the interstellar

medium (ISM), and study the cycle of baryons between stars and gas. Observations were

taken from the MOSFIRE near-infrared (NIR) multi-object spectrograph on Keck I. The

ZFIRE observations were over a period of four years, with 12 nights awarded (7 of which

were lost due to poor weather).

Despite observational difficulties, ZFIRE spectroscopically confirmed the COSMOS proto-

cluster at z = 2.095 and derived a cluster velocity dispersion of 552 ± 52 km s−1 (Yuan

et al., 2014). Galaxies associated with the cluster, as well as observations of field galaxies

at 1.7 < z < 2.5, were analyzed extensively by the ZFIRE team. The confirmed cluster

members and relative density of galaxies from the mean density of the field are shown in

Figure 1.3. The gas-phase metallicity (Kacprzak et al., 2015), SFR (Tran et al., 2017), and

nebular gas properties (Kewley et al., 2015) were shown not to correlate with environment.

In this work, we present the kinematic scaling relations and a re-analysis of the gas-phase

metallicity and nebular gas properties of the COSMOS cluster.

The other cluster observed by ZFIRE was originally identified by Papovich et al. (2010);

Tanaka et al. (2010). This cluster was identified from Spitzer imaging, an X-ray signal, had
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Figure 1.3: A proto-cluster at z ∼ 2 from the ZFIRE survey. This particular proto-cluster
consists of four merging groups. This image shows detections in the proto cluster, and the
relative deviation in density compared to the field. Image credit: Nanayakkara et al. (2016).
Reproduced by permission of the AAS.

a prominent red sequence, and was spectroscopically confirmed at z = 1.62. The cluster

masses derived from cluster velocity dispersion (254 ± 50 km s−1) and X-ray luminosity

were consistent. The gas-phase metallicity was shown not to have any offsets from the field

(Tran et al., 2015). In this work, we present a re-analysis of gas-phase metallicity and a BPT

analysis of the nebular gas of the UDS cluster.

1.5 Outline

We begin our work by studying the integrated (overall) kinematics of cluster and field

galaxies in COSMOS. When this work was published, it was the farthest direct measurement

10



of the relationship between kinematics and environment. We used the bright Hα emission

line to measure line widths, which measure the overall kinematics (the integrated veloc-

ity dispersion, or σint). Since the kinematics trace the gravitational potential of the galaxy,

through the virial theorem we can obtain an estimate of the dynamical mass of a galaxy

(that is, the total mass of dark and baryonic matter). Additionally, because we are measuring

our kinematics from the Hα line, we can also extract the Hα flux, and apply the Kennicutt-

Schmidt Law to estimate a gas mass, and add this to the stellar mass to obtain an estimate

for baryonic mass. These measurements will be used to compare the kinematics, dynamical

masses, and baryonic masses of galaxies in the COSMOS z = 2.095 cluster and field galax-

ies. Additionally, we provide a measurement of the baryon fraction within the inner effective

radius (∼1-2 kiloparsecs).

We continue our analysis of galaxy kinematics at z ∼ 2 by modeling the separation of

the kinematic parameters V2.2 (the rotational velocity of a galaxy at 2.2re, where the disk

theoretically reaches its peak velocity (Freeman, 1970)) and σg (the gas velocity dispersion).

We separate the COSMOS sample into two morphological bins. From HST imaging, we

fit the galaxy with a Sérsic index profile, and categorize galaxies with poor fits (clumpy

morphology) into a "irregular” category, and galaxies with good fits to a "regular” category.

Because our analysis constraints on galaxy orientations, our sample of cluster galaxies was

too small to perform a reliable analysis of environment. Instead, we attempt to determine

the origin of clumpy morphology in a mixed sample by measuring the velocity, velocity

dispersion, and angular momentum. We measure these quantities using an algorithm HELA

(Heidelberg Emission Line Algorithm). HELA performs an interactive MCMC fit of a slit-

based emission line by generating 3D data cube based kinematic models. We tested HELA’s

ability to recover input galaxy kinematics in Appendices A and B.

Our study of galaxy properties in proto-clusters concludes with an analysis of galaxy

metallicity using a new strong line gas phase metallicity indicator (Dopita et al., 2016), and

by measuring the properties of the nebular gas. We measure both individual galaxies in
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the COSMOS (z = 2.095) and UDS (z = 1.62) proto-clusters, and stacked populations

binned by environment and stellar mass. By applying a new metallicity indicator, we can

disentangle the effects of ionization parameter and electron density which this indicator is

not sensitive to. Additionally, we can measure the ionization parameter and metallicity for

our populations, and use this to determine the ionization properties of both COSMOS and

UDS populations, and the effects of environment.
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2. ZFIRE: THE KINEMATICS OF STAR-FORMING GALAXIES AS A FUNCTION

OF ENVIRONMENT AT Z ∼ 2

2.1 Introduction

At z > 1, cluster galaxies have significant ongoing star formation (Rettura et al., 2010;

Tran et al., 2010; Brodwin et al., 2013; Santos et al., 2014). The presence of emission lines

in cluster galaxies at z > 1.5 provides an opportunity to investigate the effect of environment

on emission line scaling relations. Galaxy properties in the local universe depend strongly

on environment, e.g. stellar mass, gas fraction, morphology, and star formation rate (SFR)

(Dressler, 1980). However, at z ∼ 2 little evidence for environmental effects on SFR and

the Mass-Metallicity Relation (Tran et al., 2010; Kacprzak et al., 2015) and minor effects on

size (Allen et al., 2015) have been observed. Kinematics and dynamical masses, which probe

more fundamental properties of galaxies, so far have not been tested in cluster environments

at z > 1.5.

Kinematic scaling relations track how mass and luminosity are correlated and can be

interpreted in terms of stellar mass and dynamical (total) mass. Studies of local emission

line scaling relations, like the Tully-Fisher relation (TFR) (Tully and Fisher, 1977), find that

cluster and field populations follow the same trends (Mocz et al., 2012; Bösch et al., 2013).

It is unknown if environment is correlated with kinematics at higher redshifts, as few clusters

have been confirmed at z > 1.5.

Observations of field galaxies show that stellar-mass scaling relations stay relatively con-

sistent with local measurements until z ∼ 1.7 (Kassin et al., 2007; Miller et al., 2011; Di

Teodoro et al., 2016). Some observations also suggest that these relations evolve at z > 2

Reprinted with permission from "ZFIRE: The Kinematics of Star-Forming Galaxies as a Function of En-
vironment at z ∼ 2" by Alcorn, L., et al., 2016, The Astrophysical Journal Letters, Volume 825, Letter 2,
Copyright 2016 American Astronomical Society.
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(Cresci et al., 2009; Gnerucci et al., 2011; Straatman et al., 2017). This is possibly because

gas fractions are higher at these redshifts, as supported by recent observations (Daddi et al.,

2010; Tacconi et al., 2013) and predicted by simulations (Dutton et al., 2011). It is un-

clear whether cluster galaxies follow the same trends as the field, or if they evolve at higher

redshift. As such, offsets in kinematics between cluster and field galaxies could indicate dif-

ferent evolutionary states in denser environments, e.g. the increasing fraction with redshift

of post-starburst galaxies in clusters that span a range of velocity dispersions (Tran et al.,

2003).

Observations have shown that kinematics for both resolved and unresolved objects can be

tracked using integrated velocity dispersion, σint, measured with emission lines such as Hα

(for a review of kinematic surveys using this technique, see Glazebrook (2013)). Here we

present the most distant study yet to compare Hα kinematics of individual cluster galaxies

and field galaxies. Our data consists of objects measured by the ZFIRE survey (Nanayakkara

et al., 2016), including the z = 2.095 overdense region in the COSMOS field (Spitler et al.,

2012; Yuan et al., 2014).

ZFIRE targets galaxy clusters at z ∼ 2 to explore galaxy evolution as a function of envi-

ronment. ZFIRE combines deep multi-wavelength imaging with spectroscopy obtained from

Keck/MOSFIRE (McLean et al., 2012) to measure galaxy properties including sizes, stellar

masses, star formation rates, gas-phase metallicities, and the interstellar medium (Kacprzak

et al., 2015; Kewley et al., 2015; Tran et al., 2015; Nanayakkara et al., 2016).

In this work, we assume a flat ΛCDM cosmology with ΩM=0.3, ΩΛ =0.7, and H0=70. At

the cluster redshift, z = 2.09, one arcsecond corresponds to an angular scale of 8.33 kpc.

2.2 Data

2.2.1 HST Imaging

Our morphological measurements are from Cosmic Assembly Near-Infrared Deep Ex-

tragalactic Survey (CANDELS) imaging (Koekemoer et al., 2011; Grogin et al., 2011) pro-
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cessed by the 3D-HST team (v4.1 data release). For details on the reduction of CANDELS

imaging, see Skelton et al. (2014). We use GALFIT software (Peng et al., 2010) to mea-

sure galaxy sizes from the F160W imaging. Examples of CANDELS/3D-HST imaging of

galaxies in our sample can be seen in Figure 2.1.

Figure 2.1: Top: RGB images of three galaxies in the ZFIRE sample. ID numbers are
object IDs listed in the ZFIRE catalog (Nanayakkara et al., 2016). RGB colors are from
CANDELS/3D-HST imaging in F160W (Red), F140W (Green), and F125W (Blue). Middle:
Example flux and telluric corrected spectra from the ZFIRE pipeline corresponding to the
images in the top row. Here we see the Hα and [N II] emission lines. Bottom: 1D summed
spectra in black, and the error spectrum in green. We plot the Gaussian fit to the data in red.
Masked sky regions are in grey. Reproduced by permission of the AAS.

We generate a custom pipeline to fit the 161 COSMOS galaxies in ZFIRE with F160W

imaging using initial measurements of size, axis ratio (q), position angle (PA), and magnitude

from SExtractor (Bertin and Arnouts, 1996). Our constraints are adopted from the constraints

in van der Wel et al. (2014), and our point-spread function is constructed by 3D-HST. Objects

within 2” of a target galaxy are simultaneously fit with the central object. Residual images
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are visually inspected to determine the best possible fits for each galaxy. Galaxies with poor

residuals are refit using a different set of initial parameters, and rejected if a satisfactory

solution can not be obtained. Our results are consistent within 2σ to van der Wel et al.

(2012).

Errors for our GALFIT measurements are obtained by adding sky noise to the GALFIT

model, and rerunning GALFIT 200 times per object. The range of the error is obtained from

the 1σ confidence intervals.

The size of the galaxy is obtained using q and the effective radius, re, from GALFIT.

We convert this to a circularized effective radius using Re = re
√
q. The properties of our

overall population show no significant size dependence on environment. This is in conflict

with Allen et al. (2015) who find evidence that star-forming galaxies in the cluster are larger

than in the field. However, we stress that this is likely because our analysis is limited to the

smaller set of Hα−detected galaxies.

2.2.2 ZFOURGE Photometry

The COSMOS cluster was initially identified by Spitler et al. (2012) using photometric

redshifts from ZFOURGE (Straatman et al., 2016) and subsequently confirmed with spec-

troscopic redshifts from MOSFIRE (Yuan et al., 2014). ZFOURGE combines broad-band

imaging in K and the medium-band J1, J2, J3, Hs, and Hl filters to select objects using Ks-

band images with a 5σ limit of 25.3 AB magnitudes.

ZFOURGE uses FAST (Kriek et al., 2009) to fit stellar population synthesis models to

the galaxy spectral energy distributions to estimate observed galaxy properties. We assume

a Chabrier (2003) initial mass function with constant solar metallicity and an exponentially

declining star formation rate, and a Calzetti et al. (2000) dust law.

2.2.3 MOSFIRE NIR Spectroscopy

Observations were taken in December 2013 and February 2014 in the K-band filter cover-

ing 1.93-2.45 µm, the wavelength range we would expect to see Hα and [N II] at the cluster
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redshift. Targets were star-forming galaxies (SFGs) selected from rest frame UVJ colors.

Seeing varied from ∼ 0.4′′ to ∼ 0.7′′ over the course of our observations.

The spectra are flat-fielded, wavelength calibrated, and sky subtracted using the MOS-

FIRE data reduction pipeline (DRP)∗. We use a custom ZFIRE pipeline to correct for telluric

absorption and perform a spectrophotometric flux calibration using a type A0V standard star.

We flux calibrate our objects to the continuum of the standard star, and use ZFOURGE pho-

tometry to correct offsets between photometric and spectroscopic magnitudes. The final re-

sult of the DRP are flux-calibrated 2D spectra (see examples in Figure 2.1) and 2D 1σ images

used for error analysis, with a bootstrapped flux calibration error of < 10% (∼0.08 magni-

tudes). For more information on ZFIRE spectroscopic data reduction, see Nanayakkara et al.

(2016).

We extract 1D spectra from an aperture the width of the one Gaussian sigma (1σ) bound-

aries of the spatial Hα emission-line profile. Varying the aperture width does not affect our

results. The 1D Hα line width is determined by fitting a Gaussian profile to the Hα emission

line. We subtract the measured instrumental broadening in quadrature from the line width,

and convert the corrected line width to σint using the best-fit redshift from Nanayakkara et al.

(2016). Errors are calculated by adding sky noise to the observed spectrum, and refitting

1000 times.

We test if slit misalignment affects our results. After rejecting objects with ∆α > 40◦,

where ∆α is the difference between the GALFIT-measured PA and the angle of the slit,

our sample decreases to 26 objects overall, 7 in the cluster. However, our results do not

significantly change, so we conclude the slit misalignment does not significantly affect our

final results for our scaling relations or virial mass measurements and do not include galaxy

PA corrections or restrictions in our analysis.

All Gaussian line fits are visually inspected. Emission lines with sky contamination are

given a lower quality flag than emission lines without contamination, but are included in our

∗http://www2.keck.hawaii.edu/inst/mosfire/drp.html
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sample (Figure 2.2). Measurements with signatures of AGN as detected in Cowley et al.

(2016), objects completely obscured by sky emission, or objects too faint to detect manually

are excluded from our analysis. After our rejection criteria, the sample contains 75 COSMOS

galaxies, 28 of which are associated with the z ∼ 2 cluster.

Figure 2.2: Stellar mass vs σint of the ZFIRE galaxies. Size and color of the points refers to
the quality of the spectroscopic measurement: filled points for confirmed line widths, out-
lined points for faint emission lines or emission lines partially obscured by sky interference.
Blue stars are field galaxies, and red stars are galaxies in the z ∼ 2.09 cluster identified
in Spitler et al. (2012). Characteristic errorbars are located in the upper left, in black. We
compare the ZFIRE COSMOS sample with emission-line z ∼ 2 field galaxies from Barro
et al. (2014) (written as Ba14), Förster Schreiber et al. (2009) (written as (SINS), and Mas-
ters et al. (2014) (written as M14). Objects with line width less than instrumental resolution
are displayed as upper limits. The bootstrapped 1σ confidence intervals of the least-squares
linear fits are shown as translucent boxes around the best fit lines. We see no significant
difference between the best-fit relations for cluster and field. Reproduced by permission of
the AAS.

The cluster objects are defined as objects identified with three strongly over-dense regions

of the COSMOS field. In Spitler et al. (2012), these overdensities are found by computing
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surface density maps. In Yuan et al. (2014), these objects are spectroscopically confirmed

and concentrated at zc = 2.095, and are consistent with a Gaussian distribution with σz =

0.005. The redshift range for the cluster is defined to be zc±3σz. The COSMOS overdensity

velocity dispersion is measured to be σv1D = 552± 52 km s−1, and has 57 spectroscopically

confirmed members. It consists of four major groups that cover a total projected size of

3.7 × 5 Mpc2 (7.4 × 10 Mpc2 comoving). The cluster is most likely to evolve into a Virgo-

like cluster at z ∼ 0 (Yuan et al., 2014). Field objects are defined as targeted objects not

within the cluster redshift range or associated spatially with the cluster.

2.3 Results

2.3.1 Hα Emission-Line Widths at z ∼ 2

By measuring kinematics from the Hα line width, we assume that the broadening is

caused by the gravitational potential of the galaxy acting on the gas. We also use σint since it

can be measured for all galaxies, even those with unresolved rotation, and is robust against

PSF effects. σint could trace rotation, velocity dispersion, or a combination of both quantities

(Glazebrook, 2013; Barro et al., 2014; Masters et al., 2014). Hα integrated velocity disper-

sions of ZFIRE COSMOS galaxies range from ∼50-230 km s−1, an expected distribution of

values for extended (rather than compact) SFGs (Figure 2.2). The median σint is 72.8 km

s−1.

We determine a linear least-squares fit to the cluster, field, and total ZFIRE samples

(Table 2.1) normalized at log(M?)=10. The least-square linear fits relation is of the form

log(y) = A(log(x)-10) + B. The best-fit relation is bootstrapped 1000 times to determine

1σ confidence intervals of the linear fit. The best-fit log(M?)-log(σint) relations for cluster

(A = 0.28 ± 0.06, B = 1.95 ± 0.03) and field (A = 0.24 ± 0.05, B = 1.92 ± 0.03)

are consistent within 1σ (Table 2.1), indicating no evidence of environmental influence on

kinematics. The median residual of the points around each best-fit line is ∼ 0.12 dex, and

cluster and field relations overlap within this scatter. Our results do not depend on whether
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or not we apply weighting from our errors on σint.

x y Environment A B N Residual
M? σint Cluster 0.28±0.06 1.95±0.03 28 0.12

Field 0.24±0.05 1.92±0.03 47 0.13
Total 0.25±0.04 1.93±0.02 75 0.11

M? Mvir Cluster 0.86±0.16 10.23±0.08 28 0.30
Field 0.79±0.13 10.26±0.06 47 0.21
Total 0.82±0.10 10.25±0.05 75 0.24

Mbaryon Mvir Cluster 0.92±0.17 9.98±0.07 28 0.32
Field 0.87±0.12 10.04±0.05 47 0.23
Total 0.90±0.11 10.02±0.04 75 0.25

Table 2.1: The least-square linear fits relation is of the form log(y) = A(log(x)-10) + B. Er-
rors are determined by bootstrapping the data 1000 times, and determining the 1σ confidence
intervals of the bootstrapped results. N is the number of objects used for the linear fit. The
residual quoted is the median residual value from the best fit line. σint is in units of km s−1.
We do not apply a weight to these fits. Reproduced by permission of the AAS.

To quantify our ability to recover 1D line widths, we use a set of 2D emission-line models

with exponential disks, an arctangent rotation profile, and known vrot and gas σ. We add sky

noise (as measured from our data) to the modeled galaxies, and collapse each emission line

(simulated and with sky noise) to 1D line widths. We find that the simulated emission lines

with noise differ by only ∼0.01% compared to the input models.

We confirm that our results on cluster versus field do not depend on inclination correc-

tions. To correct for inclination, Straatman et al. (2017) and Price et al. (2016) assume that

the intrinsic axis ratio is q0 = 0.19. When we apply this correction, the scatter of our points

around our best-fit values decreases by ∼ 0.01 dex and the values are offset from the uncor-

rected values by 0.05 dex. If we do not correct for inclination, we tend to underestimate the

input virial mass of our modeled galaxies by ∼ 0.25 dex. However, this assumes that the

models accurately represent the true galaxy kinematics. Because an inclination correction

does require assuming an intrinsic axis ratio and applying an inclination correction does not

change our overall results, we use uncorrected σint values so that we can compare directly
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to recent results by Barro et al. (2014); Masters et al. (2014). We will explore the effects of

inclination corrections in future work.

In the right panel of Figure 2.2 we compare the ZFIRE sample to the 1D field objects of

Barro et al. (2014), the 1D field objects of Masters et al. (2014), and the 2D Integral Field

Unit (IFU) field objects of the Spectroscopic Imaging survey in the NIR with SINFONI

sample (SINS) (Förster Schreiber et al., 2009). We see consistent values of σint with SFGs

in these samples. We also have compared our emission-line kinematics with the independent

analysis of ZFIRE spectra presented by Straatman et al. (2017), and find consistent 1D line

widths with their collapsed best-fit 2D kinematic models.

2.3.2 Virial Masses

In Figure 2.3 we compare estimated virial mass to stellar mass for the COSMOS field

and cluster objects and to other high-redshift kinematic surveys. While stellar mass can

be estimated by spectral energy distribution fitting, which examines stellar populations and

colors, virial mass accounts for the total mass of the galaxy including gas and dark matter.

To calculate virial mass, we apply the virial formula

Mvir(< Re) = Ke
σ2
intRe

G
. (2.1)

For comparison to recent results by Barro et al. (2014); Masters et al. (2014), we assume a

virial factor Ke = 5. We find that our virial masses are consistent with these existing studies

and Förster Schreiber et al. (2009). Our linear best-fit relations for the cluster and field (Table

2.1) shows no significant environmental impact on our fits: cluster and field relations differ

by < 1σ.

In our analysis, we use a constant virial factor but note that Ke depends on the structural

parameters of the galaxy. Values in the literature range from Ke ∼ 2 − 10 and using, e.g.

Ke = 3.4 from Erb et al. (2006) will introduce an offset of ∼ −0.2 dex in our results.

However, we stress that the relative comparison between cluster and field does not change.
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Figure 2.3: Left: Estimated virial masses obtained from the virial formula vs. stellar masses.
Best-fit relations are included with 1σ deviation boxes, in the same colors as represented in
Figure 2.2. Right: Virial masses binned by stellar mass. Errors in log(M?/M�) are the width
of each bin. We compare the ZFIRE sample to the z ∼ 2 field galaxies of Förster Schreiber
et al. (2009), Barro et al. (2014), and Masters et al. (2014) to find consistent values with
extended SFGs. Reproduced by permission of the AAS.

2.3.3 Estimating Gas Mass from the Kennicutt-Schmidt Relation

Gas masses are estimated from the Schmidt-Kennicutt relation (referred to here as the

Kennicutt-Schmidt relation) (Kennicutt, 1998), using SFRs from Hα line fluxes corrected

for dust using the method described in Tran et al. (2017). We assume a nebular attenuation

from Cardelli et al. (1989) with RV = 3.1, and a Calzetti et al. (2000) dust law. We calculate

the SFR surface density, ΣSFR = SFR/(πR2
Hα) and use the Kennicutt-Schmidt relation to

solve for gas surface density, Σgas = Mgas/(πR
2
Hα). RHα is the circularized effective radius

in kiloparsecs, after we have applied a correction factor from Nelson et al. (2016) to estimate

the Hα radius from the stellar radius and mass. We add the estimated gas mass to the stellar

mass to derive baryonic masses.

In Figure 2.4, we show a comparison between estimated baryonic and virial masses. Ob-

jects move closer to the unity relation than in Figure 2.3 due to high gas masses (the median

gas fraction in the ZFIRE sample is 0.36, typical of the field galaxies seen in Tacconi et al.

22



(2013)). This implies most objects are baryon-dominated within one effective radius. We

again find no significant environmental impact on the values for Mbaryon vs. Mvir, relations

are consistent within 1σ. The MOSDEF survey similarly finds that field galaxies at z ∼ 2

are distributed around the 1-1 line (Price et al., 2016).

Figure 2.4: Left: Virial masses obtained from the virial formula compared to estimated
baryonic masses. Baryonic masses are from the addition of stellar masses and gas masses
computed from dust-corrected Hα fluxes and the Kennicutt-Schmidt relation (Kennicutt,
1998). We use the same colors as represented in Figure 2.2, with characteristic errorbars for
our data in black in the upper left of the panel. Right: Virial mass binned by baryonic mass.
We include 3′′ × 3′′ RGB images of selected galaxies in each bin. Borders around the RGB
cutouts are blue for field galaxies, and red for cluster galaxies. Reproduced by permission of
the AAS.

2.4 Summary

Using the Keck I MOSFIRE NIR spectrograph, we measure Hα emission lines of 28

COSMOS z = 2.095 star-forming cluster galaxies and 47 star-forming field galaxies to in-

vestigate environmental effects on high-redshift proto-clusters. Our objects are rest frame

UVJ selected star-forming galaxies with no detected X-Ray, IR, or radio AGN signatures.
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We measure Hα line widths to derive integrated velocity dispersions, σint, and use CAN-

DELS/3DHST F160W imaging to measure galaxy sizes.

We derive high-redshift emission-line kinematic scaling relations and did not find any

significant environmental effects; cluster and field least-squares linear relations were consis-

tent within error. Compared to previous multi-slit and IFU kinematic surveys of the z ∼ 2

field, (Barro et al., 2014; Masters et al., 2014; Förster Schreiber et al., 2009), we find consis-

tent results in the M?-σint relation with extended SFGs.

We estimate virial masses (which includes stellar, dark matter, and gas mass) for our

galaxies from our gas kinematics. Gas masses were derived from dust-corrected Hα star-

formation rates and the Kennicutt-Schmidt relation, and added to stellar masses to estimate

baryonic masses. The median values for log(Mvir/M?) and log(Mvir/Mbaryon) are 0.30 and

0.07, respectively. We find consistent values between baryonic and virial mass estimates,

showing baryon dominance within one effective radius from the center of these galaxies.

There is no statistically significant evidence of environmental impacts on our sample; cluster

and field best-fit relations in M?-Mvir and Mbaryon-Mvir are consistent within 1σ.

Our results demonstrate that the integrated gas kinematics of SFGs in the z = 2.095

overdensity are not strongly dependent on environment. Further studies of z > 1.5 cluster

galaxies are needed to confirm our results. In addition, studies of z > 1.5 cluster galaxy

absorption-line kinematics would also provide an opportunity to compare gas and stellar

kinematics. In future work we will present an analysis of the Tully-Fisher relation of our

galaxies to investigate the contributions of rotational velocity and velocity dispersion as a

function of environment.
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3. ZFIRE: 3D MODELING OF ROTATION, DISPERSION, AND ANGULAR

MOMENTUM OF STAR-FORMING GALAXIES AT Z ∼ 2

3.1 Introduction

The ΛCDM model predicts galaxies build their angular momentum through tidal interac-

tions until the dark matter halo virializes (White and Rees, 1978; Fall and Efstathiou, 1980;

Mo et al., 1998). Dark matter-dominated gravitational potentials accrete primordial gas,

which collapses into galaxy disks. The angular momentum of the baryonic disk of a galaxy

has been shown to correlate with the angular momentum of the dark matter halo in the over-

all population of star-forming galaxies (SFGs), and is therefore a fundamental indicator of

the total (baryonic and dark matter) growth of galaxies (Emsellem et al., 2007; Romanowsky

and Fall, 2012; Obreschkow and Glazebrook, 2014; Cortese et al., 2016).

As the baryonic matter collapses to form a disk, angular momentum will be subject to

change due to gas accretion or merging events (Vitvitska et al., 2002; Lagos et al., 2017;

Penoyre et al., 2017). In the case of cold gas accretion, as matter accretes onto the gravita-

tional potential, a torque on the galaxy can be exerted and the angular momentum increases

with time (White, 1984; Kereš et al., 2005; Sales et al., 2012; Stewart et al., 2013; Danovich

et al., 2015). In the case of minor or major mergers, the angular momentum can increase

or decrease based on the geometry of the merger itself (Vitvitska et al., 2002; Puech et al.,

2007; Naab et al., 2014; Rodriguez-Gomez et al., 2017). However in a number of cases, both

observed and simulated, galaxies with clear signs of disrupted morphology show coherent

rotation (Hung et al., 2015; Turner et al., 2017; Rodriguez-Gomez et al., 2017). This could

be caused by a merger that is at the correct orientation to increase the angular momentum of

Reprinted with permission from "ZFIRE: 3D Modeling of Rotation, Dispersion, and Angular Momentum
of Star-Forming Galaxies at z ∼ 2" by Alcorn, L., et al., 2018, The Astrophysical Journal, Volume 858, Article
47, Copyright 2018 American Astronomical Society.
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the system. If major mergers are a significant part of galaxy evolution, then we should see a

large scatter in angular momentum relations.

The mass - angular momentum plane can be mapped to the Fundamental Plane for spi-

ral galaxies (Obreschkow and Glazebrook, 2014), and the projection of this plane forms the

Tully-Fisher Relation (TFR, Tully and Fisher, 1977). However, high gas masses drive fun-

damental differences between local and high-redshift galaxies, most notably by increasing

the star-formation rate (SFR), the increasing thickness of disks, the formation of large star-

forming clumps, and the increased contribution of the gas velocity dispersion (σg) to the

total kinematics of SFGs (Tacconi et al., 2010; Daddi et al., 2010; Obreschkow et al., 2016).

The increase in σg could also be affected by cold-mode accretion or merging events, which

could cause disk instabilities or loss of angular momentum (Hung et al., 2015). Kassin et al.

(2007) accounted for the increased scatter of the TFR by including σg in the kinematic quan-

tity S0.5. The scatter of the S0.5-M? relation is smaller than the scatter of the stellar - mass

TFR at all redshifts. V2.2/σg is also used in multi-object slit spectroscopic surveys to quan-

tify the rotation support against random motions (Price et al., 2016; Simons et al., 2017).

However, significant scatter still remains in the TFR, S0.5, and V2.2/σg spaces explored by

recent high-redshift surveys. Median values of these datasets demonstrate the decrease of

σg and increase of Vrot with time and stellar mass, possibly indicating kinematic downsizing

and the formation of disky SFGs (Kassin et al., 2007; Simons et al., 2016, 2017).

In this work, we investigate the relationship between irregular morphology and kine-

matics. Due to the availability high-resolution photometry by the Hubble Space Telescope

(HST), we can examine the morphologies of galaxies at z ∼ 2, in conjunction with the

kinematic signatures provided by Keck/MOSFIRE (McLean et al., 2012). This will provide

morphological signatures of recent merging events and irregular structure for our sample,

which will allow us to determine if these morphologies are correlated with any kinematic

effects such as increased σg, or an increased scatter in kinematic scaling relations in possible

merging events.
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These processes have been explored extensively and with great spatial precision in IFU

surveys (Epinat et al., 2009; Law et al., 2009; Förster Schreiber et al., 2009; Swinbank et al.,

2012; Wisnioski et al., 2015) (for a thorough review of these surveys, see Glazebrook, 2013).

However, since IFU data requires light from a source to be separated into different spaxels

rather than integrated into a single slit, low-mass (log(M?/M�) < 10.5) and faint galaxies

are not well-represented by these data (Wisnioski et al., 2015; Burkert et al., 2016). Addi-

tionally, these surveys also tend to exclude morphologically complex galaxies and galaxies

with misaligned kinematic and morphological position angles (PA), as well as galaxies with

V2.2/σg< 2.

In contrast, surveys utilizing slit spectroscopy are more sensitive to low-mass and faint

galaxies. Multi-object slit surveys demonstrate that the low-mass population is sensitive

to the processes which affect angular momentum (Simons et al., 2016). These processes

include star-formation feedback, disk instabilities caused by rapid accretion of surrounding

gas, or mergers. This population is often more dispersion-supported and irregularly shaped

than the higher mass population at z ∼ 2. These low-mass objects can provide evidence

for which processes shape galaxy evolution at the peak of cosmic star-formation history.

In addition,slit surveys can measure larger data sets, over a variety of properties such as

mass, luminosity, and environment. Here, we attempt to bridge the gap between IFU and

slit surveys. To investigate the effects of slit against IFU spectroscopy, we simulate IFU data

cubes, and project them through a slit to create a slit observation of an emission line.

Our data consist of objects from the COSMOS field (Capak et al., 2007) measured by

the ZFIRE survey (Nanayakkara et al., 2016), including a z = 2.095 confirmed over-dense

region in the COSMOS field (Spitler et al., 2012; Yuan et al., 2014). ZFIRE† targets galaxy

clusters at z ∼ 2 to explore galaxy evolution as a function of environment. ZFIRE com-

bines deep multi-wavelength imaging with spectroscopy obtained from MOSFIRE to mea-

sure galaxy properties including sizes, stellar masses, star formation rates, gas-phase metal-

†zfire.swinburne.edu.au
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licities, and the interstellar medium (Kacprzak et al., 2015; Kewley et al., 2015; Tran et al.,

2015; Kacprzak et al., 2016; Alcorn et al., 2016; Nanayakkara et al., 2016; Tran et al., 2017;

Straatman et al., 2017; Nanayakkara et al., 2017).

In this work, we assume a flat ΛCDM cosmology with ΩM=0.3, ΩΛ =0.7, and H0=70. At

the cluster redshift, z = 2.095, one arcsecond corresponds to an angular scale of 8.33 kpc.

3.2 Data

3.2.1 Sample Selection

Our sample is drawn from the ZFIRE survey (Nanayakkara et al., 2016), a spectroscopic

follow-up of ZFOURGE photometry (Straatman et al., 2016). To summarize, we identify

star-forming galaxies (SFGs) within a photometric redshift range of 1.7 < z < 2.5 in

ZFOURGE NIR imaging of COSMOS fields. ZFOURGE combines broad-band imaging

in Ks and the medium-band J1, J2, J3, Hs, and Hl filters to select objects using Ks-band

images with a 5σ limit of 25.3 AB magnitudes. Rest-frame UVJ colors are used to identify

SFGs, which will have prominent emission lines. Objects with radio, infrared, ultraviolet, or

x−ray indications of AGN activity (identified via Cowley et al., 2016) are rejected from this

analysis.

The COSMOS proto-cluster was initially identified in Spitler et al. (2012) using photo-

metric redshifts from ZFOURGE and subsequently confirmed with spectroscopic redshifts

from MOSFIRE (Yuan et al., 2014). This over-density consists of four merging groups, and

is projected to evolve into a Virgo-like cluster at z = 0. Cluster members are identified to

redshifts within 2.08 < z < 2.12.

ZFOURGE uses FAST (Kriek et al., 2009) to fit Bruzual and Charlot (2003) stellar pop-

ulation synthesis models to the galaxy spectral energy distributions to estimate observed

galaxy properties. After spectroscopic redshifts were obtained on MOSFIRE, objects were

run in FAST using the spectroscopically confirmed redshifts rather than the photometric

redshifts, providing our stellar masses and attenuation values (AV ). We assume a Chabrier
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(2003) initial mass function with constant solar metallicity and an exponentially declining

star formation rate, and a Calzetti et al. (2000) dust law.

3.2.2 HST Imaging

Our morphological measurements are from the Cosmic Assembly Near-Infrared Deep

Extragalactic Survey (Grogin et al., 2011; Koekemoer et al., 2011, CANDELS) imaging

processed by the 3D-HST team (v4.1 data release) (Skelton et al., 2014). Our PSF is also

constructed by the 3D-HST team. We use GALFIT software (Peng et al., 2010) to measure

galaxy sizes from the F160W imaging. At z ∼ 2, F160W corresponds to rest-frame g-band.

Our morphological fitting is summarized in Alcorn et al. (2016) but we briefly repeat here.

We generate a custom pipeline to fit the 161 COSMOS galaxies in ZFIRE with F160W

imaging using initial measurements of size, axis ratio (q), position angle (PA), and magnitude

from SExtractor. Objects within 2′′ of a target galaxy are simultaneously fit with the central

object. Residual images are visually inspected to determine the best possible fits for each

galaxy. Galaxies with poor residuals are re-fit using a modified set of initial parameters.

Galaxies were restricted to Sérsic indices (n) between 0.2 − 8.0. If objects iterated to the

boundaries of our Sérsic constraints, they were refit with a fixed Sérsic index (n = 1.0 for

objects which went to n = 0.2, and n = 4.0 for objects which went to n = 8.0) Our results

are consistent within 2σ to van der Wel et al. (2014) (see Table 3.1).

25 objects in our final sample are considered to be regular galaxies by evaluation of

GALFIT residuals. Examples of our sample showing regular and irregular galaxies by our

criteria are shown in Figure 3.1. To determine the presence of irregular morphology or

tidal features, we examine residual images. Using segmentation maps from SExtractor, we

isolate the individual galaxies and measure the residual, the sky flux, and the flux of the

original object. If residual levels are at more than 2 times the level of the sky, and more

than 25% of the flux of the original object remains, we determine the presence of significant

artifacts. If residual images show significant artifacts, which indicate that a Sérsic profile is

a poor or unreliable fit to the object, they are flagged as irregulars, although this population
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ID Cluster/Field Regular/Irregular Re (arcseconds) Sersic Index Axis Ratio PA
1814 Field Irregular 0.29±0.01 1.0±0.0 0.8±0.0 -11.6±3.7
1961 Field Regular 0.28±0.01 0.4±0.1 0.6±0.0 68.6±2.3
2715 Cluster Irregular 0.46±0.01 0.9±0.1 0.6±0.0 -87.4±1.3
2723 Cluster Irregular 0.13±0.11 2.6±5.4 0.9±0.9 20.7±32.7
2765 Field Irregular 0.34±0.01 4.0±0.0 0.7±0.0 -87.8±2.0
3074 Field Irregular 0.46±0.01 1.0±0.0 0.5±0.0 -55.7±0.8
342 Field Regular 0.38±0.01 0.8±0.0 0.5±0.0 44.7±0.6
3527 Field Irregular 0.38±0.01 0.9±0.0 0.5±0.0 -12.8±0.5
3532 Cluster Irregular 0.20±0.01 0.9±0.1 0.4±0.0 -54.4±0.9
3619 Field Irregular 0.25±0.01 0.7±0.2 0.2±0.0 37.1±1.3
3633 Cluster Regular 0.59±0.01 0.8±0.1 0.3±0.0 -85.1±0.6
3655 Field Irregular 0.54±0.01 0.7±0.0 0.9±0.0 44.5±2.6
3680 Field Irregular 0.34±0.01 0.6±0.1 0.5±0.0 -11.6±1.6
3714 Field Irregular 0.32±0.01 0.9±0.0 0.7±0.0 1.3±0.2
3842 Cluster Irregular 0.43±0.01 0.9±0.0 0.5±0.0 -54.9±0.6
3844 Field Irregular 0.66±0.02 1.0±0.0 0.7±0.0 -60.8±1.8
3883 Field Regular 0.19±0.01 0.9±0.2 0.8±0.1 29.3±9.3
4010 Field Regular 0.29±0.01 0.6±0.1 0.6±0.0 -8.7±1.0
4037 Field Regular 0.38±0.01 0.6±0.0 0.7±0.0 -52.9±1.7
4091 Cluster Regular 0.33±0.01 0.3±0.1 0.5±0.0 -88.5±0.5
4099 Field Irregular 0.38±0.01 1.2±0.1 0.8±0.0 -11.1±3.8
4267 Field Regular 0.30±0.01 1.0±0.0 0.3±0.0 29.4±1.3
4461 Field Regular 0.30±0.01 4.0±0.0 0.9±0.1 -83.6±1.5
4488 Field Regular 0.35±0.01 0.6±0.1 0.5±0.0 -71.3±1.2
4645 Cluster Regular 0.33±0.01 0.4±0.1 0.3±0.0 -0.6±0.9
4724 Field Regular 0.68±0.22 8.0±2.0 0.3±0.0 -82.4±1.5
4746 Field Regular 0.14±0.01 0.9±0.1 0.5±0.0 -59.2±2.7
4796 Field Regular 0.29±0.01 0.8±0.1 0.4±0.0 85.8±1.7
4930 Cluster Irregular 0.39±0.01 1.0±0.0 0.1±0.0 88.6±0.5
5269 Cluster Regular 0.54±0.01 0.5±0.0 0.5±0.0 -15.9±0.8
5342 Field Regular 0.14±0.01 1.0±0.2 0.4±0.0 10.3±2.3
5408 Cluster Regular 0.24±0.01 1.0±0.1 0.6±0.0 -76.9±2.1
5630 Field Regular 0.38±0.01 1.4±0.1 0.3±0.0 -34.8±0.5
5745 Cluster Regular 0.10±0.01 2.7±0.6 0.8±0.1 -37.1±12.1
5870 Cluster Regular 0.38±0.01 0.7±0.0 0.7±0.0 -75.8±2.1
6485 Field Regular 0.33±0.01 1.1±0.1 0.6±0.0 89.5±0.5
6908 Field Irregular 0.51±0.01 0.5±0.0 0.9±0.0 -15.2±2.1
6954 Field Regular 0.24±0.01 0.6±0.1 0.3±0.0 -34.9±1.0
7137 Field Regular 0.36±0.01 1.1±0.1 0.7±0.0 -83.6±1.7
7676 Field Irregular 0.54±0.01 0.7±0.1 0.2±0.0 26.4±0.5
7774 Field Regular 0.24±0.01 1.2±0.2 0.8±0.1 -52.1±10.4
7930 Cluster Irregular 0.53±0.03 2.5±0.2 0.2±0.0 13.1±0.5
8108 Field Irregular 0.29±0.01 1.0±0.0 0.4±0.0 -34.8±1.2
9571 Cluster Regular 0.48±0.03 4.0±0.0 0.6±0.0 11.0±2.9

Table 3.1: Morphological measurements from F160W imaging. Reproduced by permission
of the AAS.
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could include both irregulars and merging objects. Conversely, regulars show no significant

residuals (residual levels are less than 2 times sky levels and less than 25% the flux levels

of the object) when fit with a Sérsic profile. These values were determined empirically,

although small changes do not significantly change our results.

Figure 3.1: Imaging of our sample. Two galaxies are shown per row. From left for each
galaxy: The F160W imaging from CANDELS/3D-HST. Center: Best-fit GALFIT model,
and if the galaxy is considered “compact”, it is noted. Right: Residual of the fit from the
data. The residual is used to determine whether an object is regular or irregularly-shaped,
and its classification is noted in this panel. Regular galaxies are in dark blue, and are plotted
as dark blue circles in the text. Irregular galaxies are in light blue, and are plotted as light
blue stars in the text. Compact galaxies of either classification are unfilled circles or stars.
Reproduced by permission of the AAS.

31



Figure 3.1 Continued. Reproduced by permission of the AAS.

In both cases, the presence of close companions was neglected in the absence of strong
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Figure 3.1 Continued. Reproduced by permission of the AAS.
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Figure 3.1 Continued. Reproduced by permission of the AAS.

residuals, as we cannot spectroscopically confirm the redshifts of nearby objects. This

method is possibly biased toward classifying smaller galaxies (< 0.3′′) as regular galax-

ies, because residual values are only measured in areas identified as being associated with

the original object. Additionally, objects that are photometrically irregular may be kinemati-

cally regular, such as clumpy disks, and may not be distinct from regular galaxies apart from

their photometry. When comparing our populations through a two-population KS test, we

find a similar distribution of stellar masses from 9.0 ≤ log(M?) ≤ 11.0 and Sérsic index

from 0.2 < n < 8.0. See Figure 3.2.

We include a category of “compactness” in our final sample, where objects with an ef-

fective radius re smaller than the HST F160W PSF FWHM (re < 0.19′′, or 1.58 kpc at

z = 2.095) Skelton et al. (2014) are compact. These objects are marked as unfilled points in

our figures and are morphologically unresolved. From van der Wel et al. (2014) the median

size of late-type galaxies at z ∼ 2 in our M∗ range is 2-4 kpc, thus we are confident that

our adopted compactness threshold of 1.58 kpc is appropriate. This is in contrast to objects

that are kinematically unresolved, where their diameter is less than the seeing limit (See
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Figure 3.2: Histograms of our galaxy populations. Light blue solid bins are irregular galax-
ies, and dark blue hatched bins are regular galaxies. By applying a two-population KS test,
we find similar properties in both populations, although irregulars are marginally more likely
to have higher star-formation rates. Reproduced by permission of the AAS.

Table 3.2). 21 galaxies in this sample are kinematically unresolved. The velocity of these

unresolved sources is often underestimated (Newman et al., 2012), but we include compact

objects with reliable velocity measurements (Section 3.2.2).
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3.2.3 MOSFIRE NIR Spectroscopy

Observations were taken in December 2013 and February 2014 in the K-band filter cov-

ering 1.93-2.45 µm, the wavelength range we would expect to see Hα and [N II] at the cluster

redshift. Seeing varied from ∼ 0.4′′ to ∼ 1.3′′ over the course of our observations.

The spectra are flat-fielded, wavelength calibrated, and sky subtracted using the MOS-

FIRE data reduction pipeline (DRP)‡. A custom ZFIRE pipeline corrected for telluric absorp-

tion and performed a spectrophotometric flux calibration using a type A0V standard star. We

flux calibrate our objects to the continuum of the standard star, and use ZFOURGE pho-

tometry as an anchor to correct offsets between photometric and spectroscopic magnitudes.

The final result of the DRP are flux-calibrated 2D spectra and 2D 1σ images used for error

analysis. For more information on ZFIRE spectroscopic data reduction and spectrophoto-

metric calibrations, see Nanayakkara et al. (2016). 1D spectra and catalogs are available to

the public on the ZFIRE website.

From spectroscopic observations, we reject objects with only one identified emission

line, without morphological measurements, or with AGN signatures (Cowley et al., 2016),

leaving 92 SFGs with K band spectroscopy.

3.2.4 PSF Fitting

The assumed PSF for an observation plays a role in the recovery of accurate velocities,

as the mischaracterization of the shape of the PSF can result in an underestimation of the

velocity. In most cases, a Gaussian PSF with a FWHM given by seeing conditions is con-

volved with the emission-line fit, but in recent work it has been shown that on the MOSFIRE

instrument, a Moffat profile is a better fit to the PSF (Straatman et al., 2017). Therefore we

fit and apply Moffat PSFs to all objects in our sample.

To determine our PSF, we create a 2D Moffat-profile simulated star. We collapse this star

into a flat spectral profile and sum along the wavelength component to estimate the spatial

‡http://keck-datareductionpipelines.github.io/MosfireDRP/
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1D profile of the star, and subtract the profile on either side of the peak at the positions of our

dithering pattern (1.25′′) to correctly account for any effect of the dither pattern on the wings

of the PSF. Then for each observed mask, we sum along the wavelength plane to determine

the spatial profile of our flux monitor star. We leave the Moffat parameters α and β free and

fit the Moffat profile given as

PSF (r) =
β − 1

πα2

[
1 +

( r
α

)2
]−β

, (3.1)

to our observed flux monitor stars, and use the best-fit values for the Moffat parameters

to apply to our Moffat convolution kernel when we fit our emission lines. If the wings of the

best-fit Moffat profile appear to over-fit the observed star, we fix β = 2.5 and refit to find

α. The best fit Moffat parameters used to generate our emission line models can be seen in

Table 3.2.

Date Mask Name Average Seeing (”) α β PA (degrees)
Dec 2013 Shallowmask1 0.7 0.601 2.487 134
Dec 2013 Shallowmask2 0.68 0.581 2.5 -47.3
Dec 2013 Shallowmask3 0.7 0.674 2.778 14.8
Dec 2013 Shallowmask4 0.67 0.516 2.574 -63
Feb 2014 DeepKband1 1.27 1.031 2.5 2
Feb 2014 DeepKband2 0.7 0.656 2.599 -62
Feb 2014 KbandLargeArea3 1.1 1.021 2.5 59
Feb 2014 KbandLargeArea4 0.66 0.489 2.525 2

Table 3.2: Properties and best-fit Moffat parameters of the ZFIRE observations and slit
masks. PA is defined as east of north. Reproduced by permission of the AAS.

3.3 Methods

3.3.1 Spectroscopic Fitting Method

Our fitting procedure for our sample and our simulated observations are based around

HELA (Heidelberg Emission-Line Algorithm), which was developed by C.M. Straatman.

Information on the models generated by HELA is located in Appendix A.
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We emphasize that there are many ways to refer to the velocity of a galaxy. In this text,

we refer to velocity in three main ways. Vrot(r) is the rotational velocity at a given radius of

a galaxy, referred to as simply the rotational velocity in this text. This is in contrast to Vt,

which is the asymptotic velocity (at the flat part of the rotation curve). Additionally we use

V2.2, which is the velocity at 2.2rs, where the rotation curve of an ideal disk peaks (Freeman,

1970), and is used widely in literature as a common reference point for velocity (Miller et al.,

2011).

To determine best-fit parameters for our emission line, our procedure is thus:

1. Identify the position of the Hα emission line. Subtract continuum values if present

(see Section 3.3).

2. Mask wavelengths which are strongly contaminated by sky emission in the observed

spectra, or which are bad pixels.

3. Determine fitting bounds: -600 km s−1< Vt < 600 km s−1, 10 km s−1< σg < 150

km s−1, 0.1′′ < rs < 1′′, and 0.03′′ < rt < rs (we also perform fitting where rt is

fixed to rt = 0.33rs or rt = 0.4rs). Position of the intensity peak cannot shift more

than three pixels from given coordinates. These values and the intensity are all free

parameters.

4. Run the simulated emission line through HELA (see Appendix) to derive best-fit pa-

rameters. We use a Markov-Chain Monte-Carlo analysis (MCMC) initializing 30

walkers over 1000 steps. Our walkers are initialized as a clump, values randomly

distributed around the given wavelength and spatial position, and initial guess for Vt,

σg, rs = re/1.678 (where re is the effective radius measured from GALFIT), and

rt = 0.3rs, or rt fixed. We use the Python package emcee for our MCMC algorithm§

(Foreman-Mackey et al., 2013).

§http://dan.iel.fm/emcee/current/
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5. Discard the first 200 iterations out of a total of 1000 - where the MCMC algorithm

tends to be far from convergence. Our best-fit model is taken to be the median of the

posterior likelihood output of all our free parameters after convergence, and errors are

the 16th and 84th percentiles of the walkers. The value for V2.2 is determined by fitting

the velocity curve function (Equation B.1) to each walker and step, and then measuring

the median value.

6. In the case of multiple peaks in the posterior likelihood, we isolate one peak and fit

a Gaussian to the largest peak to determine the best-fit values. Errors on the fit are

determined from the σ value on this Gaussian fit.

We reject four compact galaxies with errors greater than 0.8V2.2 where V2.2> 35 km

s−1, which are considered unreliable. Six morphologically resolved galaxies with similar

kinematics were kept in the sample and are shown as upper limits on the TFR.

3.3.2 Fitting ZFIRE Data

Our fitting algorithm is applied to the 2D telluric and spectrophotometrically corrected

emission lines. Faint continua are seen in a small number of objects, so we subtract a flat

continuum when one is detected. Continuum subtraction is performed in the same method

as Straatman et al. (2017). Summarized, for each row of pixels in a stamp 300 wide, we

determine a median flux with outlier pixels > 2.5σ above the median rejected, and any sky

or Hα [N II] emission masked. This procedure is repeated a total of three times, then the

median values are subtracted from each row.

The measured axis ratio from GALFIT is used to determine the inclination for use in our

fitting procedure:

sin i =

√
1− q2

1− q2
0

, (3.2)

where q0 = 0.19 (Miller et al., 2011). 40 objects with galaxy PA-slit offset ∆α > 45o

or ∆α < −45o, where PA is determined from GALFIT modeling, are rejected from the final

sample, although objects with large PA uncertainties (mostly objects with low inclination
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or high q) that could overlap within this range are not rejected. We also reject objects with

significant sky emission (3 objects where more than 50% of the line is masked, Appendix

B.1) or where SNR < 5 (5 objects).

3.4 Results

Our final sample consists of 44 galaxies within −45o < ∆α < 45o and with less than

half the emission line masked and SNR > 5. See Table 3.3 for all kinematic fit values. 14

of these objects are associated with an over-density at z = 2.095, and 30 are field objects.

Due to the small number of cluster objects in our sample, as well as the lack of 1D environ-

mental distinctions in this sample (Alcorn et al., 2016), we do not include any environmental

analysis in this work. We identify 25 regular-type galaxies in our sample, and 19 galaxies

which could include both merging galaxies and irregular galaxies - anything that is not well-

described by a Sérsic profile. Wisnioski et al. (2015) determines a disk fraction of 58% at

z ∼ 2, similar to our estimated disk (regular) fraction (56.8%) determined from measuring

the residual values after subtracting a Sérsic fit.
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3.4.1 Measured Kinematic Scaling Relations

We derive a best fit linear relation using the Levenberg - Marquardt algorithm for the

TFR of the form

log(V2.2) = A log(M∗/M� − 10) +B, (3.3)

weighted by the errors on V2.2 (Figure 3.3, left). We reject objects greater than 3σ from

the fit, and iterate the fit until the process converges. Ranges on the fitting parameters are

determined by bootstrapping the sample 1000 times. In the case where A and B are both

free parameters of the linear fit, we derive A = 0.29 ± 0.1 and B = 2.19 ± 0.04 for the

total sample. The irregular and regular populations are offset by 0.08 dex. Scatter in all

populations is high, at 0.5 ± 0.02 dex for the total sample, 0.6 ± 0.02 for regulars, and

0.39 ± 0.03 for irregulars. Given this high level of scatter, we do not think our offsets are

significant. There are a number of low-mass objects that are significantly offset from the

relation - these are the compact galaxies that could have underestimated velocities (Newman

et al., 2012).

To compare our values for the TFR to literature values, in particular to determine a pos-

sible offset to local relations and IFU observations, we hold A = 0.29, determined by Reyes

et al. (2011) for the local TFR. We derive an offset of ∆M/M�=-0.34±0.22 from local

relations. See Table 3.4 for all linear fits.

In both free and fixed slope cases, we do not find any statistically significant difference

between irregulars and regulars. Our results for the TFR do not change if we remove compact

objects from our fitting.

In addition, given the values of both V2.2 and σg, we derive a best-fit relation for S0.5,

defined in Kassin et al. (2007) as S0.5 =
√

0.5V 2
2.2 + σ2

g . This equation is derived from a

combined velocity scale SK Weiner et al. (2006), S2
K = KV 2

rot+σ
2, whereK is a constant<

1. Where rotation curves have been measured, K = 0.3− 0.5, consistent with the prediction

for an isothermal potential and a flat rotation curve. This suggests that SK is a good tracer
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Figure 3.3: Kinematic scaling relations of the ZFIRE sample. Irregular galaxies are light
blue stars, and the linear fit to irregular galaxies is the light blue line. Regular galaxies are
dark blue circles, and the fit is the dark blue line. Compact galaxies of either population
are unfilled circles or stars. Galaxies with unreliable velocity measurements are shown as
upper limits. The best-fit linear relation to the total sample is the solid red line, and the grey
shaded regions show the uncertainty in the best-fit line. The best-fit lines from Straatman
et al. (2017) are the green dashed line. Upper Left: The stellar-mass TFR. We compare to the
SIGMA sample (grey triangles) (Simons et al., 2016) and the SINS data points (grey squares)
(Förster Schreiber et al., 2009). Lower Left: As upper left, with slope fixed to A = 0.29 for
consistency with the z = 0 TFR (black dashed) (Reyes et al., 2011) and the SINS IFU survey
(pink dashed) (Cresci et al., 2009). Upper Right: The stellar-mass S0.5 relation from Kassin
et al. (2007), which includes the contribution of σg to the total kinematics of the system, and
a comparison to Simons et al. (2016). Lower Right: Slope is fixed to A = 0.34. We compare
to their relation at 0.1 < z < 1.2 and find an offset of 0.16±0.04 dex higher S0.5 at a given
stellar mass. Reproduced by permission of the AAS.
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Population x y A B B, fixed A σRMS N
Total M∗ V2.2 0.29±0.1 2.19±0.04 2.19±0.04 0.5±0.02 44
Regulars M∗ V2.2 0.28±0.07 2.24±0.03 2.23±0.02 0.6±0.02 25
Irregulars M∗ V2.2 0.3±0.15 2.16±0.06 2.16±0.06 0.39±0.03 19
Total M∗ S0.5 0.38±0.07 2.04±0.03 2.05±0.03 0.15±0.01 44
Regulars M∗ S0.5 0.31±0.05 2.08±0.02 2.08±0.02 0.16±0.01 25
Irregulars M∗ S0.5 0.43±0.1 2.01±0.04 2.03±0.04 0.16±0.01 19
Total M∗ j 0.36±0.12 2.8±0.05 2.72±0.07 0.52±0.02 44
Regulars M∗ j 0.39±0.11 2.8±0.05 2.73±0.06 0.56±0.03 25
Irregulars M∗ j 0.33±0.20 2.81±0.07 2.71±0.11 0.48±0.05 19

Table 3.4: Values for all weighted least-square linear fits to the stellar-mass Tully-Fisher
Relation and S0.5 Relation and j-M? Relation, of the form log(y) = A(log(x) − 10.) + B.
Objects more than 3σ away from the fits are rejected from the fits to minimize the influence
of outliers. Fixed values are A = 0.29 for the TFR, A = 0.34 for S0.5, and A = 0.67 for j.
Reproduced by permission of the AAS.

for the gravitational potential, and for consistency with the literature we use K = 0.5.

When we derive our equation of the form log(S0.5) = A log(M/M� − 10) + B to the

data, we find best fit parameters of 0.38±0.07 and 2.04±0.03 (Figure 3.3, Right). When we

fix A = 0.34 (seen in 0.1 < z < 1.2 from Kassin et al. (2007)) we measureB = 2.05±0.03.

Scatter in all populations decreases significantly when we include the contribution of σg to

the total kinematics (from 0.5 dex for the TFR to 0.15 dex for S0.5). Kassin et al. (2007)

derives a scatter of 0.16 dex in S0.5 for 0.1 < z < 1.2, similar to Price et al. (2016) who find

a scatter of 0.17 dex at 1.4 < z < 2.6. Straatman et al. (2017) finds consistent values with

these at 2.0 < z < 2.5 (0.15 dex), using 22 galaxies drawn from the same ZFIRE sample

as this paper, 20 of which are in common with our sample. Our offset implies a zero-point

evolution of ∆M/M�=-0.47±0.14.

When we hold rt = 1/3rs and rt = 0.4rs, we find our results for both the M?-TFR and

S0.5 do not significantly change. Our simulated MOSFIRE observations (Appendix B), show

that we tend to overestimate our values for S0.5 to a median offset of ∼10% (Figure B.3, top

two rows). However, this offset is stable for SNR>10 and less than half the emission line

masked (see Appendix B.1), indicating our S0.5 values are reliable.

The V2.2/σg parameter derived from V2.2 and σg is an instructive measurement for de-
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termining the amount of rotational dominance in integrated kinematics. Higher V2.2/σg in-

dicates a well-ordered rotating disk with minimal random motion within the disk, whereas

lower V2.2/σg signals a stronger presences of random motion. In Förster Schreiber et al.

(2009); Wisnioski et al. (2015); Turner et al. (2017) galaxies are considered rotation-dominated

at V2.2/σg> 1 and pressure-dominated at V2.2/σg< 1. Within our sample we observe both

pressure-dominated and rotation-dominated galaxies.

We see a highly scattered trend between M? and V2.2/σg, where objects with smaller

M? are more likely to have log(V2.2/σg)< 0 (Figure 3.4). We can see a clear trend in all

populations of increasing rotation support at increasing stellar mass. In Figure 3.5 we can

see this is not due to a decrease in pressure support at high mass, as σg values are unrelated

to the stellar mass of a galaxy. Scatter is large for all populations, 0.67 ± 0.04 dex for

irregulars and 0.53 ± 0.01 dex for regulars. The median values of V2.2/σg for regular and

irregular galaxies were 1.55 and 2.75, respectively, but given high levels of scatter in both

populations, it is unclear if this difference is significant. The median value of V2.2/σg for

the total sample was 2.48. Again, our results are not significantly affected by holding rt to a

fixed position relative to rs.

Our MOSFIRE simulations (Appendix B) show difficulty in recovering V2.2/σg using slit

spectroscopy. In the bottom two panels of Figure B.3, we see that we tend to overestimate

V2.2/σg values by 25% of the input, with scatter of around 20%. This leads us to believe our

values could be unreliable and could be related to the heavy scatter in our measured values

for V2.2/σg.

We notice a slight difference between the regular and irregular populations in recovered

σg, where regulars are more likely to have high values of σg than irregulars (Figure 3.5). A

logistic regression analysis was inconclusive.

Using our environmentally-diverse sample, our findings are consistent with the results of

Simons et al. (2016). In all populations, at low stellar mass, we see evidence of less rotational

support. As stellar mass increases, SFGs have increasing amounts of rotational support, no
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Figure 3.4: V2.2/σg of galaxies in the ZFIRE sample, showing the ratio of rotational support
(measured at V2.2) and σg, pressure support. We find consistent values between regulars
and irregulars, and a clear relation between the rotational support and stellar mass. Colors
and markers are as described in Figure 3.3. The black dashed line shows equal rotation and
pressure support. Reproduced by permission of the AAS.

matter their morphology. Despite the large scatter in recovery of simulated V2.2/σg, we can

still observe a relation between rotational support and stellar mass.

3.4.2 Comparison to Disk-Formation Models

Krumholz et al. (2018) introduces a mathematical model for the evolution of gas in the

disks of SFGs, which attempts to explain the nature of gas turbulence in these disks. Ac-

cording to this model, gas turbulence can be fed through star formation feedback, radiative

transport, or both. The underlying prediction is that in gravitationally unstable galaxies,

instability-driven mass transport will move mass inward toward the galaxy center until sta-

bility is restored. In this model, disks are never more than marginally gravitationally un-

stable, and maintain a balance between turbulence driven by star-formation feedback and

gravitational instability and the dissipation of turbulence. It predicts that at high redshift,
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Figure 3.5: σg plotted against M?, values as determined by HELA models. Colors and
markers are as described in Figure 3.5. Areas below MOSFIRE instrumental resolution are
shown in the shaded region, marked by the red dotted line. Reproduced by permission of the
AAS.

turbulence is mostly gravitationally-driven, whereas in local disks there is a minimum floor

of σg (∼ 6− 10 km s−1) where the disks settle that is driven by star-formation feedback.

Our values for σg are determined through modeling with HELA, and our star-formation

rates (SFR) are determined from dust-corrected Hα flux, assuming a Calzetti et al. (2000)

dust law (Tran et al., 2017). In Figure 3.6, we compare these values to four theoretical mod-

els created assuming properties described in Krumholz et al. (2018): a local dwarf (fraction

of the ISM in the star-forming phase [fsf ] = 0.2, rotational velocity at 100km s−1), a local

spiral (fsf = 0.5, rotational velocity at 200km s−1), a high-redshift galaxy (fsf = 1.0, rota-

tional velocity of 200km s−1), and an Ultra-Luminous InfraRed Galaxy (ULIRG, fsf = 1.0,

rotational velocity of 300km s−1). Our sample maintains a similar shape to the high-z and

ULIRG models, but SFRs are lower, perhaps indicating that smaller SFRs can drive turbu-

lence in high-z objects. However, this is consistent with the other high-z observations seen
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in the text and plotted in Figure 3.6 (Epinat et al., 2008, 2009; Förster Schreiber et al., 2009;

Law et al., 2009; Jones et al., 2010; Green et al., 2014; Wisnioski et al., 2015; Stott et al.,

2016; Di Teodoro et al., 2016).

Figure 3.6: Relationship of our modeled σg values against dust-corrected Hα star-formation
rate from Tran et al. (2017). We compare our results to the models derived in Krumholz et al.
(2018) for local disks and high-z disks. Local and high-z samples with Hα SFRs featured in
Krumholz et al. (2018) are also shown here. Reproduced by permission of the AAS.

The model calculated for a local disk assumes that the dispersion is driven mostly by

star-formation feedback, and the ULIRG and high-z models are driven primarily by mass

transfer to the core of the galaxy. In this case, it could show that there is more turbulence

driven by star formation feedback and mass transfer plays less of a role in high-z galaxies

than predicted. Krumholz et al. (2018) assumes these objects are disks and are never more

than marginally unstable. The offset of these galaxies from these predictions could mean

these objects are unstable and are possibly not even disks. Instead turbulence may be driven

at least partially by external factors such as a recent merger or disk instabilities caused by
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rapid gas accretion.

3.4.3 Angular Momenta of SFGs at z ∼ 2

Using the maximum rotational velocity (assuming ideal disks, this is V2.2), and scale

radius, we can estimate specific angular momenta of our galaxies given the formula:

jdisk = KnrsV2.2, (3.4)

where jdisk is the specific angular momentum (angular momentum per solar mass), and Kn

is defined as

Kn = 1.15 + 0.029n+ 0.062n2, (3.5)

where n is the Sérsic index of the galaxy (Romanowsky and Fall, 2012). We recognize that

in the case of galaxies with complex kinematics and morphological structure, that rs may

not be the best representation of the disk radius, but to obtain a consistent sample we apply

this to all galaxies.

Generally angular momentum measurements are taken using IFU spectroscopy. As such,

our results may not be the same as what would be measured in an IFU survey. We hope

to follow these results up with IFU observations of some of these objects, to determine if

the 3D data-cube fitting method yields more accurate measurements of jdisk than traditional

velocity curve-fitting methods for slit spectroscopy. Despite this disclaimer, our simulated

slit observations (Appendix B) demonstrate that we can reliably recover our input jdisk to

within an offset of -5% (Figure B.4). This small offset from our input is consistent over all

simulated ∆α, inclination, and sizes, and only becomes unreliable at line masking > 50%

and SNR<10.

Additionally, we assume that the angular momentum of the gas disk traces the angular

momentum of the stellar disk and older stellar populations. Local kinematic studies usually

make this assumption due to the difficulties of measuring the angular momentum of stellar

populations (Romanowsky and Fall, 2012; Obreschkow and Glazebrook, 2014), and these

50



difficulties increase at high redshift. Simulations show that the stellar disk rotates slower than

the gaseous disk in late-type galaxies (El-Badry et al., 2018). In contrast, some observational

studies of spatially resolved low-redshift clumpy star-forming disks show that the ionized gas

and stellar kinematics are coupled (Bassett et al., 2014). The validity of our assumption is

still under debate, but for consistency with local kinematic surveys we apply this assumption.

In Figure 3.7, left panel, we see our estimated jdisk compared to lower-redshift observa-

tions. We note a shallower slope than Romanowsky and Fall (2012) at z = 0 and KROSS

(Harrison et al., 2017) (z = 0.9). For the total population, we find a slope of 0.36± 0.12 and

intercept of 2.80± 0.05.

Figure 3.7: Specific angular momenta of ZFIRE galaxies. Left: Specific angular momenta
j against M?. We compare to the z = 0.9 KROSS survey (purple dashed) (Harrison et al.,
2017), the z = 0 spiral galaxies from Romanowsky and Fall (2012) (green dashed line), and
the z = 0.1 clumpy, turbulent disk sample of Obreschkow et al. (2015). The shaded squares
show the density of objects from the KROSS z = 0.9 survey. Right: We correct our values
of j for redshift and compare to the results of Burkert et al. (2016) (red dashed). The shaded
region shows the mass limit for the selection of galaxies used in the Burkert et al. (2016)
sample. Reproduced by permission of the AAS.

There are no significant differences between regulars and irregulars, although scatter in
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regulars (0.56 ± 0.03 dex) is higher than irregulars (0.48 ± 0.03). The difference in scatter

is due to the slow-rotating low-mass regulars. We see similar slow rotators in the irregular

population, but we have fewer in our sample. In both cases, we find a similar, shallow

slope of 0.39 ± 0.12 for regulars and 0.33 ± 0.20 for irregulars. The shallow slope is from

weighting of our linear fits, since low-rotation objects tend to have higher uncertainties in

their measurements. When we perform a linear fit without weighting, we find values much

closer to the predicted (A = 0.63± 0.14, for the total sample, 0.56± 0.15 for regulars, and

0.66±0.27 for irregulars). When we fix rt = 1/3rs, we find the slope to move to 0.44±0.12

with no significant differences between irregulars and regulars. We find similar results when

rt = 0.4rs.

When we hold the slope to be 2/3, we obtain a normalization of 2.72 ± 0.07, which is a

normalization offset of 0.12 ± 0.09, or little to no redshift evolution from z = 0. This is in

conflict with the Harrison et al. (2017) measurement of a 0.3 dex offset from z = 0. However

if we perform the linear fit without weighting, we find a consistent offset with Harrison et al.

(2017). In order to conclusively measure the slope and normalization of the line, we will

need to explore the kinematics of low-rotation galaxies with greater precision, to bring these

minimize our uncertainties. It is expected that for ΛCDM disks, log j ∝ log(M�
2/3) unless

there is mass-dependent angular momentum buildup of the disk (Romanowsky and Fall,

2012). If these results are confirmed, it is suggestive that stellar mass has a larger effect on

angular momentum than morphology at z ∼ 2.

Angular momentum is expected to decrease with increasing redshift due to cosmic ex-

pansion as

j ∝ (1 + z)−1/2, (3.6)

(Obreschkow et al., 2015). To determine if our sample shows any evolution apart from the

theoretical ΛCDM evolution we scale our sample to local galaxies using Equation 6. After

correcting for any redshift evolution (Figure 3.7, right panel), we compare our findings to the

work of Burkert et al. (2016). We again see a shallower slope than the log j ∝ log(M�
2/3)
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trend, but when holding the slope to 2/3 we find an offset with the Burkert et al. (2016)

results of 0.12 ± 0.07 dex. If we set rt to fixed positions relative to rs, find no significant

difference from free rt. Given the scatter in this relation (0.52 dex), we do not find this to be

a significant difference from the Burkert et al. (2016) result, which is not expected to evolve

with redshift.

A two-population KS test confirms that to a 95% confidence level, irregular galaxies have

higher specific angular momenta than regular galaxies at equivalent stellar mass. Further ob-

servations are needed to confirm these results due to low numbers and possible unresolved

irregular structure in regular galaxies. Most of this offset is on the low-mass (M?<10) end

of the j-M?relation, on the high-mass end (M?>10) these relationships tighten. When low-

rotation resolved objects are removed, the irregular and regular populations are not signifi-

cantly different.

Additionally, we compare our sample to the clumpy, turbulent galaxies of Obreschkow

et al. (2015), often considered high redshift analogs in the local universe. We can confirm

that at least kinematically, z ∼ 2 galaxies have similar properties to these local galaxies.

3.5 Discussion

3.5.1 Morphology and Kinematics

In some cases it appears that irregulars, including merger candidates, show ordered ro-

tation fields, and as such cannot be identified by kinematics alone. This is also observed

in the IFU-based work of KMOS Deep Survey (KDS) (Turner et al., 2017), who describe a

similar phenomenon of merger candidates with ordered rotation fields. In Hung et al. (2015)

local merging galaxies are artificially redshifted and their rotation is examined. All mergers

with the exception of those with strong tidal features and two nuclei showed ordered rotation

fields. This could explain the similarity of the kinematic scaling relations for regular and

irregular galaxies, which could include mergers, derived in our results. We demonstrate that

our irregular galaxies are often well-described by ordered rotation, as our models are derived
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from rotation-dominated isolated galaxies, and our kinematic extractions assume ordered

rotation.

However as irregular galaxies are not well described by photometric modeling (Figure

3.1), these measurements could be incorrect from assuming that our morphological and kine-

matic PAs are consistent, and that our intrinsic axis ratio is 0.18. Similarly, in our modeling,

we assume that all galaxies are infinitely thin disks with Sérsic indices of 1, which is not true

for most of our measured galaxies, and for irregular galaxies, the Sérsic profile is unreliable.

Given these caveats in our analysis, we expect different behaviors in our kinematic re-

lationships if growth is dominated by major mergers or smooth gas accretion. Mergers,

depending on the geometry of the system, could cause a system to abruptly gain or lose an-

gular momentum, and would increase the scatter around kinematic scaling relations (Vitvit-

ska et al., 2002; Naab et al., 2014; Rodriguez-Gomez et al., 2017). Assuming that these

mergers are not happening in a preferred direction, we would expect a larger scatter in our

velocity and angular momentum relations in merging galaxies (which we are assuming are

represented by irregulars). We would also expect these galaxies to have higher values for σg

than galaxies that have not undergone a recent merger.

If growth is dominated by smooth accretion, the angular momentum of galaxies would

again be subject to the direction of gas falling onto the disk. If gas is accreted along a

filament, it would exert a torque causing an increase in angular momentum (White, 1984;

Kereš et al., 2005; Sales et al., 2012).

Kinematic surveys are often biased toward galaxies with ordered rotation and a relatively

small contribution of σg toward overall kinematics at an observed redshift. This is partially

because these galaxies are usually intrinsically brighter, as they are more massive. In addi-

tion to brightness, the size of a galaxy can have an effect on its kinematics. Newman et al.

(2012) demonstrated that spatially unresolved galaxies in kinematics surveys can have un-

derestimated rotational velocities. In our sample, we rejected four compact galaxies with

unreliable measurements for V2.2. This could bias our sample and our results, underestimat-
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ing the prevalence of low V2.2/σg galaxies. Additionally, we could be classifying galaxies

with unresolved irregular structure as regular galaxies.

We find similar levels of scatter between regular and irregular populations in the TFR,

S0.5, (Figure 3.3) and jdisk relations, but irregular galaxies have higher jdisk values at given

stellar mass (Figure 3.7), and do not have higher values of σg (Figure 3.5). Due to our limited

sample, more observations are needed to confirm these results. Given that these galaxies

have clear irregularities and sometimes show obvious signs of merging close companions,

these results are puzzling. We have yet to find simulations which show results like our

observations.

In the case that irregulars have higher jdisk than regular galaxies, a significant portion

of our sample is in an over-dense proto-cluster region, and this may affect the direction

of gas infall or orientation of mergers. Our assumption was that in the case of merger-

dominated or accretion-dominated growth, orientation would be random, and would create

a stochastic scatter. However it is possible that these interactions may have a preferred

orientation, possibly due to the filamentary structure of the cosmic web (Kereš et al., 2005;

Sales et al., 2012; Stewart et al., 2013; Danovich et al., 2015). More observations are needed

for a robust analysis of our conjecture, and knowledge of the cosmic web surrounding this

structure would be beneficial.

3.5.2 The Reliability of Kinematics From Slit Spectroscopy

Some of the scatter in our kinematic scaling relations and angular momentum is possibly

related to the scatter in our ability to recover our simulated Vrot and σg, and the inherent is-

sues with recovering velocities in unresolved galaxies. This was likely because in unresolved

emission lines, the position of the turnover radius is unclear, so we tend to overestimate the

positions of simulated rt and Vt. In other surveys, it is assumed rt = 0.4rs, as observed

in Miller et al. (2011). However, this is an empirical observation at z ∼ 1.7, when disks

are settling. Whether this assumption holds at z > 2 is unclear, but the position of rt in an

arctangent velocity curve will affect the derived rotational velocities of a galaxy.
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Our simulations (Appendix B) demonstrate that we tend to consistently overestimate

V2.2 by around 10% at high data quality (Appendix B.1) and inclination > 25o (Figure B.2).

When we can fix rt to a known value, our recovery is more accurate, to 5%. Similarly we

underestimate σg by 10%. Small deviations from our inputs in either of these values lead to

overestimated values for V2.2/σg with a high scatter in recovered values of our simulations,

meaning recovered V2.2/σg values may be unreliable (Figure B.3). However, these offsets

lead to only slightly overestimated values for S0.5, which are reliably offset at high data qual-

ity and inclination > 25o. Similarly, our recovery of jdisk is reliable within 5% of the input

with small scatter in our results (Figure B.4). These results show that given the degeneracies

seen in modeling emission lines from slit spectroscopy, we can reliably recover values for

S0.5 and jdisk if these offsets are accounted for.

We suggest that current slit observations and data analysis can reliably measure S0.5 and

specific angular momentum of spatially resolved galaxies at z ∼ 2. Unresolved galaxies

can give unreliable velocity measurements, so increased spatial resolution in multi-object

spectrographs are necessary to progress in our understanding of high-redshift kinematics.

The James Webb Space Telescope (JWST) will benefit kinematics due to the NIRSPEC

instrument for this reason. NIRSPEC shutter resolution will be at 0.1′′, but more importantly

these data will not be seeing-limited. Multi-object slit spectroscopy and JWST provide the

opportunity for larger sample sizes, and increased sensitivity to low-mass and faint objects.

As we enter the era of large astronomical surveys, slit spectroscopy will prove an invaluable

tool for building large samples of galaxies.

3.6 Summary

We examine an environmentally diverse sample of z ∼ 2 star-forming galaxies in the

COSMOS field observed by the ZFIRE survey. Complementary NIR imaging in the F160W

bandpass from HST/WFC3 as part of the CANDELS project allow for morphological anal-

ysis of this sample. This sample is made up of 44 galaxies: 14 are associated with an

over-dense region at z = 2.095 and 30 are in the field from 2.0 < z < 2.5. These galaxies
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are split into two morphological sub-samples, termed “regulars” (25) and “irregulars” (19)

(Figure 3.1). This classification is based on the presence of excess residual emission from a

single-Sérsic fit where a galaxy is classified as an irregular if residual levels are above twice

the nearby sky levels, and greater than 25% of the original flux levels.

The Hα emission lines are used to extract kinematic components using HELA. HELA

simulates a 3D data cube, collapses it into a 0.7′′ slit, and runs an MCMC simulation to

determine the best-fit model to the emission line, assuming an arctangent rotation curve

and a constant gas velocity dispersion. HELA recovers the velocity of simulated galaxies

(Appendix B) at 2.2rs (V2.2) to within 10% of our input and σg to within -10% of its input

(Figure B.2). Using recovered kinematics, HELA can reliably recover S0.5 to a minor offset

of within -10% of the input, and jdisk (specific angular momentum) to within -5% of the

input (Figures B.3 and B.4). V2.2/σg tends to be overestimated by 30% with a high scatter

in recovery. When we constrain the location of the kinematic turnover radius rt to a known

position relative to the scale radius rs, our offsets decrease by 5% from inputs.

Using the values for V2.2 derived from our fitting method, we determine a stellar-mass

TFR of log(V2.2) = (0.29±0.1) log(M/M�−10)+(2.19±0.04) (Figure 3.3). There are no

significant differences between regulars and irregulars. When we include the contribution of

σg, in the case of S0.5, we find log(S0.5) = (0.38± 0.07) log(M/M� − 10) + (2.04± 0.03).

The scatter of the overall sample is consistent with other measurements of S0.5 at z > 1.5

Price et al. (2016); Straatman et al. (2017).

To measure pressure against rotational support, we determine V2.2/σg (Figure 3.4), and

measure a trend of increasing rotational support with increasing stellar mass, similar to the

results of Simons et al. (2016). However there is high scatter in our recovery of simulated

V2.2/σgvalues, leading us to believe that the significant scatter in our results (0.6 dex) may

be driven by measurement uncertainties.

We compare our results to the mathematical modeling of Krumholz et al. (2018), which

are based on a balance between turbulence driven by star-formation feedback and gravi-
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tational instability, and the dissipation of turbulence by mass transport (Figure 3.6). Our

sample shows a similar shape in the dust-corrected SFR and σgturbulence but the models

over-predict the SFR necessary to produce high gas turbulence in high redshift galaxies.

We also estimate specific angular momentum values (Figure 3.7), and determine that

galaxies have a shallower relationship (slope A = 0.36 ± 0.12) between jdisk and M? than

predicted (A = 0.67), either due to undersampling low-rotation low-mass galaxies, or due

to a mass-dependent angular momentum buildup in the disk (Romanowsky and Fall, 2012).

Additionally, we do not find any evidence of angular momentum offsets with redshift at

consistent stellar mass. More observations of these galaxies will clarify our results, as well

as more precise measurements of the kinematics of pressure-dominated SFGs. Our irregular

and regular populations were consistent. Our simulated observations demonstrate reliable

recovery of input kinematics, and we achieve similar jdisk measurements to z ∼ 0.1 high-z

analogs (Obreschkow et al., 2015).

Our work demonstrates that slit spectroscopy can reliably recover kinematics measure-

ments such as V2.2, S0.5, or jdisk to either a consistent offset that can be corrected, or to a

small offset from simulated inputs. Low spatial resolution can limit our ability to recover

kinematics, but with an increase in resolution, MOS spectroscopy can provide robust kine-

matic measurements. In the coming age of large astronomical datasets, the reliability of slit

spectroscopy will be instrumental in building large spectroscopic samples at high redshift

and using the Near Infrared Spectrograph, NIRSPEC on the James Webb Space Telescope.
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4. NEBULAR GAS PROPERTIES OF PROTO-CLUSTERS AT Z ∼ 1.6 AND Z ∼ 2

4.1 Introduction

Proto-clusters are the precursor to the most extreme environments in the universe. In

the local universe (z = 0), there is a relationship between environmental density and the

properties of galaxies (i.e. morphology, stellar populations, star-formation rate). In partic-

ular, studies have found an elevated gas-phase metallicity fraction in local cluster galaxies

(Cooper et al., 2008; Ellison et al., 2009), lower star-formation rates (SFR) (Lewis et al.,

2002; Grootes et al., 2017; Jarrett et al., 2017), a greater fraction of elliptical and lenticular

galaxies in denser environments (Houghton, 2015), and a higher fraction of slow rotators in

dense environments (Cappellari et al., 2011). Since cluster environments show this corre-

lation at low redshift (z < 0.5), we wish to observe when and by which mechanisms the

environment-dependent evolution of galaxies unfolds. At higher redshifts and younger clus-

ter ages, the fraction of low SFR and quenched galaxies in denser environments decreases

(Kawinwanichakij et al., 2017), until the star formation rate density of the universe reaches

its peak (Madau and Dickinson, 2014).

The period known as "Cosmic Noon" (1.5 < z < 2.5) is of particular interest as this

is the stage where massive galaxies within proto-clusters are rapidly building their stellar

populations (Tran et al., 2010). Analyses of metallicity (Kacprzak et al., 2015, 2016), star-

formation (Tran et al., 2015, 2017), ionized gas characteristics (Kewley et al., 2015), and

kinematics (Alcorn et al., 2016) of proto-cluster members at z > 1.5 showed no differences

from observed field galaxies. However, other studies have shown an increase in the radii

of star-forming cluster galaxies relative to the field (Allen et al., 2015), clear signatures of

the morphology and color relation in dense environments (Papovich et al., 2012; Bassett

et al., 2013), and an increase in merger rates in high-redshift clusters (Lotz et al., 2013).

Cosmological simulations have not focused on the cluster environment at z > 1.5 until
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recently. Gupta et al. (2018) observed that within the Illustris-TNG (100 Mpc)3 simulation

(TNG100), galaxies bound to 127 proto-clusters show a ∼0.05 dex gas-phase metallicity

enhancement compared to field galaxies starting at z = 1.5, but no significant offsets at

z = 2 and higher. This possibly identifies the redshift when the cluster environment starts

influencing member galaxies.

The ZFIRE survey (Nanayakkara et al., 2016) observed and spectroscopically confirmed

the over-dense regions in the COSMOS field at z = 2.095 (Yuan et al., 2014), and the over-

dense region in the UDS field at z = 1.62 was spectroscopically verified in Papovich et al.

(2010) and subsequently analyzed in Tran et al. (2015). With this data set, it is possible to

extend scaling relations to the proto-cluster environment at higher redshift, and examine the

baryon cycle, galactic winds, and the interstellar medium (ISM) in a cluster and its member

galaxies. The proto-clusters observed in this study were originally identified using deep NIR

imaging in Papovich et al. (2010); Spitler et al. (2012). Using rest-frame optical emission

lines from the ZFIRE collaboration, we can directly compare nebular gas properties of cluster

and field populations at this epoch.

The ZFIRE collaboration has extended its sample size from the initial data release

(Nanayakkara et al., 2016) in both the UDS and COSMOS fields, and measured more nebu-

lar emission lines (Hβ, [O III]) from galaxies in the previous sample. The extended sample

allows us to perform an improved analysis of the Baldwin-Phillips-Terlevich (BPT) Diagnos-

tics (Baldwin et al., 1981) on the basis of redshift, inferred stellar mass, and environmental

density. This diagnostic will provide information on the nebular gas in each cluster to deter-

mine if star-forming conditions evolve with redshift.

By including improvements in gas-phase metallicity indicators, we will re-examine galaxy

metallicity and directly compare two proto-clusters at differing redshifts. Gas-phase metal-

licity measurements can differ between objects by up to 1 order of magnitude. Discrepancies

between different strong-line indicators are possibly the result of calibration on local HII re-

gions. Calibrations using local HII regions are can be flawed when used for high-redshift
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measurements because significant changes in the ISM of high-redshift galaxies have been

observed. In particular, galaxies at high redshift have been observed to have higher ioniza-

tion parameter and electron density than local galaxies (Kewley et al., 2013; Shapley et al.,

2015).

We utilize the strong-line diagnostics introduced in Pettini and Pagel (2004) (referred to

herein as PP04) and the newer indicator Dopita et al. (2016) (referred to as D16). The PP04

indicator is in widespread use in high-redshift extragalactic astronomy (Sanders et al., 2018)

and is not sensitive to reddening (as it requires a ratio of Hα and [N II] fluxes). However it

is subject to the calibration issues presented and is sensitive to the ionization parameter and

electron density of a host galaxy. The D16 indicator attempts to correct this by including the

[S II] doublet in this ratio, and modeling shows that it is insensitive to ionization parameter

and electron density. We measure gas-phase metallicity using both indicators in this study to

determine the effectiveness of the D16 indicator.

In Section 4.2 we review our data from ZFOURGE, UKIRT, and MOSFIRE. We discuss

our line-fitting and flux extraction methods in Section 4.3 including both individual objects

(Section 4.3.1) and stacked emission lines (Section 4.3.2). Our results for gas-phase metal-

licity between cluster and field and any possible redshift evolution between the UDS and

COSMOS clusters are shown in Section 4.4.1. The nebular gas analysis of individual galax-

ies and our stacked objects is located in Section 4.4.2. Finally, our results are put into the

context of proto-cluster evolution in Section 4.5.

In this work, we assume a flat ΛCDM cosmology with ΩM=0.3, ΩΛ=0.7, and H0=70. At

the COSMOS cluster redshift, z = 2.095, one arcsecond corresponds to an angular scale of

8.33 kpc. At the UDS cluster redshift, z = 1.62, one arcsecond corresponds to an angular

scale of 8.47 kpc.
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4.2 Data

4.2.1 Sample Selection

Our proto-cluster and field samples are drawn from the ZFIRE survey, a spectroscopic

follow-up of ZFOURGE photometry (Straatman et al., 2016). For a full summary, see

Nanayakkara et al. (2016).

ZFOURGE combines broad-band imaging inKs and the medium-band J1, J2, J3, Hs, and

Hl filters to select objects using Ks-band images with a 5σ limit of 25.3 AB magnitudes.

Candidate cluster members and field galaxies are identified from ZFOURGE NIR imaging

of COSMOS fields, and the Williams et al. (2009) catalog of UDS, a subset of the UKIRT

survey (Lawrence et al., 2007). Rest-frame UVJ colors are used to identify SFGs, that will

have prominent nebular emission lines.

The UDS proto-cluster at z = 1.62 was identified by Papovich et al. (2010) and Tanaka

et al. (2010). A spectroscopic confirmation of the cluster is in Papovich et al. (2010). This

cluster was shown to have a strikingly low velocity dispersion of σcl = 254±50 km s−1 (Tran

et al., 2015), and notably shows an increase in star-formation with local density (Tran et al.,

2010). Previous studies of this proto-cluster show no enhancement in gas-phase metallicity

(using the PP04 indicator, commonly referred to as N2 in literature) or attenuation compared

to field samples (Tran et al., 2015).

The COSMOS proto-cluster was initially identified in Spitler et al. (2012) using pho-

tometric redshifts from ZFOURGE and confirmed with spectroscopic redshifts from MOS-

FIRE (Yuan et al., 2014). This over-density consists of four merging groups, and is projected

to evolve into a Virgo-like cluster at z = 0. Cluster members are identified to redshifts within

2.08 < z < 2.12, and the cluster velocity dispersion was shown to be σcl = 552±52 km s−1.

ZFOURGE uses FAST (Kriek et al., 2009) to fit Bruzual and Charlot (2003) stellar pop-

ulation synthesis models to the galaxy spectral energy distributions to estimate observed

galaxy properties. We calculated stellar masses and attenuation values (AV ) with FAST us-
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ing the spectroscopic redshift from MOSFIRE. We assume a Chabrier (2003) initial mass

function with constant solar metallicity and an exponentially declining star formation rate,

and a Calzetti et al. (2000) dust law.

4.2.2 MOSFIRE NIR Spectroscopy

Observations were taken in December 2013, February 2014, January 2016, and February

2017 in the H and K filters covering 1.47-1.81 µm and 1.93-2.45 µm, respectively. Seeing

varied from ∼ 0.4′′ to ∼ 1.3′′ over the course of our observations.

The spectra are flat-fielded, wavelength calibrated, and sky subtracted using the MOS-

FIRE data reduction pipeline (DRP)¶. A custom ZFIRE pipeline corrected for telluric ab-

sorption and performed a spectrophotometric flux calibration using a type A0V standard

star. We flux calibrate our objects to the continuum of the standard star, and use ZFOURGE

photometry as an anchor to correct offsets between photometric and spectroscopic magni-

tudes. The final result of the DRP are flux-calibrated 2D spectra and 2D 1σ images used for

error analysis with a flux calibration error of <10% (∼0.08 mag). For more information on

ZFIRE spectroscopic data reduction and spectrophotometric calibrations, see Nanayakkara

et al. (2016).

4.3 Methods

4.3.1 Emission Line Flux Measurements

We obtain emission line fluxes from our telluric-corrected and flux-calibrated spectra by

fitting Gaussian profiles to our emission lines. Our 2D spectra are collapsed to a 1D spectrum

by fitting a Gaussian to the spatial line profile, and summing along an aperture where each

edge is two Gaussian full-width half max away from the centeroid of the spatial profile of the

emission line. We then fit a single Gaussian profile to the 1D spectrum of the emission line.

In the case of the [S II] doublet, we fit two single Gaussian profiles simultaneously at fixed,

redshifted offset between their centroids. In Figure 4.1, it is clear that the [S II] lines are

¶http://keck-datareductionpipelines.github.io/MosfireDRP/
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well resolved and not blended, so we fit independent Gaussian profiles to the [S II] doublet

at fixed width between the peaks of each emission line.

Figure 4.1: Stacked rest-frame spectra of our sample, showing Hα, [N II] , Hβ, and [O III].
In the COSMOS sample, Hβ and [O III] are found in the MOSFIRE H band, and Hα,[N II]
, and [S II] in the K band. Black are the stacked lines, which have been outlier-rejected.
Green are the error spectrum, and pink are the best-fit Gaussian for the measured emission
lines. Red arrows at the top of each spectrum point to the measured emission lines. Left
Column: The stacked [O III] and Hβ emission lines. In COSMOS, these lines are observed
in the MOSFIRE H band. Right: The stacked Hα, [N II] , and [S II] emission lines. In the
COSMOS sample, these lines are observed in the K band. The Gaussian fits are used to
measure stacked flux ratios.

From the best fit profile to the emission line, the standard deviation of the Gaussian is

used to determine the range over which the line will be integrated, and we sum under the

best-fit Gaussian from −3σ < λobs < 3σ. This value is our extracted flux measurement. We

measure noise by summing the error spectrum in quadrature over the same bounds as the

signal. If the best-fit Gaussian for a faint line ([N II] , [S II] , Hβ) has a width less than 2× the

wavelength resolution, we refit the line holding the Gaussian σ fixed to the σ measurement

of the Hα line (for [N II] and [S II] ) or the [O III] emission line (for Hβ). If the emission

line of an object is less than 2× the measured noise in its region, we mark this object as an

upper limit of the signal (unfilled points on Figure 4.2) and use the 1σ noise limit as our flux
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detection.
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Figure 4.2: Top Left: Metallicity values as determined by the indicator presented in Pettini
and Pagel (2004). All emission lines are above a 2σ detection limit. When at least one
emission line shows significant sky interference, the point is unfilled. We compare to the
MOSDEF metallicity measurements (Sanders et al., 2018) at z ∼ 2.3. Top Right: Metallicity
values as determined by the indicator presented in Dopita et al. (2016). We show our best-
fit linear relations for UDS and COSMOS in their respective colors. Bottom rows: The
dotted and dashed lines in pink and lavender are theoretical measures of the Mass-Metallicity
Relation (MZR) from the Illustris simulation (Torrey et al., 2018). Shaded regions show
the scatter in the accreted populations. Central galaxies have equivalent levels of scatter.
Centrals are galaxies in the center of their own dark matter potential (equivalent to a field
sample), and accreted galaxies are equivalent to a cluster sample. We plot the deviation from
the MZR predicted in IllustrisTNG with respect to z = 2 centrals (black dotted line).
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4.3.2 Stacking Emission Lines

As many of our galaxies have very faint emission lines (i.e. [N II] , Hβ, [S II] ), we stack

our galaxy spectra into bins of stellar mass and environment to determine characteristics of

their populations. To separate the effects of AGN activity, we reject the objects identified as

AGN in Cowley et al. (2016) from our bins and stack separately in our BPT diagrams for

reference. Cowley et al. (2016) identifies AGN in the ZFOURGE sample using radio, IR,

UV, and X-ray data. AGN can affect placement on the BPT diagram as the emission is from

shocked gas or photoionization by the hard ionizing spectrum of the AGN rather than gas

photo-ionized by young stellar populations.

Spectra are collapsed over the same spatial aperture as determined in Section 4.3.1, then

normalized to the Hα flux or [O III] flux, dependent on the filter observed. Objects are then

interpolated onto a reference rest wavelength range preserving flux. We sum our stacks after

rejecting outlier pixels with values greater than the median ±3σ. We perform our Gaussian

line-fitting procedure from Section 4.3.1 to determine stacked fluxes.

We stack our objects based on mass, environment, field (COSMOS vs. UDS), and de-

tected AGN activity. Objects are separated into low vs. high stellar mass objects (M?< 9.72

and M?> 9.72, determined from the median stellar mass of the total ZFIRE sample), as

well as objects identified within each field’s proto-cluster and field objects. We performed

a mass-matched analysis to determine if this affects our results, by rejecting objects in the

UDS sample that are higher mass than the objects in the COSMOS sample, and find our

results are consistent.

4.4 Results

4.4.1 Gas-Phase Metallicity

We apply the strong line diagnostic presented in Dopita et al. (2016) to determine gas-

phase metallicities for a sample of our galaxies (Figure 4.2). This indicator requires measure-

ments of the Hα, [N II] , and [S II] emission lines. In the MOSFIRE K band, this indicator
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can be used from 1.8 < z < 2.6. In the H band, it can be used from 1.2 < z < 1.8. These

lines are able to be observed in the same band for most of our objects observed on MOS-

FIRE, and as such are less sensitive to the effects of dust reddening, as absolute fluxes are

not required.

However, the [S II] doublet is quite faint for most objects in our sample, and in many of

our objects we can only determine an upper bound of metallicity, as the [S II] doublet may

only be slightly above the noise level, and our error ranges can be quite large. Additionally,

in the UDS sample, the [S II] 6731Å emission line is in a region of high sky interference,

so we mark most of our UDS objects as having unreliable Dopita et al. (2016) metallicities.

However, it may bias our sample if we only include objects with strong [S II] fluxes in low

sky regions, so we mark objects with sky interference with unfilled points in Figure 4.2.

Despite this observational difficulty, the strength of this diagnostic is its independence

from ionization parameter and ISM pressure, which have been shown to differ between local

galaxy populations and those at high redshift (Kewley et al., 2015). This diagnostic depends

on the correct calibration of the N/O ratio, as with the N2 metallicity diagnostic (Pettini and

Pagel, 2004).

For comparison, we also determine metallicities from the PP04, or N2, indicator (Pettini

and Pagel, 2004). We find that at lower values of metallicity 12 + log(O/H) < 8.25, the

Pettini and Pagel (2004) indicator predicts higher metallicity values than the Dopita et al.

(2016) method, possibly indicating a floor on measurement sensitivity at lower metallicity

and low mass at z > 1.5. Additionally, we compared our measurements to the MOSDEF

sample, which only used the N2 indicator (Sanders et al., 2018), and found similar results

with our N2 measurements.

There is a large difference in the scatter of between the two metallicity indicators. The

scatter from the PP04 method is much lower than D16, most likely because there are fewer

low-flux emission lines needed for the PP04 measurement. [S II] is a very faint emission line

doublet, and for many of our galaxies we extracted flux limits rather than fluxes. Addition-
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ally, the [S II] line 6731Å in the UDS cluster is located in a high sky-noise region, making

flux extraction difficult and we extract flux upper limits. This likely explains the high scatter

and super-solar metallicity values.

We find consistent results to the previous ZFIRE analysis of metallicity (Kacprzak et al.,

2015), which determined that the COSMOS z = 2.095 cluster shared the same Mass-

Metallicity Relation as the field galaxies. Similarly, in (Tran et al., 2015) the UDS z = 1.62

cluster also showed a lack of environmental influence on gas-phase metallicity. We find

here that these clusters also share the same Mass-Metallicity Relation (MZR), and show no

strong environmental influences. There is no redshift evolution between these clusters in

metal abundances.

IllustrisTNG determined gas-phase metallicity relations for 2 < z < 10 (Torrey et al.,

2018) and we compare our results to these values. In Figure 4.3, we show the relation for

central galaxies (central galaxies within their dark matter halo, similar to our field galaxies)

and accreted galaxies (in-falling galaxies, equivalent to our cluster galaxy samples) at z =

2. The IllustrisTNG relations were not analyzed on the basis of normalization, as there

are uncertainties inherent in gas-phase metallicity indicators, and instead the analysis was

focused on the relative difference between the MZR at differing redshifts, which is the reason

for the offset seen in Figure 4.2 between theoretical and observed values.

When we stack our galaxies by environment and stellar mass (see Figure 4.3), we find

the same results. We find that the MZR of cluster and field populations are consistent with

each other. We find no strong offsets between cluster and field in gas-phase metallicity.

4.4.2 BPT Diagnostics

A subset of our galaxies in both proto-clusters have measurements of all emission lines

necessary to apply Baldwin-Phillips-Terlevich (BPT) Diagnostics (Baldwin et al., 1981).

These emission lines are Hβ 4861Å, [O III] 5007Å, Hα 6563Å, and [N II] 6585Å. We require

our detections for all lines to be at SNR> 2.

UDS galaxies appear to be offset from the COSMOS sample in the BPT diagram (Figure
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Figure 4.3: The stacked metallicity measurements from the sample. Top rows are metallic-
ities determined from the indicator presented in Pettini and Pagel (2004), bottom rows are
determined from the indicator in Dopita et al. (2016). Mass bins are offset for clarity. The
IllustrisTNG simulations are shown in pink and lavender, with scatter in the accreted values
shown in shaded regions. Left: Metallicity values binned by mass. The low mass bin in-
cludes galaxies with log(M?) < 9.54, the medium mass bin from 9.54 <log(M?)< 10.1, and
the high mass bin from log(M?)> 10.1. The legend displays the number of galaxies in low,
medium, and high mass bins, respectively. Right: Metallicity binned by environment and
mass.
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4.4), however the Hβ line in UDS is located in a high sky-noise region, so our study may be

biased toward objects with higher Hβ flux. A two-population KolmogorovâĂŞSmirnov test

can reject the null hypothesis at a level of 0.005 that the COSMOS sample does not have a

higher log([O III]/Hβ) ratio than the UDS sample (at a p-value of 0.0013). Deeper observa-

tions may be necessary to determine if sky interference is biasing this analysis, however our

KS test results hold when we reject objects where any emission line displays significant sky

interference.
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Figure 4.4: BPT diagram of galaxies within our two fields (COSMOS and UDS). Galaxies
with all four emission lines Hα, [N II] , Hβ, and [O III] with greater than 2σ detection limit
are shown. Galaxies with one or more emission lines with heavy sky interference are unfilled
points. Colors are as in Figure 4.2. Shaded regions are SDSS galaxies. Colored curves from
Kewley et al. (2013) are the upper-limit to the theoretical evolution of star-forming galaxies
at z = 0 and z = 2.5.

ISM conditions are known to change in high-redshift SFGs compared to local SFGs

(Kewley et al., 2013, 2015; Shapley et al., 2015). Evolution of the ionization parameter
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(the amount of ionization a luminous source can produce in an HII region) does not evolve

significantly between 0 < z < 1, but changes to more extreme ionizing conditions between

1 < z < 3. Our results between the COSMOS and UDS cluster could show a tendency in the

z = 2.095 population to have more extreme ISM conditions than the z = 1.62 population.

Our stacked results tell a similar story (Figure 4.5). Galaxies are binned according to

stellar mass (inferred from FAST), environment, AGN status (confirmed AGN are excluded

from the sample but shown on our figures), and subdivided into low and high stellar mass

bins for each cluster and field sample. Spectra within a bin are then stacked. In each case,

the stellar mass has a strong influence on position in the BPT diagram. Higher stellar mass is

known to correlate with higher metallicity and therefore higher [N II] /Hα. Cluster and field

values at similar stellar mass show offsets in log([O III]/Hβ). Field objects in COSMOS are

offset from cluster objects by ∼ 0.15 dex, which is an offset of 2σ uncertainty. Field objects

in UDS are offset from cluster objects by ∼ 0.25 dex, offset by 2σ uncertainty. We will

summarize each panel of Figure 4.5 here.

In the upper left panel of Figure 4.5, we see galaxies in COSMOS and UDS binned purely

by cluster status. The COSMOS cluster (blue solid circle) is offset from the field (blue solid

star) by ∼ 0.35 dex in log([N II] /Hα), and no significant log([O III]/Hβ) offset. The UDS

cluster (green solid circle), in contrast, shows a ∼ 0.25 dex offset from the field (green solid

star) in log([O III]/Hβ) and no log([N II] /Hα) offset. Binned and stacked AGN are shown

for reference (solid black circle). Both cluster samples are located in the same range as the

SDSS sample, and both field samples have consistent log([O III]/Hβ) values as the Shapley

et al. (2015) MOSDEF sample of z ∼ 2.3 field galaxies (fuchsia solid line).

We isolate the effects of stellar mass on nebular gas properties in the upper right hand

panel of Figure 4.5. Very clearly there is a sequence of increasing log([N II] /Hα) ratio with

stellar mass in both the COSMOS (blue triangles) and UDS (green triangles) samples. When

we reject UDS galaxies at a higher stellar mass than the highers stellar mass galaxy in the

COSMOS sample (a mass-matched sample), our results do not significantly change.
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Figure 4.5: BPT diagram of galaxies within our two proto-clusters. We stack our galaxies
according to their mass, environmental density, field (COSMOS or UDS), and inferred ex-
citation mechanism (AGN identified via radio, IR, UV, or BPT diagram are separated from
all stacks). Upper left: Stacking according to field and environmental density, where we
find no significant environmental effects in either field. Upper right: Stacking according to
FAST-inferred stellar mass. We find a stronger effect from stellar mass in both fields. Lower
left: The COSMOS z ∼ 2 sample, split into low and high mass bins in both cluster and field.
We see a ∼ 0.2 dex offset between field and cluster galaxies. Lower right: The UDS sample
similarly separated into high and low stellar mass bins with respect to environment, again
showing a strong effect of stellar mass on the Hα/[N II] ratio, but also an offset between
cluster and field in [O III]/Hβ.
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In order to disentangle the effects of environment and mass, we separate our cluster and

field sample by stellar mass in the bottom two panels of Figure 4.5. Our cluster and field bins

are binned into a low (log(M?) < 9.2, unfilled small points) and high mass (log(M?) > 9.2,

unfilled large points) bin. On the lower left panel for the COSMOS sample, we find that

cluster and field galaxies at equivalent stellar masses are∼ 0.15 dex offset in log([O III]/Hβ).

The cluster sample remains at equivalent values to the SDSS sample. These results continue

in the lower right panel for the UDS sample, where instead cluster and field galaxies are

offset by ∼ 0.2 dex in log([O III]/Hβ).

We discuss the possible explanations for this offset in Section 4.5. But, it is clear that

cluster galaxies in both samples have similar ionization characteristics to SDSS local galaxies

and our field samples have ionization characteristics equivalent to other z ∼ 2 galaxies.

4.5 Analysis

The ZFIRE survey was conducted to determine if and when a galaxy’s environmental

density at high redshift plays a role in the evolution of its observed properties. Multiple anal-

yses focused on star-formation rate, metallicity, ISM characteristics, and kinematics have

shown that the proto-clusters observed at z > 1.5 have no significant environmental trends.

After analyzing metallicity using an ionization parameter-independent metallicity indicator,

we continue to see no strong evidence of environmental influence at z > 1.5 on gas-phase

metallicity. We find that using the PP04 indicator continues to show a lack of environmen-

tal influence on gas-phase metallicity. Additionally, we do not find any redshift evolution

between our samples. We find consistent measurements with Sanders et al. (2018) galaxies,

equivalent to a field sample at z ∼ 2.3.

The D16 indicator is less sensitive to the effects of electron density and ionization pa-

rameter (which have been observed to differ from local galaxies which metallicity indicators

are commonly calibrated upon). We applied this indicator to the same sample of galaxies.

Unfortunately, due to high levels of sky emission, we extracted upper limits from 13 UDS

galaxy (only one galaxy without upper limits) and 47 COSMOS galaxies (13 without upper
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limits on fluxes). With this constraint, we find the same result as using the PP04 indicator,

that environment has limited to no effect on gas-phase metallicity, and no redshift evolution.

We compare to simulated results from Illustris TNG (Torrey et al., 2018; Gupta et al.,

2018), which find that cluster galaxies at z = 1.5 display a ∼ 0.1 − 0.2 dex enhancement

in gas-phase metallicity from field galaxies. At higher redshifts, these enhancements are not

significant. We can confirm that in both populations at z = 1.62 and z = 2.095, cluster

galaxies do not have significantly enhanced metallicities.

Despite previous non-detections of environmental effects on galaxy properties (Kewley

et al., 2015), we do find an environmental effect on galaxy [O III]/Hβ ratio when we stack our

galaxies. Cluster galaxies have on average a (0.2 dex) lower value for log([O III]/Hβ) than

field galaxies at equivalent stellar mass. The [O III]/Hβ ratio correlates with the ionization

parameter and metallicity. Having shown no environmental offsets due to metallicity, we can

assume the offset is because field galaxies have a higher ionization parameter than cluster

galaxies. The offset is seen in both the UDS and COSMOS populations.

Though discovering the cause of this offset is beyond the scope of this study, we offer a

few possible (but speculative) explanations for our results.

A possible cause of the lower ionization parameter seen in cluster galaxies is due to their

larger volume. Allen et al. (2015) found that in the COSMOS cluster, star-forming galaxies

were marginally larger in effective radius (∼ .12 dex) than field galaxies at equivalent stellar

mass. Tran et al. (2017) found cluster and field galaxies in this sample had no significant

environmental offsets in the SFR-M? relation. Ionization parameter is the flux of ionizing

photons per volume. Hence, large disk size (and therefore larger volume) of cluster galaxies

at z ∼ 2 at similar SFRs (similar ionizing flux) would result in a lower ionization parameter.

Another possible explanation of the offset could be the cut-off of cold-mode accretion,

which shocks the ISM gas due to the pressure imbalance, increasing the hardness of ionizing

radiation. The cold mode accretion would be cut-off in the proto-cluster environment be-

cause of the ICM (Kereš et al., 2005; van de Voort et al., 2017), resulting in harder ionizing
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flux in field galaxies compared to cluster galaxies. A harder ionizing flux in field galaxies

can be responsible for the higher [O III]/Hβ ratio of field galaxies compared to cluster. How-

ever, this should result in a higher [N II] /Hα ratio for the cluster galaxies, which is not see

in our sample. Also, shocks from filamentary accretion are unlikely to be a dominant source

of ionizing photons (Rauch et al., 2011).

The UDS cluster has an observed X-ray luminosity component from which temperature

(and cluster mass) can be measured (Tanaka et al., 2010; Papovich et al., 2010). The temper-

ature measured from the X-ray luminosity was 1.7±0.3 KeV, equivalent to roughly∼ 2×107

Kelvin. In Kereš et al. (2005) the transition temperature between the filamentary cold-mode

accretion to hot-mode spherical accretion happens when the gas is heated to T = 2.5 × 105

Kelvin. However, we do not see an X-ray component to the COSMOS cluster, so alterna-

tive measures of the gas temperature are necessary to confirm this speculation (i.e. ALMA

measurements of gas temperature).

4.6 Conclusions

We perform a BPT and metallicity analysis of two over-dense regions in UDS (z = 1.62)

and COSMOS (z = 2.095). The rest-frame optical diagnostic lines Hβ, [O III], Hα, [N II]

, and [S II] are measured using the NIR spectrograph on Keck, MOSFIRE. Fluxes of these

emission lines and the [S II] doublet are extracted via a Gaussian fit to the 1D spectrum.

Absolute fluxes of Hα, [N II] , and [S II] are used to calculate the gas-phase metallicity

using the abundance indicator presented in Dopita et al. (2016). We find no offsets between

our two clusters at differing redshifts, or any enhancement relative to field galaxies at the

redshifts of these galaxies. This is consistent with predictions from IllustrisTNG (Torrey

et al., 2018; Gupta et al., 2018).

For the subset of galaxies where all four diagnostic lines (or their 1σ detection limits) are

measured, we perform an analysis of the nebular gas properties using the BPT diagram. We

find an offset in the [O III]/Hβ ratio in each population from the local SDSS sample, consis-

tent with photoionization models at high redshift, due to an increasing ionization parameter
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(Kewley et al., 2013). When objects are stacked, we find at most a ∼ 0.25 dex [O III]/Hβ

enhancement in field galaxies compared to cluster galaxies, which is within 2σ uncertainty.

We find higher-mass (M∗ > 10.1) stacks in both UDS and COSMOS to have an enhanced

Hα/[N II] ratio compared to low-mass objects (M∗ > 10.1), in both the cluster and field

environments.

With this analysis, we can conclude that at z > 1.5, galaxies associated with the cluster

environment do not display a metallicity enhancement relative to field galaxies. However,

cluster galaxies display a ∼ 0.2 dex lower offset in log([O III]/Hβ) from field galaxies at

comparable redshifts. The explanation of this offset remains for future work, but we spec-

ulate it is due to the shutoff of cold-mode gas accretion to cluster galaxies, or a decrease in

ionization parameter due to larger sizes observed in cluster galaxies. Further observations of

galaxy clusters are needed to confirm our results, particularly clusters at z ∼ 1.5, where sim-

ulations in Illustris-TNG predicts a metallicity enhancement occurs in dense environments.
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5. SUMMARY AND CONCLUSIONS

In this work, I have studied the properties of galaxies in proto-clusters at z ∼ 2. Based

on observations of environmental effects on members of galaxy clusters at z = 0, we hy-

pothesized that the cluster environment would effect the evolution of its members starting

during its formation. At z ∼ 2, galaxies in clusters, even brightest cluster galaxies, were

forming stars rapidly. However, in local clusters, star formation is shut off due to environ-

mental quenching mechanisms like ram-pressure stripping or galaxy strangulation. Local

cluster galaxies appear to have more evolved stellar populations, therefore we test to see if

the cluster environment causes a more rapid evolution in star-forming galaxies to explain

the prevalence of galaxies with older stellar populations in clusters at local redshifts. Addi-

tionally, we measure the nebular gas properties of cluster galaxies to determine if there are

signals of chemical pre-processing or differing ionization conditions from the field. These

observations provide constraints on the effect of environment on cluster galaxies at early

points in the development of a cluster.

5.1 The Kinematics of Star-Forming Galaxies at z ∼ 2 as a Function of Environment

We have observed the Hα kinematics of galaxies in the cluster environment at z = 2.095

in COSMOS. Hα was used because it is a very bright emission line, and is the result of

star formation. At z ∼ 2 it is observed in both cluster and field galaxies, so it allows us

to directly compare kinematic properties of both populations. We measured the width of

the emission line and converted this width to an integrated gas velocity dispersion (σint),

accounting for both velocity and dispersion in this kinematic measurement. We found no

significant differences in the velocity dispersions of cluster and field galaxies, and velocity

dispersion measurements of other star-forming galaxies in the field at z ∼ 2.

The integrated velocity dispersion measurements can be used to trace the gravitational

potential of a galaxy. We used these measurements of σint to measure the dynamical mass
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(dark matter and baryonic matter) of the internal effective radius of our galaxies, assuming

a spherical matter distribution. We did not correct for inclination or offset of the kinematic

axis and the slit position angle because we did not want to make further assumptions of

the galaxy’s morphology. We found no variations between the overall kinematics of cluster

and field galaxies. When we used σint to estimate dynamical masses, we again found no

significant differences from field galaxies.

Kinematics were measured using the Hα emission line, so we extracted Hα fluxes, and

used the fluxes to estimate the gas mass of a galaxy from the Kennicutt-Schmidt Law (Ken-

nicutt, 1998). Again we found no significant differences between cluster and field galaxies,

but we were also able to determine that within 1 effective radius (1-2 kiloparsecs), the mass

of an SFG was dominated by baryonic matter.

5.2 The 3D Kinematics of Star-Forming Galaxies at z ∼ 2

We continued our work by investigating the contributions of velocity (V2.2) and velocity

dispersion (σg) and their relationship to morphology. Our hypothesis was that if clumpy or

irregular morphology in the COSMOS population was caused by merging or gravitational

instabilities due to high gas fractions, we would see a larger scatter around kinematic scal-

ing relations and in angular momentum values for irregular galaxies than regular galaxies.

Studies at z > 0.7 have shown a larger scatter of angular momentum values in recent merger

galaxies (Puech et al., 2007). This hypothesis assumed a stochastic variation in the orienta-

tions of mergers and gas accretion, as the angular momentum gain or loss is dependent on

the orientation.

We used HELA modeling to extract the rotation curves and constant gas velocity dis-

persion of our galaxy populations. Modeling using simulated emission lines generated by

Bekiaris et al. (2016) showed that we recover V2.2 to an offset of > 10% of the input, and

within 2% for σg. However we recover our kinematic indicators S0.5 and jdisk (specific angu-

lar momentum) reliably. We found no increase in scatter around the S0.5 scaling relation in

irregulars compared to regulars, or in any other kinematic scaling relation. Our results were
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consistent with Simons et al. (2017) who found an increase in V2.2/σg, but modeling showed

our recovery in V2.2/σg was likely unreliable.

Our most compelling result was the result of a two-population Kolmogorov - Smirnov

test on the specific angular momentum values of irregular and regular galaxies. We found that

irregular galaxies had higher jdisk values than regular galaxies to a 90% confidence value.

This contradicted our hypothesis as we found greater scatter in angular momentum values

in regular galaxies. What we propose is the explanation for this that either we are unable

to resolve the clumpy structure in low-mass SFGs, or the accretion and merging events that

cause these structures are not happening at random orientations. Further observations are

needed to follow up these results, including measurements of possible metallicity gradients,

spatial information from IFUs, or simply larger datasets of cluster and field galaxies, to see

if there is an environmental or Cosmic Web component.

5.3 Nebular Gas Properties and Gas-Phase Metallicities of Star-Forming Galaxies at

z ∼ 2

We complete our study of galaxy properties within proto-clusters by studying two proto-

clusters. The first cluster is the COSMOS cluster which was the focus of our investigation

in Chapters 2 and 3. We add the second cluster, in UDS at z = 1.62, for our analysis of

nebular gas properties of proto-clusters. We also add more observations of emission lines of

galaxies in COSMOS from our previous ionized gas measurements of Kewley et al. (2015),

and perform an analysis of gas-phase metallicity using a strong line metallicity indicator

modeled to be insensitive to the effects of ionization parameter and electron density (Dopita

et al., 2016).

Our metallicity indicator required flux measurements of the [S II] emission line doublet,

a very faint emission line, so for most of our objects, we found flux limits of the [S II]

lines. We found no offsets between cluster and field, or between the COSMOS and UDS

populations using either the Dopita et al. (2016) indicator or the Pettini and Pagel (2004)

indicator in wider use. We do find that the Dopita et al. (2016) values were highly scattered
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due to faint emission line measurements and high sky noise. Our results confirm predictions

made by IllustrisTNG on the redshifts when chemical pre-processing signatures are found

in the gas-phase metallicity of star-forming galaxies in clusters (Gupta et al., 2018; Torrey

et al., 2018)

With no indication of environmental effects on gas-phase metallicity, confirming the re-

sults of Kacprzak et al. (2015); Tran et al. (2015), we can perform a BPT analysis to deter-

mine nebular gas properties of our galaxies. We find that the UDS population has a lower

log([O III]/Hβ) ratio than the COSMOS population, likely due to the increase in ionization

parameter at higher redshift (Kewley et al., 2013; Shapley et al., 2015). Additionally we find

that by stacking by environment and mass within environmental samples, we find a ∼ 0.3

dex offset between cluster and field galaxies in both samples, where cluster galaxies have a

lower log([O III]/Hβ) ratio than the field. The cluster galaxies had consistent log([O III]/Hβ)

values with the z = 0 SDSS sample, and field galaxies were consistent with other z ∼ 2

studies (Sanders et al., 2018).

We speculate that this offset is the result of the larger sizes of galaxies in proto-clusters

at z ∼ 2 (Allen et al., 2015) with similar SFRs between cluster and field galaxies (Tran

et al., 2017). This would cause a lower ionizing flux per unit volume, which would be

a lower ionization parameter, and decrease the log([O III]/Hβ) ratio of the cluster samples.

Alternatively, the high log([O III]/Hβ) ratio in the field galaxies compared to the cluster could

be the result of shocks from cold-mode accretion. The cluster environment would be forming

the ICM, which would heat infalling gas before going through the virial radius of cluster

galaxies, and would dampen any temperature-based shock. Both these explanations require

further investigation, but are the first indication of an environmental effect on the nebular gas

properties of galaxies in proto-clusters.

5.4 Further Study

The most prominent challenges in the field of galaxy evolution within clusters across cos-

mic time include small sample size, spatial resolution, sky emission, and lack of simulation
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predictions. Space-based and adaptive optics observations will provide spatially resolved

kinematics and allow for greater modeling of the complex kinematics of high-redshift and

merging galaxies. Additionally, greater spatial resolution will be useful for detecting metal-

licity gradients, which will be useful in correlating kinematics and gas accretion. More

clusters must be identified before concluding that the results in this work are typical of

proto-clusters at z > 1.5. More clusters at varying redshifts will pinpoint the epochs of

environmental effects in the growth of a cluster. Finally, a greater emphasis on identifying

the simulated predictions of physical properties and their relationship to environment (kine-

matics, metallicity, gas temperature and ionization conditions) will help us understand the

direct evolutionary tracks of galaxies within proto-clusters.

5.4.1 On Kinematics and Environment

Following up on my previous research, I am interested in exploring the connection be-

tween kinematics and the processes which build the gas reservoirs of galaxies. An open

question in the study of how galaxies build their gas mass is how gas accretes onto a galaxy.

Does the gas accrete through flows from filamentary structures? Or does it fall onto the disk

randomly from the circumgalactic medium? Are wet (gas-rich) mergers a dominant or minor

mechanism of this growth? Accretion of gas from the circumgalactic medium and through

filaments (Kereš et al., 2005; Danovich et al., 2015), and similarly major and minor mergers

(Rodriguez-Gomez et al., 2017), leave indications in the gas kinematics of a galaxy.

While our simulated kinematic properties S0.5 and jdisk were recovered to a high level

of accuracy (within 5% of the input kinematics, Appendix B), we believe follow-up obser-

vations of our sample are necessary. It is worthwhile to determine if we measure consis-

tent values of rotation and dispersion with IFU spectroscopy of galaxies within our sample.

OSIRIS, NIFS, or KMOS measurements of the gas kinematics of the ZFIRE sample would

allow us to determine if we are consistent or offset from IFU observations. If there is an

offset, then there is a need to develop more complex kinematic models. If we are consis-

tent with IFU observations, then we can reliably build large samples of z ∼ 2 galaxies with
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multi-slit spectrographs.

Our kinematics relied on a number of assumptions, and our modeling could be improved

with a few modifications if we find our recovered kinematics are offset from IFU spec-

troscopy. In our models, we assume an arctangent rotation curve, a constant velocity disper-

sion, and an infinitely thin disk. We could remove the assumption of an infinitely thin disk,

and add a thickness to the disk. Once that is done, it could be possible to modify our velocity

dispersion so it is not constant through the disk. The amount of variation will likely depend

on the resolution of the instrument. Alternatives to the arctangent rotation curve could also

be used, for example, the falling rotation curves observed by Lang et al. (2017).

A full-scale study of these questions on the nature of gas accretion is a worthwhile ex-

ploration. It is valuable to explore a large sample of local spatially resolved galaxies (or

as resolved as possible for high-z galaxies) with spatial and spectral data. The SAMI in-

strument, KMOS, OSIRIS, and NIFS would provide the best current datasets for exploring

the relationship between gas kinematics and environment. In the future, HECTOR, GIR-

MOS, and JWST will similarly provide large datasets useful for these studies. A knowledge

of proto-cluster structures, galaxy spatial distribution within a cluster, metallicity gradients,

and modeling complex kinematics will greatly enhance our knowledge of how galaxies build

their gas reservoirs and how the environment affects these processes.

5.4.2 On Ionized Gas and Environment

The cause of the offset between cluster and field galaxies at z = 1.62 and z = 2.1 is still

unknown. It is advisable to measure the gas mass directly from the galaxies in the COSMOS

and UDS samples using ALMA, rather than estimating from the Kennicutt-Schmidt Law.

With this data, we could determine if the ionizing flux does remain the same between cluster

and field, while sizes of cluster galaxies increase. Alternatively, one could test the accretion

shock theory by trying to measure the temperature of the ICM in the COSMOS and UDS

clusters against the CGM gas surrounding field galaxies, or the temperature of gas in their

filaments.
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APPENDIX A

HELA MODELING

Here we describe our method of fitting our emission lines, using HELA (Heidelberg

Emission Line Algorithm), provided by its developer, C.M. Straatman, which uses the pre-

scription of Price et al. (2016).

The emission line fit is generated from a 3D data-cube. This data cube is generated given

an input inclination, slit offset, redshift, emission line wavelength, and an estimated scale

radius, turnover radius, asymptotic velocity, and σg. Given bounds in spatial and wavelength

space (xinit and yinit), we create an x-y grid of velocity space, face-on with a galaxy, or at

i = 0o. With our input ∆α, we transform our model using

Figure A.1: An example of our models created in HELA. Left: Spatial intensity profile of
an infinitely thin disk galaxy, with Vt = 300 km s−1, rs = 0.5′′, rt = 0.15′′, σg= 25 km s−1,
i = 30o, and ∆α = 15o. Center: The line of sight velocity field of the galaxy to the left.
Right: Emission line of the galaxy described, convolved with a 2D Moffat profile at 0.7′′

seeing. Reproduced by permission of the AAS.

Reprinted with permission from "ZFIRE: 3D Modeling of Rotation, Dispersion, and Angular Momentum
of Star-Forming Galaxies at z ∼ 2" by Alcorn, L., et al., 2018, The Astrophysical Journal, Volume 858, Article
47, Copyright 2018 American Astronomical Society.
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x0 = xinit cos ∆α− yinit sin ∆α (A.1)

y0 = xinit sin ∆α + yinit cos ∆α, (A.2)

to account for our offset between the galaxy major axis and our slit PA. We transform our

values using our input inclination with

xi = xp/ cos i, (A.3)

rotating our galaxy into its correct inclination. We define a variable r, the distance from the

center of the galaxy, as,

r2 =
√
x2
i + y2

0, (A.4)

and the angle ψ as,

cosψ = yp/r. (A.5)

An example of the disk is seen in Figure A.1, left panel.

A velocity profile is created assuming an infinitely thin disk, an arctangent rotation curve

Vrot(r) =
2

π
Vt arctan

r

rt
, (A.6)

where Vt is the asymptotic velocity and rt is the turnover radius. This equation is then used

to determine the line-of-sight velocity (VLOS)

VLOS = Vrot(r) sin i cosψ. (A.7)

The resultant line-of-sight velocity map is seen in Figure A.1, middle panel.

To map our kinematic components into a 2D emission-line observation, as would be seen
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from slit spectroscopy, we create a spatial exponential intensity profile,

I(r) = I0 exp
−(r)

rs
, (A.8)

where rs is the intensity scale radius. The intensity profile is then mapped onto VLOS using

I(r, λ) =
I(r)√
2πσg

exp(−(λ− λLOS)2

2σ2
g

), (A.9)

where σg is the intrinsic gas velocity dispersion.

We convolve this intensity profile with a Moffat 2D PSF if Moffat parameters α and β

are provided, as in the Moffat PSF profile:

PSF (r) =
β − 1

πα2

[
1 +

( r
α

)2
]−β

. (A.10)

If Moffat parameters are not provided, then a Gaussian profile of given seeing can be

used in place of a Moffat profile. Then we collapse the model over a slit width of 0.7′′, and

scale to our preferred intensity signal (see Figure A.1, right panel, for an example of the

collapsed emission line). During fitting to MOSFIRE data or simulated observations, this

scaling is determined from a weighted least-squares fit of the model to the data or simulation,

weighted by the measurement errors from the weight images.

Our best-fit models for our sample can be seen in Figure A.2.
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Figure A.2: Imaging and best fits of galaxies in our sample. From Left: RGB images are
from F160W (red), F140W (green), and F125W (blue). The slit overlay is shown in green
and the major axis of the galaxy is shown in red. Second from left: The LOS map is aligned
with the RGB image. Center: The Hα emission line with sky emission masked in white
and continuum removed, if present. Second from right: Best-fit emission line from HELA
modeling, characterized by the LOS map. Right: Residual from the best-fit line. Reproduced
by permission of the AAS.
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Figure A.2 Continued. Reproduced by permission of the AAS.
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Figure A.2 Continued. Reproduced by permission of the AAS.
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Figure A.2 Continued. Reproduced by permission of the AAS.
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Figure A.2 Continued. Reproduced by permission of the AAS.
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Figure A.2 Continued. Reproduced by permission of the AAS.
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Figure A.2 Continued. Reproduced by permission of the AAS.
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Figure A.2 Continued. Reproduced by permission of the AAS.
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Figure A.2 Continued. Reproduced by permission of the AAS.
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Figure A.2 Continued. Reproduced by permission of the AAS.
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Figure A.2 Continued. Reproduced by permission of the AAS.
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Figure A.2 Continued. Reproduced by permission of the AAS.
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Figure A.2 Continued. Reproduced by permission of the AAS.
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APPENDIX B

FITTING SIMULATED EMISSION LINES

We test our fitting procedure on a sample set of simulated MOSFIRE observations. We

use 1000 simulated emission lines of galaxies created from the GBKFIT program Bekiaris

et al. (2016). Three examples of these simulated emission lines are in Figure B.1.

Figure B.1: Examples of models used in our model library. Left column: Models from
GBKFIT with 1.25′′ dither patter. Right column: Models with low MOSFIRE-level sky
noise added, with no sky emission. These are examples of our simulated observations, used
to test the effectiveness of our method. Reproduced by permission of the AAS.

GBKFIT creates simulated 3D data cubes of galaxies given initial properties such as

Reprinted with permission from "ZFIRE: 3D Modeling of Rotation, Dispersion, and Angular Momentum
of Star-Forming Galaxies at z ∼ 2" by Alcorn, L., et al., 2018, The Astrophysical Journal, Volume 858, Article
47, Copyright 2018 American Astronomical Society.
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galaxy redshift (z), scale length rs (1-5 kpc), turnover radius rt ( rs
3

), turnover velocity Vt

(100-400 km s−1), gas sigma σg (20-100 km s−1), inclination i (0-90o), and offset from the

PA of the slit ∆α (-45-45o). Galaxies are all infinitely thin exponential disks with arctangent

rotation curves,

Vrot(r) =
2

π
Vt arctan

r

rt
. (B.1)

All objects have a constant intrinsic gas velocity dispersion. These models are convolved

with the desired seeing and projected through a 0.7′′ wide slit. In this case, we used 2D

Moffat at 0.7′′ seeing and β = 2.5. The values of these properties in our sample span

the range of possible values in all cases, providing a diverse sample of disk galaxies, with

v
σ

= 1− 20.

We measure pixel-to-pixel RMS from 2D MOSFIRE K-band observations and add sim-

ulated sky noise to each model (Figure B.1). We do not simulate a continuum. Scale models

to the sky noise to create mock observations at varying signal-to-noise (SNR) values (from

SNR=5-60). If part of the line is masked from simulated sky emission, the SNR drops de-

pending on the amount of line coverage. The SNR was calculated by summing all pixels

of the spectrum within defined limits and dividing by the summed squares of the equivalent

pixels in the corresponding noise spectrum. This region was defined as within 5rs and 1.26′′

of the center of the object, and within 3FWHM of the emission line.

B.1 The Effects of SNR and Masking Sky Emission

When masking sky emission, we do not perform any operations on masked pixels. The

fraction of pixels masked does affect recovery rates of our input models, and through our

simulations we have found that if more than half of the emission line is masked at any SNR,

we underestimate our input V2.2 by 12% at half masked to 83% at 80 - 100% masked (Figure

B.2, Row 2, far right). Similar results are found in σg recovery: at 50% masked, we tend to

overestimate σg by 20%, increasing to up to 70% overestimated at 80 - 100% masked (Figure

B.2, Row 4, far right). SNR correlates with recovery as well, although less significantly. At
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SNR > 10, we overestimate V2.2 by ∼ 10% at a 20% scatter, and at lower SNR we find the

scatter to increase to ∼ 70% (Figure B.2, Row 1, far right). For σg recovery, we find at SNR

> 10, we tend to underestimate σg by 10% at a scatter of 15%, and at lower SNR the scatter

can increase to ∼70% (Figure B.2, Row 3, far right).

B.2 Fixed and Free Turnover Radius

The recovery of rt is significant in the recovery of rotational velocity, as Vt is correlated

with rt. However, V2.2 is a more reliable measurement due to a smaller offset from predicted.

Similar surveys fix rt in comparison to rs e.g. rt = 0.4rs Price et al. (2016). We have decided

our final sample will not hold rt fixed, and instead will allow rt to free values where rt < rs.

However we include results if we fix rt = 0.33rs and rt = 0.4rs in our analysis.

In the case where we allow rt to vary freely at any length below rs, we find we over-

estimate rt by around 30% of the input with a large scatter, while recovering our input rs

to a median offset of -20% of the input, and within a 1σ scatter of 15% of the input value.

However we tend to overestimate our velocity at r = 2.2rs, to within ∼10%. We recover

σg to a small bias (∼10% underestimated from the input), at a 1σ scatter of 15%, increasing

to 70% scatter at high line coverage and low SNR. Therefore, if we have bias in our results,

we are overestimating the velocities in the M?-TFR and in V2.2/σg. We also determine our

ability to recover specific angular momentum, jdisk (underestimated by only ∼5% at low

line coverage) and V2.2/σg (overestimated by 25% at low line coverage). Interestingly, the

rotational velocity and the velocity dispersion are both recovered well below rs < 0.2′′. The

size (both rs and rt) of the modeled galaxy seems to be uncorrelated with the recovery rate,

possibly because all our modeled galaxies are smaller than the seeing they are convolved to.

In our simulated observations from GBKFIT, rt is constantly held to be rs = 3rt. To

determine our ability to recover the velocity, we try holding rt to be at this fixed distance

relative to rs. When we recover our kinematic parameters while holding rt = 1/3rs, we

find that we underestimate both rt and rs, but V2.2 is recovered with only minor offsets

(overestimated by ∼5% with a scatter of ∼20% at low line coverage). σg is still recovered
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Figure B.2: Recovery rates of V2.2 and σg for simulated MOSFIRE observations at vary-
ing SNR and portion of the emission line masked (due to sky emission). Simulations are
emission line models generated by GBKFIT, and embedded in MOSFIRE-level sky noise.
Using HELA modeling, we test our recovery rate against (from left, top row) ∆α (slit and
morphological PA offset), inclination, SNR, (from left, bottom row) rs (disk scale radius), rt
(turnover radius), and emission line masked fraction. All 2D histograms are plotted on the
same color scale. We tend to overestimate V2.2 by ∼10%, and underestimate σg by 10%. In-
clination tends to have an effect at an inclination of 30o, where we begin overestimating our
V2.2 by up to 30%. At more than half the emission line masked, our recovery is unreliable.
Reproduced by permission of the AAS.
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Figure B.3: Recovery rates of S0.5 and V2.2/σg for simulated MOSFIRE observations. Top:
We overestimate S0.5 by within 10% of the input values. Inclination affects recovery starting
at around 30o, where we begin overestimating S0.5 by 20%. Bottom: V2.2/σg recovery is less
reliable, where we tend to overestimate our values at around 25% of our input value with
significant scatter. These results indicate that the S0.5 parameter is by far the more reliable
method of measuring kinematics, and V2.2/σg values are possibly biased too high and at high
scatter. Reproduced by permission of the AAS.

at minor offsets (underestimated by 5%). jdisk is underestimated by 10% and V2.2/σg is

overestimated by 25%. We find that we can reliably recover V2.2 and σg at small offsets, as
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Figure B.4: Recovery rate of jdisk for simulated MOSFIRE observations. We can reliably
recover input jdisk for objects with less than 50% of the line masked, or with SNR>10.
Reproduced by permission of the AAS.

well as S0.5 and jdisk. However, due to the small scatter in the recovered values for V2.2 and

σg, our V2.2/σg values have high scatter and are overestimated, and are thus likely unreliable.
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