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ABSTRACT

In the myriad observational and theoretical studies surrounding the Epoch of Reionization
(EoR,z 13 6), one point becomes abundantly clear: we are still in the discovery phase of
galaxies during this time. Our knowledge of galaxies during this epoch is still in its infancy,
but what little we know hints that these galaxies emit copious UV radiation, powered by
massive, metal-poor stars and significant ionization. While the Ly emission line is the UV
gold standard for finding galaxies during the EoR, the resonant line is highly sensitive to
neutral Hydrogen — often pushing the redshift derived from this line hundreds of km s !
redwards of the true redshift. However, the rest-UV spectra of galaxies contain a rich variety
of nebular metal emission lines which can trace the systemic redshift of these distant sources,
& contain highly valuable information about the massive stars and physical conditions in
galaxies during the EoR. Such UV nebular lines are targetable at these redshifts, yet have
been unexplored except in rare, individual cases.

In this work, I discuss the science that can be uncovered using Keck/MOSFIRE NIR
spectroscopy of galaxies in the EoR. As part of this work, I focus on a galaxy at zgys = 7:5032
where we detect strong Ciii] and Civ nebular emission. I show that this high-redshift
galaxy matches well with very metal-poor (Z < 20% Solar) photoionization models that
produce strong ionization (logU > 2). Such strong ionization could come from stellar
populations that include binary stars and/or an IMF that extends to 300 M, or supplied
by a combination of star-formation and an accreting supermassive black hole. Finally, I
summarize the preliminary results of a broader Keck/MOSFIRE spectroscopic search (as
PI) for rest-UV nebular metal lines in EoR galaxies (5 <z < 8) in the CANDELS fields and

highlight the exciting science on the horizon using JWST.
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Multi-band photometry for a high-redshift galaxy, starting with smaller wave-
length bands on the left side and increasing in wavelength to the right. The rst
continuum light seen for this galaxy occurs in the F105W band (highlighted
in red), indicating that the Lyman break feature of this galaxy must occur
within that band's wavelength region. This yields a photometric redshift range
of 7:.5< zpnet < 7:9. This galaxy was spectroscopically con rmed vidy by
Finkelstein et al. (2013, with later spectroscopic follow-up by Jung et al. 2019),
& was targeted for systemic redshift tracers by work done in this thesis (see
ChaPtEIS Y2 3). oottt e,

A cartoon depiction of how theLy emission line pro le can be impacted by a
neutral IGM. The blue shaded gaussian represents the intrinsic line pro le for
Ly , while the red gaussian is the observddy emission. The vertical dashed
lines show the center of both line pro les, representing the redshift one can
derive from those shapes. The equation on the left shows how to quantify the
velocity o set of the skewedLy emission from the systemic (or true) redshift
(Wherecis the speed of light). ... e

Example of a basicCloudy run (from the QuickStart guide) where the
shape of the ionizing radiation eld is described by a black-body curve with a
temperature of T=10°K, the strength of the eld is de ned by a luminosity

of 10® erg s, the inner radius of the gas cloud de ned as 1® cm, the
Hydrogen density of the gas cloud as ¥@m 3, a spherical geometry, and the
elemental abundances set to match the planetary nebula prescription provided

Page
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5

by Cloudy . The nal lines of code set the iteration and model save commands10

Comparison of the optimized 1D spectral extraction technique versus traditional
uniform extraction for the alignment star in the 2017 April 18 mask. The

top panel shows (a) the spectrum extracted using a uniform aperture and the
optimized method (as labeled in the plot inset) and (b) the weight used by
the optimized process, de ned within the 7-pixel extraction aperture, centered
on the peak of emission (spatially). The bottom panel (c) shows the ratio of
the S/N of the extracted spectra for the optimized method versus the uniform
extraction. There is an overall increase in recovered S/N for the optimized
21 r= (o 1o o
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2.2 Top left: A zoom in of the CANDELS/GOODS-N eld in F160W band,
centered on z7_GND_42912. The di erent-colored slits indicate the di erent
datasets and their respective positions on the targetTop right: Y-band
MOSFIRE spectroscopy of z7_GND_42912 from Jung et al. (2019), showing
the 2D S/N spectrum (where the S/N spectrum is the ux divided by the
error; the blue hatched regions mask skylines), and the optically extracted 1D
spectrum (solid blue line) with error (shaded blue region). The black dashed
line shows a (skewed) Gaussian t to the lineBottom: H-band MOSFIRE
spectroscopy showing the combined 2D smoothed S/N spectrum (top panel)
and the optimally-extracted 1D spectrum from the combined dataset (bottom
panel). The blue shading is the same as in the top right panel. The black
dashed line shows a Gaussian ttotheline . ...t 22

2.3 H-band MOSFIRE spectroscopy from the 2016 May 4 data of z7_GND_42912
showing an independent detection o€ iii] emission. The data are not ux
calibrated. The top panel shows the 2D smoothed S/N spectrum, with the blue
hatched regions masking out skylines; the bottom panel shows the optimally-
extracted 1D ux spectrum, shaded blue regions indicating the error. Over-
plotted in grey is the 1D co-added and ux-calibrated spectrum from Figure
2.2, scaled to be visible. ... 24

2.4 Systemic redshift determination for z7_GND_42912 for the case that the
detected emission line is (a)Giii] 1907 or (b)Ciii] 1909 as a function
of both wavelength and velocity o set fromz,, . The black and red arrows
indicate the expected location of both lines of th€ iii] emission doublet for
case a: the identied line is Ciii] 1907 and case b: the identi ed line is
Ciiil] 1909 respectively. The inset axis shows the velocity o set ofy
from systemic for each possibl€iii] identi cation, and the arrows show the
expected location of the other line of the doublet (in both cases they would
fall on sky emission lINES). ....oouiiiii i 28

2.5 A compilation of velocity o sets for galaxies atz 6 with both Ly and a
nebular line (which provides the systemic redshift of the source). In addition,
we have included a sample of galaxies at 2 3 from Erb et al. (2014),
Schenker et al. (2013), Sobral et al. (2018), McLinden et al. (2011), and
McLinden et al. (2014), respectively. The stars represent z7_GND_42912
where the dark (light) star assumes the detected emission Giji] 1907 Ciii]
1000 ). i 29
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2.6

2.7

2.8

2.9

All measuredz 6 galaxies with spectroscopic measurements in botly and

Ciii] from the compilation in Matthee et al. (2017, and references therein).

1 upper limits are shown as open circles with arrows, while the detections

are colored circles. They, of the detections are shown next to the points.

The stars represent z7_GND_42912 where the dark (light) star assumes the
detected emission isGiii] 1907 Ciii] 1909). In addition, we have included
asample ofz 2 3 LAEs from Sobral et al. (2018), represented by the grey
diamonds and 1 diamond upper limits. The dashed line represents the 3
UV-selected AGN composite from Hainline et al. (2011) and the dotted line
represents thez 3 LBG composite from Shapley et al. (2003). ............... 31

Restframe equivalent with of the Ciii] doublet versus IRAC color. The large stars represent
z7_GND_42912 where the dark red (light red) star assumes the detected emission ig]Jiii]
1907 Ciii] 1909). The lines show models as a function of ionization parameter, stellar
metallicity, and nebular metallicity for the single and binary bpass SPs with M- = 100,
300 M and the S99 SPs with Mjj- = 100 M . In the last panel, the Cloudy AGN models
are shown, following the parameters listed in Table 2.3. Each line shows the full range of
ionization parameter explored (-3.5 to -1.5), with -3.5 indicated by the open circles and
-2.5, -1.5 by the small circles. All of the SP models have continuous star formation with
ages of 10 Myr. The IRAC color was measured by redshifting the model spectra tasys
assuming the detected emission is(iii] 1907 (but using the redshift for Ciii] 1909 does
not change the results). The solid black arrow shows the e ect of dust attenuation using
the reported E(B V) for z7_GND_42912 as described by Calzetti et al. (2000). ........ 38

The ratio of Siiii] 1883/ [Ciii] 1907 versus ionization parameter for our
ducial bpass+ Cloudy models with continuous star formation and age of

10 Myr. The solid lines show models that include binaries with an IMF that
extends to 300 M, and the dashed lines shows models without binaries and

an IMF that extends to 100 M . The line colors match the stellar metallicities
shown in Figure 2.7, and the shaded regions represent the @pper limits for

this ratio assuming the two di erent zsys solutions. .............................. 40

Simulated 1D spectra for z7_GND_42912 for a 2 hour (prism) and a 10 hr
integration (zoom-in onNv and Siiii] + Ciii] in the insets) using NIRSpec

on JWST. (1) Our ducial SP+ Cloudy model with binaries, M- = 300

M ,logU= 2landZ = Z, = 0.2Z . (2) An SP+Cloudy model with

no binaries, My} =100 M , and matched logU,Z , and Z,, to our ducial
model. The two AGN models have (3) logl+ 1.7andZ,, =0:5Z , and
(4)logU = 23 andZ,, =0:3Z . Major lines of interest are labeled, and

the spectral coverage for the prism and medium resolution gratings are shown

AL TN L0, it e 43
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3.1 Top left: A zoom in of the CANDELS/GOODS-N eld in F160W band,
centered on z7_GND _42912. The gold slit indicates the dataset and its
respective position on the target.Top right: J-band MOSFIRE spectroscopy
showing the 2D smoothed spectrum and the optimally-extracted 1D spectrum
(both smoothed and unsmoothed shown). The blue shading is the same as in the
top panels. Bottom left: Y-band MOSFIRE spectroscopy of z7_GND_42912
from Jung et al. (2019), showing the 2D S/N spectrum (where the S/N spectrum
is the ux divided by the error; the blue hatched regions mask skylines), and
the optically extracted 1D spectrum (solid blue line) with error (shaded blue
region). The black dashed line shows a (skewed) Gaussian t to the line.
Bottom right: H-band MOSFIRE spectroscopy from Hutchison et al. (2019),
showing the combined 2D smoothed S/N spectrum and the optimally-extracted
1D spectrum from the combined dataset. The blue shading is the same as in
the top left panel. The black dashed line shows a Gaussian t to the line. .... 55

3.2 AzoominontheCiv  1548,1551 feature shown viadp) bpass and S99 stel-
lar population models at xed stellar age of 10 Myr, fiddle) Cloudy + bpass
modeling at xed logU = 1.5 and stellar age of 10 Myr, and ljottom)
Cloudy +AGN modeling at xed Z,., = 0:2Z . For all panels, a range of
sub-Solar metallicities are shown. Each panel highlights how ti@&iv feature is
a ected by di erent factors. Note that the higher-resolution Cloudy modeling
is only used for illustrative purposes in this gure. ..............ccoiiiiiiinn., 60

3.3 Ratio of the total Civ ux over the total Ciii] ux (i.e., C43) versus IRAC color (which is

a tracer of H +[Oiii] nebular emission). The large stars represent z7_GND_42912 where

the dark red (light red) star assumes the detected emission iJiii] 1907 Ciii] 1909).

The lines show models as a function of ionization parameter, stellar metallicity, and nebular
metallicity for the single and binary bpass SPs with Mi>- = 100, 300 M and the S99 SPs

with M = = 100 M . Each line shows the full range of ionization parameter explored (-3.5

to -1.5), with -3.5 indicated by the open circles and -2.5, -1.5 by the small circles. All of the

SP models have continuous star formation with ages of 10 Myr. IRAC color is measured by
redshifting the model spectra to0zsys = 7.5032. ... .viutiiireiti e 62

3.4 Diagnostic plots based up on theCloudy +AGN models from H19. The large stars represent
z7_GND_42912 where the dark red (light red) star assumes the detected emission is
[Ciii)] 1907 Ciii] 1909). The lines show models as a function of nebular metallicity and
ionization parameter (ranging from -3.5 to -1.5; with -3.5 indicated by the open circles and
-2.5, -1.5 by the small circles). fop panel) Restframe equivalent width of the Ciii] doublet
versus IRAC color. (middle panel) C43 Ratio versus IRAC color (bottom panel) Restframe
equivalent width of Ciil] VErSUSC IV . . ...uiutti it it ia e eens 70
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3.5

3.6

4.1

4.2

4.3

5.1

Wiy versusWc;ii) for EoR-analogue galaxiesz(< 4) from the literature,
colored by their redshifts. These sources comprise of both star-forming galaxies
and AGN. The large stars represent z7_GND_42912 where the dark red (light
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1. INTRODUCTION

Far back in cosmic time, before the rst stars and galaxies formed, the Universe was dark.
During this time (less than 100 Myr after the Big Bang), neutral Hydrogen atoms lled the
Universe a cosmic fog enshrouding the epoch, rendering it opaque to escaping light. Due to
this, astronomers cleverly refer to this epoch as the Dark Ages . However, this seemingly
impenetrable darkness did not last for long. A few hundred million years after the Big Bang,
the rst generation of stars began to form signaling an end to this dark era. Pinpricks of
light in the vast & opaque early Universe, these Population Il stars were colossal: hundreds
of times the mass of our Sun, pouring out intense amounts of radiation, and formed from
primordial gas composed primarily of Hydrogen (with trace amounts of Helium). These
stars marked the onset of the formation of the rst galaxies in our Universe, heralding the

beginning of the last major phase change in the early Universe...

what we call the Epoch of Reionization.

1.1 The First Stars & Galaxies in the Universe

The Epoch of Reionization (EoR,z 13 6) represents the last major phase change of the
Universe a time in early cosmic history where the Universe transitioned from fully neutral

to full ionized. One of the most important unknowns in extragalactic astronomy is how this
process of reionization actually occurred. During this epoch, a neutral cosmic fog permeated
the intergalactic medium (IGM), attenuating radiation from early stellar populations and
masking galaxies from detection (e.g., Stark 2016; Finkelstein 2016; Finkelstein et al. 2019).
Understanding how and when reionization occurs can reveal whether or not these young

galaxies provided the necessary ionizing radiation to completely reionize the IGM by 6



(inferred from quasarLy forests, e.g., Fan et al. 2002; Mortlock et al. 2011; Venemans et al.

2013; McGreer et al. 2015; Finkelstein et al. 2019), less than 1 Gyr after the Big Bang.

In the myriad observational and theoretical studies surrounding the reionization era, one
point has become abundantly clear: we are still in the discovery phase of galaxies during this
time. Our knowledge of galaxies during this epoch is still in its infancy, but what little we do
know hints that these galaxies emit copious UV radiation, powered by massive stars with
low metal content and signi cant ionization (e.g., Stark 2016; Finkelstein 2016; Jaskot &

Ravindranath 2016; Robertson 2021, and references therein).

The reionization era represents a unique opportunity in observational astronomy with key

guestions remaining unanswered such as:

What powers the ionizing output of these galaxies?

What are the physical properties contributing to their ability to ionize

the gas around them?

Were there di erent intragalactic processes at play in the early Universe

than are seen in more nearby galaxies?

Studies seeking to peer through the cosmic fog to study this epoch have adopted specic
strategies for nding these ancient sources, with varied success. Of these methods, the
Lyman break drop out technique has consistently proven to be the most fruitful solution in
identifying candidate high-redshift galaxies via photometry (e.g., Finkelstein et al. 2012a,b,
2015; Oesch et al. 2010, 2013; Bouwens et al. 2015; Finkelstein 2016). In this technique,
multi-wavelength photometry from ground- and space-based telescopes are combined to
identify at which bandpass the rst light from a distant galaxy is detected (see Finkelstein
2016 for a review). From this, the approximate redshift of the source can be calculated,

called a photometric redshift, placing a reasonable constraint which can be used in planning



Figure 1.1: Multi-band photometry for a high-redshift galaxy, starting with smaller wavelength
bands on the left side and increasing in wavelength to the right. The rst continuum light
seen for this galaxy occurs in the F105W band (highlighted in red), indicating that the Lyman
break feature of this galaxy must occur within that band's wavelength region. This yields a
photometric redshift range of7:5 < z ;e < 7:9. This galaxy was spectroscopically con rmed
via Ly by Finkelstein et al. (2013, with later spectroscopic follow-up by Jung et al. 2019),
& was targeted for systemic redshift tracers by work done in this thesis (see Chapters Y2 3).

spectroscopic followup. Figure 1.1 shows an example of the photometric redshift technique
for a high-redshift galaxy that has been spectroscopically-con rmed viay (Finkelstein

et al. 2013). From theHST/WFC3 photometry shown, the rst continuum light seen in the
center of these imagésappears in the F105W band, indicating that the Lyman break must
occur in this wavelength region. From this, we can approximate a redshift range for this
galaxy of 7:5 < z phet < 7:9, providing the information we need to run follow-up spectroscopy

in order to spectroscopically-con rm the redshift for this source.

However, attempting to spectroscopically detect galaxies in the EoR is incredibly challenging.
One of the largest setbacks in studies focused at cosmic dawr 6) is the lack of rest-optical
spectroscopy, where some of the strongest emission lines (for highly star-forming galaxies)
exist in a galaxy's spectrum (e.g., Feltre et al. 2016; Steidel et al. 2016; Strom et al. 2017;
Cohn et al. 2018; Tang et al. 2022a,b). Due to their redshifts, these emission lines are
observed in the mid-infrared (MIR) leaving them undetectable from the ground. Additionally,
current space-based instrumentation is ill-equipped for these observations, with the late
Spitzer providing hints of MIR information via deep photometry (e.g., Roberts-Borsani et al.

2016; Strait et al. 2020; Roberts-Borsani et al. 2020). Unfortunately, this is useful only in

1These kind of cutouts are often called postage stamps in the extragalactic astronomy community.



ideal conditions as the low resolution of the imaging blends sources together, requiring post-
processing when attempting to separate photometry for individual galaxies (e.g., Finkelstein

et al. 2022).

Due to the great distances of these EoR galaxies, they are very faii {0 & 25 27 mag,
e.g., Finkelstein et al. 2015; Bouwens et al. 2015), therefore setting additional restrictions on
the spectroscopic detectability of certain emission lines. Most studies to date have used the
Ly 1216A line (originally suggested for high-redshift work by Partridge & Peebles 1967), as
it is bright in the UV and can often be detected within reasonable integration times on 8-10
m class telescopes (6 hrs; e.g., Dickinson et al. 2004; Stanway et al. 2004, 2007; Vanzella
et al. 2006, 2008, 2009; Finkelstein et al. 2013; Tilvi et al. 2014; Larson et al. 2018; Mason
et al. 2018; Jung et al. 2019, 2020; Mason & Gronke 2020). Prior to the implementation
of e cient multi-object spectrographs speci cally tuned to the NIR, detections ofLy in

z > 6 galaxies frequently produced non-detections or, at the very least, fewer detections than
expected (e.g., Vanzella et al. 2011; Pentericci et al. 2011). With the advent of the MOSFIRE
NIR spectrograph on the Keck | 10-meter telescope in 2012 (McLean et al. 2012), the number
of Ly detections during the EOR dramatically increased (e.g., Finkelstein et al. 2013; Oesch
et al. 2015; Zitrin et al. 2015; Jung et al. 2019, 2020, 2021); however this de cit of expected
Ly detections from candidate high-redshift sources still persists (as suggested in Finkelstein

et al. 2013; e.g., Treu et al. 2013; Schenker et al. 2014, see Finkelstein 2016 for a review).

Somewhat separately from the woes of high-redshift spectroscopic con rmation searches, there
are also complications that come from solely usingy for investigating galaxy properties.

Ly is aresonant line subject to attenuation by neutraH i gas, therefore the detectedy
emission in high-redshift galaxies can often be redshifted hundreds of knt $rom systemic
(see Figure 1.2 for an example; also see Dijkstra 2014, and e.g., Erb et al. 2014; Willott et al.
2015). Additionally, as part of this e ect, the presence of neutral gas can impact the pro le

and strength of theLy emission, making it challenging to infer the intrinsic strength and



Figure 1.2: A cartoon depiction of how theLy emission line pro le can be impacted by a
neutral IGM. The blue shaded gaussian represents the intrinsic line pro le fdry , while the
red gaussian is the observedy emission. The vertical dashed lines show the center of both
line pro les, representing the redshift one can derive from those shapes. The equation on the
left shows how to quantify the velocity o set of the skewed.y emission from the systemic
(or true) redshift (where c is the speed of light).

shape of the line. As we are looking to an epoch awash with neutitdi gas (this cosmic
fog ), there exists a need for detectable nebular emission lines that could trace the systemic
(or true) redshift for these galaxies and enable us to learn more about their intrinsic galaxy

properties.

While the ideal emission lines to target in star-forming galaxies would be the suite of strong
rest-optical lines such asd ~ 4863A, [Oiii]  4959,5007A, H 6563A, etc., is it currently
impossible to spectroscopically observe these lines as they appear in the mid-infrared (MIR).
This will soon become a possibility withJWST, which recently launched and is close to
completing calibrations and beginning their early release observations (ERO) however, up
to this point, studies have had to target alternative wavelength ranges to do this science.
Two wavelength regimes in particular have been the focus for high-redshift spectroscopic
studies, with advantages for each: 1) the rest-UV, targeted using NIR spectrographs on
8-10 m class telescopes adiST slitless spectroscopy, and 2) the rest-FIR, targeted using
mm/sub-mm telescopes such as ALMA (which began operating around the summer of 2011).
In the rest-UV, there exist a slew of nebular metal lines expected to be strong for metal-poor,
high ionization star-forming galaxies (see below). In the FIR, the ne-structure linefCii]

156 m and [Oiii] 88 m have proven very successful for a number of high-redshift sources



via ALMA (e.g., Riechers et al. 2013; Willott et al. 2015; Pentericci et al. 2016; Inoue et al.
2016; Bradaf et al. 2017; Laporte et al. 2017a).

Focusing on the rst light detectable in these high-redshift sources, emitted in the rest-UV, a
number of nebular UV metal lines have been used as targets for this science, includihi]

1907,1908, Civ  1548,1558, Oiii]  1661,1668,, and Heii 1640%. Within the past
decade, studies have begun to shown success in these challenging high-redshift observations;
however, generally these lines have been unexplored except in rare, individual cases (e.g.,
Inoue et al. 2016; Stark et al. 2015b, 2017; Mainali et al. 2017; Laporte et al. 2017a; Hutchison
et al. 2019; Jiang et al. 2021; Topping et al. 2021).

Conveniently, the rest-UV nebular metal lines that we target for systemic redshift mea-
surements atz > 6 also contain highly important information about the massive stars and
physical conditions in these galaxies. The strength of these lines depend upon the physical
details of stellar populations such as the shape the IMF, the star-formation history, the
stellar and gas-phase metallicity, and the strength of feedback (e.g., Shapley et al. 2003; Erb
et al. 2010, 2014; Papovich et al. 2019; Steidel et al. 2016). These lines encode the physical
conditions of gas (density and temperature) and the source of ionization in these distant

galaxies (see Jaskot & Ravindranath 2016; Ravindranath et al. 2020).

The small number of systemic rest-UV detections that exist for EOR galaxies have begun to
paint a stunning picture of this epoch in early cosmic history. The narrative that has been
forming points to a chaotic early Universe, with galaxies housing young, massive stars pouring
out intense radiation into the surrounding intergalactic medium (IGM) and a paucity of heavy
elements in both the stars and the neighboring nebular gas (e.g., Jaskot & Ravindranath 2016;
Stark 2016; Finkelstein 2016; Robertson 2021). The information we can begin to uncover for
individual galaxies with these detections is very exciting. However, even with the progress
that has been made atz > 6, there existcon rmed spectroscopic redshifts for only a small

fraction of galaxies Even more striking is that fewer than ten galaxies akz > 7 have a



systemic redshift measurement by a rest-UV line other thahy . We are on the cusp of a
new generation of science for this challenging sub eld ambw is the time to explore this

epoch in the Universe's early history.

1.2 Exploring Galaxy Properties Using Photoionization Modeling

By their nature, the integrated light from most galaxies

is challenging to simulate...

Eldridge, Stanway et al. 2017, BPASS v2.1

Even with the limited data we have currently forz > 6 galaxies, we have been able to draw
out tantalizing hints of the nature of the ionizing continuum in these distant sources. From
scant detections of one or two rest-UV emission lines paired withST and Spitzer photometry,
studies have connected microphysical photoionization modeling to these observations to infer
key information. This partnership of observations and modeling can reveal vital clues about

the source of ionization in these galaxies.

Photoionization modeling can come in the form of a variety of codes, with two of the most
broadly used beingCloudy (Ferland et al. 2017¥ and MAPPINGS (Groves et al. 2004).
These codes calculate the full radiative transfer of light through a gas cloud, predicting
the resultant emission spectrum. This computation involves determining the ionization,
temperature, and chemical composition of a gas cloud in order to create its prediction.
For more details on how this occurs, and the physical equations used, see e.g., the Hazy
documentation forCloudy (which goes into great detail) and Osterbrock & Ferland (2006,

which is uno cially considered the textbook of Cloudy ).

2Cloudy website: gitlab.nublado.org



1.2.1 The Microphysics Code, Cloudy

Cloudy is an open source microphysical photoionization code designed in 1978 to simulate the
physical conditions within a variety of environments from clouds in the IGM to clouds at the
high-density local thermodynamic equilibrium (LTE) and strict thermodynamic equilibrium
(STE) limits. The original description of Cloudy featured in Ferland et al. (1998), with
updated code, parameters, and detailed documentation later described in Ferland et al. (2013,
v13), and nally culminating in the most recent version of this code and documentation in

Ferland et al. (2017, v17) Version v17 is used in this thesis.

The basic input parameters required to generate a spectrum @loudy are very simple:
1) the shape and strength of the ionizing continuum, 2) the chemical composition and
grain content of the gas, and 3) the geometry of the gas (including the radial extent and
density). Past the bare-minimum requirementsCloudy has a seemingly innumerable range
of parameters one can employ to modify and tweak their modeling to be exactly what they
need for their particular science goal$.Below, | will describe the basic input parameters
in more detail, with the goal of illuminating the ease with which one can start their own

Cloudy simulations (with the caveat that the modeling can quickly become complicated).

Shape of the lonizing Continuum in order to properly calculate the resultant emis-
sion, describing the shape of the input ionizing continuum as a function of wavelength
is critical. This description can come from a number of di erent sources, including
de ning a power law, thermal black-body radiation, the light from stellar populations,
and/or any of the built-in radiation elds supplied by Cloudy (e.g., emission from
model atmospheres, the observed Crab Nebula SED, several types of AGN SEDS). For

stellar populations (SPs), there are options to upload your own custom models or you

3Fun fact: Cloudy 's o cial favorite song is Simon & Garfunkel's Parsley, Sage, Rosemary and Thyme
which you are recommended to listen to as you install the code.

4| frequently joke that there are hundreds of ways to modify your Cloudy modeling, and that no one
human will ever be able to explore all of them.



can convert existing codes to binary les to be used i€loudy . Such commonly-used
SP codes include Starburst99 (S99, Leitherer et al. 2014) and the Binary Population
and Spectral Synthesis code (BPASS, Eldridge et al. 2017). Using SPs, you can chose
the age of the stars, their metallicity and abundances, the upper mass limit of the

initial mass function (IMF), the shape of the IMF, and/or the presence of binary stars.

Strength of the lonizing Continuum once the shape of the input ionizing continuum
has been chosen, it is necessary to de ne the strength of this radiation eld. There are
two ways that Cloudy allows you to do this: 1) by setting the intensity of the eld
using an ionization parameter, P, or some other value which is independent of the
distance to the gas cloud (see the Hazy documentation for more information), or 2) by

setting the luminosity of the eld, requiring you to specify the inner radius of the cloud.

Chemical Composition of the Gas Cloud this model parameter can be set very
easily by simply specifying the decimal fraction of the gas-phase metallicity, relative to
Solar. Of course, this parameter can be made more complex by modifying the relative
abundances for speci ¢ elements, or in adding the presence of dust grains (and therefore

the ability to engage the depletion of metals onto said dust grains).

Geometry of the Gas Cloud nally, the last basic parameter needed to successfully
run the Cloudy code is to de ne the shape of the gas cloud. While run in 1D and
assumed to be spherical, the gas cloud can be described as plane parallel as well (setting
the thickness of the cloud to be much less than the radius). There are two geometries
that can be employed: 1) open geometry (the default assumption @loudy ), and 2)

closed geometry, where you have the option of specifying the covering factor of the gas.

After setting those basic parametersCloudy will run and provide a resulting emission

spectrum that can be used for your science goals. Figure 1.3 shows an example of this

SRatio of the number density of ionizing photons to the number density of the gas (U n /ny).

9



blackbody, T=1e5 K

luminosity total 38

radius 18

hden 5

sphere

abundances planetary nebula

iterate

print last iteration

save overview "pn.ovr" last

save continuum "pn.con" units
microns last

Figure 1.3: Example of a basi€loudy run (from the QuickStart guide) where the shape of
the ionizing radiation eld is described by a black-body curve with a temperature of T=10K,
the strength of the eld is de ned by a luminosity of 1% erg s !, the inner radius of the
gas cloud de ned as 1 cm, the Hydrogen density of the gas cloud as 1@m 3, a spherical
geometry, and the elemental abundances set to match the planetary nebula prescription
provided by Cloudy . The nal lines of code set the iteration and model save commands.

process for creating a planetary nebula's emission spectrum by supplying a black-body
shaped-radiation eld (with T=10 °K) with a luminosity of 10% erg s 1. The gas cloud is
de ned as having an inner radius of 18 cm, a Hydrogen density of 1®cm 2, a spherical
geometry, and a chemical composition matching a pre-de ned planetary nebula prescription
de ned by Cloudy . The input code used to run this model is shown on the left side of
Figure 1.3, however note that in the nal line, microns last has been moved to the next line

for clarity, but would not be written this way in the actual code.

When running Cloudy in an attempt to reproduce the observed emission from high-redshift
EoR galaxies, speci c values for these parameters are generally assumed. Values such as
sub-Solar metallcities for both the stellar and gas-phase metallicities, very high ionization

parameters of logU& 2, young SPs with IMFs that extend to 300M , young SPs with

10



binary stars, and a range of Hydrogen densities of; 3 5cm 3. Further details on this

speci c type of Cloudy modeling are discussed throughout this thesis.

1.3 Outline of This Thesis

The outline for the remainder of my thesis is as follows. In Chapter Y2, | present the
detection of nebular Ciii] 1907 emission in a galaxy at = 7:5032 We run a series of
photoionization modeling that computes the line and continuum emission for a range of input
ionizing continua (di erent kinds of stellar populations, both single and binary stars, and
accreting supermassive black holes in AGN). Leveraging the available spectroscopy and all
ancillary data for this galaxy, we compare our detections to my photoionization modeling to
infer the galaxy properties (stellar age, stellar and gas-phase metallicity, ionization strength)

that may be necessary to reproduced the observations.

Next, in Chapter Y3, we re-target thiz = 7:5032galaxy as part of a larger program, detecting
doubletCiv  1548,1551 emission. Folding in this new detection to the work done in Chapter
Y1, we compare to the same photoionization modeling to see how our new data compares to
the models which best matched the previou§ iii] detection. Additionally, we nd that the

Civ emission is intriguingly o set from systemic for this galaxy, withzg,y = 7.5090, making

this feature more redshifted than the redshiftedly emission for this galaxy. We discuss

these implications as well.

Then, in Chapter Y4, | present the preliminary results from a broader NIR spectroscopic
program ofz > 5 galaxies, using Keck/MOSFIRE. We outline the motivation behind this
program as well as the selection of targets and our observational setup. Finally, we share

preliminary detections of sources from the science masks.

In Chapter Y5, | present recent evaluation and updates applied to the MOSFIRE NIR spectro-

graph on the Keck | telescope. The need for testing and evaluation of this instrument arose
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from di erent datasets of various MOSFIRE observers, including myself and collaborators,
who identi ed a slight drift occurred in the data when integrating on a single mask for over
four hours. Through various testing and comparisons of data from the archive, we identi ed

the likely source of the drift and took steps to update the correction model employed.

Finally, in Chapter Y6, | brie y summarize the work in this thesis. Additionally, | discuss the
future directions that this science can take in the coming years especially with the advent

of future and nearly-present facilities such a3WST and GMT.
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2. MEASURING Ciii] IN A GALAXY AT z=7:5

The rest-frame UV emission from massive stars contains a
wealth of information aboutthe physical nature and

conditions of star formation in galaxies...

Papovich et al. 2019

In this chapter, | present Keck/MOSFIRE H -band spectroscopy targeting iii] 1907,1909 in
a z = 7:5056galaxy previously identi ed via Ly emission. We detect strong line emission at
1:621 0:002 m with a line ux of (2:63 0:52) 10 ¥ ergs?®cm 2. We tentatively identify
this line as [Ciii] 1907, but we are unable to detecCiii] 1909 owing to sky emission at
the expected location. This gives a galaxy systemic redshiftsys = 7:5032 0:0003 with
a velocity osetto Ly of v, =88 27km s ! The ratio of combinedCiii] /Ly is
0.30 0.45, one of the highest values measured for amy> 2 galaxy. We do not detectSiiii]
1883, 1892, and place an upper limit o8iiii] / Ciii] < 0.35 @ ). Comparing our results to
photoionization models, theCiiii] equivalent width (W¢y; = 16:23 2:32R), low Siiii] / Ciii]
ratio, and high implied [Oiii] equivalent width (from the SpitzerIRAC [3.6][4.5] ' 0.8 mag
color) require sub-Solar metallicitiesZ ' 0:1 0:2Z ) and a high ionization parameter, log U
& 1:5. These results favor models that produce higher ionization, such as thpass models
for the photospheres of high-mass stars, and that include both binary stellar populations
and/or an IMF that extends to 300 M . The combinedCiii] equivalent width and [3.6] [4.5]
color are more consistent with ionization from young stars than AGN, however we cannot
rule out ionization from a combination of an AGN and young stars. We make predictions for
JWST spectroscopy using these di erent models, which will ultimately test the nature of the

ionizing radiation in this source.

Reprinted with permission from Near-infrared Spectroscopy of Galaxies During Reionization: Measuring
C lll] in a Galaxy at z=7:5 by Hutchison, Taylor A.; Papovich, Casey; Finkelstein, Steven L.; Dickinson,
Mark; Jung, Intae; Zitrin, Adi; Ellis, Richard; Malhotra, Sangeeta; Rhoads, James; Roberts-Borsani, Guido;
Song, Mimi; Tilvi, Vithal 2018. The Astrophysical Journal, 879, 70, Copyright 2019 by AAS.
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2.1 Introduction

One of the most important unknowns in extragalactic astronomy is how reionization occurred.
During the Epoch of Reionization (z 6 10; EoR), neutral Hydrogen Hi) dominates

the intergalactic medium (IGM), attenuating radiation from early stellar populations and
masking galaxies from detection (e.g., Finkelstein 2016; Stark 2016, and references therein).
Understanding how and when this occurs can reveal whether or not these young galaxies
provided the necessary ionizing radiation to completely reionize the IGM by'z 6 (inferred
from quasar Ly forests, e.g. Fan et al. 2002; Mortlock et al. 2011; Venemans et al. 2013;

McGreer et al. 2015), less than one billion years after the Big Bang.

The physical properties of galaxies during this epoch are not well understood, as only a very
small number have been con rmed spectroscopically, with only the brightest sources detected
(e.g., Vanzella et al. 2011; Schenker et al. 2012; Shibuya et al. 2012; Finkelstein et al. 2013;
Oesch et al. 2015; Zitrin et al. 2015; Roberts-Borsani et al. 2016; Song et al. 2016; Stark et al.
2017; Matthee et al. 2017; Larson et al. 2018; Jung et al. 2019). Due to the galaxies' distances,
they are very faint (Hi60 & 25 27 mag, e.g. Finkelstein et al. 2015; Bouwens et al. 2015),
with their (rest-frame) UV spectral features pushed out to near-infrared (NIR) wavelengths.
By nature of the sensitivity of current ground- and space-based telescopes, sky brightness,
and current observing techniques, spectroscopic surveys invariably have a magnitude limit

imposed on the sample.

Lyman- ( o=1216A; Ly ) emission is one of the most common rest-frame UV features used
to study galaxies at higher redshiftsZ & 2) as it is observed to be very strong in star-forming
galaxies (e.g., Shapley et al. 2003). Spectroscopic studies target -emitting galaxies (LAES)
and Lyman Break galaxies (LBGSs), selected from large broad- and narrow-band NIR surveys
(e.g., Finkelstein et al. 2013), in order to study the evolution of galaxy properties with redshift.

Comparing theLy and continuum UV properties of galaxies yields constraints on thiey
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escape fraction (e.g., Hayes et al. 2010), which has been used to argue for increasing ionization
in galaxies. In addition, constraints on theLy escape fraction have inferred an increasing
Hi neutral fraction in the IGM at z > 6.5, where the neutral gas in the IGM is expected to
heavily suppresd.y emission except in large, ionized bubbles (e.g., Hayes et al. 2011; Treu
et al. 2013; Dijkstra 2014; Schenker et al. 2014; Tilvi et al. 2014; Stark 2016; Mason et al.
2018).

However, the observedly emission is heavily dependent upon the spatial distributions of
Hi as well as the intrinsic characteristics of its emitting galaxy (e.g., Matthee et al. 2016,
2017; Sobral et al. 2017, and references therein), which makes it a useful line for inferring the
properties of the circumgalactic medium (CGM) and the interstellar medium (ISM) when
compared to nebular lines (e.g., Mgller & Warren 1998; Steidel et al. 2011; Verhamme et al.
2015). However, one of the complications of usiingy (referenced above) is the resonant
scattering due toHi (e.g., Dijkstra 2014, and references therein), often shifting the emission
hundreds of km s?! redwards of the galaxy's systemic (or true) redshift. This e ect is
pronounced in galactic out ows, where the blue-shifted portion of théy emission has been
absorbed and scattered away from the line of sight, allowing the redshifted (backscattered)
Ly emission to pass through unattenuated (Shapley et al. 2003; Dijkstra 2014; Erb et al.
2014). This redshifting ofLy can add uncertainty to any intrinsic property inferred for a
galaxy when using justLy emission (e.g., Hayes 2015), as well as signi cantly impact the
visibility of Ly . Due to the small number of current signi cant detections of galaxies during
the EOR (see above) determining the systemic redshift of these sources is an active eld of
study (e.qg., Stark et al. 2014, 2015a,b, 2017; Ding et al. 2017; Matthee et al. 2017; Mainali
et al. 2017).

Recent studies targeted alternative nebular emission lines to measure the systemic redshift
of high-redshift galaxies, and give insight into the galaxies' kinematics and ionization (e.g.,

Stark et al. 2014, 2017; Ding et al. 2017; Maseda et al. 2017; Matthee et al. 2017). UV lines
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from metals are the best candidates, witlT iii] 1907,1904\ as the most promising (e.g.,
Stark et al. 2015a,b; Jaskot & Ravindranath 2016; Ding et al. 2017; Matthee et al. 2017).
Observations of star-forming galaxies at 1.5 z < 8 show that Ciii] is the strongest UV
line after Ly emission (e.g., Shapley et al. 2003; Erb et al. 2010; Mainali et al. 2017). In
addition, at z 2 Ciii] equivalent widths (Wcy; ) appear to be larger for lower metallicity
galaxies (e.g., Erb et al. 2014; Stark et al. 2014; Nakajima et al. 2018a). With botly and
Ciii] detections, the systemic Ciii] ) and attenuated (Ly ) redshifts can be compared to
shed light on the structure and ionization of the CGM as well as the IGM (Du et al. 2018).
Understanding the current sample of distant galaxies detected in more detail will better
constrain models and enable a deeper understanding of what can be expected with next

generation of telescopes.

We have begun a spectroscopic study with Keck/MOSFIRE to measure the rest-frame UV
emission properties of high-redshift galaxies at > 5, with the intention of understanding
the frequency of emission line uxes (other tharLy ) as a function of galaxy property
(including apparent magnitude), and to constrain the physical conditions in the galaxy
(galaxy metallicities, ionizing source, etc). This will inform surveys for spectroscopic redshifts
and expectations for forthcoming observations with thdWST. Here, we present the rst
results from this work, studying theH -band spectroscopy of a galaxy at > 7 with a redshift

from Ly , targeting the Ciii]  1907,1909 emission feature.

The remainder of this work is outlined as follows. In Y3.2, we present the observations, data
reduction, and calibration. The spectra and identi cation ofCiii] lines are presented in Y3.3;
we discuss the implications of our results in Y3.5 and use stellar population models paired
with photoionization simulations to synthesize the spectral energy distribution (SED) of the
galaxy. Finally, we summarize our conclusions in Y3.6. Throughout we use AB magnitudes
(Oke & Gunn 1983) and adopt a cosmology with y = 0:3, =0:7, x =0:0,andh=0:7

(whereHy =100 h km s * Mpc 1) consistent with Planck and local measurements (Planck
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Collaboration et al. 2016; Riess et al. 2016).

2.2 Data & Methods

The z > 7 galaxies in our sample were all selected using photometry from the GOODS
(Giavalisco et al. 2004) and CANDELS (Grogin et al. 2011; Koekemoer et al. 2011) imaging
data, combined with photometric redshift measurements and selection methods discussed
in Finkelstein et al. (2013, hereafter F13) and Finkelstein et al. (2015). Two of the galaxies
targeted in our observations were previously con rmed to have > 7 from spectroscopic
measurements oty emission (F13; Jung et al. 2019, hereafter J19). The galaxy featured
in this work, z7_GND_42912, was originally spectroscopically-con rmed viaLy with

7,y =7:5078 0:0004by F13. This was con rmed by Tilvi et al. (2016, hereafter T16) using
HST grism spectroscopy. Recently, J19 published an updated redshiftzp§ = 7:5056 0:0007
using data from> 16 hr of total Y -band MOSFIRE spectroscopy.

2.2.1 Observations & Data Reduction

H -band spectroscopic observations of our sample were taken using the Keck/MOSFIRE NIR
spectrograph (McLean et al. 2012) for three nights in 2014 and one night in 2017. In addition,
we make use of data from an independent observation taken with MOSFIRE in 2016. The
dates of observations, total exposure time, average seeing (derived from the nal reduced
2D spectrum), and instrument setup are shown in Table 2.1. For all of the data, a standard
dither pattern of ABAB was used, with 0°7 width slits for all targets in the masks and
standard star frames. In each mask, a reference star was placed on a slit to monitor the seeing
and atmospheric variability as well as improve the ux calibration process by providing an

absolute calibration (see Y3.2.3). Due to signi cant photometric variability, the 2014 March

2Note that J19 nd evidence the Ly line is asymmetric. They report alLy redshift using a centroid
from a skewed Gaussian. As a result theiLy redshift is systematically di erent compared to a tto Ly
using a symmetric Gaussian. The latter gives a redshifiz, =7:5072 0:0003 consistent with the original
value from F13, who also used a symmetric Gaussian.
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Table 2.1: Keck/MOSFIRE Observations TargetingCiii] in z7_GND_42912

Observation Pl Band Seeing tep  Slit Width® Dithering Stepsize

Date (arcsec) (hr) (arcsec) Pattern  (arcsec)

1) 2 3) 4) ) (6) () (8)
2017 Apr 18 Papovich H 0.7 3.711 0.7 ABAB 1.50
2016 May 04  ZitrirP H 0.65 1.988 0.7 ABAB 1.25
2014 Mar 25 Malhotra H 0.8 0.994 0.7 ABAB 1.25
2014 Mar 15 Finkelstein H 1.0 1.392 0.7 ABAB 1.25
2014 Mar 14 Finkelstein H 0.6 1.789 0.7 ABAB 1.25
Observation Pl Reference Star

Date H 160

1) 2) ©) (10) (11)
2017 Apr 18 Papovich 189.304712 +62.269859 17.29
2016 May 04  ZitrirP 189.105720 +62.234683 15.99

2014 Mar 25 Malhotra  189.287154 +62.297020 17.12
2014 Mar 15 Finkelstein  189.287154 +62.297020 17.12
2014 Mar 14 Finkelstein 189.287154 +62.297020 17.12

Note (1) UT Date of observation. (2) Pl of Keck observing program. (3) MOSFIRE NIR band observed.
(4) Average seeing derived from the nal reduced images of the star in the mask. (5) Total exposure time of
the mask. (6) Slit widths in the mask. (7) Dithering pattern of the instrument. (8) Stepsize of the dithering.
(9-11) RA, Dec, and H1g0 magnitude of the Reference Star in the mask.

a Standard MOSFIRE slit width: 0 %,

b Data not used in nal spectral coadd.

€ Much of the 2014 Mar 14 15 data are taken under poor conditions and unusable. We include only data
from 2014 Mar 14 taken from 08:20 09:35 UTC and no frames from 2014 March 15 (see Appendix A.1).

15 data and parts of the 2014 March 14 data were left out of our analysis (see Appendix A.1).

Ar and Ne arcs were taken, although skylines were used instead for wavelength calibration.

The data were reduced using the MOSFIRE data reduction pipeline (DR The DRP
produces background-subtracted, recti ed, and at- elded two-dimensional (2D) spectra and

associated 2D variance for each slit within a given mask. The resulting spectral resolution

Shttp://keck-datareductionpipelines.github.io/MosfireDRP/
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yields 1.63A pixel 1, with 0948 pixel ! spatially. We visually inspected the reduced 2D
spectra at the potential positions of UV emission lines (such as th&iii] doublet) for our

galaxies.

2.2.2 Optimized 1D Extraction & Flux Calibration

We extracted one-dimensional (1D) spectra for our sources at the position of an observed
emission feature or at the expected center of the slit with an extraction box width of 7
pixels (1926). We use an optimized extraction technique that weights by the inverse-variance
and the expected spatial pro le of the source to maximize the signal-to-noise (S/N) of the
extraction (Horne 1986). As there was no continuum detected for any of our high-redshift
sources, we used the wavelength-dependent spatial pro le of the reference star in our mask to
account for any seeing variations as a function of wavelength (cf., Song et al. 2016; Stark

et al. 2017).

We applied the identical optimized extraction method for all sources and standard stars to
provide consistency. Figure 2.1 shows a comparison of the optimized method versus the
traditional boxcar (uniform) extraction for the reference star in our 2017 mask. The spectra
shown are pre- ux calibration and telluric correction. The inset, Figure 2.1b, shows the
spatial pro le of the reference star, along with the de ned 7-pixel aperture and the series of
weights, centered on the peak of emission, used to increase the S/N of the extracted spectra.
The weights are made such that at each wavelength step they sum to unity. Figure 2.1c
shows that the optimized-extraciton technique increases the S/N by only10%. However,
this is expected for spectra with medium-to-high S/N, as the improvement in S/N is greatly

enhanced for objects with much lower S/N (see, e.g., Horne 1986).

To derive errors on the 1D spectra, we developed a method which takes advantage of multi-slit
observations targeting faint objects (where some or many slits may result in non-detections).

The method is described fully in Appendix A.2. In brief, we chose regions spatially along
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Figure 2.1: Comparison of the optimized 1D spectral extraction technique versus traditional
uniform extraction for the alignment star in the 2017 April 18 mask. The top panel shows (a)

the spectrum extracted using a uniform aperture and the optimized method (as labeled in
the plot inset) and (b) the weight used by the optimized process, de ned within the 7-pixel

extraction aperture, centered on the peak of emission (spatially). The bottom panel (c) shows
the ratio of the S/N of the extracted spectra for the optimized method versus the uniform

extraction. There is an overall increase in recovered S/N for the optimized extraction.

the mask devoid of a signal or negative traces and extracted blank apertures following the
same optimized extraction as used on our targets. After gathering at least® 20 of these
apertures, we determined the standard deviation of the distribution of the blank 1D spectra
at each wavelength step as the error. The nal 1D error spectrum was then used for all

objects in the mask.

For the absolute ux calibration of the spectra we followed two steps. First, we corrected
the data for telluric absorption and instrument response using the longslit (2014 data) or
spectrophotometric “long2pos' (2017 data) observations of the standard star HIP 53735 (2014
data) and HIP 56147 (2017 data). Both stars have spectral type A0V, and were taken
immediately before (2014 data) or in the middle of (2017 data) the observing block for each

mask observation. As there were nbl -band standard star frames taken on 2014 March 25,

20



we used those taken on 2014 March 14 (but we re ne the ux calibration in the second step,

see below).

Second, we used the reference star in each science mask to re ne the absolute ux calibration.
This accounts for any variation in seeing or atmospheric transmission between the observation
of the spectrophotometric standard and the science mask. We rst t Kurucz models (Kurucz
1993) to the uxed spectrum of the reference star from our MOSFIRE mask, and use this
to extrapolate the spectrum over the entire wavelength range covered by tHST/WFC3
F160W bandpass. We then measured a synthetic FI60W magnitude by integrating the
MOSFIRE spectrum of the star with the F160W bandpass, and t a scale factor to adjust this

to match the (measured) total magnitude in the CANDELS photometry, using the catalog of
Finkelstein et al. (in prep). We then applied the same scale factor to the corrected MOSFIRE
spectra for the galaxies in our sample to derive their absolute ux scaling. We repeated this
step for each mask. We then measured the mean of the individual 1D spectra for each galaxy

from each mask, weighting by the total exposure time of each mask.

2.3 Results

z7_GND_42912 (né z8_GND_5896, also known as FIGS_GN1 1292) is a bright (Hgo

= 25.38, Finkelstein et al. in prep), highly star-forming galaxy atz,, = 7.5078. The
brightest detection in our H-band sample of high-redshift galaxies, z7_GND_42912 was
rst spectroscopically con rmed viaLy emission by F13. Figure 2.2 shows a portion of the
HST/WFC3 F160W image of the CANDELS/GOODS-N eld, including the MOSFIRE slit
positions from the MOSFIRE 2013, 2014, and 2017 observing runs. Figure 2.2 also shows the

Y band and H band 2D and 1D combined spectroscopy of this galaxy.
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Figure 2.2: Top left: A zoom in of the CANDELS/GOODS-N eld in F160W band, centered on
z7_GND_42912. The di erent-colored slits indicate the di erent datasets and their respective
positions on the target. Top right: Y-band MOSFIRE spectroscopy of z7_GND_42912
from Jung et al. (2019), showing the 2D S/N spectrum (where the S/N spectrum is the ux
divided by the error; the blue hatched regions mask skylines), and the optically extracted
1D spectrum (solid blue line) with error (shaded blue region). The black dashed line shows
a (skewed) Gaussian t to the line.Bottom: H-band MOSFIRE spectroscopy showing the
combined 2D smoothed S/N spectrum (top panel) and the optimally-extracted 1D spectrum
from the combined dataset (bottom panel). The blue shading is the same as in the top right
panel. The black dashed line shows a Gaussian t to the line .

2.3.1 Reanalysis of the Ly Emission

The top right of Figure 2.2 shows the> 16 hr Y -band 2D and 1D spectra from J19, centered

on the observed.y emission. The top panel shows the 2I¥ -band S/N spectrum (i.e., the
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image of the ux divided by the error), with skylines masked out. The bottom panel shows

the corresponding 1DY -band ux spectrum with the blue-shaded regions denoting the error.

As discussed in F13, the pro le of thely emission appeared symmetric, atypical (but not
unseen) forLy emission at higher redshifts (e.qg., Dijkstra 2014; Erb et al. 2014), where
generally the blue half of the emission line has been absorbed and scatteredHbyin the
IGM. The more recent analysis of J19 used 16 hr of MOSFIRE Y -band data shows an
asymmetricLy line pro le (although the uncertainties do not rule out that the line is
symmetric). With this reported asymmetry, it could indicate a larger o set between theLy
emission and systemic redshift for this galaxy. However, this interpretation is not unique as
somez > 6 sources show both an asymmetricy line pro le with a small o set from the

systemic redshift (e.g., Stark et al. 2015a).

Deep (40-orbit) HST/WFC3 G102 observations were taken for this galaxy as part of the Faint
Infrared Grism Survey (Pirzkal et al. 2017, FIGS). Using a portion of the FIGS data, T16
showed that while the location of theLy emission matched well between those observations
and F13, the measured.y line ux was a factor of 4 higher for the grism data (see Table 1
of T16). Using the full FIGS dataset, Larson et al. (2018) measuredlay line ux consistent
with those of T16. However, it is important to note that with the revised ux calibration for

the 2013 April 18Y -band data (J19), this discrepancy disappears and becomes consistent
with the grism measurement, within errorst The remaining di erences between the equivalent
width of Ly , W, , measurements for the two datasets arise from the di erent techniques
applied to these independent data to calculate this value. Here, we adopt thg line ux

and redshift from J19 (see Table 2.2).

4In brief, the c. 2013 version of the MOSFIRE DRP provided di erent units (not in the original docu-
mentation) between the multi-object spectral frames and the longslit standard star frames. This has been
corrected.
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2.3.2 Analysis of the Ciii] Emission

Based upon theLy redshift, the expected location of theCiii] 1907,1909 lines would
be within a few hundred km s?! of 1.622 m and 1.624 m, respectively. For eacHH -band
dataset, we visually inspected the spectra in this wavelength range. The bottom panel of
Figure 2.2 shows 2D and 1D spectral region of the expected location of &i] lines. We
identi ed an emission line in this region at 1.6213 m, which we label as one of th€ iii] lines.
We t a Gaussian to the 1D spectrum for the observed iii] emission line, from which we
derive a line ux of (2.63 0.52) 10 *ergs!cm ?, at S/N = 5.6. We also inspected the
spectrum over the full wavelength range, but failed to identify any other candidate emission

line.

Figure 2.3: H-band MOSFIRE spectroscopy from the 2016 May 4 data of z7_GND_42912
showing an independent detection of iii] emission. The data are not ux calibrated. The
top panel shows the 2D smoothed S/N spectrum, with the blue hatched regions masking
out skylines; the bottom panel shows the optimally-extracted 1D ux spectrum, shaded blue
regions indicating the error. Overplotted in grey is the 1D co-added and ux-calibrated
spectrum from Figure 2.2, scaled to be visible.
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In addition, we veri ed the detection of this line using data taken for this galaxy from an
independent MOSFIRE program from 2016 May 4 (PI Zitrin, see Table 2.1). We reduced
the data following the same steps as discussed above in Y3.2.3. However, these data lacked a
telluric standard observation. Therefore, we make no attempt to calibrate the spectrum, but
these data provide a robust, independent detection of the line. Figure 2.3 shows tHeband

2D smoothed S/N spectrum and 1D optimally-extracted ux spectrum of the 2016 data.. We
identify an emission line at the same wavelength as the detect&dii] with a S/N of 2.7.

This provides additional con dence in the detection of this emission line.

In order to determine the systemic redshift, we need to assign an identi cation to this line. As
mentioned beforeCiii] is represented as a doubletand Ciii] 1908.73. When applicable, we
will reference the individual lines using the notationCiii] 1907 andCiii] 1909, respectively.
with rest-frame separation of 2A: which for the redshift of this galaxy corresponds to an
observed separation of 16A. Due to the wavelength of the observed line, in both cases
([Ciii] 1907 orCiii] 1909) the expected location of the other line falls on one of the two
strong sky lines adjacent to the emission feature (see the-band 2D spectrum in Figure 2.2).
This prevents us from making a robust identi cation, as the other line is unobservable in

both cases. We discuss this complication and its implications in more detail in Y2.4.1.

In addition to Ciii] , the Siiii] 1883,1892 doublet would also fall in the MOSFIRHE band
spectrum. This line is observed in some high redshift galaxies, with a typical ux ratio of
(Siiii]  1883)/([Ciii] +Ciii] ) = 0.1 0.3 (e.qg., Stark et al. 2014; Steidel et al. 2016; Patricio

et al. 2016; Berg et al. 2018). We therefore inspected the 2D spectra for signs of the these
lines, but failed to identify any line at the expected location ofiiii] . We forced a Gaussian

t for Siiii] lines at the expected wavelengths, using the location and width of theiii]

line. This places a formal 2 upper limit of Siiii] 1883< 0.92 (1.08) 10 **ergs?!cm ?,

assuming the observed emission i€ [ii] 1907 Ciii] 1909). These results imply aSiiii]

SStrictly speaking, Ciii] is a line pair (see, e.g., Stark et al. 2014), a combination of one forbidden and
one semiforbidden transition namely [Ciii] 1906.68

25



1883)/(Ciii] 1907) ratio 0f<0.35 (2 ), and a (Siiii]  1883)/([C ii] + Ciii] ) ratio of <0.21

(2 ). We discuss this in more detail below in Y3.4.2.
2.3.3 Implications for Nebular Emission from the IRAC [3.6] [4.5] Color

Apart from Ciii] , this galaxy also shows evidence of additional, strong emission lines in the
colors of the galaxy's SED. From F13, the reported IRAC color was found to be very red, with
[3.6] [4.5] = 0.98 mag. Using updated photometry, this color is revised downward to [3.6] [4.5]
= 0:77%:23 mag (Finkelstein et al., in prep; although consistent with the photometric errors
of F13). z7_GND_42912 has a high SFR ofl80% M yr ! from the analysis of the full
SED (J19). The interpretation of the red IRAC color suggests the galaxy has strong nebular
emission fromH + [Oiii] in the 4.5 m band with an inferred restframe[Oiii] 5007
equivalent width (W oy ) of 600A (F13, Finkelstein et al. in prep; following the prescription
of Papovich et al. 2001). F13 used the strength of this emission to constrain the metal
abundance of z7_GND_ 42912 ( 0.2 0.4 Z ) and its relatively young inferred age (10 Myr).
In the discussion below, we will use both the impliefDiii] equivalent width from the red
IRAC color and our Ciii] measurement to study the ionization conditions and metallicity of

this galaxy (see Y3.4.2).
2.4 Discussion
2.4.1 Systemic Redshifts and Implications for Ly

Unlike Ly (which is subject to strong resonant scattering), theCiii] nebular emission
line provides a measure of the systemic redshift of a galaxy. This can be used to measure
the velocity oset of Ly ( vy, ) from the systemic, which then provides insight into the
kinematics of a galaxy (e.g., Erb et al. 2014, Stark et al. 2017) and information about the

Ly escape fraction (e.g., Hayes 2015).
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In the case of z7_GND_42912, we detect one of the lines in th@iii] doublet with a S/N of
5.6. In order to determine which line we have detected, we took into account the implied
vy derived from the systemic assuming each of the possible lines. Figure 2.4 shows the
expected location of the other line assuming the detected emission is (Q)ifij 1907 or (b)
Ciii] 1909. As discussed above (Y3.3), in both cases the other line of @Hié] doublet
would be located in a region with strong night sky emission. The velocity o set for the case
that the line is Ciii] 1909 is v, = 410 27km s . The velocity o set for the case
that the line is [Ciii] 1907 is v, = 88 27km s 1.° These reported velocity o sets
have been corrected to the heliocentric frame, with they and Ciii] datasets having mean
corrections of -7.79 km/s and -11.57 km/s, respectively (McLinden et al. 2011; Song et al.
2014; Chonis et al. 2013). (It is important to note that while we apply this correction to the

velocity o sets, we do not correct the redshifts listed in Table 2.2.)

The value of vy, hasimplications for kinematics, out ows, and geometry in z7_GND_42912.
From a study of mid-redshift (z' 2 3) star-forming galaxies, Erb et al. (2014) suggest a
correlation exists between v, and UV luminosity, while an anti-correlation exists between
vy andLy equivalent width. Erb et al. argue these are a consequence of changing the
column density, covering fraction, and/or velocity dispersion of gas within the ISM all
e ects found to impact the emergent pro le ofLy emission (Verhamme et al. 2006; Dijkstra
2014). The distribution of v, is also expected to decrease for increasing redshift (Schenker
et al. 2013; Choudhury et al. 2015; Stark et al. 2015a), implying an emergence of harder
ionizing radiation elds that can blow out a substantial fraction of neutral gas in the ISM.
This clearing of gas would mean thaty photons can escape into the (neutral) IGM (this
has additional implications for the leakage of ionizing Lyman continuum photons, e.g. Kimm

et al. 2019).

5Due to the asymmetric t of the Ly emission, there exists an additional possible systematic uncertainty
associated with the centering of this emission line, where a more symmetric t would result in a 70%
increase in the measured vy .
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Figure 2.4: Systemic redshift determination for z7_GND_42912 for the case that the detected
emission line is (a) Ciii] 1907 or (b)Ciii] 1909 as a function of both wavelength and
velocity o set from z,, . The black and red arrows indicate the expected location of both
lines of theCiii] emission doublet for case a: the identi ed line iJiii] 1907 and case

b: the identi ed line is Ciii] 1909 respectively. The inset axis shows the velocity o set of
Ly from systemic for each possibl€iii] identi cation, and the arrows show the expected

location of the other line of the doublet (in both cases they would fall on sky emission lines).

Figure 2.5 shows a compilation of rest-frame UV absolute magnitude versus,, for galaxies
in the literature at z> 6andz 2 3. One point immediately evident from the gure is
that few galaxies have high v, , with a mode of the distribution (i.e., the typical value) of
' 200 km st At z 2 3, studies of LAEs nd very few galaxies at all UV luminosities
with vy, >300 km s?!. At z > 6, the only galaxies with high v, >350km s have
Myv < 225 mag (e.g., Willott et al. 2015; Stark et al. 2017). All galaxies with luminosities

fainter than Myy > 224 mag, have lower v, (see, Stark et al. 2017).

z7_GND_42912 has Myy = 2158 (J19). Comparing z7_GND_42912 to other galaxies in
Figure 2.5, we favor the interpretation that the line is Ciii] 1907. This is consistent with
the distribution of other galaxies, and implies the lower value of v, for z7_GND_42912

( viy =88 27km s 1), corresponding to a systemic redshifts,s = 7:5032 0:0003 In
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Figure 2.5: A compilation of velocity o sets for galaxies az 6 with both Ly and a nebular
line (which provides the systemic redshift of the source). In addition, we have included a
sample of galaxiesat 2 3from Erb et al. (2014), Schenker et al. (2013), Sobral et al.
(2018), McLinden et al. (2011), and McLinden et al. (2014), respectively. The stars represent
z7_GND_42912 where the dark (light) star assumes the detected emission Gifji] 1907

(Ciii] 1909).

29



this case, as described above, a harder ionization eld would likely be responsible for clearing
Hi around the galaxy, allowingLy to escape closer tasys (Schenker et al. 2013; Stark et al.

2015a, 2017).

Additional evidence in support of the Ciii] 1907 interpretation comes from studies of green
pea galaxies atz 0:1 0:3. Using a sample of 43 green pea galaxies,Yang et al. (2017)
nd a correlation betweenlLy equivalent width andLy escape fraction. Furthermore, they
nd that galaxies with lower v, and lower dust attenuation show larger values dfy
escape fraction. Given the relatively high.y equivalent width and lower dust attenuation of
z7_GND_42912 (F13, J19), this provides additional support for a lower v, , and supports

that observed emission line isGiii] 1907.

However, while we identify the emission line a<C[iii] 1907, we are unable to rule out that
the detected line isCiii] 1909. We therefore consider both possibilities in the discussion
that follows. Future observations of other nebular emission lines will test this interpretation

(e.g., fromIWST, see Y2.4.3 below).

Lastly, we estimated the total ux of the combined [Ciii] 1907 + Ciii] 1909 lines in order
to compare to previous results and models. Many previous studies are unable to resolve these
lines. TheCiii] doublet is also blended in the spectra output from some radiative transfer
codes (e.g.Cloudy ). To estimate the total ux, we use models for the Ciii] / Ciii] ratio
(see Y3.4.2), combined with the line ux we measure. This is similar in practice to methods
used in the study of other galaxies az > 1 (e.g., Sanders et al. 2016; Maseda et al. 2017) in
the case that only part of theCiiii] doublet is identi ed (e.g., Stark et al. 2015a). For a range
of gas densities 10104 cm 3, the [Ciii] / Ciii] ratio varies from 1.5 1.2 (Maseda et al. 2017).
For an electron density of 300 cm® (see Y3.4.2), our models return a ratio of 1.5 (with a range
of 0.1, depending upon electron density and temperature) for all metallicities considered] (
=0.050.5 Z ). This is consistent with previous work to within 10% (e.g., Stark et al. 2015a;
Maseda et al. 2017). Therefore, we adopt this ratio,iii] 1907)/(Ciii] 1909) = 1.5 for
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Figure 2.6: All measuredz 6 galaxies with spectroscopic measurements in botly and
Ciii] from the compilation in Matthee et al. (2017, and references therein). lupper limits
are shown as open circles with arrows, while the detections are colored circles. Zhe of
the detections are shown next to the points. The stars represent z7_GND_42912 where the
dark (light) star assumes the detected emission i€fii] 1907 Ciii] 1909). In addition, we
have included a sample of 2 3 LAEs from Sobral et al. (2018), represented by the grey
diamonds and 1 diamond upper limits. The dashed line represents the 3 UV-selected
AGN composite from Hainline et al. (2011) and the dotted line represents the 3 LBG
composite from Shapley et al. (2003).
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all calculations. The detected emission line has a ux df e = (26 05) 10 Bergs!?
cm 2 (independent of line identi cation). For the case that the detected emission line is
[Ciii] 1907, this yields a total line ux of (4:4 0:8) 10 8 ergs?!cm 2, corresponding
to a rest-frameWc;;; = 1623 2:32 These measurements are summarized in Table 2.2. For
the alternative case that the detected emission line Siii] 1909, the total line ux would

be higher by approximately 50%(6:6 1:3) 10 ¥ ergs?!cm 2, and would correspond to
Weiip = 2509 2:32

Using the combined total line ux for [Ciii] + Ciii] , Figure 2.6 compares the relationship
between the (total) Ciii] and Ly emission for z7_GND_ 42912 to other galaxies with
line measurements atz 6 (using Matthee et al. 2017, and references therein). For
z7_GND_42912, we measured a (iii] + Ciii] )/ Ly ratio of0.30 0.04. Most measurements
in the literature provide only upper limits on Ciii] (shown in the gure as arrows) while
there are a handful of detections (shown in the gure as circles). z7_GND_42912 has one of
the highestCiii] /Ly ratios yet measured during this epoch (and this would be even higher
in the case where the line i€iii] 1909). (We note that using theHST grismLy line ux
(see Table 2.2) wouldncrease this ratio by ' 40%.) From these results, there does not seem
to be any signi cant trend between the ratio of (Ciii] + Ciii] )/ Ly and redshift or Myy,
although the sample size is still too small for robust conclusions. This apparent randomness
is not unexpected, as the emergerity emission measured in these sources may be subject
to di erent e ects. Therefore, it is not immediately clear if the ([Ciii] + Ciii] )/ Ly ratio is
indicative of the ionization state of these galaxies, however this ratio could be investigated as

an interesting probe of these sources.

2.4.2 Physical Interpretation of the Emission Lines

For z7_GND_42912, the ([Ciii] +Ciii] )/ Ly ux ratio and red [3.6] [4.5] color suggest high

ionization. Several studies have argued that these red IRAC [3.6] [4.5] colors for galaxies in
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Table 2.2: Measurements for z7_GND_42912

Reference 2y Zsys Line 0 obs
(R) ( m)
1) (2) 3) (4) (5) (6)
Finkelstein et al. 2013  7.5078 0.0004 ............... Ly 1215.67 1.03427 0.00005

Tilvi et al. 2016 7512 0.004 ... Ly 1215.67 1.035 0.005

Larson et al. 2018 7510 0.003 ...l Ly 1215.67 1.033 0.004

Jung et al. 2019 7.5056 0.000FF ............... Ly 1215.67 1.0340 0.0001
This work 7.5032 0.0003 C[iii] 1906.68 1.62129 0.00006
Thiswork Ciii] 1908.73  ................
Thiswork Siiii]  1882.47  ................
Thiswork Siiii]  1892.03  ................
Reference fline Wiine: 0

(10 Berg s lcm ? (A
1) (7) (8)
Finkelstein et al. 2013 2.64 0.74 75 1.8

Tilvi et al. 2016 106 1.9 493 8.9

Larson et al. 2018 11.0 1.7

Jung et al. 2019 146 1.4 33.2 3.2
This work 2.63 0.52
This work 1.74 0.3% 16.23 2.32
This work <0924 (2)
Thiswork ...l

Note (1) Redshift derived from Ly . (2) Systemic redshift derived from [Ciii] . (3) Spectroscopic line
measured. (4) Restframe wavelength of line. (5) Observed wavelength for line. (6) Line ux. (7) Restframe
equivalent width. (8) Reference for a given row of measurements.

aThe previous lower line ux resulted from an earlier discrepancy, which has been resolved and updated as
described in Jung et al. 2019 (see also Section 2.3.1).

b The di erences in Ly equivalent width in the literature result from the revised Ly line ux (see Jung
et al. 2019 and Section 2.3.1) and updates to the CANDELS photometry (Finkelstein et al., in prep). There
are also additional di erences that stem from the methods used to analyzédST/grism data (Tilvi et al.)
compared to the MOSFIRE data (Jung et al.).

¢ Redshift derived from asymmetric tto Ly pro le.

d Based on the identi cation of the emission line as Ciii] 1907.

€ Line ux inferred by using a [Ciii] / Ciii] ratio of 1.5 0.1. Note ratio also has a systematic uncertainty
of 7% depending on electron density and temperature, see Y 2.4.1.

f Values for Ly used in the analysis in this work.
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the reionization era imply strong nebular emission frordl  +[Qiii] , redshifted into the IRAC
bandpasses (e.g., Smit et al. 2015; Roberts-Borsani et al. 2016; Stark et al. 2017; Matthee
et al. 2017). This is the case for z7_GND_42912, with [3.6] [4.5] = 0.77 mag, which implies

a rest-frame[Qiii] equivalent width (Woy; ) of * 600 A (see above). As has been shown
at lower redshifts ¢  2), higher values of Wy,; have been found to correlate closely with
an increasing ionizing e ciency (Tang et al. 2019). This may be responsible for ionizing a
signi cant fraction of the ISM, therein ionizing a substantial amount ofHi and allowing a

higher Ly escape fraction.

We investigated the properties of z7_GND_42912 by calculating the nebular emission
spectrum expected assuming di erent stellar population (SP) models, with variable ionization,
Hydrogen gas density, stellar and nebular metallicities, and other parameters (motivated by
analyses of other galaxies in the literature, e.g., Inoue 2011; Stanway et al. 2014; Sanders
et al. 2016; Steidel et al. 2016; Jaskot & Ravindranath 2016; Stark et al. 2017; Strom et al.
2017; Byler et al. 2017; Sobral et al. 2018). To study model-dependent systematic di erences
in the nebular emission spectrum, we used a variety of SPs that also vary the IMFs (including
variations to the upper mass cut-o of the IMF, My\;c ) in order to test a large range of

available parameter-space (e.g., Steidel et al. 2016).

We used the Binary Population and Spectral Synthesis v2.®ass; Eldridge et al. 2017)
and Starburst99 (S99; Leitherer et al. 2014) models with continuous star formation histories
(SFHs) of 1 M yr ! with similar metallicity to z7_GND_42912 (0.2 0.4 Z ; based upon
F13 values), varying the age from 10, 30, and 100 Myr (an age of 10 Myrs is within the age
range derived from tting models to the broad-band colors for this galaxy by Finkelstein et al.
2015 and J19). In order to test di erent models for the photospheres of massive stars and to
allow the e ects of binary stellar populations, we used both the single-star and binary-star
SP models provided bybpass. The S99 SPs use Geneva 2012/13 stellar tracks assuming zero

rotation, and cover a slightly di erent range of metallicity compared to thebpass models
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(see Table 2.3).

We used the radiative transfer and photoionization microphysical cod&loudy v17.0 (Ferland

et al. 2017) to produce the nebular emission spectrum for each SP. We modeled both the case
where the nebular gas metallicity is xed to be the same as the SP, and also the case where
the nebular gas metallicity is allowed to vary from 0.3 0.5Z independent of the metallicity

of the SP. To normalize the ionizing continuum, we chose a range of ionization parameters,
de ned as the ratio of the number density of ionizing photons to the number density of
the gas, (U n /ny), running fromlogU = 3.5to 1.5 in steps of 0.2 dex, assuming a
covering factor ( =4 ) of 1. Per the methods followed in Steidel et al. (2016), we set the
total gas density (1) to 300 cm 3. We assumed no attenuation by dust in theCloudy
models however we postprocess the model outputs to include dust attenuation assuming a
foreground dust screen (Calzetti et al. 2000) with the reported color excelS¢B V) =0:22

for z7_GND_42912 (J19). We assume Solar elemental abundances in all of our modeling,
but see below. Table 2.3 lists the full range of models and parameters used in Gloudy

modeling.

In order to investigate the range of model parameter space that can reproduce the observed
properties of z7_GND_42912, we focus on the totaC iii] restframe equivalent width (Wey ;
see Table 2.2) and the observed IRAC [3.6] [4.5] color, which provides a measure of ithe

+ [Oiii] equivalent width. The values for the implied Woy 6004 and total Weyy are
consistent with the relations seen in low metallicity dwarf galaxies at low redshifts, which
show correlations between these quantities, and favor high ionization and lower metallicity
(Senchyna et al. 2017). We therefore expect these conditions may also existin z7_GND_42912.
For eachCloudy output, we redshifted the spectrum tozgs = 7:5032 and integrated them
with the IRAC 3.6 and 4.5 m bandpasses (following Papovich et al. 2001).

Figure 2.7 shows the variou€loudy model results as a function of ionization parameter (for

xed model age of 10 Myrs) compared to the measurements for z7_GND_42912, assuming

35



Table 2.3: Full List of Cloudy Parameters Used in Simulations.

Parameter bpass SPs Starburst99 SPs AGNs
1) z [Z] 0.1,0.2,0.3,0.5 0.05,0.1,0.4
(2) Zpev [Z ] =Z 03,05 =Z 03,05 0.05, 0.1, 0.2, 0.3, 0.4, 0.5
(38) ny [cm 3] 300 300 300
(4) logU [-3.5, -1.5], steps of 0.2  [-3.5, -1.5], steps of 0.2 [-3.5, -1.5], steps of 0.2
B =4 1.0(=4 ) 1.0(=4 ) open ( 4)
6) M- M ] 100, 300 100

1:3Q [0.1, 0.5) M
1:30, [0.1, 0.5) M 2:302

7 table agn?
(7) 235 [05 MIM 200, [0.5, Mf]M J
1:70;
(8) SFH[M yr 1 continuous; 1.0 continuous; 1.0 ...
(9) Age [Myr] 10, 30, 100 10, 30,100 e

Note (1) Stellar metallicity of the SPs, Z . (2) Nebular metallicity used for eachZ and AGN model.
(3) Total Hydrogen density. (4) lonization parameter ranging from 3:5to 1.5 in increments of 0.2. (5)
Covering factor, where 1.0 de nes a closed geometry. (6) IMF upper mass limit for the SPs. (7) Powerlaw
slopes of the IMFs and the AGN models. (8) Star formation histories. (9) Age of the SPs.

aThe continuum shape given by thetable agn command from Cloudy is described in Table 6.3 of Hazy,
the Cloudy documentation.

both Ciii] line identi cations, as in Figure 2.5. Models with older stellar-population ages
are not shown as they produce relatively weaker lines (for a given U), and are unable to
match the observed properties of z7_GND_42912 except for the most extreme casebphss
binary stellar populations with an IMF that extends up to 300 M . If we allow for a lower
C/O abundance ratio (compared to our assumed Solar value), then th& ¢ ;i ; would be lower
for all models (see discussion of Jaskot & Ravindranath 2016 and Gutkin et al. 2016, who

consider changes in abundance ratios in low metallicity high-redshift sources).

As illustrated in Figure 2.7, stellar population models that lack binaries and very high-mass

stars have di culty simultaneously producing the measuredWVcj;i; and IRAC [3.6] [4.5] color.
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Neither the S99 nor thebpass models without binaries with an IMF that extends to 100 M
can reproduce the observed data unless the nebular gas has a very low metallickyO(1

Z ), and very high ionization (logU & 1:5), and then only if the IRAC color lies at the
lower end of its error distribution. bpass models that include the stellar binaries and/or an
upper mass of the IMF that extends to Mj;- = 300 M produce harder spectra and better
match the observedWc;i; and [3.6] [4.5] color over a larger range of ionization parameter,
logU = 21to 1.5. These models, which include the e ects of stellar binaries, favor lower
metallicity for both the ionizing stellar population and the nebular gas, withz * 0:1 0:3Z .
All the models strongly disfavor higher metallicity,>0.5 Z , for either the stellar or gas
components as these would produce much lowdfc;; | than observed. Therefore, the data
favor bpass models with binaries with an IMF that extends to higher-mass stars and low
metallicities. The e ects of dust attenuation do not change these conclusions. While these
were our youngest models, using stellar population models younger than 10 Myrs would also
produce higher ionization, resulting in more models that could possibly reach into the space

occupied by our galaxy.

The results of our models are consistent with other work in the literature. In a series of
simulations usingCloudy and various S99 andpass SP models, Jaskot & Ravindranath
(2016) found that Wc;j;ij increased with increasing U at alZ . W(c;;; was also found to
slightly increase with increasing nebular density (traced by total Hydrogen density), which
follows the assumption thatCiii] traces denser regions (also related to a higher U; e.g.
Sanders et al. 2016; Steidel et al. 2016; Jaskot & Ravindranath 2016; Berg et al. 2018).
The youngest models in our sample (10 Myrs) t within Jaskot & Ravindranath's expected
range for strongWciii; with a fairly high ionization parameter (log U 2) and continuous

star formation, as well as lending weight to the notion that binary stellar evolution may be
necessary to e ectively reproduce these observed properties (also suggested by e.g. Steidel

et al. 2016)/ A similar result was found at lower redshifts by Berg et al. (2018) with a z2

"Note that our models assume Solar abundance ratios (speci cally, C/0=0.51) and continuous star-

37



Figure 2.7: Restframe equivalent with of the Ciii] doublet versus IRAC color. The large stars represent
z7_GND_42912 where the dark red (light red) star assumes the detected emission igJiii] 1907 (Ciii]
1909). The lines show models as a function of ionization parameter, stellar metallicity, and nebular metallicity
for the single and binary bpass SPs with M,/ = 100, 300 M and the S99 SPs with Myj- = 100 M . In the
last panel, the Cloudy AGN models are shown, following the parameters listed in Table 2.3. Each line shows
the full range of ionization parameter explored (-3.5 to -1.5), with -3.5 indicated by the open circles and -2.5,
-1.5 by the small circles. All of the SP models have continuous star formation with ages of 10 Myr. The IRAC
color was measured by redshifting the model spectra tasys assuming the detected emission isdiii] 1907
(but using the redshift for Ciii] 1909 does not change the results). The solid black arrow shows the e ect of
dust attenuation using the reported E(B V) for z7_GND_42912 as described by Calzetti et al. (2000).

formation. These produce higherCiii] equivalent width compared to either models with lower abundance
ratios (C/O) or instantaneous burst star-formation, ?geg for example, discussion in Jaskot & Ravindranath
(2016, their Figures 4 and 16).



lensed galaxy, with a best t model involving binary stars, logU = 1.5, Z =0:05Z , and
an age of 10 Myrs (however their models usdapass SPs with an instantaneous burst instead

of continuous star formation).

We also considered ionization in z7_GND_42912 from an active galactic nucleus (AGN), as
this could boost both theCiii] and[Oiii] emission (e.g., Jaskot & Ravindranath 2016; Maseda
et al. 2017). From the the deep G102 grism data from Faint Infrared Grism Survey (FIGS;
Pirzkal et al. 2017), T16 nd tentative evidence for weakNv emission in z7_GND_42912,
which could suggest ionization from a weak AGN (however, thid v emission was not detected
by the >16 hr Keck/MOSFIRE spectrum in J19). We ran AGN models usindCloudy 's

table agn & SED, with parameter values and ranges listed in Table 2.3.

None of the AGN models simultaneously produce thé/c;i; and IRAC color as measured in
z7_GND_42912. The bottom-right panel of Figure 2.7 shows the expected/c;;; and IRAC
[3.6] [4.5] color for the Cloudy runs with the AGN spectrum for a range of gas metallicity
and ionization parameter. To reproduce the IRAC color observed in z7_GND_42912 requires
higher ionization, which overproducesVji; for these models. Some of this is mitigated if
the line detected isCiii] 1909, and the IRAC color is at the low end of its error distribution
(or if there is substantially more dust than inferred from the analysis of the SED, see F13).
Therefore, it seems unlikely that the ionization in z7_GND_42912 is powered solely by an
AGN. One possibility is that the ionization in z7_GND_42912 is powered by a composite
star-forming stellar population and an AGN. This has been observed in some galaxies. For
their sample ofz = 24 Ciii] -emitters, Nakajima et al. (2018b) found that highW;;ij (
20A) required a composite model of AGN and SPs to t this and other galaxy properties.
The presence of an AGN in z7_GND_42912 would have interesting implications for galaxies
at z > 6:5, as some ionization from AGN may be required for the latter half of reionization

(e.g., Finlator et al. 2016; Mitra et al. 2018; Finkelstein et al. 2019). The current dataset

8described by Table 6.3 of Hazy, theCloudy documentation.
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Figure 2.8: The ratio of Siiii] 1883 / [Ciii]] 1907 versus ionization parameter for our
ducial bpass+ Cloudy models with continuous star formation and age of 10 Myr. The
solid lines show models that include binaries with an IMF that extends to 300 M and the
dashed lines shows models without binaries and an IMF that extends to 100 MThe line
colors match the stellar metallicities shown in Figure 2.7, and the shaded regions represent
the 2 upper limits for this ratio assuming the two di erent zss solutions.

for z7_GND_42912 prevents exploring more complex models (such as an AGN/stellar

composite), but future studies (e.g., withJWST) will allow this.

The photoionization models make predictions for other nebular emission lines that could be
present, includingSiiii] 1883, for which we place an upper limit on the line ux from the
MOSFIRE H band spectrum (see above). Figure 2.8 compares our obsengilii] /[ Ciii]
limit to the predicted values from our youngestCloudy models (10 Myr). For Solar
abundances, the photoionization models produce a ratio o®ifii] 1883)/([Ciii] 1907)
that varies over a range of 0.4 1.0 (for 3:5< logU < 1.5), higher than our measured
upper limit. Indeed, the measured limit @ ) on the ratio, Siiii] /[ Ciii] <0.35, requires

both high ionization (logU & 1.5) and lower metallicity (Z ' 0:1 0:2Z ). We note
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that the results from the photoionization modeling assume Solar abundance ratios. Using a
lower (sub-Solar) [Si/C] abundance could also reduce tt&iii] /[ Ciii] ux ratio (as found

by Berg et al. 2018) bringing the models more in line with the data. Therefore, tHack of
detectedSiiii] supports the conclusion that the overall ionization in z7_GND_42912 must
be extremely high combined with lower metallicity. This is consistent with the results derived

from the analysis of the totalCiii] equivalent width and IRAC [3.6] [4.5] color, above.

To summarize, z7_GND_42912 appears to require a hard ionizing stellar population and
lower metallicity to reproduce the total Ciii] equivalent width and IRAC [3.6] [4.5] color.
The data further suggest that abundances of z7_GND_42912 for elements like Silicon are
sub-Solar compared to Carbon and Oxygen, consistent with other ndings & 2 (e.g.,

Berg et al. 2018). In-depth studies must await additional data from facilities such aBVST.

2.4.3 Predictions for JWST

The data for z7_GND_42912 favor stellar population models with high-mass stars as in the
bpass models, with an IMF that extends up to 300 M, binary stellar populations, and lower
metallicities. This ts well with current expectations that galaxies in the early Universe are
younger, more metal-poor systems (e.g., Stark et al. 2015b; Steidel et al. 2016; Jaskot &
Ravindranath 2016; Berg et al. 2018). However, alternative explanations remain. To test our
conclusions, we make predictions for the advanced capabilities of future instruments such as
NIRSpec on theJWST. The di erent models make strongly varying predictions for nebular
emission expected for this galaxy. Detecting strongeii and Nv emission could provide
insight into the nature of the ionizing source of z7_GND_42912, allowing a more de nitive
distinction between the nature of the stellar populations, the presence of an obscured AGN,

the combination of the two, or something wholly unexpected.

We make predictions forJWST/NIRSpec using our ducial model (model 1;bpass models

with binaries with an IMF that extends to 300 M , constant SFR for an age of 10 Myr, and
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Z =0:2Z ) that matched the galaxy's ionization conditions as well as three other models.
These include another SP model (model 2) with no binaries, an IMF that extends to 100 ,
and matched parameters to our ducial model (for comparison), and two AGN models from
our analysis above withCloudy parameters: (model 3) logU= 1.7, Z,, =0:5Z , and
(model 4) logU= 2:3, Zpnep = 0:3Z . In both models 1 and 2, we set the SP&loudy
models to have logU= 21 andZ = Z,yp = 0:22Z . We run these models through
the JWST exposure time calculator (ETCY via the Python Pandeia Enginé® using slitted
spectroscopy on NIRSpec. The continuum emission in the spectra were redshifted to our
measured systemic valuesys = 7.5032, with ux density normalized to match the updated
HST F160W magnitude for z7_GND_42912 {15 = 25:38 AB mag, Finkelstein et al. in
prep). We used a xed slit setup with the prism and medium resolution gratings for the ETC

runs, setting each ‘target' spectrum in its own scene. The background noise was set medium.

Figure 2.9 shows simulated prism spectra for z7_GND_42912 for NIRSpec with an exposure
time of 2 hrs. Inset panels in the gure showed detail around the wavelengths where we expect
Nv and Ciii] , assuming medium resolution gratings (G140M, G235M, G395M; see top part
of Figure 2.9) for (longer) exposure times of 10 hours. Table 2.4 provides the predicted line
uxes relative to H for each model. Even at the coarse spectroscopic resolution of the prism,
it will be possible to measure simultaneousIg iii] , [Oiii] , and Ly . In particular, H and
[Oiii] will be resolved, answering most of the questions about the nature of the ionization
as the expected ratio ofOiii] /H is expected to be 2 higher for an AGN (see Table
2.4). It may also be possible to determine spatially-varying ionization. The higher resolution
NIRSpec gratings (G140M/G140H, G235M/G235H, and G395M/G395H) should be able to
di erentiate between these lines with resolving powers of'R1,000 and R 2,700, respectively.
At the higher resolution, more features become distinguishable such as tBgii] 1883,1893

doublet, where comparisons to lines such &siii] allow for accurate constraints on the gas

https://jwst.etc.stsci.edu
Onhttps://jwst-docs.stsci.edu/display/JPP/Pandeia+Quickstart
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Figure 2.9: Simulated 1D spectra for z7_GND_42912 for a 2 hour (prism) and a 10 hr
integration (zoom-in on Nv and Siiii] + Ciii] in the insets) using NIRSpec on]WST.

(1) Our ducial SP+ Cloudy model with binaries, M- = 300 M , logU = 2:1 and

Z = Zpepb = 0.2Z . (2) An SP+Cloudy model with no binaries, My} =100 M , and
matched logU,Z , and Z¢, to our ducial model. The two AGN models have (3) logU

= Ll7andZ,, =0:5Z ,and (4) logU= 23 and Z,e, =0:3Z . Major lines of interest
are labeled, and the spectral coverage for the prism and medium resolution gratings are
shown at the top.

density and Si/C abundances (e.g., Steidel et al. 2016; Berg et al. 2018).

Detections of these lines and any spatial variation in their intensity would further constrain
several important properties of this galaxy. Identi cation of certain spectral features such as
Nv and Civ would point more explicitly towards a contribution from an AGN. Resolved
measurements of UV diagnostic line€iii] , Civ, and Heii (e.g., Villar-Martin et al. 1997;
Feltre et al. 2016; Nakajima et al. 2018b) would independently label the ionizing source as
a young actively star-forming galaxy, or an obscured (possibly weakly) accreting AGN, or

possibly a composite of the two.
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Table 2.4: Estimated Line Fluxes Relative to H for Cloudy +SP/AGN Models with the
JWST/NIRSpec R 100 Prism.

model Civ 1548 Heii 1640 Ui\ ‘oorioes Mgil 2798 [Oi] 372229 Heii 4686 H  [Oii] 4959 [Oii] 5007

v .. 0.05%5 030932  0.299%% 04390 01593 1.00 1.82%3%% 555%%
2 0.07%%%  0.42%1 02695  0.47%% 01890 1.00 1.56%0% 4.73%9%
(3) 0.329%% 022938  0.289%% 0.33%9%  0.3095%1  0.34%% 1.00 4.18%% 12.48%12
(4) 0.18%% 023%% 04590  0.37%%  0.63%%  0.30%0 1.00 3.04%5% 9.23%1,

Note The line ux ratios (relative to H ) shown are the median, 16th percentile, and 84th percentile
measurements based upon our 2hdWST/NIRSpec R 100 prism simulations. (1) Fiducial SP+Cloudy
model with binaries and M} =300 M ,logU= 2landZ = Z,p, = 0.2Z . (2) SP+Cloudy model
with no binaries and Ml =100 M ,logU= 2landZ = Zne = 0.2Z . (3) AGN model with log U
= LlL7andZnp =0:5Z . (4) AGN model with logU = 2:3and Zne, =0:3Z .

2.5 Summary

Using Keck/MOSFIRE H band spectroscopy of a galaxy at,, = 7.51, previously identi ed
via Ly emission by Finkelstein et al. (2013), we identi ed line emission that we associate
with one component of theCiii] 1907,1909 doublet at s = 1:6213 m. We optimally
extracted the 1D spectrum and measured a line ux of2.63 0:52) 10 ergs?!cm 2,
with S/N=5.6 integrated over the line. We do not detectSiiii] 1883, 1892, which yields

an upper limit on the line ratio, Siiii] / Ciii] < 0.35 2 ).

Using the CANDELS photometry andLy measurement, we tentatively identi ed the detected
line as the Ciii] 1907 part of theCiii] doublet, providing a systemic redshift,zs,s =
7:5032 0:0003 This resulted in v, = 88 27km s !, suggesting that z7_GND_42912
potentially has signi cant hard radiation responsible for ionizing neutraH i gas in the vicinity
of this galaxy, which would otherwise shift theLy emission further redwards fronesys. The
low v, instead implies that theLy emission remains fairly una ected byHi until it
encounters the IGM, suppressing the strength of the emission. In addition the hard radiation

could be boostingCiii] emission, making the (€iii] + Ciii] )/ Ly ratio one of the highest
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measured for high redshift sources.

To investigate the properties of z7_GND_42912 further, we modeled the expected total
Ciii] equivalent width and IRAC [3.6] [4.5] color using models (where the IRAC color is a
measure of the redshiftedd + [Oiii] emission). We explored bothbpass and S99 stellar
population models, and AGN power-law models, using th€loudy radiative transfer code

to predict the nebular emission. We used a range of input stellar models, both single and
binary stellar populations, with a range of stellar and nebular metallicities, stellar population

age, and ionization parameter.

The models that best reproduce the observed/c i ; and IRAC [3.6] [4.5] color require stellar
populations with models like inbpass, that include both the contributions from binary stars
and an IMF that extends up to M, = 300 M , low stellar metallicity Z =0.10.2 Z , low
nebular metallicity Z,ep = 0.2 0.3 Z , and high ionization parameter logU& 2. The upper
limit on Siiii] / Ciii] requires even higher ionization, logl& 1.5, combined with lower
metallicity, Z' 0:1 0:2Z . The pure AGN models do not reproduce simultaneously the
Woeiiij and [3.6] [4.5] color, but we can not rule out a possible a composite model including

both a stellar population plus an AGN component.

The nature of the ionizing source(s) of z7_GND_42912 will be di erentiable with forthcoming
spectroscopy withJWST. To make predictions for such data, we simulatedWST spectra for
this galaxy using the closest models for z7_GND_42912 for both the case of ionization by
stellar populations or AGN and an additional comparison model. Even the coarse spectroscopy
(R 100 will resolve H and [Oiii] , where we expect large di erences in the ux ratio
depending on the nature of the ionization. Other observations at higher resolution will also
be able to separate close doublets (such &dii] ) and constrain better the metallicity, nature

of the ionization, and its spatial variation, opening a new window into the nature of galaxies

in the Epoch of Reionization.
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3. FIRST MEASUREMENT OF C43 AT z> 7

In this chapter, | present Keck/MOSFIRE J-band spectroscopy targetingCiv.~ 1548,1551
in a z = 7.5032 galaxy previously identi ed viaLy and [Ciii] 1907 emission. We identify
line emission at 1.3173 m and 1.3195 m with line uxes of (2.23 0.71) 10 *¥ergs?
cm 2 and (1.63 0.79) 10 B ergs®cm 2, respectively. Pairing this with the previous
Ciii] detection (Hutchison et al. 2019) gives a C43 ratioJiv/ Ciii] ) of 0.88 0.27, making
this the rst C43 measurement atz > 7. We explore the physical origin of the detected iv
emission as possibly powered via a stellar contribution, nebular emission from star-formation,
and/or nebular emission from AGN. TheCiv lines correspond to the redshifted emission
from the Civ doublet at z =7:5090 0:0005 with an velocity o set from Ciii] (the systemic
redshift tracer) of vcv =214 21 kms?! The v¢ is larger than vy by 125 km

s 1. We brie y discuss the potential origins of the velocity o set, which could result from the

e ects of stellar or nebular absorption, a complex, multiphase ionization system, or out ows
of high-ionization gas. We use a suite of photoionization models using stellar populations that
include the e ects of binary populations (from BPASS) combined with theCloudy radiative
transfer code. Comparing these to our measurements, tkav equivalent width (W¢j, =
16.21 4.46A), high C43 ratio, and our previous measurements of lo@iiii] / Ciii] ratio
and strong implied[Oiii] +H emission require low-metallicity models that produce hard
ionization elds (as provided by bpass models with binary stellar populations and an IMF
that extends to 300 M ), a low luminosity active galactic nuclei, or possibly a combination

of the two.

3.1 Introduction

In the myriad observational and theoretical studies of the reionization er&( 6 10), one
point becomes abundantly clear: we are still in the discovery phase of galaxies during this

epoch. The Epoch of Reionization (EoR) represents a era in early cosmic history where
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the Universe transitioned from fully neutral to fully ionized a time when the intergalactic
medium (IGM) was awash with neutral Hydrogen (i) gas, attenuating the light from
galaxies during this time and masking them from detection (e.g., Stark 2016; Finkelstein 2016;
Robertson 2021, and references therein). One of the most pressing questions to come from
this epoch is how exactly the early Universe became reionized, with speci ¢ focus placed upon
the possible sources responsible. Star-forming galaxies have been suggested as the primary
drivers of this reionization process, however there exist open questions regarding whether
or not these early objects produced enough ionizing radiation to fully ionize the Universe
by z 6 (Fan et al. 2002; Mortlock et al. 2011; Venemans et al. 2013; McGreer et al. 2015).
Studying these galaxies in detail have been challenging due to their distance, making them

very faint (Higo & 25 27 mag; e.g., Finkelstein et al. 2015; Bouwens et al. 2015)

As we are limited by space, time, and current technology, frequently spectroscopic studies of
EoR galaxies rst target the bright rest-frame UV emission line, Lyman- (Ly  1216R). The
ubiquity of Ly in EoR studies is due in large part to its strength in star-forming galaxies (e.g.,
Shapley et al. 2003), leading to this line's use in spectroscopic studies of batgh -emitting
galaxies (LAEs) and Lyman Break Galaxies (LBGs). Leveraginy spectroscopy with
continuum UV properties (derived from spectral energy distribution, SED, modeling) allows
constraints on vital galaxy properties such as the escapelof light (fescy , €.9., Hayes

et al. 2010) constraints which have been used to infer an increasigi neutral fraction

in the IGM at z > 6.5, where the neutral IGM is expected to suppressy emission from
galaxies except in the largest ionized bubbles (e.g., Hayes et al. 2010; Treu et al. 2013; Dijkstra
2014, 2017; Schenker et al. 2014; Mason et al. 2018; Finkelstein et al. 2022; Larson et al. 2022).
However, whileLy spectroscopic studies have proven powerful in identifying high-redshift
galaxies (e.g., Jung et al. 2018, 2019, 2020, 2021), there are complications to uking alone

in studying the properties of high-redshift galaxies. The observdd; emission is heavily
dependent upon the spatial distribution ofH i, as well as the intrinsic characteristics of its

emitting galaxy (e.g., Matthee et al. 2016, 2017; Sobral et al. 2017, and references therein).
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This can result in the resonant emission line scattering along the line of sight due to neutral
Hi gas (e.g., Dijkstra 2014, 2017), often culminating in skewed line emission that can be

hundreds of km s redwards of the systemic (true) redshift of its emitting galaxy.

In the past several years, studies focused towards measuring the systemic redshift of EOR
galaxies have begun targeting alternative nebular emission lines expected to be strong for
metal-poor, low mass star-forming galaxies. Such lines include strong rest-UV metal lines
suchasCiv  1548,1551Ciii] 1907,1909Heii 1640, andO iii] 1661,1666 using large
ground-based NIR telescopes (e.g., Stark et al. 2015b, 2017; Matthee et al. 2017; Laporte
et al. 2017b; Mainali et al. 2017; Hutchison et al. 2019; Jiang et al. 2021; Topping et al. 2021)
and rest-FIR detections offCii] 158 m and [Oiii] 88 m using ALMA (e.g., Willott et al.
2015; Pentericci et al. 2016; Inoue et al. 2016; Bradaf et al. 2017; Laporte et al. 2017a). These
observations generally require long integration times>(4 hr on 8-10 meter telescopes; e.g.,
Stark et al. 2015b, 2017; Hutchison et al. 2019), however this challenge will soon be eased

signi cantly with the advent of the advanced capabilities ofJWST.

In addition to providing the systemic redshift for reionization-era galaxies, the detection of
rest-UV emission lines in the EoR has allowed studies to begin to constrain the kinematics,
ionization, and metallicity of these high-redshift galaxies (e.g., Stark et al. 2015b, 2017,
Mainali et al. 2017; Hutchison et al. 2019). Through comparisons to detailed photoionization
modeling, the detected nebular emission and ancillary photometry can be leveraged to explore
the identity of the ionizing sources within these galaxies a key constraint in reionization-era
studies (e.g., Finkelstein et al. 2015, 2019, 2022; Finlator et al. 2016; Mitra et al. 2018). In
rare cases, recent studies have reported detections of more than one emission line (&fter

in these distant galaxies (e.g., Stark et al. 2015b; Mainali et al. 2017; Laporte et al. 2017b).
As studies of EOR-analogue galaxies at lower redshifts € 4) have shown, the constraints
we can place on the properties of high-redshift galaxies increase with each new spectroscopic

detection for a galaxy (e.g., Stark et al. 2014; Erb et al. 2014; Steidel et al. 2016; Maseda
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et al. 2017; Nakajima et al. 2018b; Berg et al. 2018; Tang et al. 2021a,b; Llerena et al. 2022).

We have begun a spectroscopic study with Keck/MOSFIRE to measure the rest-frame UV
emission properties of high-redshift galaxies a > 5, with the intention of understanding the
frequency of emission line uxes (other tharky ) as a function of galaxy property (including
apparent magnitude), and to constrain the physical conditions in the galaxy such as galaxy
metallicities, ionizing source, etc. This will inform surveys for spectroscopic redshifts and
expectations for forthcoming observations wittiWST. The rst work from these data are
presented in Hutchison et al. (2019, hereafter H19). Here, we present Keck/MOSFIREband
spectroscopy of a galaxy az > 7 with a redshift from Ly (Finkelstein et al. 2013; Jung
et al. 2019) and a systemic redshift fronC iii] 1907,1909 (H19), focused in thé-band to
target the Civ. 1548,1551 resonant line.

The remainder of this work is outlined as follows. In Y3.2, we present the observations, data
reduction, and calibration. The spectra and identi cation ofCiv lines are presented in Y3.3.
In Y3.4, we theorize the origin o€ iv emission in this galaxy, using stellar population (SP)
and AGN models paired with photoionization simulations to synthesize the SED of the galaxy.
We discuss the implications of our results in Y3.5, highlighting the intriguing velocity o set

we measure folCiv . Finally, we summarize our conclusions in Y3.6.

Throughout we use AB magnitudes (Oke & Gunn 1983) and adopt a cosmology withy = 0:3,
=0:7, « =0:0, andh=0:7 (whereHy, =100 h km s ! Mpc ?) consistent with Planck
and local measurements (Planck Collaboration et al. 2016; Riess et al. 2016). All equivalent

widths are reported in rest-frame, we denote all emission with positive values (i.8V, > 0 A).
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3.2 Data & Methods

3.2.1 The Galaxy z7_GND_42912 at z=75

The galaxy featured in this work, z7_GND_42912, has been deeply studied over the years,
always pushing the limits of available instrumentation. z7_GND_ 42912 was originally
conrmed via the detection of Ly emission using Keck/MOSFIRE spectroscopy with
zy =7:5078 0:0004by Finkelstein et al. (2013). This was recon rmed by Tilvi et al.
(2016) and Larson et al. (2018) usingdST grism spectroscopy. Jung et al. (2019, hereafter
J19) published an updated redshift oz, = 7.5056 0.0007 using data from>16 hr

of Keck/MOSFIRE spectroscopy. Finally, using Keck/ MOSFIRE Hutchison et al. (2019,
hereafter H19) spectroscopically detected stron@fii] * 1907 emissiofy providing a systemic
redshift for z7_GND_42912 of z;ys = 7.5032  0.0003. The data presented in this work (for
z7_GND_42912) come from an ongoing) + H Keck/MOSFIRE program (PI: T. Hutchison)

to target restframe UV nebular metal lines in the spectra of galaxies at> 5.

3.2.2 Observations & Data Reduction

We acquiredJ -band spectroscopic observations of our sample using the the Keck/MOSFIRE
NIR spectrograph (McLean et al. 2012) during two separate observing runs, with two nights
allocated in 2020 February (PI: T. Hutchison, PID 78/2020A_NO063; awarded through the
NASA/Keck allocation) and additional time in April 2021 (PI: I. Jung, PID 2021A_N199;
awarded through the NASA/Keck allocation). Table 3.1 gives the details of the observations,
including the observing dates, total exposure time, average seeing (derived from the nal
reduced 2D spectrum), and instrument setup. For all of the data, a standard dither pattern

of ABAB was used, with % width slits for all targets in the masks and standard star frames.

IFormally, Ciii] is a combination of one forbidden and one semiforbidden transition namely € iii]
1906.68 andCiii] 1908.73 (e.g., Stark et al. 2014; Jaskot & Ravindranath 2016).
20nly one part of the Ciii] 1907,1909 doublet was detected in théd -band data, as the other line fell
on an atmospheric skyline. H19 marked the detectionCiii] 1907.

51



Table 3.1: Keck/MOSFIRE Observations TargetingCiv in z7_GND_42912

Observation Pl Band Seeing te, Slit Width? Dithering Stepsize
Date (arcsec) (hr) (arcsec) Pattern  (arcsec)
1) 2) 3) 4) ) (6) (7) (8)
2021 Apr 24 Jung J 1.03 0.40 0.7 ABAB 1.25
2021 Apr 23 Jund J 0.89 0.59 0.7 ABAB 1.25
2020 Feb 27 Hutchison J 0.99 3.71 0.7 ABAB 1.25
Observation Pl Reference Star
Date H 160
(1) (2) ) (10) (11)
2021 Apr 24 Jung 189.304712 +62.269859 17.29
2021 Apr 23 Jund 189.105720 +62.234683 15.99

2020 Feb 27 Hutchison 189.287154 +62.297020 17.12

Note (1) UT Date of observation. (2) Pl of Keck observing program. (3) MOSFIRE NIR band observed.
(4) Average seeing derived from the nal reduced images of the star in the mask. (5) Total exposure time of
the mask. (6) Slit widths in the mask. (7) Dithering pattern of the instrument. (8) Stepsize of the dithering.
(9-11) RA, Dec, and H1g0 magnitude of the Reference Star in the mask.

a Standard MOSFIRE slit width: 0 %,
b pata not used in nal ux-calibrated spectrum due to faulty standard star reduction.

In the mask, two reference stars were placed on a slit to monitor the seeing and atmospheric
variability as well as improve the ux calibration process by providing an absolute calibration
(see Y¥3.2.3). We took Ar and Ne lamps, although we used observations of night skylines for

wavelength calibration.

The data were reduced using a variant of the MOSFIRE data reduction pipeline (DRP)
The DRP produces background-subtracted, recti ed, and at- elded two-dimensional (2D)
spectra and associated 2D variance for each slit within a given mask. The resulting spectral

resolution yields 1.63A pixel *, with 0948 pixel ! spatially. We used a modi ed version of

3http://keck-datareductionpipelines.github.io/MosfireDRP/
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this pipeline created by our team (Larson et al. 2022) which reduced the data in pairs, to
correct and account for the slight0®% hr * drift measured over long exposures (for an analysis
of this drift, see Hutchison et al. 2020; for observational evidence, see e.g., Kriek et al. 2015;
Jung et al. 2020; Larson et al. 2022). We visually inspected the reduced 2D spectra at the
potential positions of theCiv doublet for this galaxy (assuming both potentialzs,s values,

as discussed in Hutchison et al. 2019).

3.2.3 Optimized 1D Extraction & Flux Calibration

The extraction and ux calibration of the one-dimensional (1D) spectra are described in
detail in Larson et al. (2022); however, we will summarize the main steps below. In brief,
we use an optimized extraction technique that weights by the inverse-variance and the
expected spatial pro le of the source to maximize the signal-to-noise (S/N) of the extraction
(Horne 1986). As there was no continuum detected for our high-redshift source, we used the
wavelength-dependent spatial pro le of the reference star in our mask to account for any
seeing variations as a function of wavelength (cf., Song et al. 2016; Stark et al. 2017; Jung
et al. 2020). MOSFIRE employs a dithering technique during observations which result in
a characteristic trace in the 2D spectra, such that there is a positive central trace and a
negative trace located (spatially) above and below it. We use this complete spatial pro le as
the extraction weights, with an extraction box of £%, in order to boost the S/N of real lines

in the spectra. We used this extraction procedure on both the signal and error 2D spectra

produced by our modi ed DRP.

For the absolute ux calibration of the spectra we followed two steps. First, we corrected

the data for telluric absorption and instrument response using the longslit observations of
the standard star HIP 56147. The star has a spectral type A0V, and its observations were
taken immediately before (2021 data) or after (2020 data) the observing block for our mask

observations.
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Second, we used the reference star in each science mask to re ne the absolute ux calibration.
This accounts for any variation in seeing or atmospheric transmission between the observation
of the standard and the science mask. We rst t Kurucz models (Kurucz 1993) to the uxed
spectrum of the reference star from our MOSFIRE mask, and use this to extrapolate the
spectrum over the entire wavelength range covered by tidST/WFC3 F160W bandpass. We
then measured a synthetic FI60W magnitude by integrating the MOSFIRE spectrum of the
star with the F160W bandpass, and t a scale factor to adjust this to match the (measured)
total magnitude in the CANDELS photometry, using the catalog of Finkelstein et al. (2022).
We then applied the same scale factor to the corrected MOSFIRE spectra for the galaxies in

our sample to derive their absolute ux scaling. We repeated this step for each mask.

We do not include the data from April 2021 in the nal ux-calibrated spectrum for
z7_GND_42912, as the longslit standard star observations for those nights were unable to
be reduced properly. We show a non-calibrated stacked version of théband spectra from

all nights (in units of counts) in Appx. B.

3.3 Results

Figure 3.1 shows a portion of theHST/WFC3 F160W image of the CANDELS/GOODS-N
eld, including the MOSFIRE slit position from the MOSFIRE 2020 and 2021 observing runs
for z7_GND_42912. The Y band (J19), H band (H19), and J-band 2D and 1D combined
Keck/MOSFIRE spectroscopy of this galaxy are also shown in this gure. Below, we will
summarize the previous spectroscopy for z7_GND_42912 (targetingy and Ciii] ) and
the resulting science from those studies, and share the results from duband spectroscopy

targeting the Civ doublet.
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Figure 3.1: Top left: A zoom in of the CANDELS/GOODS-N eld in F160W band, centered
on z7_GND_42912. The gold slit indicates the dataset and its respective position on the
target. Top right: J-band MOSFIRE spectroscopy showing the 2D smoothed spectrum and
the optimally-extracted 1D spectrum (both smoothed and unsmoothed shown). The blue
shading is the same as in the top panel8ottom left: Y-band MOSFIRE spectroscopy of
z7_GND_42912 from Jung et al. (2019), showing the 2D S/N spectrum (where the S/N
spectrum is the ux divided by the error; the blue hatched regions mask skylines), and the
optically extracted 1D spectrum (solid blue line) with error (shaded blue region). The black
dashed line shows a (skewed) Gaussian t to the lineBottom right: H-band MOSFIRE
spectroscopy from Hutchison et al. (2019), showing the combined 2D smoothed S/N spectrum
and the optimally-extracted 1D spectrum from the combined dataset. The blue shading is
the same as in the top left panel. The black dashed line shows a Gaussian t to the line.
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3.3.1 Summary of Previous Rest-UV Emission-line Detections

Ly : The bottom left of Figure 3.1 shows the>16 hr combinedY -band 2D and 1D MOS-
FIRE spectra from J19, centered on the observed emission line. Thg line shows some
asymmetry, which could be representative of a largdry velocity o set from systemic.
However, as noted in H19, this interpretation is not the only solution as sone> 6 sources
show both an asymmetricLy line prole and a small v, (e.g.,, v, =120 kms?
Stark et al. 2015a). J19 measured they line ux as (1:46 0:14) 10 " ergs?!cm 2,

corresponding to a rest-frame W, = 332 3:2 A.

C i ]: In H19, H-band Keck/MOSFIRE spectroscopy revealed one component Gfiii]
emission (see bottom right of Figure 3.1), marking the detection as th€[ii] 1907A part of
the doublet (however H19 also included the solution if the detected line wegiii] 1909R).
This provided a systemic redshift for z7_GND_42912 ofgs = 7.5032 0.0003, resulting in a
Ly velocity o set from systemic of v, =88 27kms !, suggesting that z7_GND_42912
potentially has signi cant hard radiation responsible for ionizing neutraH i gas in the vicinity
of this galaxy, which would otherwise shift theLy emission further redwards fronesys. The
low v, instead implies that theLy emission remains fairly una ected byHi until it
encounters the IGM, suppressing the strength of the emission. In addition the hard radiation
could be boostingCiii] emission, making the (€ iii] + Ciii] )/ Ly ratio one of the highest

measured for high redshift sources (0.30 0.04).

Assuming a Liii] / Ciii] ux ratio of 1.5, H19 calculated a total line ux of (4:4 0:8)
10 8 erg s cm 2, corresponding to a rest-frameNc;i; = 1623 2:32 A. Additionally,
while Siiii] fell within the coverage of the MOSFIREH -band spectrum, H19 show it is not

detected. The upper limit on the Siii] lineis< 0:924 10 ¥ergslcm 2 (@2 limit).
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3.3.2 Analysis of the Civ Emission

Using the systemic redshift for z7_GND_ 42912z = 7.5032, the expected location for the
Civ  1548,1551 doublet would be within a few hundred km § of 1.317 m and 1.319 m,
respectively. For eachl-band dataset, we visually inspected the spectra in this wavelength
range. The top right panel of Figure 3.1 shows the 2D and 1D spectral region containing
the Civ lines. We identi ed faint detections of both parts of theCiv doublet, centered at
1.3173 m and 1.3195 m. We t Gaussians to the 1D spectrum for the observed lines, from
which we derive line uxes ofCiv 1548= (2.23 0.71) 10 ¥ ergs!cm 2 andCiv
1551=(1.63 0.79) 10 Bergs!cm 2. We inspected the full 2D spectrum to search for
any additional lines, but did not detect any lines with the characteristic MOSFIRE positive
and negative traces at the expected spatial location. We discuss the signi cance of @iiv

detections in Appendix. B.

The Civ 1548 line corresponds to a redshift (derived from th€ iv line) of z¢,y = 7.5090
0.0005. This corresponds to a velocity o set from systemic (frof@ iii] ) of v¢,v = 214
21 km s 1. Notably, this o set is larger than v, , and we discuss the implications for

this in Y3.5.1.

3.4 Origin of Civ in z7_GND_42912

The rest-UV emission lineCiv  1548,1551 is a complex resonant feature, subject to various
possible contributions to its pro le and expected strength. This line is often identi ed as a
combination of stellar P-Cygni emission and absorption, nebular emission, and interstellar
absorption (e.g., Kudritzki 2002; Shapley et al. 2003; Steidel et al. 2016). In the follow-
ing sections, we will discuss the potential contributors to the observediv emission in

z7_GND_42912.
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3.4.1 Stellar Emission

The stellar P-Cygni feature is a result of stellar winds from O- and B-type stars within
the star-forming regions of a galaxy. Studies have shown this unique feature has a strong
and broad absorption component and a small emission component, often measured to be
blueshifted relative to systemic (e.g., Lamers & Cassinelli 1999). The strength of these
components and, more broadly, the overall P-Cygni pro le relies upon both the stellar
metallicity and the age of the stellar populations (therefore, the relative number of O- and

B-type stars).

Studies of nearbyz 0 EoR-analogues, such as extremely metal poor galaxies € 0:5

Z ), have found a variety ofCiv line features, ranging from signi cant P-Cygni absorption

and weak emission line to very strong nebular emission and no detectable absorption (e.g.,
Berg et al. 2016, 2019b,a; Senchyna et al. 2017, 2019; Chisholm et al. 2019; Senchyna et al.
2022). The variety of features and line strengths, over a remarkably similar range of stellar
metallicity, imply additional physics must be considered to properly explain th€ iv in these

galaxies.

In these (and other) analogue studies, the P-Cygni absorption was found to be most prominent
in sources with weakelC iv emission and/or stellar populations with higher metallicites (e.qg.,
Vidal-Garcia et al. 2017; Chisholm et al. 2019; Feltre et al. 2020; Senchyna et al. 2022, and
references therein). This relationship between metallicity and the depth of th@iv P-Cygni
absorption can be seen in the top panel of Figure 3.2, where we show stellar populations at
xed age covering a range of sub-Solar metallicities (for another model example, see Figure
18 in Vidal-Garcia et al. 2017). The stellar populations shown are the same ones used in
H19, namely the Binary Population and Spectral Synthesis v2.®pass; Eldridge et al. 2017)
and Starburst99 (S99; Leitherer et al. 2014) models with continuous star formation histories

(SFHs) of 1 M yr 1. In Figure 3.2 (top panel), all of the stellar population models shown
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are xed to an age of 10 Myr, and run from 0.05, 0.1, and 0.Z . As the models increase in
metallicity, the absorption component of the stellarC iv feature increases in depth, while the

emission component remains relatively unchanged.

This relationship corresponds well to the inferred low stellar metallicity for z7_GND_42912
of. 0.3Z and 0.2-0.4Z from H19 and J19, respectively). While we do not anticipate
the absorption component of the stellaC iv feature to be very strong in our galaxy, we do
expect there to be a non-negligible amount however, given the faintness of the detection and
the limitations of the current instrumentation, we would not expect to detect the absorption

component in this galaxy.

Finally, the emission component of the stellaCiv P-Cygni feature is primarily driven by
stellar age (inferred from stellar temperature; e.g., Berg et al. 2019a; Senchyna et al. 2022),
with the younger stellar populations showing stronger emission (e.g., Erb et al. 2010; Chisholm
et al. 2019). As a stellar population is formed and ages, di erent stellar features appear and
disappear in the early ages of these populations. For example, Chisholm et al. (2019) notes
that the Civ stellar wind line can be seen in a stellar population for ages1-15 Myr*. The
estimated age for z7_GND_42912 ts well within this range, with an a stellar age of around
10-13 Myr for this galaxy (68% con dence range, estimated from detailed SED modeling;
Jung et al. 2019). However, as th€ iv stellar feature is expected to peak around 5 Myr
(Erb et al. 2010; Chisholm et al. 2019), we anticipate that th& iv emission component of

this stellar feature is likely not to be as strong at 10 Myr (our preferred stellar age).

Therefore, while we cannot rule out some level of contribution to the measur€tiv emission
in z7_GND_42912 from a stellar component, especially with the current sensitivity and
resolution, we nd it improbable that the emission is solely or predominantly from the stellar

ionizing continuum in this galaxy.

4Chisholm et al. 2019 showed this for both BPASS and S99 models with a xed metallicity of 0.4Z .
However, this age range shrinks slightly for the S99 models, with smaller range of 1-10 Myr.
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Figure 3.2: A zoom in on theCiv 1548,1551 feature shown viatdp) bpass and S99
stellar population models at xed stellar age of 10 Myr, hiddle) Cloudy + bpass modeling

at xed logU = 1.5 and stellar age of 10 Myr, and lfottom) Cloudy +AGN modeling at
xed Z,ep, =0:2Z . For all panels, a range of sub-Solar metallicities are shown. Each panel
highlights how the Civ feature is a ected by di erent factors. Note that the higher-resolution
Cloudy modeling is only used for illustrative purposes in this gure.
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3.4.2 Nebular Emission

There is ample evidence that z7_GND_42912 has strong nebular emission, and this likely con-
tributes some (or all) of the emission we observe. In H19, we discuss how tii{f] + Ciii] )/ Ly

ux ratio and red [3.6] [4.5] color for z7_GND_42912 suggests both strong nebular emission
and high ionization, pointing to several studies which argue that these red IRAC [3.6] [4.5]
colors for galaxies in the reionization era imply strong nebular emission frofh ~ 4863A +
[Oiii]  4959,500A, redshifted into the IRAC bandpasses (e.g., Smit et al. 2015; Roberts-
Borsani et al. 2016; Stark et al. 2017; Matthee et al. 2017). Pairing these measurements with
the expectation for galaxies during this epoch to house either young, highly star-forming
stellar populations (e.g., Stark et al. 2014, 2017; Ding et al. 2017; Maseda et al. 2017; Matthee
et al. 2017) or accreting supermassive black holes in powerful active galactic nuclei (e.g.,
Inoue et al. 2016), we turn to the radiative transfer and photoionization microphysical code

Cloudy v17.0 (Ferland et al. 2017) to explore the observe@iv emission in this galaxy.

3.4.2.1 Nebular Emission Powered by Stars

In a typical star-forming galaxy at lower redshifts (such az  3), nding strong nebular

Civ emission powered by star formation is rare (e.g., Shapley et al. 2003; Erb et al. 2010;
Steidel et al. 2014). This is not surprising, as for these galaxies tlav line has often been
measured to be either solely in absorption or measured to have incredibly weak emission (e.g.,
Shapley et al. 2003; Steidel et al. 2016). Stror@iv emission would require a signi cant
amount of ionizing photons with energies over 47.89 eV; ionization strengths which most
star-forming galaxies would struggle to produce in abundance (e.g., Shapley et al. 2003; Le
Fevre et al. 2019; Berg et al. 2021). Indeed, when strodiv emission is detected at these
redshifts, the expectation generally is that this nebular emission is powered by an AGN

(Hainline et al. 2011; Alexandro et al. 2013; Le Fevre et al. 2019).

61



Figure 3.3: Ratio of the total Civ ux over the total Ciii] ux (i.e., C43) versus IRAC color (which is

a tracer of H +[Qiii] nebular emission). The large stars represent z7_GND_42912 where the dark red
(light red) star assumes the detected emission is(iii] 1907 Ciii] 1909). The lines show models as a
function of ionization parameter, stellar metallicity, and nebular metallicity for the single and binary bpass
SPs with M= = 100, 300 M and the S99 SPs with M}- = 100 M . Each line shows the full range of
ionization parameter explored (-3.5 to -1.5), with -3.5 indicated by the open circles and -2.5, -1.5 by the small
circles. All of the SP models have continuous star formation with ages of 10 Myr. IRAC color is measured by
redshifting the model spectra to zsys = 7.5032.
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However, for galaxies in the EoR the strength of many rest-UV nebular metal lines have been
found to be much stronger than their lower-redshift counterparts, with equivalent widths for
Ciii] measured atWcj;i; 16 25A (Stark et al. 2017; Laporte et al. 2017a; Hutchison et al.
2019; Topping et al. 2021; Jiang et al. 2021) an@iv measured atWc;, 11 38A (e.g.,
Stark et al. 2015b; Mainali et al. 2017, and this work). These strong emission lines match
well with the expectation for very low stellar and gas-phase metallicities, high ionization, and
very young massive stars tting the narrative of star-forming galaxies expected during the

reionization era (e.g., Stark 2016; Jaskot & Ravindranath 2016; Robertson 2021).

In order to draw insights into the physical conditions within this galaxy and the processes
potentially responsible for powering the observe@ iv emission, we utilize the photoionization
modeling created in H19. The models from H19 ugéloudy v17.0 (Ferland et al. 2017)
paired with a variety of stellar population models of di erent ages from botlbpass and
S99 (see Y3.4.1) including models with binary stars, models with di erent slopes for the
upper half of the input IMF, and models with IMFs that extend to 300 M (see H19, Table

3, for more details). These models explore a range of stellar metallicitg (= 0.210.5 Z ),
decoupled nebular metallicity (matched toZ , 0.3, & 0.5 Z ), and a large range of ionization
parametef (logU = -3.5 to -1.5, in increments of 0.2 dex). Per the methods followed in
Steidel et al. (2016), we set the total gas densityn(;) to 300 cm 3. For the purposes of this
work, we ignore the presence of dust grains, post-processing the model outputs to add dust
attenuation assuming a foreground dust screen (Calzetti et al. 2000) with(B V) =0:22
(the reported color excess for z7_GND_42912). We assume Solar abundances for all models;

however, see Y3.5.2 for further discussion about this model parameter.

The e ect of low metallicities and high ionization powering strong nebulaC iv emission via
star-formation (SF) can be seen illustrated in the middle panel of Figure 3.2. In this panel,

a range of higher-resolutiorCloudy +BPASS modeling show how, at xed high ionization

SDe ned as the ratio of the number density of ionizing photons to the number density of the gas (U
n /ng).
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(logU = 1:5) and young stellar ages (10 Myr), the strength o€ iv emission dramatically
increases as stellar and gas-phase metallicities become increasingly sub-Solar. Intriguingly,
the Civ emission features seem to disappear B&/= 0.5 Z highlighting how metal-poor
these star-forming galaxies may need to be in order to produce tldav strengths observed in
z7_GND_42912 and otherz > 6 galaxies (a revelation also suggested by similar work done
with low-redshift analogues and other high-redshift galaxies; e.qg., Stark et al. 2014, 2015b;
Senchyna et al. 2017, 2019; Mainali et al. 2017).

To further explore this for z7_GND_42912, as described in Y3.3.1, we leveraged the
Spitzer/IRAC [3.6] [4.5] color in H19 to use as a proxy for the combinedH + [Oiii]
equivalent width as at this redshift these optical emission lines appear in the 4.5m band-
pass while virtually nothing but continuum is seen in the 3.6 m bandpass. For eaciCloudy
model, we redshift the spectrum to the systemic redshiftz{,s = 7.5032) and integrate the
spectrum with the IRAC 3.6 m and 4.5 m bandpasses. Figure 3.3 shows the ratio of total
line ux for the Civ doublet over the total line ux for the Ciii] doublet (hereafter called
C43) as a function of IRAC [3.6] [4.5] color. For z7_GND_42912, the C43 ratio is 0.88
0.27 (assuming the preferredJiii] 1907 solution; C43 = 0.58 0.27 assumingCiii] 1909).
The measurements for z7_GND_42912 are shown as the large red stars, with bdaghii] line
identi cations from H19 displayed for completeness (where the dark red star is our preferred
solution, the [Ciii] 1907 line; see H19 for details). The errors on these measurements are
shown as the shaded red regions (with the IRAC [3.6] [4.5] color also shown via error bars).
For the models plotted, each colored line represents models with stellar metallicities as a
function of ionization parameter (for xed model age of 10 Myr), with ionization increasing
to the top right of each panel. The line types correspond to the nebular metallicities used,

and the input stellar spectra for each panel are identi ed in their respective panel titles.

The choice of using the C43 ratio in our comparisons to photoionization modeling is straightfor-

ward: similar to ionization tracers such as 032 (the ux ratio ofQiii] / [Oii]  3727,3728.),
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the intrinsic C43 ratio traces the ionization structure of the emitting nebula (e.g., Stark et al.
2014, Berg et al. 2016; Gutkin et al. 2016; Jaskot & Ravindranath 2016; Schaerer et al. 2022).
Therefore, in determining the likely ionization source powering the observétiiv emission

in z7_GND_42912, leveraging this ux ratio will be very useful in comparing the e ects

of high-ionization nebular emission from star-formation versus from accreting supermassive

black holes.

In their work modeling the Ciii] emission feature, Jaskot & Ravindranath (2016) showcased
the relationship between ionization and metallicity for the C43 ratio as a function dN ;i ; (see
their Figure 7). For an instantaneous burstbpass stellar population, low metallicity (Z <
0:009 and high ionization (logU = 1) models reproduced C43 0.5 for a large range of
Weiiij , with the lowest metallicity models achievingWcii; > 10A for young stellar ages
(<10 Myr). Additionally, studies of Lyman continuum emitters (LyC) at lower redshifts have
identi ed a relationship between C43 and the escape fraction of LyC light. Schaerer et al.
(2022) classi ed LyC emitting galaxies with C43& 0.75 as strong leakers , withf osc > 0:1.

If this relation holds at z > 6, this could potentially classify z7_GND_42912 as a strong

leaker .

The only models that match our C43 measurement (with C43 0.3) include those with low
stellar and nebular-gas metallicity Z 0:1 Z ) and high ionization parameters lopgU >
1:.9). As Figure 3.3 illustrates, all the other stellar population models have di culty
producing the measured C43 ratio. In H19, a clear separation was seen betwagass models
that included stellar binaries (and/or an upper mass of the IMF that extended to 300M )
and the other input stellar spectra when comparing the IRAC [3.6] [4.5] color to the measured
Woeiii . At odds with this result, in folding the Civ measurement into this comparison, all
of the various input ionizing stellar populations under-perform in reproducing the measured
C43 ratio. Additionally, in H19 the S99 models struggled the most to simultaneously produce
the observed IRAC [3.6] [4.5] color and/N¢ii; , yet more of their high ionization (log U&
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1:9) models reach C43 0.3 than any of thebpass modeling (regardless of the presence of

binaries or massive stars).

To compare these results between the di erent SP models more clearly, we focus on the
models with a stellar metallicity ofZ =0:1 Z models which exist in both the bpass and
S99 modeling sets from H19. Thbpass models with xed stellar and gas-phase metallicities
(Z = Znep =0:1 Z ) overlap with the dark red star, reproducing both z7_GND_42912's C43
ratio and red IRAC color; however, no otheZ =0:1 Z models (i.e., including the ones with
Zneb =0:3 05 7 ) fallwithin 1 of z7_GND_42912. For the S99 models, all of the models
(regardless of IMF assumed) reproduce C43 0.3 for gas-phase metallicities &,ep = 0:1 0:3

Z . However, the S99 models which use a Kroupa IMF are unable to reproduce similar IRAC
[3.6] [4.5] colors to z7_GND_42912 (>0.5 mag). Meanwhile, the S99 models with varied
slopes for the upper half of the IMF ( = 1.7; 2) have the most success in simultaneously
reaching C43 0.3 and IRAC [3.6] [4.5] & 0.5 mag for any of the S99 models run. From
these results, it appears that the S99 models were better in reproducing a broad rang€ of
strengths (including C43 values which match our high-redshift observations), however they
still under-produce the IRAC [3.6] [4.5] color. On the other hand, thébpass models easily
reproduced the necessary red IRAC colors (and therefore the implied strengthHbf +[O iii]

for z7_GND_42912) and also were able to reproduc€iv to reach C43 0.3 for some

models; however this was only at the lowest metallicities explored.

The results of our models follow a consistent narrative with similar studies at these redshifts
and other work in the literature. Stark et al. (2015b) detected stron@ iv emission W¢i, =
38A) in a galaxy at z = 7:045 reporting the modeling which best reproduced the emission
were not AGN but models with very young stars ( 3 Myr), high ionization (logU =  1:35),
and very low metallicity ( 0.03 Z , i.e., 12 + log(O/H) = 7.05) values which are all more
extreme than the parameters probed by our current modeling. Additionally, while we assume

Solar abundances for our modeling, Stark et al. (2015b) and similar analogue work at lower
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redshifts explored changing the abundances of speci c elements in order to increase specic

features, such a<iv emission (for more discussion about this parameter, see Y3.5.2).

At lower redshifts (z . 3), where the rest-UV of galaxies are more readily accessible, EoR
analogue studies show similar examples of strong line ratios suspected to be powered primarily
by star-formation (e.g., Stark et al. 2014; Berg et al. 2016, 2018, 2019b,a; Vanzella et al.
2016; Senchyna et al. 2017, 2019). In Vanzella et al. (2016), they detected strong nebular
Civ and Ciii] emission in a faint Myy = 17) galaxy at z = 3:12, leading to a very high
ratio of C43 1.62. This strong C43 ratio paired well with the low metallicity ( 0.12 Z , i.e.,

12 + log(O/H) < 7.8) and large O32 measured for this galaxy (O32.0)°. While some of
their measurements and detected emission line strengths could be explained by the presence
of a faint AGN, they noted that all of their measurements were consistent with hot and
massive stars Terf > 50, 000K). Additionally, in Stark et al. (2014) and Berg et al. (2016),

we nd EoR-analogue galaxies with C43 1 (C43=0.4-1.11 atz 2 for Stark et al. 2014
and C43=0.16-0.38 az O for Berg et al. 2016; including a source with very strong nebular
Civ emission, J104457). Photoionization models applied too these galaxies show the C43
ratios can be explained by extremely low metallicity stellar populationsZ 0:04 0:16 Z

i.e., 12 + log(O/H)  7.29 7.82) and driven by large ionization parameters (log & -2.16).
Stark et al. (2014) noted that more data would be needed to discern if AGN, high-mass
X-ray binaries, and/or fast radiative shocks were contributing at all to the higher-ionization

emission lines.

In summary, we nd that the strong Civ emission in z7_GND_42912 can be explained by
ionization from young, low-metallicity stellar populations and low-metallicity nebular gas.
We note that this is only the case for the lowest metallicity and highest ionization models
from our modeling set (which implies we are at the limit of our models). Therefore, while it

is possible for the observed rest-UV emission in z7_GND_ 42912 to be powered solely by

6Alternatively, 032 > 10 could loosely be expressed as logt) 2; e.g., based upon modeling from Kewley
et al. 2019.
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star-formation, we cannot rule out the possibility of a contribution from additional ionizing
sources or from more extreme modeling parameters (such as increased ionization parameter
or even lower metallicities, see Y3.5.2), or that there is some other change in the physical
conditions in galaxies during the EoR. In order to more conclusively determine if the ionizing
source in z7_GND_42912 is driven primarily by star-formation, we would need more nebular

metal emission lines detected at higher S/N (data which will soon be possible wilkVST).

3.4.2.2 Nebular Emission Powered by AGN

AGN are frequently invoked to explainCiv emission in galaxies given that this line requires
an ample source of high energy (47.89 eV) photons (e.g., Le Févre et al. 2019). The strength
of Civ compared toCiii] and Heii is often used to separate ionization from star-formation
compared to AGN (e.g., Feltre et al. 2016; Jaskot & Ravindranath 2016). It is useful
to consider how these line ratios portend the conditions in galaxies in the EoR, as the
interpretation of Civ detections in other high-redshift galaxies argue it can be powered by
star-formation (e.g., Stark et al. 2015b; Mainali et al. 2017). It is therefore important to

consider both AGN and star-formation as the ionizing source (or sources) in z7_GND_42912.

For z7_GND_42912, AGN are an especially curious possibility due to a tentativllv 12408
detection in HST/WFC3 G102 grism data from Tilvi et al. (2014) data from the deep Faint
Infrared Grism Survey (FIGS; Pirzkal et al. 2017). While J19 did not nd any indication
of Nv in the deep 16 hr MOSFIREY -band spectrum, this remains a tantalizing prospect
worth investigating as this could indicate the presence of an obscured or weak AGN (if the

ionizing source in z7_GND_42912 is truly AGN in origin).

For the purposes of this work we use the same AGN modeling created in H19, using the
table agn command inCloudy which approximates a powerlaw with a slope of = 1.
Similar to Y3.4.2.1, low metallicity and high ionization are very e ective in powering strong

nebular Civ emission, as shown in the bottom panel of Figure 3.2. In this panel, a range
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of higher-resolutionCloudy modeling (using AGN to describe the shape of the ionizing
continuum) show how, at xed sub-Solar metallicity € = 0:2Z ), the intensity of the Civ
doublet grows with increasing ionization parameter. At the lowest ionization parameter
explored in our modeling (logU = 3:5), the doublet is very weak. However, the doublet
strength quickly increases, reaching comparable strengths to the lowest metallicity model in
the middle panel of Figure 3.2 by logU = 2:7 (considered a reasonable ionization strength
for more "typical" star-forming galaxies at lower redshifts; e.g., logU 2.6to 2:8 from

Cloudy +SP modeling ofz 3 galaxies in Steidel et al. 2016).

In H19, we compared the W;i; in the AGN models to their synthetic SpitzefIRAC [3.6]
[4.5] colors, as the ionization from an AGN could boost th€iii] and [Oiii] emission (e.g.,
Jaskot & Ravindranath 2016). This result has been reproduced in the top panel of Figure 3.4
(where the uncertainty onWc;;i; is smaller than the size of the individual stars). As discussed
in H19, all of the models overshoot the observed¥cji; for z7_GND_42912 when attempting

to match the necessary ionization levels (logl 2:5), especially when considering the
preferred [Ciii] solution (the dark red star). Simultaneously reproducing z7_GND_42912's
Woeii; and SpitzefIRAC color would likely require even higher ionization (log U> 1:5),
which pushes towards nonphysical scenarios especially dy¥ was not detected for this

source in the deep 16 hr MOSFIRE spectrum from Jung et al. (2019).

However, we now investigate this in more detail as we fold in th€ iv detection. Using
the sameCloudy +AGN modeling, we compare the models' C43 values to their synthetic
SpitzerIRAC [3.6] [4.5] colors following the same process as in Y3.4.2.1 and Figure 3.3. These
results are shown in the middle panel of Figure 3.4. When comparing C43 to the IRAC
color for this redshift, there is broad agreement with the modeling for a range of ionization
parameter (logU= 2:7to 2:3) and sub-Solar gas-phase metallicityZ,e, = 0:1 0:3Z ).
This is not very surprising, as the intrinsic C43 ratio has been leveraged as a measure of the

ionization structure in star-forming galaxies and AGN (as described in Y3.4.2.1, also e.g.,
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Figure 3.4: Diagnostic plots based up on theCloudy +AGN models from H19. The large stars represent

z7_GND_42912 where the dark red (light red) star assumes the detected emission iJiii] 1907 (Ciii]
1909). The lines show models as a function of nebular metallicity and ionization parameter (ranging from

-3.5 to -1.5; with -3.5 indicated by the open circles and -2.5, -1.5 by the small circles).tdp panel) Restframe

equivalent width of the Ciii] doublet versus IRAC color. (middle panel) C43 Ratio versus IRAC color (bottom
panel) Restframe equivalent width of Ciii] versusCiv .

Schaerer et al. 2022). As highlighted by Figure 3.4, the C43 ratio reproduced by AGN models

spans almost two orders of magnitude. This pairs well with what has been found in the
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literature, where studies of composite narrow-line AGN have measured a large range of C43
ratios, with C43 1:25 7.5 (e.g., Hainline et al. 2011; Alexandro et al. 2013). Therefore,
in modeling that is powered by AGN, one would expect general agreement with the observed

measurements for z7_GND_42912 in this scenario.

The discrepancy between the models which reproduce similar values to z7_GND_42912 in the
top two panels of Figure 3.4 highlights the tension between th&iii] and Civ lines (paired
with [Oiii] , through IRAC color) in determining the source of ionization in z7_GND_42912.
In order to explore this further, the bottom panel of Figure 3.4 shows the comparison of
Woeiii] versusWc;, for the AGN models and the measurements of z7_GND_42912. We
note that the synthetic W¢;, values shown should be considered thtrinsic W¢j, , as no
additional radiative transfer e ects were applied to theCiv feature outside of theCloudy
code. In this panel, the photoionization models reproduce a broad rangeWt;, values,
including Wceiy 16.21A (matching z7_GND_42912). However, theWciii; over-production
issue seen in the top panel of Figure 3.4 is further highlighted in this bottom panel, made
even more clear by our preferred solution fa€ iii] in z7_GND_42912 ([Ciii]] 1907, the
dark red star). Only the lowest assumed gas-phase metallicities overlap with the light red

star (the Ciii] 1909 solution), while none reach to the dark red star.

Figure 3.5 shows théWc;, versusWcji; for EoR-analogue sources from the literature,
colored by redshift (see Appx. C in Schmidt et al. 2021 for relations to additional UV
lines from the literature). The analogue sources in this gure include those powered by
star-formation and by AGN. For z7_GND_42912, we use the same notation as in previous
gures. z7_GND_42912 shows good agreement with the other sources from the literature,
albeit residing towards the higher end of bottW¢;, and Wc;ji; , very close to the 1:1 line.

For sources in this region, the ionizing continuum is hard enough to power not only strong

"We do not make this comparison with the Cloudy models powered by star-formation, as theCiv pro le
in those systems becomes complicated and therefore challenging to di erentiate what is driving the line
strength.
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Ciil] emission, but strongCiv emission at nearly the same equivalent width. Aside from
z7_GND_42912, the other galaxies in this parameter space were suggested to be extreme
emission line galaxies (EELGs; powered by star formation, e.g., Du et al. 2020; Tang et al.
2021a) or powered by a combination of AGN and star formation (e.g., Le Févre et al. 2019).
Directly above the 1:1 line (slightly behind the red star for z7_GND_42912), Hainline et al.
(2011) showed that UV-selected narrow-line AGN can have very similar line strengths to
the more extreme EoR-analogue SFGs. With narrow-line AGN, the observed light is not
dominated by the central accreting SMBH; instead, the host galaxy plays a far greater role in
the total light from these sources. This allows for a sample of AGN that more closely relate
to strong emission line SFGs (e.g., Steidel et al. 2002; Hainline et al. 2011), with comparable
line strengths and an ionizing continuum which can be described by AGN+SF (e.g., Hainline

et al. 2012).

In Figure 3.4, each panel shows di erent AGN models in agreement with the measurements
of z7_GND_42912: for the top panel, the highest metallicity models used (50% ) reach
into the error distribution of the IRAC color; for the middle panel, a range of metallicities
overlap (10-30%Z ); for the bottom panel, only the lowest metallicity models overlap (10%
Z ) with z7_GND_42912. Additionally, apart from the C43 ratio (which primarily indicates
ionization), none of the AGN models alone can describe th€{ii] 1907 solution (the dark
red star) when paired with other measurements. Therefore, we note that the measurements
of z7_GND_42912 do not favor the AGN modeling that we use in this work, but nor do they
solely favor the star-forming models. With the current data, it is still unclear what is the
source of ionization in this galaxy. One possibility, which we have brie y discussed earlier in
this section, is that the ionizing continuum in z7_GND_42912 could be reproduced by a
combination of a star-forming stellar population and an AGN. In studies of analogue EoR
galaxies at cosmic noonzZ 2 4), Nakajima et al. (2018b) showed that composite AGN+SF
models best described sources witVc;i; > 20A. In H19, we suggested this possibility as a

potential solution; one which we favor more in this work, given the additional data.
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Figure 3.5: W¢j, versusWc;i; for EoR-analogue galaxiesz( < 4) from the literature,
colored by their redshifts. These sources comprise of both star-forming galaxies and AGN.
The large stars represent z7_GND_42912 where the dark red (light red) star assumes the
detected emission is@iii] 1907 Ciii] 1909). Under-plotted are 10:1, 3:1, 1:1, 1:3, and
1:10 lines.

However, in order to more conclusively distinguish the ionization in this galaxy, we would need
a detection ofHeii  1640%. With this high-ionization line, we could leverage more traditional
diagnostics such as the UV alternative to the optical BPT diagram@ii] /Civ vs Civ/Heii,
e.g., Feltre et al. 2016) to better separate the possibility of AGN versus star-formation (or a
combination). Alternatively, with JWST, we will be able to probe the rest-optical of this
galaxy's spectrum, detecting the strong optical lines used in the traditional BPT diagram
([Oiii] /H wvs[Nii]J/H or][Sii]/H , e.g., Baldwin et al. 1981; Feltre et al. 2016), among

others.
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3.5 Discussion

3.5.1 Velocity O sets and Implications for CIV

The velocity o sets of particular emission lines (such aky , Civ, Mgii) relative to the
systemic redshift for a source can reveal tantalizing glimpses into the gas kinematics of a
galaxy (e.g., Erb et al. 2014, Stark et al. 2017; Henry et al. 2018; Chisholm et al. 2020, Berg)
and (in certain cases) information about the escape fraction of ionizing photons.{, e.g.,
Hayes 2015). In most cases where more than one resonant emission line is detected in a galaxy
spectrum, the velocity o sets of all resonant lines are generally consistent to one another
(e.g., Erb et al. 2014). Indeed, this is especially the case when one is fortunate enough to
have detections of resonant lines such &y and Mgii, where these lines can be leveraged

to calculate two distinct f .sc measurements (e.g., Henry et al. 2018; Chisholm et al. 2020).

As we push to higher redshift, the paucity of detectable emission lines often results in a
single resonant line detection, yielding a single velocity o set measurement from systemic for
each galaxy (using nebular UV emission lines detected with large ground- and space-based
telescopes, e.g., Stark et al. 2017; Hutchison et al. 2019; or, in some cases, single far-infrared
emission lines can be detected via ALMA, e.g., Brada£ et al. 2017; Pentericci et al. 2018a,b,
and also provide a tracer of the systemic redshift). In the rare cases where more than one
resonant line is detected atz > 6, the results have generally shown resonant lines consistent
with one another and/or consistent with the systemic redshift for the source suggesting
these lines are tracing the same gas within these galaxies (e.g., Stark et al. 2015b; Mainali

et al. 2017).

At z 6 7, Stark et al. (2015b) showed strong detections @fy and Civ as well as a faint
detection of Oiii]  1660,1666A in the lensed galaxy A1703-zd6. Calculating the velocity
osetof Ly andCiv from systemic ( v,y and vc , respectively), assuming systemic is

Zsys = 7:0432based upon the faintOiii] detection, A1703-zd6 has v, 65 km s ! and

74



Figure 3.6: MOSFIRE spectra for z7_GND_42912, showing they , Civ, and Ciii]
detections in velocity space. The dotted black line represents 0 km's or systemic, while
the red lines mark the location of the redshiftedy and Civ lines. The legends represent
the velocity o sets from systemic for each line. For thel-band Civ lines, we show both the
smoothed (thick) and unsmoothed (thin) spectra.

Ve 132 km s 1. While the v¢,yv measurement for A1703-zd6 is greater thanv,, by

67 km s 1, these measurements were well within errors of one another. However, given the
errors Stark et al. (2015b) marked these lines to be tracing the same gas. Similarly, Mainali
et al. (2017) reported strong detections dfy , the second line in theCiv doublet, and Qiii]
in the lensed galaxy RXC J2248-ID3 az = 6:11 From these detections, again leveraging
Oiii] as the systemic redshift tracer, they measuredv,, 237 km st and vg 175

km s 1. In this galaxy, Ly is therefore more redshifted tharCiv, with Civ tracing the
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same gas a®iii] (within errors; therefore, tracing systemic), in line with expectations from
lower redshifts (e.g., Shapley et al. 2003; Erb et al. 2010; Stark et al. 2014; Vanzella et al.
2016).

For z7_GND_42912, the narrative shifts. Figure 3.6 shows the', J, and H Keck/MOSFIRE
spectra for z7_GND_42912, centered on each of the detected emission lines. For @&
detection, the doublet has been split into two di erent panels, centered on each part of the
doublet individually. The red vertical line in each panel marks the center of the redshifted
emission lines, while the black dashed line marks the systemic redshift. Using tiasi[]
1907 detection from H19 as the systemic redshifizsys = 7.5032 0.0003, we derive a

Civ velocity oset® of vcy =214 21 kms?t

The velocity o set betweenCiv and systemic observed in z7_GND_42912 falls well within
reasonable values for star-forming galaxies (e.g., Du et al. 2016; Schmidt et al. 2021). In
a large sample of galaxies from MUSE, spanning a large redshift rande5( z  6:4),
Schmidt et al. (2021) found vciy . 250 km st (while reporting vy, 250500 km st

for the same sample). Intriguingly, z7_GND_42912's v,y measurement is larger than
the reported v, by more than 125 km s*. While this is not the only galaxy to have this
kind of di erence between resonant line o sets, (e.g., Erb et al. 2010, this o set is likely due
to the presence of a strong P-Cygni feature, see discussion below), it is uncommon to nd
Ly and Civ both o set in the same direction by very di erent amounts, with vy being
the larger o set. The oset v¢,y measurement for z7_GND_ 42912 suggests a few possible

interpretations, which we explore in the discussion that follows.

One potential contributor to this measured o set could derive from a stellar contribution to

Civ. Studies of metal-poor galaxies at lower redshiftz (< 3) have found intriguing variety

8These reported velocity o sets have been corrected to the heliocentric frame, with theLy , Ciii] ,
and Civ datasets having mean corrections of -7.79 km &, -11.57 km s 1, and -2.46 km s !, respectively
(McLinden et al. 2011; Song et al. 2014; Chonis et al. 2013). While we apply this correction to the velocity
o sets, we do not correct the redshifts.
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in the pro les of Civ, both in the shape of the emission lines and in the amount of absorption
included via P-Cygni stellar wind features (e.g., Berg et al. 2019a; Chisholm et al. 2019;
Senchyna et al. 2022). While the majority of their large sample followedvc,y . 250 km s?,
Schmidt et al. (2021) reported two galaxies with v,y > 250 km s . These high- vcy
sources had prominentCiv P-Cygni pro les in their spectra, shifting the observedC iv
emission further redwards highlighting the e ect that the stellar component ofCiv can
have on the observed emission feature. This e ect can be seen more clearly in the young,
metal-poor (log(O/H) =7.9,i.e., Z 0:16 Z ), low-mass M 10° M ) galaxy BX418
from Erb et al. (2010). TheCiv feature has a very distinct P-Cygni feature, with strong
absorption and a notable emission component expected to be both stellar and nebular in
origin. The velocity o set from Ly for this galaxy was measured to be v, 226 km

s 1. In tting only the Civ emission component of this galaxy, we measurevey 575
km s 1. This strong di erence, and large o set forCiv, is likely predominantly driven by
the strong absorption component of the P-Cygni feature. However, for z7_GND_42912
we anticipate this e ect may not be as strong (if at all) as we clearly detect both parts of
the Civ doublet in emission. Overall, as mentioned in Y3.4.1, at very low metallicities and
young ages the e ects of stellar absorption are expected to be minimal, while the emission
component of the P-Cygni wind feature becomes more prominent at lower ages (e.g., Erb

et al. 2010; Vidal-Garcia et al. 2017; Chisholm et al. 2019; Feltre et al. 2020).

Even with the diminishing strength of absorption at lower metallicities, the kinematics of
these systems can be complex. One example of this can be found in the curiously double-
peakedCiv emission in the very metal-poorZ 0:04 0:06 Z ) blue compact dwarf
galaxy J104457 from Berg et al. (2019a). ThrougAST/COS observations, J104457 was
found to have strongCiv nebular emission ¢, = 10.6A) with two components to each
part of the doublet, creating pro le widths twice as broad as other nebular emission lines

in the spectrum. The red peak in eacl€C iv emission line is signi cantly stronger than the

blue peak, something which could potentially create the appearance of an o set at lower
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resolutions. The double-peaked feature highlights the resonantly scattered emission (similar
to what is seen with other resonant lines, e.gLy ; Henry et al. 2015; Verhamme et al. 2017,
Matthee et al. 2018), with radiative transfer modeling indicating that the separation of the
peaks correlates with the escape fraction of ionizing light (small peak separation, large escape
fraction; Verhamme et al. 2015). ForCiv, Berg et al. (2019a) noted that the peak separation
was likely to decrease with lower column densities of high-ionization gas, implying that the
very narrow peak separation seen in J104457 related directly to the strength of the observed

emission features (see also discussion in Berg et al. 2021; Senchyna et al. 2022).

Building from this, an alternative source potentially driving this o set in z7_GND_42912
could come from the column density of the ionized gas. Thegiv emission line is highly
sensitive to the column density of high-ionization gas (e.g., see discussion in Senchyna et al.
2022 into the mechanisms powering th€ iv pro le), making it an informative line for tracing
high-ionization gas in galaxies (when one has high enough resolution of the emission lines,
e.g., Berg et al. 2019a). Whildy is sensitive to neutral gasCiv is sensitive to the density

of higher-ionization gas such that the strength ofCiv can be used to infer the relative
column density of this gas (e.g., Berg et al. 2019a, 2021; Senchyna et al. 2022). The detection
of both Ly and Civ in z7_GND_42912, as well as the di erent redshifted o sets from
systemic for both lines, implies that the H-ionizing and hard ionizing photons are either
impacted di erently or perhaps coming from di erent sources of ionization. However, in order

to explore this possibility in more detail, comprehensive radiative transfer simulations (in
tandem with the low-ionization Ly studies) are needed to further study the di erences seen

in these less studied high-ionization resonant lines.

It is timely to begin studying the properties of compleX resonant lines such a£iv in

more detail, as we are on the verge of gaining ample rest-UV spectroscopy fraWdST for

9Due to the possible stellar contribution, nebular emission, stellar photospheric absorption, ISM absorption,
and/or resonant scattering all a ecting the line strength and pro le (e.g., Leitherer et al. 2011; Berg et al.
2019a).
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a broad range of high-redshift sources. The possibility of nding more sources with this
curious velocity o set in their resonant emission line features (as seen in z7_GND_42912)
from the data we anticipate with this telescope highlights a need to better understand the
mechanisms driving these line pro les as soon as possible. With more detailed radiative
transfer modeling of resonant lines such aiv, we will be better equipped to interpret the
forthcoming observations from both this new observatory and future large ground-based

telescopes.

3.5.2 Modeling the Spectroscopy of EoR Galaxies & Their Lower-z Analogues

The cosmic story that has been slowly building over the past couple decades has pointed to a
fascinating early Universe early star-forming galaxies lled with young stellar populations,
potentially housing binaries and/or massive stars, and powerful accreting supermassive black
holes driving hard, ionizing radiation. Spectroscopic studies focused on rest-UV metal lines
in this epoch work in individual emission lines detected at signi cance levels of 3-fwith
very few instances of detections stronger than this). As shown in Y3.4, by pairing these scant
detections with ancillary photometry and any other spectroscopic detections (e.dLy ) these
galaxies can be compared to detailed photoionization modeling to draw out inferences of the

physical properties and the strength and shape of the ionizing continuum in these sources.

For z7_GND_42912, we see a discrepancy between the number of star-forming models which
had shown agreement in H19 with theC iii] detection and photometry versus the very few
models which still hold agreement now that we have added in this ne@iv doublet detection
(see Y3.4). Additionally, in comparing the results from AGN modeling in H19 (where there
was no agreement, within 1, especially to the preferred solution to ofQiii] 1907) to
those in this work, we see that the question of what may be powering the ionization in
z7_GND_42912 has become more complicated. Therefore, a reasonable assumption that

one may draw from these results is that perhaps the modeling used (from H19) may require
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more re nement to properly describe all of the observed data. Here, we will brie y explore

comparisons of the modeling assumptions used in the H19 models to the photoionization
modeling choices and best- t model results from other studies of EOR galaxies as well as
work done with lower-redshift EOR analogue sources, highlighting where tweaking a model

parameter in the H19 models may produce more agreement with z7_GND_42912.

While our results using the current modeling are in agreement with other work done at these
redshifts, further modeling could be done to better re ne the galaxy properties which best
match z7_GND_42912's observations. A straightforward model parameter to tweak, which
may result in better agreement with the properties of z7_GND_42912, is the metallicity
namely, both the stellar and gas-phase metallicities. While the H19 models assumed
metallicities of 10-50% Solar, with stellar and gas-phase metallicities often decoupled, other
works have pushed to even lower metallicities in order to match detections of strong rest-Uv
emission lines (e.g., Stark et al. 2014, 2015a,b; Jaskot & Ravindranath 2016; Berg et al. 2021;
Senchyna et al. 2022). Usingppass modeling with star-formation histories described by
instantaneous burst and continuous star-formation, Jaskot & Ravindranath (2016) showed
that Wcji; increased in strength towards lower metallicites. Indeed, for galaxies at> 6
detections of strongCiii] and Civ have resulted in best- t young stellar populations with
stellar and gas-phase metallicitesa 2.3 5 Z (e.g., Stark et al. 2015a,b). By exploring
stellar and gas-phase metallicities lower than 10% Solar, our modeling could potentially drive
higher values ofC iv, increasing the number of star-forming models which have C430.3.
However, it would be important to measure how this would change other measurements such

asH +[Oiii] line strengths.

Alternatively, another promising model parameter is the abundances assumed for the various
elements. In modeling the spectra of high-redshift galaxies, studies usi@tpudy have
assumed a variety of abundance sets including (but not limited to) the default Solar abundances

(based upon Asplund et al. 2009), ISM abundances, HII region abundances, GASS10 Solar
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abundances, and manually-inputted prescriptions (e.g., Erb et al. 2010; Jaskot & Ravindranath
2016; Berg et al. 2018, 2021; Steidel et al. 2016; Senchyna et al. 2022; Gutkin et al. 2016). In
H19, we assumed the default Solar abundances provided Gloudy , as our data were not

at a high enough signi cance level to further re ne this parameter space. While changing
the absolute elemental abundances may increa€dv production, we hesitate to further
explore this model parameter without either more emission lines detected and/or higher S/N

detections.

However, apart from changing the overall abundances assumed, another possibility lies in
modifying the relative elemental abundances of speci c elements. Studies which undertook
this method generally follow relations from the literature, rooted in stellar nucleosynthetic
prescriptions (see, e.g., Jaskot & Ravindranath 2016). As an example, a common modi cation
includes reducing the C/O and N/O abundance ratios to sub-Solar (e.g., Stark et al. 2015a,b;
Jaskot & Ravindranath 2016; Llerena et al. 2022). Lowering the carbon abundance could
increase the e ective temperature of the nebular gas, increasing the collisional excitation rate
of lines like Ciii] (partially compensating for the reduced abundance), therein increasing the
strength of Ciii] and Civ emission for a given low metallicity and young stellar age (e.qg.,
Stark et al. 2014; Llerena et al. 2022). However, this is not a perfect solution, as other studies
have found low-redshift EOR analogue sources best matching an elevated C/O possibly
from pristine gas infalling onto a galaxy, resulting in a high C/O abundance ratio relative
to a low overall metallicity (e.g., Nakajima et al. 2018a). This confusion could also stem
from the growing expectation that high-redshift galaxies may be-enriched (often shown
via gas-phase oxygen abundances), while their stellar metallicities are reportedly di erent
(e.g., Steidel et al. 2016; Strom et al. 2017, 2022; Topping et al. 2020). With a detection of
the rest-UV Qiiii] 1661,1666 or rest-opticalO iii] 4959,5007 for z7_GND_42912, this

model parameter could be explored in more detail.

Studies of EELGs at lower redshifts have often measured to have very hard ionizing continua,
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with ionization parameters of logU> 1.5 (however these same sources are not expected to
exceed logU = 1; e.g., Yeh & Matzner 2012; Jaskot & Ravindranath 2016; Cohn et al. 2018).
For EoR analogue sources, this expectation holds as the modeling in these works frequently
report high ionization parameters of logU> 1.7 (e.g., Erb et al. 2010; Stark et al. 2014,
2015a,b; Nakajima et al. 2018b; Berg et al. 2018, 2021). For galaxieszat 7, we have seen
similar high ionization best- t models with logU = 1:61 for the z = 7:73 galaxy, EGS-zs8-1
(Stark et al. 2017). For z7_GND_42912, this could possibly improve the number of models
which can produce strong nebula€ iv emission. However, while increasing the ionization
parameter for the AGN models would bring more models down to equivalent widths similar
to z7_GND_42912 (see top panel of Figure 3.4), this would be at the cost of increasing the
Civ emission even further such that the C43 values for these models would increase more
than the current modeling (with C43& 1 forlogU> 2:1). On the other hand, increasing
the ionization parameters for the star-forming models would likely bring many more models
to C43 0:3 as well as increasinVcii; such that a broader range of models could reach

Weiip > 154, not just the lowest stellar and gas-phase metallicity models.

It is also possible that simply moving to even younger stellar ages towards the earliest
ages for Wolf-Rayet (WR) stars to dominate the stellar continuum, such as 1-5 Myr would
increase the C43 for more models (for reference, Figure 3.3 shows models with stellar ages of
10 Myr). Of the other Civ detections in star-forming galaxies during reionization (e.g., Stark
et al. 2015b; Mainali et al. 2017) and speci ¢ lower redshift analogues (e.g., Berg et al. 2018),
stellar populations of 10 Myr and younger have been suggested to be the best-matching
models. Additionally, Jaskot & Ravindranath (2016) demonstrated thatWcj;; increased
towards younger ages, with a more pronounced e ect coming from the stellar populations
that involved binary stars (as those populations allow stars to live longer, therefore extending
the lifetime of WR stars; e.g., Stanway et al. 2016). We brie y explored this possibility for
z7_GND_42912 by running a subset of models for thépass binary models with 300M as

the upper limit to the IMF and for the bpass single star models with 100M as the upper
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limit to the IMF. Matching everything else in our models to the set from H19 (the same
stellar and nebular metallicites, ionization parameter, etc.; see Table 3 in H19), we chose very

young stellar ages of 1 Myr, 3 Myr, and 5 Myr.

The young models with massive binary stars over-produced thhé¢ +[Oiii] emission for the
higher ionization models, powering redder IRAC [3.6] [4.5] colors than z7_GND_42912.
While reproducing comparable C43 values to z7_GND_42912, even the lowest metallicity
(Z = Zpep =0:1Z ) binary models with the highest ionization (log U> -1.9) produced redder
IRAC colors placing them just outside of 1 of z7_GND_42912. The young models with single
stellar populations and an IMF that only extends to 100M cover a similar range of IRAC
[3.6] [4.5] colors as the young binary models. The lowest metallicityZ( = Zpep = 0:1Z )
single star models do reach into the correct C43 and IRAC color space however, only for the
maximum ionization model (log U = -1.5) for each stellar age, with the youngest stellar model
(1 Myr) reaching into the space occupied by the(diii] 1907 solution speci cally. Therefore,
moving to younger stellar populations while keeping the elemental abundances, gas-phase and
stellar metallicities, and other model parameters the same as the H19 models create models
that struggle to simultaneously powerCiv and Ciii] to high C43 values while ensuring that

H +[Oiii] are not over-produced. As previously mentioned, pairing this shift to younger
models to either a change in elemental abundances and/or moving to lower metallicities (e.g.,
< 10% Solar) would likely create a broader range of star-forming models that match the

strong observed properties of z7_GND_42912 (e.g., Senchyna et al. 2022).

As discussed in this section, while our current modeling are in general agreement with both
our results and other work done at these redshifts, further re nement of the parameters listed
above could produce a broader range models which agree with z7_GND_42912. However,
more emission line detections and/or detections with higher S/N would be ideal before we
delve any further into the depths of detailed photoionization modeling. As such, an expansion

of our modeling is outside the scope of this work, but will become possible with the anticipated
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data to come from facilities such agWST.
3.6 Summary

Using Keck/MOSFIRE J-band spectroscopy targetingCiv. 1548,1551 in & = 7.5032 galaxy
previously identi ed via Ly and Ciii] emission, we detecCiv doublet line emission at
1.3173 m and 1.3195 m with line uxes of (2.23 0.71) 10 *ergs!cm 2 and (1.63
0.79) 10 8 erg s!cm 2, respectively. By identifying these lines as th€ iv doublet,
we measure a resulting velocity o set from systemic (usinG iii] ) of vcyv =214 21 km
s 1. Notably, the vy is larger than v, by 125 km s*. We discuss the physical origin
of this velocity o set, which could result from the e ects of stellar or nebular absorption, a

complex, multiphase ionization system, or out ows of high-ionization gas.

To investigate these observations and better understand how these lines could be detected,
we used the photoionization modeling from Hutchison et al. (2019) to cover a large range
of galaxy properties (stellar metallicity, nebular metallicity, and ionization parameter) and
ionizing continua (both stellar populations models, vidbpass and S99, and AGN powerlaws).
Comparing our results to these models, th€iv equivalent width (W¢j, =16.21 4.46

A), high C43 ratio (Civ/Ciii] ), and previous measurements (including a loiiii] / Ciii]

ratio and strong implied [Oiii] emission) require low-metallicity models that produce hard
ionization elds, such as thebpass models for the photospheres of high-mass stars (including
both binary stellar populations and an IMF that extends to 300 M), a low luminosity active

galactic nuclei, or possibly a combination of the two.

Observations targeting other lines expected in this galaxy's spectrum may also reveal more
information in z7_GND_42912. The true nature of this distant galaxy and its ionizing source
will be measurable using forthcoming observatories such 38/ST or GMT, unraveling more

and more of the nature of galaxies in the Epoch of Reionization.
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4. SPECTROSCOPY OF GALAXIES DURING REIONIZATION

In this chapter, | present the preliminary results of a Keck/MOSFIRE NIR spectroscopic
search for restframe UV nebular metal line emission in galaxies directly before and during
the Epoch of Reionization (EoR,z 13 6). The rest-UV spectra of galaxies contain a
rich variety of (metal) nebular emission lines (e.g.Ciii] 1907,1908,, Civ  1548,1554,
Oiii]  1661,1668, Heii 1640, and Siiii]  1883,1894) which contain highly important
information about the massive stars and physical conditions in galaxies. These lines are
detectable from galaxies in the reionzation era, yet have been unexplored except in rare,
individual cases. In this program, we conduct one of the rst systematic studies of rest-
UV nebular emission lines in a large sample of EOR galaxies &l < z < 8. We use
Keck/MOSFIRE J- and H-band spectroscopy to target galaxies in this redshift range in two
high-quality CANDELS elds (GOODS-N, GOODS-S), with additional data provided from
another program of three other CANDELS elds (COSMOS, EGS, UDS). Additionally, our

sample includes sources with previous spectroscopic con rmation via Ly 1216A.

Our Keck/MOSFIRE program holds the following science goals: With these new MOSFIRE
spectra we will be able to (1) measure systemic redshifts from the nebular emission lines,
potentially quadrupling the number of galaxies in the EoR with detections of UV metal lines,
including redshifts for many galaxies that lack.y detections. For galaxies withLy and

UV metal lines, we will be able to (2) study gas kinematics and constrain feedback on gas
out ows. We will then (3) use the UV metal line strength and line ratios, combined with
broad-band photometry, to study the physical conditions of galaxies in the EoR (metallicity,

gas kinematics, strength and source of ionization).
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4.1 Introduction

The installation of WFC3 on HST has pushed studies of galaxies from the end of reionization
(z 5 6)into the dark ages atz > 7, when the rst stars and galaxies formed and
the Universe was reionized. The past decade has seen the discovery 00 photometric
galaxy candidates az =6 8 (e.g., Finkelstein et al. 2010, 2012a,b, 2015; Bouwens et al.
2015; Oesch et al. 2010, 2013). Our knowledge of these galaxies is still in its infancy owing
to missing details as simple as their redshifts. What little we know hints that the galaxies
emit copious UV radiation powered by massive stars with low metal content and very high

ionization (possibly higher than any other time in the Universe).

To learn more requires the spectroscopy of multiple UV emission lines to constrain the
kinematics, ionization, and metallicity of these distant sources. To date, most e ort has
focused on the strong.y line, where atz > 7 something is modifying/attenuating its
emission (e.g, Tilvi et al. 2014, Dijkstra 2017; Mason et al. 2018; Jung et al. 2019, 2020), and
can be scattered resonantly by out- owing gas, o set from the systemic redshift by hundreds
of km s ! (see Dijkstra 2014, and e.qg., Erb et al. 2014; Willott et al. 2015; Stark et al. 2017).
We must move beyond.y to understand the nature of these galaxies. Rather, we must focus
on nebular emission from metals in the restframe UV, which contain a wealth of information
about star-forming nebula: the nature of the stellar populations, metallicities, and the shape

and normalization of the ionizing spectra (see e.g., Figure 4.1).

The remainder of this work is outlined as follows. In Y4.2-4.3, we outline the science goals
of our Keck/MOSFIRE program. Our observational setup and sample are described in
Y4.4. In Y4.5, we discuss the spectroscopy and data processing utilized. We share our initial
preliminary identi cations and non-detections in Y4.6, highlighting our expectations for the
rest of our broader spectroscopic dataset yet to be processed. Finally, we outline future steps

that can be taken with this spectroscopic dataset in Y4.7.
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Throughout we use AB magnitudes (Oke & Gunn 1983) and adopt a cosmology withy, = 0:3,
=0:7, k =0:0,andh =0:7 (whereHy =100 h km s ! Mpc 1) consistent with Planck

and local measurements (Planck Collaboration et al. 2016; Riess et al. 2016).

Figure 4.1: Stack of eight simulated galaxy spectra froré < z < 8 with varying S/N for

the Ciii] doublet. The rest-UV nebular lines of interest are marked, lines which encode the
physical conditions of the gas and the source of the ionization in these high redshift galaxies.
At z 6 7 especially, galaxies provide an ideal laboratory for study using MOSFIRE.

4.2 Science Goals #1-2: Measuring Systemic Redshifts and Gas Kinematics

Even with the progress that has been made a& > 7, there exist con rmed spectroscopic
redshift for only about a dozen galaxiesee Stark 2016; Larson et al. 2018; Pentericci et al.
2018b; Jung et al. 2019, 2020, 2021; Jiang et al. 2021; Topping et al. 2021, and references
therein). Even more striking is that fewer than ten galaxies az > 7 that have a systemic
redshift measured by a line other tharLy (e.g., Inoue et al. 2016; Stark et al. 2015b, 2017,
Matthee et al. 2017; Hutchison et al. 2019, hereafter H19). There is potential for large gains
in this science, but this requires increasing the sample of spectroscopic redshifts from lines

other than Ly . Nebular UV metal lines are optimal as they measure the systemic redshifts,

88



which tests the accuracy of our photometric redshiftszf,:) and sample contamination (e.g.,
Brammer et al. 2013). More importantly, the systematics fronz,n,'s limit the constraints
on properties of these galaxies, which restricts our ability to understand their contribution to

reionization, impairing our ability to identify the key science questions fodWST.

Nebular Ciii] is the most ubiquitous UV emission line afteLy (e.g., Stark et al. 2015a,
2017, H19; see Chapter Y2 & Figure 2.2). Additional nebular UV lines can be quite strong,
in particular Siiii] (but also Civ and Oiii] see Figure 4.1), and all these lines trace the
systemic redshift (with the exception ofCiv in specic conditions). For the cases where
we have bothLy and one or more rest-UV nebular lines, the velocity o set tdy can be
measured, placing important constraints on gas kinematics and out ows (H19, Chapter Y2),
and the structure and ionization of the circumgalactic medium and intergalactic medium
(e.g., Erb et al. 2014; Du et al. 2018). Figure 4.1 shows a simulated stack of MOSFIRE data
for 8 galaxies at < z < 8 with varying signal-to-noise for theCiii] emission, highlighting
the number of rest-UV nebular lines of interest in this small wavelength range that can be

probed by Keck/MOSFIRE.

4.3 Science Goal #3: The Evolution of Galaxy Properties via Deep

Rest-UV Spectroscopy

The strength of rest-UV metal lines depends on the physical details of galaxy stellar popula-
tions, including the shape of the IMF, star-formation history, metallicity, and the strength of
feedback (e.g., Shapley et al. 2003; Erb et al. 2010, 2014; Steidel et al. 2016). These lines
encode the physical conditions of gas (density and temperature) and the source of ionization
in these galaxies (see Jaskot & Ravindranath 2016). Comparing results from galaxies at
z 2 4(e.g., Shapley et al. 2003; Erb et al. 2014; Maseda et al. 2017), the few observations
of UV metal lines that exist at higher redshift ¢ > 6) suggest that these galaxies have higher

ionization and overall lower metallicities (e.g., Stark 2016; Stark et al. 2017; Ding et al. 2017;
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Matthee et al. 2017; Mainali et al. 2017; Hutchison et al. 2019; Topping et al. 2020; Jiang
et al. 2021).

Here, we will compare the strength of the UV nebular lines we detect against outputs from
photoionization models to study the physical properties of the galaxies &1 <z < 8
(following on our previous work, using MOSFIRE data to constrain the ionization and
metallicity of a galaxy at z = 7:5032 see Chapters Y2 3). Figure 4.2 shows a few of the many
constraints that we will use to probe the physical properties of star-forming galaxies during
this epoch, with Figure 4.2B showcasing examples of photometric high-redshift candidates
(open circles) andLy spectroscopically-con rmed galaxies (gold stars) from our sample
(see also Figure 4.3 for the spectra of thiey detections for these sources). Figure 4.2A
(reproduced from H19) shows that line ratios such aSiiii]/ Ciii] are very sensitive to
ionization and metallicity, and even upper limits constrain these properties. Where possible,
we will combine these with observations of IRAC [3.6] [4.5] colors, which measures the
strength of [Oiii] 5008+H at 6.7< z < 8 (Figure 4.2B). In Chapter Y2, we show that the
strength of UV lines such aLCiii] correlate with the IRAC [3.6] [4.5] color (see Figure 2.7),
which provides additional constraints on the shape and normalization of the ionizing spectrum
in galaxies atz > 7 (and therefore the properties of their massive stars and the nebulae).
This is especially important as there are so few galaxies currently found at> 6 with any
line measured (other thanLy ), making precise constraints on the inferred galaxy properties
all but impossible. Even the detection of a single UV metal line can aid in constraining
models for the galaxies' stellar populations (e.g., Stark et al. 2015b; Mainali et al. 2017, also

see Figure 2.7, and Chapter Y2).

In our priority sample (6.7< z < 8, see Y4.4.1 and Figure 4.1), using Keck/MOSFIRE we can
simultaneously targetSiiii] and Ciii] emission in theH -band, andC v, Heii, and Oiii] in
the J-band (Figure 4.1). The detection of multiple UV lines would be highly informativeHeii

emission in galaxies az > 3 is di cult to match to models, even the most extreme scenarios
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Figure 4.2: (A) The ratio of UV metal lines such asSiiii] / Ciii] is very sensitive to changes

in metallicity and ionization (e.g., Maseda et al. 2017; Hutchison et al. 2019) (B) IRAC color
as a function of redshift for di erent stellar population models. Overplotted are thez,
sources withSpitzerIRAC [3.6] [4.5] measurements (gold stars, see also Figure 4.3) and our
photometric sample (open circles), showing good agreement with the range of expected colors
at these redshifts. The red stars are the totaCiii] equivalent width and IRAC color from
Hutchison et al. (2019).

(e.g., Erb et al. 2010; Berg et al. 2018; Nanayakkara et al. 2019), whldv emission has been
seen in very few galaxies at > 6 (e.g., Stark et al. 2015b; Mainali et al. 2017, Hutchison et
al. 2022, see Chapter Y3). These lines requires a very high hard ionizing spectrum, typically
associated only with very young, metal-poor stars, or an AGN, where the ratio of (or limits

on) Civ/Heii can constrain these sources (Mainali et al. 2017). Additionally iv / Ciii]
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can be leveraged to constrain the total ionization in a source. Improving constraints on
galaxies in the EoR from these lines is paramount as we are very soon to enter the age of
JWST, simultaneously increasing the number of detected high-redshift galaxies and our need

to interpret the new observations anticipated.

4.4 Observational Setup

For this program, we were awarded 4 nights with MOSFIRE fod - and H -band spectroscopy
(PI: Hutchison, two semesters awarded through the NASA/Keck allocation) to measure UV
metal lines for> 30 galaxies at5:1 < z < 8. The dates and observational information for these
awarded nights are shown in Table 4.1. Additionally, we targeted galaxies at 5 6 as the
secondary science in théslands of Reionizationprogram (PI: Larson, eight nights ofJ-band
spectroscopy over four semesters awarded through the NASA/Keck allocation), covering the
Ciii] and Siiii] wavelength region for these sources. The dates and observational information
for the Islands of Reionizationprogram are shown in Table 1 of Larson et al. (2022). For
our main program, we target one mask for both nights each semester, to obtain faHt H
spectral coverage with high S/N for galaxies in this redshift range. Using both thie and H
lters on MOSFIRE, our program aims to build a large sample of galaxies &:1<z < 8
targeting many of the nebular lines located in the rest-UV that are expected to be strong
for higher ionization, lower metallicity sources. Our choice of MOSFIRE was intentional,
as MOSFIRE has unparalleled sensitivity for this level of NIR high-redshift spectroscopy:
the UV lines that we target are expected to be very faint, thus multiplexing is required to
maintain a high e ciency. Keck/MOSFIRE is the one of the only facilities capable of these

deep multi-band spectroscopic observations.

One of the main drivers of building such a spectroscopic sample now is due to the advent
of JWST. Building the number of spectroscopic redshifts and measurements of the physical

conditions of EoR galaxies will inform models and provide predictions and robust target
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selection catalogs fodWST, and inform planning of the lifetime-limited JWST observations.

Figure 4.3: Examples of galaxies in our sample at> 6:7 with Ly detected.

441 Sample

For our spectroscopic target sample, we prioritized galaxies that have been previously
conrmed via Ly from published catalogs and surveys (e.g., Barger et al. 2008; Ono
et al. 2012; Finkelstein et al. 2013; Jung et al. 2019, 2020, 2021). Previous studies have
demonstrated possible correlations betwedry equivalent width and nebular emission-line
strength (Roberts-Borsani et al. 2016, see also Chapters Y2 3 and references therein). For the
spectroscopic sample, we prioritize galaxies that have boiii] and Siiii] expected in the
wavelength range covered by the MOSFIRH -band, placingCiv, Heii, and Oiii] in the
wavelength range covered by thd-band (see Figure 4.1 for an example of the coverage at
z =7). Figure 4.3 shows some of the sources chosen frorhya survey by Jung et al. (2020),
included in this sample as priority sources. A few of these sources are also shown in Figure

4.2B (the gold stars), showcasing the range of redshifts aigpitzerIRAC [3.6] [4.5] color we
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will be able to target in this sample.

We include additional 5:1 < z jne: < 8 galaxies from a highly-vetted photometric catalog in
the GOODS-N and GOODS-S elds (as well as the COSMOS, EGS, and UDS elds for the
z 5 6 sources targeted by the other program, PI: R. Larson), constructed following the
procedures described in Finkelstein et al. (2015). We consider only sources v@fitzerIRAC

3.6 mand 4.5 m photometry, where the IRAC colors of these sources are indicative of nebular
[Oiii] 5008+H (see Figure 4.2B; see also e.g., Roberts-Borsani et al. 2016) consistent

with our predictions from photoionization models.

In our masks in GOODS-N and GOODS-S, we structured them to simultaneously observe
upto 8 of ourz, =6:7 8 galaxies in one mask as well as20 otherz > 5 sources. Our

z > 5 llers were switched out between the two bands, such that we could e ciently target

lines in a broad redshift range. Additionally, we include 2 stars on every mask to test for
alignment, monitor seeing, and test for slit drift (our past experience has shown this can be
0.1%nr 1, Hutchison et al. 2020; Larson et al. 2022). These stars are also used in our ux
calibration stage, to act as a nal scaling of the data (see Larson et al. 2022 for a detailed

explanation of this process).
4.5 Data & Methods

Similar to the work in Chapter Y3, the data were reduced using a variant of the MOSFIRE
data reduction pipeline (DRP).. The DRP produces background-subtracted, recti ed, and
at- elded two-dimensional (2D) spectra and associated 2D variance for each slit within
a given mask. The resulting spectral resolution yields 1.68 pixel !, with 0948 pixel *
spatially. We used a modi ed version of this pipeline created by our team (Larson et al.
2022) which reduced the data in pairs, to correct and account for the slighf% hr * drift

measured over long exposures (for an analysis of this drift, see Hutchison et al. 2020; for

Ihttp://keck-datareductionpipelines.github.io/MosfireDRP/
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observational evidence, see e.g., Kriek et al. 2015; Jung et al. 2020; Larson et al. 2022). We
visually inspected the reduced 2D spectra to identify any emission lines at the expected

spatial locations for each galaxy.

4.6 Initial Preliminary Results

Our initial preliminary detections and non-detections are shown in Tables 4.2 & 4.3, respec-
tively. In Table 4.2, we provide the galaxy ID (from our catalog), the astrometric coordinates,
and the HST/WFC3 F160W magnitude for each object. We list the observed wavelength of
the detected emission features, with a preliminary line identi cation and resulting redshift
derived from it. Finally, we include a con dence ranking of the detected lines, with these
values corresponding to the con dence of the detected emission lines (and not necessarily
re ecting the con dence of the line identi cations). In Table 4.3, we list the sources from our

sample that were observed but did not yield detections given the observational constraints.

For both of these tables, the sources listed come from our targets in tiletands of Reionization
program, as these data were taken two years before our fal and H-band program (and
were therefore processed and combed through rst. Our detailed vetting process will continue
for all of the data in our program, where we expect the number of high-con dence detections

in Table 4.2 to increase signi cantly.

From the results thus far, we nd a reasonable success rate 0#0%, even in galaxies with
no previously-detectedLy . Additionally, the number of doublets detected (i.e., not just
one part of a line doublet detected) proves encouraging for the rest of our dataset. We also
encountered a number of serendipitous detections of lower-redshift galaxies in the eld which
overlapped in some way with our MOSFIRE slits. These sources are also included in Table
4.2, with the footnote marker attached to the object ID (to re ect in which slit the source was

detected) and the astrometric coordinates and F160W magnitude represented by hyphens.
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4.7 Next Steps

The next steps of this work are very straightforward. We will continue working through our
large Keck/MOSFIRE dataset, adding to our preliminary line detections and non-detection
catalogs, culminating with ourJ- and H-band program. From there, our catalog can be
sorted by redshift, line identi cations, and detection con dence following the analysis in

our rst two Science Goals, as outlined in Y4.2.

With this large spectroscopic dataset, we can begin to compare the line strengths of the
various rest-UV nebular lines, identifying any trends with redshift, galaxy brightness, and
other galaxy properties. Additionally, following the science outlined in our third Science Goal
(Y4.3), we can compare the line strengths in our sample to detailed photoionization modeling
to study the physical properties of galaxies at these redshifts. By pairing this spectroscopy
with available ancillary photometry from deep photometric surveys like CANDELS, we can
begin to infer the galaxy properties required by our photoionization modeling to properly

reproduce our observations.

The science that can be done with this dataset will allow us further insight into the nature of
distant galaxies during the Epoch of Reionization, creating a valuable sample of spectroscopic

targets for follow-up detailed rest-optical spectroscopy usingVST.
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Table 4.1: Keck/MOSFIRE Observations for the FullJ- & H-band Program.

Observation Pl Band Seeing te, Slit Width? Dithering Stepsize
Date (arcsec) (hr) (arcsec) Pattern  (arcsec)
1) (2) 3) (4) (5) (6) (7) (8)
2020 Feb 26 Hutchison J 097 3.71 0.7 ABAB 1.25
2020 Feb 27 Hutchison H 081 1.26 0.7 ABAB 1.25
2020 Oct 04 Hutchison J 0.76 3.12 0.7 ABAB 1.25
2020 Oct 05 Hutchison H 0.67 3.21 0.7 ABAB 1.25
2020 Dec 28 Hutchison J 0.89 3.84 0.7 ABAB 1.25
2020 Dec 29 Hutchison H 1.21° 3.84 0.7 ABAB 1.25
Observation Pl Reference Star
Date H 160
1) 2) 9) (10) (11)
2020 Feb 26 Hutchison 189.304712 +62.269859 17.29
2020 Feb 27 Hutchison 189.304712 +62.269859 17.29
2020 Oct 04 Hutchison 53.083161 -27.759482 16.92
2020 Oct 05 Hutchison 53.083161 -27.759482 16.92
2020 Dec 28 Hutchison 53.083161 -27.759482 16.92
2020 Dec 29 Hutchison 53.083161 -27.759482 16.92

Note (1) UT Date of observation. (2) Pl of Keck observing program. (3) MOSFIRE NIR band observed.
(4) Average seeing derived from the nal reduced images of the star in the mask. (5) Total exposure time of
the mask. (6) Slit widths in the mask. (7) Dithering pattern of the instrument. (8) Stepsize of the dithering.
(9-11) RA, Dec, and H1g9 magnitude of the Reference Star in the mask.

a Standard MOSFIRE slit width: 0 99,
b Seeing was incredibly variable, this value is the median seeing.
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Table 4.2: Preliminary List of Detections from FullJ- & H-band Program

ID H 160 obs Preliminary  Preliminary Conf
(deg) (deg) (mag) (A) Line ID Zspec (15)
1) 2) 3) (4) (5) (6) (7) (8)
z7_GND _42912% 189.157898 62.302376 25.32 1.3173iv 1548 7.5088 5
1.3195 Civ 1551 7.5088 5
EGS C3 4734 215.247974 53.051555 24.34 1.3107TCiii] 1907 5.8742 3
EGS_C3 4734° 1.2570 [Qii] 3727 2.3736 5
1.2579 [Oii] 3729 2.3736 5
EGS _C3 12914 215.212833 53.071268 24.68 1.243Ciii] 1909 5.5121 3.5
EGS C3 8321 215.209276 53.044983 24.41 1.1738 iiilSi 1883 5.2345 4
1.1887 (Ciii] 1907 5.2345 4
EGS _C3 9033 215.199503 53.042076 24.34 1.288Tiii] 1907 5.7591 3
EGS_C3 9604 215.189491 53.038129 24.02 1.318&iii] 1907 5.9166 3.5
EGS _C3 19236 215.136498 53.050792 24.07 1.191&ii] 1907 5.1767 1
EGS _C3 10325 215.153461 53.016418 24.19 1.333Tii] 1907 5.9918 1.5
EGS C3 6988 215.136465 52.98606 24.62 1.157Ciif] 1907 5.0730 2
UDS C4 02 34.349098 -5.166218 26.34 1.303Miii] 1661 6.8204 3
UDS C4 30 34.324764 -5.200817 25.13 1.28920iii] 1661 6.7622 2
1.2931 OQiii] 1666 6.7622 2
UDS C3 75 34.306266 -5.183399 24.59 1.1959Ciii] 1907 5.2719 4
1.1971 Ciii] 1909 5.2719 3.75
UDS C3 64 34.309421 -5.169129 25.83 1.3225Cii{] 1907 5.9521 1.5
UDS C3 124 34.308208 -5.146177 24.35 1.1726Ciij] 1907 5.1494 4.5
1.1738 Ciii] 1909 5.1494 4.5
UDS C3 130 34.293148 -5.159905 25.87 1.300Qiii] 1660 6.8275 2
1.3040 OQiii] 1666 6.8275 1.5
UDS_C3 68" 1.1964 H 4863 1.4607 5
1.2203 [Oiii] 4959 1.4607 5
1.2321 [Oiii] 5007 1.4607 4.5
UDS C4 26° 34.271568 -5.167772 25.57 1.18340ii] 3727 2.176 4
1.1844 [Oii] 3729 2.176 4

Note (1) Galaxy ID. (2-4) RA, Dec, and Hi50 magnitude of the galaxy. (5) Observed wavelength of line.

(6) Preliminary identi cation of detected line. (7) Redshift derived from line detected. (8) Con dence in

the detection, from 1 5 (note that this is not necessarily the con dence of the line id). The sources where
only one emission line is detected are assigned a preliminary line id o€liii]

&Source haszyy .

b Serendipitous detection from another source in slit.

¢ Photometric high-redshift candidate that spectroscopically is low-redshift.
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Table 4.3: Preliminary List of Targets with Non-Detections from FullJ- & H-band Program

ID H 160
(deg) (deg (mag)

1) (2) (3 (4)
EGS C3 4734 215.247974 53.051555 24.34
EGS_C3 12914 215.212833 53.071268 24.68
EGS_C3 8321 215.209276 53.044983 24.41
EGS _C3 9033 215.199503 53.042076 24.34
EGS C3 35306 215.187987 53.046403 23.78
EGS C3 9604 215.189491 53.038129 24.02
EGS_C3 19236 215.136498 53.050792 24.07
EGS_C3 32928 215.187257 53.003507 23.35
EGS _C3 35947 215.146518 53.028337 23.7
EGS C3 10325 215.153461 53.016418 24.19
EGS C3 33190 215.157315 52.986778 23.77
EGS_C3 6988 215.136465 52.98606 24.62
UDS _C3 91 34.320034 -5.204140 24.08
UDS C3 62 34.324020 -5.16743 24.92
UDS C3 132 34.322788 -5.162388 26.98
UDS C3 73 34.299198 -5.179985 25.6
UDS C3 68 34.278018 -5.171389 25.51

Note (1) Galaxy ID. (2-4) RA, Dec, and

&Source haszy .
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5. FLEXURE UPDATES TO MOSFIRE ON THE KECK | TELESCOPE

In this chapter, | present a recent evaluation and updates applied to the Multi-Object
Spectrometer For Infra-Red Exploration (MOSFIRE, McLean et al. 2012) on the Keck |
telescope. Over the course of signi cantly long integrations, when MOSFIRE sits on one
mask for>4 hours, a slight drift in mask stars has been measured. While this does not a ect
all science-cases done with MOSFIRE, the drift can smear out signal for observers whose
science objective depends upon lengthy integrations. This e ect was determined to be the
possible result of three factors: the internal exure compensation system (FCS), the guider
camera exure system, and/or the di erential atmospheric refraction (DAR) corrections. In
this work, we will summarize the three systems and walk through the current testing done to

narrow down the possible culprit of this drift and highlight future testing to be done.

5.1 Introduction

The Multi-Object Spectrometer For Infra-Red Exploration (MOSFIRE) on the Keck | tele-
scope has been the driver of countless scienti c advances in astronomy. The unparalleled
sensitivity and multiplexing of MOSFIRE has made it a coveted instrument across the general
astronomy community. Just one year after commissioning (c. 2012, McLean et al. 2012), it
heralded the detection of the most distant galaxy ever observed at the time € 7:5078
only 800 Myr after the Big Bang; Finkelstein et al. 2013). Since then, it has enabled the
detailed study of celestial objects both near and far from small and variable brown dwarfs
(Manjavacas et al. 2020) to the young, massive stellar populations in the most distant sources

(Hutchison et al. 2019).

¢ SPIE. Reproduced with permission from Hutchison, Walawender, & Kwok 2020; Flexure updates to
MOSFIRE on the Keck | telescope , Ground-based & Airborne Instrumentation for Astronomy VIII, Volume
11447
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A few years after commissioning, detailed studies of data taken using MOSFIRE (when
observers remained on one mask for more than two hours) discovered a slight spatial drift of
1 pix/hr in the data.This drift was carefully measured and identi ed as a combination of the
exure between the optical guider and near-infrared (NIR) science elds of view (FOVs) as
well as the e ects from di erential atmospheric refraction (DAR) (Kassis 2015). The e ects

were corrected for via modeling the drift as a function of elevation and rotation.

More recently, some MOSFIRE users have discovered that a very slight drift still remains in
the data, however this e ect is only noticeable in observations where observers use the same
mask continuously for>4 hours. The method to track this drift is straightforward: 1) place

an alignment star on a slit in the mask and measure the peak of the raw spatial pro le for
the star, then 2) measure the spatial peak location for the alignment star over the course
of the observation, and 3) compare to the rst frame's location to measure the drift of the

target mask. From this process, observers measured a spatial drift of about 0.5 pix/hr.

This smaller drift is still a concern. While 0.5 pix/hr would not impact most MOSFIRE
users, it becomes crucial for those who have MOSFIRE sit on one eld for more than four
hours. The subtleties of this e ect may not be immediately obvious for those not immersed
in these kind of observations, especially for such faint objects & their emission lines. Figure
5.1 shows the di erences in spectroscopy for a reasonably bright galaXyi6, < 25 mag),
where both strong emission lines and continuum can be seen, versus a faint galdtys§ > 25
mag), where only faint emission lines are found. Even with very long integrations, one would
never expect to detect continuum for these signi cantly fainter sources, as it would likely

always fall within the noise threshold.

The e ects of drift on the two di erent sources, over long integrations, can be very disparate,
especially if the source is faint enough that one requires many hours of integration to gain
enough signal-to-noise to see emission lines at all. Figure 5.2 shows an example of the e ect

created by this 0.5 pix/hr drift for both a bright source (with continuum) versus a faint
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Figure 5.1: Simulated spectra for two fake galaxies (no drift added)left) For a reasonably
bright source His0 < 25 mag), >4 hrs produces detections of both strong emission lines
and the source's continuum. Both of these features have been identi ed in the extracted 1D
spectrum and the collapsed spatial pro le. right) For a fainter source Hie0 > 25 mag), >4
hrs may result in a faint detection of just the emission lines (not enough to detect continuum).
The faint emission lines have been identi ed in the extracted 1D spectrum.

Figure 5.2: Simulated spectra for two fake galaxies with a simulated drift of 0.5 pix/hr added.
The resulting stacked spectrum and extracted spectrum are on the right of each plot (with a
green line overlaid showing the strength of the emission line when there is no driftjeft) For
the brighter galaxy (H1s < 25 mag), while the shift can been seen in the gaussians in the
nal stack's spatial pro le, the overall nal pro le shape is hardly changed. (right) For the
fainter galaxy (His0 > 25 mag), the e ect from the drift is more noticeable and signi cant
when working with faint emission lines, as can be seen in the increase in ux gained from the
extracted 1D spectrum when there is no drift (green line).

source (only faint emission lines). For both panels, the simulated galaxy is shifted spatially

0.5 pix/hr for each 2 hr chunk, with a nal stacked 2D spectrum shown for the total 6 hrs.

For a bright source, this e ect does not necessarily pose a large problem; but for fainter
sources, where the emission feature may span only a few pixels spatially (see the right panel
of Figure 5.2 for this example), this drift can spread out the emission feature enough that
it can become undetectable or incredibly challenging to locate. Adding to this problem,

the continuum or emission lines for very faint sourceHieso > 25 mag) are never seen in
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the raw MOSFIRE data, therefore to identify even a potential galaxy detection in these
datasets would require data reduction and stacking. This becomes even more important to
characterize when emission lines are so faint that neither they nor the galaxy's continuum
can be seen in a few hours of data, therefore making it challenging to know how to shift and
stack the data using modi ed data reduction pipelines. One can see how this process can
easily become disrupted by a slight drift smearing out the potential signal of these fainter

galaxies, leading possibly to more claims of non-detections than are truly warranted.

In this manuscript, we will outline the current testing and analysis done to investigate
this remaining spatial drift. We will highlight the systems we suspect are responsible and
discuss the ways these system could contribute to the observed drift. The three possible
culprits of this spatial drift are described in Y5.2. The initial testing done and current results

are described in Y5.3. Finally, discussion about the results and future work planned are in Y5.4.

5.2 The MOSFIRE System & the source of the drift

The Multi-Object Spectrometer For Infra-Red Exploration (MOSFIRE) is a NIR (0.97 2.41
m) multi-object spectrometer and imager, with a science detector FOV of 8.4 6.1° and
a spectroscopic resolving power of R3,500 for a 8% slit. The spectrograph is equipped
with four NIR order-sorting lters Y, J, H, and K (for the 6", 5", 4" and 39 orders,

respectively)? MOSFIRE was built with a cryogenic Con gurable Slit Unit (CSU) which
can be recon gured into a new mask while on sky in less than ve minutes, with the ability

to take spectroscopy of up to 46 objects simultaneously.

The MOSFIRE spectrograph is located at the Cassegrain focus of the telescope (see Figure

5.3). As a direct result of being in this location, the instrument is subject to gravity pulling

2The K lter cannot be used for imaging, however there is aK s lter that can be substituted. Additionally,
there areJ2;J3;H 1; and H2 lters available for imaging.
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on it in di erent orientations as the telescope moves around in elevation and rotation while
tracking cosmic objects through the night. Therefore, the gravity vector pulling on the

instrument changes as the telescope orientation changes.

Figure 5.3: Basic schematic of the Keck | telescope, showing the path of the incoming light
and the locations of the primary and secondary mirrors. Additionally, the underside of the

primary mirror is shown, highlighting the location of Cassegrain instruments such as the
MOSFIRE spectrograph. The curved arrow indicates the rotation of the instrument.

During construction, the MOSFIRE team (McLean et al. 2012, 2010) extensively tested and
corrected for the expected exure to be experienced by the instrument, however in use more
correction was found to be necessary (Kassis 2015, as described brie y in Y5.1). In general,

there are only three main culprits for this measured remaining drift:
Internal Flexure Compensation System (FCS)
Optical Guider Flexure System
Di erential Atmospheric Refraction (DAR)
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