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ABSTRACT

This thesis focuses on using diffuse gas to investigate the galactic chemical evolution
and circumgalactic medium of galaxies near the peak of cosmic star-formation rate
density z ~ 2. There are many fundamental questions that remain unanswered
about these processes due to the lack of large observational samples including what
the typical yields of massive stars are, the interplay between diffuse circumgalactic
and dense interstellar gas in terms of kinematic complexity, metal content, stellar
mass, and star formation rate, and the evolution of circumgalactic gas over cosmic
time. The common thread between each investigation is the use of QSO absorption
line objects (QSO absorbers) to probe diffuse gas that otherwise would be unseen
due to its diffusivity. The chemical evolution of galaxies requires accounting for all
sources of nucleosynthesis. During the earliest stages of galactic chemical evolution,
the metal yields from core-collapse supernovae (CCSNe) are very important but
acquiring empirical constraints is difficult because they cannot be easily disentangled
from objects that currently exist because they have been enriched by some fraction of
CCSNe and late time nucleosynthetic processes e.g., Type Ia SN. To address this, I
used the metal abundances of very-metal poor (VMP; [Fe/H] < —2) Damped Lyman
Alpha Absorbers (DLAs; QSO absorbers with high H I column density comparable
to the interstellar medium, log (Ngr/cm™2) > 20.3) to place empirical constraints
on the yields of low-metallicity CCSNe. I found that this approach is comparable to,
and sometimes superior to, using abundances from the atmospheres of metal poor
stars because of the model-independent nature of measuring abundances from dense,
cold gas provided by the DLA. It has been known in the literature that DLAs and
other QSO absorbers have a variety of origins so I began an observational campaign
to find galaxies associated with QSO absorbers that would allow detailed analysis
of the circumgalactic medium (CGM) of z ~ 2 galaxies. This has historically been
challenging at all z, but especially at z ~ 2 where, before this thesis, there were
only nine galaxies with their inner CGM analyzed (within a projected distance of
100 kpc) and with characterized nebular emission and stellar population properties.
To this end, I am leading a survey that builds on the Keck Baryonic Structure Survey
(KBSS) that aims to find close-in galaxy-QSO pairs to directly connect the Inner
CGM of QSO Line Of Sight Emitting (InCLOSE) galaxies with their ISM. KBSS-
InCLOSE relies on new observations that I have conducted using the twin Keck

telescopes on Mauna Kea in Hawaii. I use the new optical integral field unit (rest-
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FUV at z ~ 2.3) called KCWI to discover new “InCLOSE” galaxies; obtain follow
Keck/MOSFIRE near infrared (NIR) spectroscopy to confirm their redshifts and
infer nebular properties including star-formation rate; use ground- and space-based
optical and NIR images to infer stellar mass and age; and finally use high-resolution
optical spectra of the KBSS QSOs to perform detailed analysis of CGM gas seen
as absorption in the QSO spectra. The novelty of KBSS-InCLOSE goes beyond its
large size (55 galaxies currently); the NIR spectra and images allow for the direct
determination of galaxy properties, including stellar mass, which are rarely included
in similar high-z surveys. The first results from KBSS-InCLOSE showcased the tools
and techniques required to remove the bright QSOs from the datacubes, images, and
spectra to reveal new faint, close-in galaxy-QSO pairs. Particular focus was payed
on the processing of the IFU data because it serves as the main driving instrument
for the survey since it provides both images and spectra of each galaxy in the field.
By analyzing their CGM absorption, I showed that a M = M, = 10'° Mg z = 2.43
galaxy exhibited strong, multiphase, kinematically complex, and gravitationally
unbound metals in its CGM. This has been seen before in previous studies and may
suggest that a consensus picture of the CGM of z ~ 2.3, M, galaxies is emerging.
In KBSS-InCLOSE 1I, I focused on the first low-mass galaxies examined in the
sample. I showed that the galaxies were star-forming, at the same redshift, and had
sizes and masses consistent with dwarf galaxies, and found preliminary insights into
the low-mass CGM that would make it distinct from both the massive z ~ 2 CGM
and low-mass local CGM suggesting that there may be strong evolution of the CGM
across both stellar mass and redshift. In Chapter 5 I preview work that is yet to
be completed, KBSS-InCLOSE III, where I examined the entire sample showing
that the z ~ 2 CGM often shows strong of metal absorption, is likely clumpy, and
multiphase, and that future IFU follow-up is necessary to find more galaxies, and
NIR spectroscopic follow-up is necessary to secure redshifts to mitigate mismatches

between galaxy’s and absorbers.

Altogether, this thesis has laid fundamental groundwork towards expanding our
understanding of the galaxy-scale baryon cycle of z ~ 2 star-forming galaxies by
building the largest z ~ 2 close-in galaxy-QSO pair observational dataset thus far. It
provides the data required to perform the most detailed examination of the connection

between galaxies and their CGM during the peak epoch for galaxy formation.
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LIST OF ILLUSTRATIONS

The number of galaxies whose CGM have been have analyzed within
acouple R, of a QSO for each of the surveys discussed in this section.

We need more galaxies at z ~ 2 and follow-up of the z ~ 3 galaxies

because they generally lack both rest-optical spectra and deep images.

Summary of the workflow of KBSS-InCLOSE. Steps 1 and 2 rep-
resent all of the new data required for the survey. KBSS-InCLOSE

would not be possible without the ancillary data provided by KBSS. .

C, N, O, Al, Si, and S abundance ratios as a function of [Fe/H]. The
blue (purple) points are VMP DLAs whose abundances were mea-
sured from high (medium) resolution spectra. The blue horizontal
bars are the medians of the VMP DLA abundance ratios from high
resolution sources, and the purple horizontal bars are the medians
of the VMP DLA abundance ratios from high+medium resolution
sources. Typical VMP DLA uncertainties (0.1 dex) are shown in
the bottom left corner of each subplot. The grey smaller points are
metal-poor stars from the JINA database (Abohalima, Frebel, 2018);
the small gray x’s are giants whose surface abundances have been
altered by RGB evolution. The red smaller points are from the ultra-
faint/dwarf galaxy star compilation from Alexander Ji (see Section
2.4). The gray arrows in the subplots show the typical corrections
(Nordlander, Lind, 2017; Placco et al., 2014) for the stated physical
processes, to scale (see Section 2.4 for discussion). The corrections
vary widely from star to star. UFD Compilation References: Chiti
etal. (2018); Feltzing et al. (2009); Francois et al. (2016); Frebel et al.
(2010, 2014); Gilmore et al. (2013); Hansen et al. (2017); Ishigaki
etal. (2014); Jiet al. (2016a,b, 2019); Kirby et al. (2017); Koch et al.
(2013, 2008); Lai et al. (2011); Marshall et al. (2019); Nagasawa et al.
(2018); Norris et al. (2010); Roederer, Kirby (2014); Roederer et al.
(2016); Simon et al. (2010); Spite et al. (2018). . . . . . . . .. ..
C, N, Fe, Al, Si, and S abundance ratios as a function of [O/H]. Same
symbolsas Figure 2.1. . . . . . .. .. ... ... ...
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2.3

24

2.5

2.6

The IMF-averaged yields from HW10 as a function of mixing param-
eter and explosion energy. The color bar on the right of the figure
denotes the [X/Fe] for each mass cut, which are labeled on the right
side of each panel. The Y, values are vertically offset from the S4
mass cut for clarity. The lowest explosion energy (0.3 B) points have

their [X/Fe] value annotated above the point; they are all off the color

barscale. . . . . . . ..

Predicted [X/Fe] for each yield table compared with the median
[X/Fe] from VMP DLAs. The dashed vertical blue line is the median
of the VMP DLAs, the blue shaded region shows the 1-0- uncertain-
ties. The colored stars are empirical yields derived by K19 from
metal-poor stars in the respective dwarf galaxies (see end of Sec-
tion 2.4). EC20 predictions are shown as orange squares, LC18
as black/dark grey diamonds (varying rotational velocities), HW10

as green tripoints (varying explosion energy), KNO6 as blue pluses

(varying HN contribution), and WW95 as orange X’s. . . . . . . ..

Median [X/O] for VMP DLAs and predicted [X/O] for each of the

yield tables. Same symbols as Figure 2.4. . . . . . .. ... ... ..

Theoretical yield ratios compared to the empirical abundance ratios
[X/Fe] on the left and [X/O] on the right. Same symbols as Figure
2.4 unless noted otherwise. The empirical yields and uncertainties
(from DLAs and stars ([Si/Fe])) are vertically offset for clarity. Top:
Predicted yields from HW10 when imposing a SN explosion land-
scape, and as-published LC18 and EC20 yields. Bottom: HW10
yields when imposing both the explosion landscape and explosion
energy landscape (i.e., fixing explosion energy), and LCI8 yields
when imposing an IDROV such that all stars up to a given mass (e.g.,
15 Mg; light grey diamond) rotate with a low initial rotation velocity

(50 km s~!) while stars more massive rotate at 250 km s~! (dark grey

diamond). . . . . . . . ...
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3.1

3.2

33

34

Rest-FUV and rest-Optical images of the QSO sightlines. Left col-
umn: Keck/KCWI pseudo-broadband (3500-5500 A) images before
and after (Middle column) QSO subtraction; the images are on the
same scale and stretch, showcasing the effectiveness of the subtrac-
tion (see Section 3.3). The grey contours in the post subtracted im-
ages show constant Lya surface brightness (viy, ~ 1000 km s
discussed in Section 3.5) Right column: HST images of the QSO
sightlines. Objects at a similar redshift have the same color and are
summarized in Section 4.3. Top row: The small red circle shows QSO
Q2343, the large blue circle shows galaxy Q2343-G1, the Lya con-
tours show 0.35, 0.06, 0.01, 0.0012 x10~7erg s™! cm=2 arcsec™? for
the galaxy, and the HST-IR/WFC3 F160W image shows all objects at
higher resolution. Bottom row: The red circle shows QSO Q2233, the
large orange circle shows galaxy Q2233-N1, the Lya contours show
0.06, 0.04, 0.02, 0.002 x10~7erg s! cm™2 arcsec™? for the galaxy,
and the HST/WFPC2 F702W image shows all objects at higher res-
olution. Both galaxies lie at small impact parameter b ~ 20kpc

(see Table 3.2). More than 15 new galaxies were discovered from the

KCWI cubes. Northisup and eastisleft. . . .. ... ... .....

Keck/KCWI and Keck/MOSFIRE spectra of G1. Top left: Smoothed
FUV spectrum from the QSO-spectrally subtracted cube (black), non
subtracted cube (yellow-orange), and error spectrum (red). Vertical
colored lines show emission and absorption based on G1’s systemic
redshift. Other panels: Optical spectrum. The top of each panel
shows the 1D spectrum (black), offset error spectrum (red), and

modeled emission lines (green dashed). The bottom shows the 2D

SPECLIOZIAML. .« .« . . v v v e et e e e e e e e e e

Keck/KCWI and Keck/MOSFIRE spectra of N1. Ha is not accessible

X1il

58

from the ground at N1’s redshift. Same lines and colors as Figure 3.2. 60

Best fit SEDs from BPASSv2.2 for galaxies G1 (top) and N1 (bottom).
Black points show observed AB magnitudes (after QSO subtraction
and bright emission line correction) and red points/curves are from
the best fit model. The best fit parameters for the galaxy are shown
at the bottom right of plot and are tabulated in Table 3.5. Top: G1

and Bottom: N1. . . . . . . . . o
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39

BPT diagrams showing G1 (blue filled star) and N1 (orange filled
plus). Green points are 7z ~ 2 — 3 KBSS star forming galaxies,
magenta points are KBSS AGN, and grey points are z ~ 0 SDSS
star-forming galaxies. Light green lines are fits to the KBSS galaxies
from Strom et al. (2017). Note that N1 does not have an observation
of [N2], He, or S2 so we show it is an unbound point and orange

horizontal bar whose width is equal to its O3 error. Top: N2-BPT

diagram. Bottom: S2-BPT diagram. . . . . . . . .. ... ... ...

Combined rest-optical and SED properties of G1 (blue outlined star)
and N1 (orange outlined cross). The symbols and colored lines are
the same as Figure 3.5. Top: Stellar Mass—Excitation plot. Bottom:
sSFR-Excitation plot. Light red filled points show sSFR calculated
from SFR(Ha) (HB for N1), and yellow filled points are calculated
from SFR(SED). N1s HB SFR(Hp) (lower limit) and SFR(SED) are

roughly the same and so appear as one point. . . . . . .. ... ...

Lya halos of G1 (top) and N1 (bottom). The colored dots are the
galaxy continuum size and location as measured from HS7T/F160W
(Scont.c1 = 3.12 kpc, Scom.n1 = 2.26 kpc), the white dashed circle
highlights the continuum location. We show newly discovered objects
as black labels. Left: Lya surface brightness spatial map. Right: Ly«
velocity map showing the peak of Lya emission in each spaxel in

velocity space with respect to the systemic redshifts zg;=2.4313 and

Xiv

Zn1=3.1509. Red shows redshifted gas and blue shows blueshifted gas. 80

G1’s CGM absorption and best fits centered at zg1=2.4312. Best fit
models are shown as colored lines, and contamination from interven-
ing absorption is shown as light gray lines. Note that H I (top) is on
a different velocity scale. The darkest gray region shows the velocity
range associated with the DLA which is defined by the Fe-peak el-
ements velocity range, the lighter gray shaded region shows the full
extant of the low-ionization metal absorption, and the lightest gray
regions shows the velocity of the intermediate- and high-ionization
absorption (discussed in Section 3.6). Left panel: The product of
the individual Voigt profiles. Right panel: The decomposed Voigt

profiles. The error spectrum is shown at the bottom as a red solid line.

N1’s CGM absorption centered at its systemic redshift zy;=3.1509.

The lines and colors are the same as Figure 3.19. . . . . . . ... ..
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3.10 CGM abundance ratios for G1 (star) and N1 (plus). Top row: Blue

3.11

filled symbols are direct non-dust corrected metallicity measure-
ments. Bottom row: Purple filled symbols have been dust-corrected
following empirical prescriptions from De Cia et al. (2016). The left
column shows Fe-peak abundance; the middle column panel shows
[a/Fe] ratios; and the right column show Carbon and odd number
elements. The light red and dark red squares show the DLA mean
metallicity (and typical dispersion) from a compilation/analysis by
Rafelski et al. (2012) (references therein), the gray squares show the
median abundance ratios for very metal poor DLAs compiled by
Nufiez et al. (2022). . . . . . . . . . . . o
Lya emission kinematics (filled points) compared to CGM absorption
kinematics (shaded regions) for the DLA associated with G1 (top;
blue shaded region) and the DLA associated with N1 (bottom; orange
shaded region). Red outlined markers show the Lya red peak velocity
(Section 3.5,3.3), black outlined markers are the systemic velocity
(Section 3.3,3.5), and blue outlined markers show blue peak velocity,
all with respect to zyy; (nebular emission) of GI and N1. Each marker

is labeled in the center of the figure. . . . . . ... ... ... ....
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Comparison of gas-phase N/O as a function of oxygen abundance in
G1’s (star) and N1’s (plus) CGM (light blue filled; Section 3.5) and
ISM (red filled; Section 3.4) gas. This is the first time this explicit
comparison has been made at this z (to our knowledge) and shows
that G1’s CGM is less chemically evolved than its ISM, and that
N1’s ISM and CGM are comparable in oxygen abundance. An ef-
fective average of the KBSS-MOSFIRE sample is plotted as a green
circle (KBSS-LM1; Steidel et al., 2016); pink squares show metal-
rich DLAs compiled by Berg et al. (2015a); light green squares are
moderate—low metallicity DLAs compiled by Pettini et al. (2008)
where the pentagons show points where S was converted to O as-
suming (O/S)e=1.57 Asplund et al. (2009)); gray squares show very
metal poor DLAs compiled by Cooke et al. (2011b); grey points show
nearby HII regions in SDSS galaxies from Pilyugin et al. (2012);
dashed black lines show the approximate locations of the primary N
plateau and the secondary N rise with similar locations and slopes
as Pettini et al. (2008); and dashed yellow lines show solar values
from Asplund et al. (2009). REFERENCES. Metal-rich compila-
tion by Berg et al. (2015a): Berg et al. (2013, 2015b); Centurién
et al. (2003); Dessauges-Zavadsky et al. (2007, 2001, 2006); Dutta
et al. (2014); Erni et al. (2006); Henry, Prochaska (2007); Ledoux
et al. (2006, 1998); Levshakov et al. (2002); Lopez, Ellison (2003);
Lopez et al. (2002, 1999); Lu et al. (1996); Noterdaeme et al. (2008,
2012); Petitjean et al. (2008); Pettini et al. (2008); Prochaska et al.
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(2007a, 2001b); Srianand et al. (2012, 2005); Zafar et al. (2014c¢).
Moderate—low metallicity compilation by Pettini et al. (2008): Cen-
turion et al. (2003); D’Odorico et al. (2002); Dessauges-Zavadsky
et al. (2004, 2006); Ellison, Lopez (2001); Henry, Prochaska (2007);
Ledoux et al. (2006); Lopez, Ellison (2003); Lopez et al. (2002); Lu
et al. (1998); Petitjean et al. (2008); Pettini et al. (2002); Very metal
poor compilation by Cooke et al. (2011b): Cooke et al. (2011a);
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3.14

3.15

3.16

3.17

3.18

Dust extinction of G1 (blue outlined star) and N1 (orange outlined
plus) in the ISM (red fill) and CGM (light blue fill). Extinction mea-
surements using (1) the Balmer decrement are denoted as “Ha /HS,”
(see Section 3.4), (2) the best-fit SED models as “SED,” (see Section
3.4) and (3) from the CGM as “CGM” (see Section 3.5). We show
typical DLA dust extinction as a blue horizontal dashed line from
(De Cia et al., 2016; Konstantopoulou et al., 2023), average dusty
DLA extinction (Heintz et al., 2018), and a very dusty DLA that was
analyzed by Konstantopoulou et al. (2024). We use Ry=3.1 (Cardelli
etal.,, 1989). . . . . . ...
G1’s intermediate- and high-ionization metal CGM absorption and
and best-fit Voigt profiles centered at z51=2.4312. The magenta
dashdot lines shows a metal absorption complex at v ~ =750 km s~
and brown dashdot lines show metal absorption at v ~ —500 km s~
The lines and colors are the same as Figure 3.8. . . . .. ... ...
Extracted rest-FUV Keck/KCWTI spectra as a function of extraction
aperture size (used in the QSO subtraction input). Lya emission
peak is marked as a blue dashed line in each spectrum. Left: Sum of
spaxels that contain galaxy G1. The blue end of the spectrum shows
the largest difference (in flux) between the apertures size but are still
< 10% of one another while the shape stays identical. Right: Sum of
spaxels that contain galaxy N1. Similar behavior is seen except the
percent differences between the aperture sizes are < 5%. . . . . . . .
Extracted rest-FUV KCWI spectra during all stages of QSO subtrac-
tion for G1 (left two panels) and N1 (right two panels). Top panels:
Orange shows the spectrum without subtraction, red shows the first
subtraction (i.e., QSO continuum subtraction), and black shows the
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5.5 Velocity difference between CGM absorption and ISM emission as a
function of transverse distance for the full sample. Sources with only
H I CGM measurements are shown as blue points, sources that exhibit
strong metal absorption in their CGM are shown as red points, and
points circled in pink have secure systemic redshifts from MOSFIRE.
The left panel shows the difference between the velocity of the largest
Ny component and zgys. Right panel shows the velocity difference
between the closest Nyp component to Zgys, and zgys. Both panels
show that there are at least a couple of objects that exceed |Avyos| =
700 km s~!, the LOS bound for the CGM measured by Rudie et al.
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NOMENCLATURE

Circumgalactic Medium (CGM). Diffuse, gravitationally bound gas that surrounds
galaxies. Typically bound by the virial radius (R or the radial distance where
the density is greater than 200 times the critical density of the universe (Ryp).

Intergalactic Medium (IGM). Diffuse gas in between galaxies typically seen as
foreground absorption of bright background objects..

Interstellar Medium (ISM). Gas and dust that are in between stars in a galaxy
that can be seen in various phases across a wide range of temperatures

(T ~ 10 — 10° K) and densities (n = 0.1 — 100 atoms cm™)..

Quasi Stellar Object (QSO). Also known as a Quasar or Quasi stellar radio source.
QSOs are galaxies with actively feeding supermassive black holes in their
nuclei whose accretion disks completely outshine the entire galaxy. As a
result, they look like point sources (i.e., stars) and require a spectrum to
confirm their nature..



Chapter 1

DIFFUSE GAS AND THE CIRCUMGALACTIC MEDIUM IN
THE CONTEXT OF GALAXY EVOLUTION

Studying how galaxies evolve over cosmic time is fundamental to understanding
the Universe as we see it today. Decades of galaxy interstellar medium (ISM)
investigations across all masses and epochs have shown that baryons must be flowing
both in and out of the ISM. For example, the fact that galaxies are star-forming
throughout cosmic time suggests that the ISM must be constantly refueled with gas,
and the fact that the ISM does not contain all of the mass predicted by the halo-
to-baryon fraction in ACDM suggests that there is “missing” gas in the halo. This
implies there must be a galaxy-scale cycle where baryons flow through a massive
reservoir of gas outside of the ISM: the circumgalactic medium (CGM. Indeed,
the 2020 Decadal Survey of Astronomy and Astrophysics highlighted the CGM in
the steps towards “Unveiling the Hidden Drivers of Galaxy Growth.” Therefore,
the CGM is pivotal in understanding the galaxy-scale baryon cycle, which itself is

understanding galaxy evolution.

It has been shown that the majority of gas associated with a galaxy resides in the
CGM (Tumlinson et al., 2017). This is even more important for galaxies at the
cosmological peak of star formation (z ~ 2) because they ubiquitously show strong
outflows that will enrich the CGM (and/or the intergalactic medium; IGM) with
mass and metals. Short gas depletion timescales suggest there must be inflowing
gas from the C/IGM that will fuel future star formation (McGaugh et al., 2010;
Shapley, 2011; Steidel et al., 2010). This process by which baryons transition
through different phases (Temperature 7', density p) and mass reservoirs (ISM,
CGM, IGM) during a galaxy’s star formation history (SFH) is known as the galaxy
scale baryon cycle. The CGM is a crucial interface whose physical properties must
be observationally constrained to understand the galaxy scale baryon cycle, which
drives the gas supply for star formation (Faucher-Giguere, Oh, 2023), metal budget
(Anglés-Alcézar et al., 2017), and total baryonic mass (Werk et al., 2014).

Observing the CGM directly is difficult because its diffusivity reduces emission flux
well below the typical flux of the ISM. This makes it difficult to detect unless the
galaxy is nearby, and/or bright emission lines are targeted (e.g., Lya). Instead, one
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must rely on bright background objects to see the diffuse halo gas in absorption,
also known as Quasi Stellar Object (QSO) absorption line objects (see next section).
Care must be taken when using QSO absorption line objects because they can have
origins besides the CGM, such as the ISM of disk galaxies, IGM gas, and more
(e.g., Wolfe et al., 1986).

1.1 A Brief History of QSO Absorption Line Objects

QSO absorption line systems (QSO absorbers hereafter) were discovered very
soon after the discovery of QSOs by Maarteen Schmidt (Caltech Alumni) in 1963
(Schmidt, 1963). Schmidt used the Caltech owned and operated 200-inch Hale Tele-
scope at Palomar Observatory to acquire and analyze the spectrum of a bright radio
source known as 3C 273. The spectrum, taken with the prime-focus spectrograph,
showed that it was a “Star-Like Object with Large Redshift.” 3C 273 was the highest
redshift object discovered at the time at z = 0.158.

The nature of QSOs was shrouded in mystery for a while but we now know that
they are galaxies with actively feeding supermassive black holes that are accreting
gas very close to the stable limit before it blows itself apart known as the Eddington
limit. This results in such bright emission from the accretion disk that it outshines

the rest of the galaxy.

For this thesis, QSOs are essential because they are bright point sources that can
be used to observe intervening gas absorption at high-redshifts. In general, QSO
absorbers are most easily detected by absorption of Lya blueward of the QSO
emission peak because neutral Hydrogen (H I or H?) is likely to be the most abundant
ion in the absorber. Is also common to detect metal absorption lines at the same z
asHL

Absorbers can be characterized by their H I column density (Ny; [em™2]) and metal
content. Table 1.1 lists the various types of QSO absorbers including Damped
Lyman Alpha Absorbers (DLAs), sub-DLAs, Lyman Limit Systems (LLS), partial
LLS, Super Lyman Alpha Forest Systems (SLYF), and Lyman Alpha Forest (LYF)
objects. The last column shows their rough number density in the sky which
is calculated by determining how many QSOs have aborbers of a given log Ny
between z ~ 2 — 6 towards them. The DLA number density is from from the
SDSS IV DR16 version of the Extended Baryon Oscillation Spectroscopic Survey
(eBOSS) (Chabanier et al., 2022) which searched 263,201 spectra for high-log Ny
absorbers. The sub-DLA (or SLLS) incidence rate was calculated from (O’Meara



Name log (Ngr/cm™2)  Incidence®
Damped Lyman Alpha Absorbers (DLAs) >20.3 0.22
sub-DLA® 19-20.3 0.42
Lyman Limit System (LLS)¢ 17.2-19 ~0.5¢
Partial LLS (pLLS) 16.2-17.2 ~0.7¢
Super Lyman Alpha Forest (SLYF) 14.5-16.2 0.79
LYFed <14.5 ~1

Table 1.1: QSO absorber phenomenology.

a) Fraction of QSOs that have at least one absorber of a given Ny towards it within
ZQso =2 — 6.
b) Also known as a Super Lyman Limit System (SLLS).
¢) This Ny results in optically thick gas at the Lyman Limit or 912 A.
d) Interpolating between SLYF and sub-DLA due to lack of exact numbers.
e) Diffuse IGM densities.

et al., 2007). The column densities vary by 7 orders of magnitude: from those
typical of the intergalactic medium (i.e., LYF or log Nyg; < 14.5) to those typical of
the dense ISM (i.e., DLA or log N1 > 20.3). It is much more rare to find DLASs

compared to lower Ny absorbers.

The first systematic search for DLAs was carried out by Arthur Wolfe in 1986 at
Lick Observatory with the goal of trying to study neutral gas in the ISM of high-z
galaxies (Wolfe et al., 1986). During that time, it was generally thought that DL As
were the disks of galaxies; this was reasonable given that the H I column densities
were comparable to the MW ISM log (Ngr/ecm™2) > 20.3 and some abundance
ratios found in DLAs were reminiscent of the cold neutral ISM. We now know
that DLAs can have many origins including dense CGM gas, the ISM of dwarf
galaxies, stripped gas from mergers, and outflowing gas from stellar and/or black
hole feedback. This leads to a rather intuitive physical picture of DLAS; they exist
whenever there is a large concentration of H I and a bright background source to

“illuminate” it.

DLAs have been used in the literature for studies ranging from stellar astrophysics
(e.g., Nufiez et al., 2022; Pettini, 2011; Welsh et al., 2020), high-z ISM studies (e.g.,
Pettini et al., 1997), and precision cosmology (e.g., Cooke et al., 2016; O’Meara
et al., 2001). DLAs are large reservoirs of H I, the precursor for the cold molecular
phase of Hydrogen or H; that is required for star formation. Various studies have
leveraged this fact to place constraints on the cosmic amount of star-forming gas as

a function of redshift compared to cosmological predictions (e.g., Prochaska et al.,



2005; Wolfe et al., 2003).

Due to their many uses, considerable effort has been put into finding more DLAs
with various properties including H I column density, metallicity, and redshift. To
date there are at least half a dozen surveys that have been conducted on 10-m class
telescopes including the IUE Survey for DLAs (Lanzetta et al., 1995b), UCSD/Keck
DLA survey (Prochaska et al., 2007b), KODIAQ survey (O’Meara et al., 2015), and
the UVES Spectral Quasar Absorption Database (SQUAD) (Murphy et al., 2019).

DLAs are powerful for metal studies because their large H I column shields the
gas from the extragalactic ultraviolet background , which significantly simplifies the
determination of metallicity because partial ionization effects are minimal (Cooke
etal.,2011b). As aresult, DLAs have been used to estimate the cosmic abundance of
metals over time, which can give strong constraints on the so called “cosmic baryon
cycle” (Péroux, Howk, 2020) which describes the various phases (7', p) through

which baryons transition during the Universes history.

Chapter 2 of this thesis demonstrates how metal abundances from metal-poor DLAs
can be used to place empirical constraints on the metal yields of core-collapse
supernovae. The main underlying assumption for this work is that regardless of the
origin of the gas, it is early enough in the star formation history of the system that it
has been primarily enriched by CCSNe and has minimal enrichment from delayed
enriching events, such as AGB winds. The analysis showed that there were many
abundance ratios that were better constrained with metal poor DLLAs compared to

metal-poor stars, which are more traditional sites for this type of research.

DLA self-shielding has another consequence: it allows for the survival of ions with
low ionization potential that have different condensation temperatures. These ions
(e.g., Fe II, Zn II) are useful for determining the amount of dust present in the
absorber as long as the ions track each other nucleosynthetically and have very
different condensation temperatures. Indeed, several authors have leveraged large,
growing DLA surveys to place constraints on cosmic dust abundances as a function
of redshift by using a combination of high-Nyy absorbers detected in the the MW,
massive stars towards the LMC, and towards QSOs and gamma ray bursts (GRBs)
(e.g., De Cia et al., 2016; Konstantopoulou et al., 2022; Ramburuth-Hurt et al.,
2023).

Low-H 1 absorbers are typically highly ionized by the UVB, which becomes a

significant source of uncertainty when trying to determine metal abundances and
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ratios due to their strong dependence on ionization parameter (e.g., Zahedy et al.,
2021). Therefore, ionization modeling of low-H I absorbers is required to convert
from observables (column density, Dopper width) to physical quantities (metallicity,
H density). A more important uncertainty is associating metal absorption with
individual H I components due to the large broadening of H I from its low mass, at
T ~2x10* K, byr ~ 18 km s™!. In this scenario, it is ideal to have ratios of ions of
successive ionization (e.g., C II/C III, Si II/Si 111, Al 1I/AI III) to directly measure
the ionization parameter. Unfortunately, there is no guarantee that these ions will
be detected in the halo so most studies rely on using average quantities instead of a

component by component approach (e.g., Lehner et al., 2022).

The ground work for analyzing low-HI systems is laid out in this thesis but will
be left to future work for more thorough modeling. Instead, I focus on the model-
independent observables for both the high- and low-HI absorbers and analyze them
under the assumption that they are associated with galaxies. As will be discussed
in the next section, the connection between galaxies and QSO absorbers has been

established since the very early days of QSO absorption line spectroscopy.

1.2 Our Evolving View of the Circumgalactic Medium

In 1956, Lyman Spitzer (Spitzer, 1956) hypothesized that the detection of neutral
sodium (Na I) by Miinch, Zirin (1961) suggested that there may be a (hot) medium
of high pressure that kept the cold Na I clouds in pressure confinement. Spitzer
suggested that this hot medium might be a “galactic corona”, analogous to the solar
corona, at least 8 kpc from the plane of the galaxy, temperature of T ~ 10° K, with
a low e~ density of n ~ 10™* ¢m™>. This hypothesis is remarkably accurate in the

context of what we know today.

Indeed, the most direct evidence that gravitationally bound mass exists outside the
disk of the MW is through the observations of high-velocity clouds (HVCs) at high
galactic lattitudes. The first of such observations were conducted by Muller et al.
(1963), who suggested that the HVCs are part of the galactic corona. HVCs are
detected in the foreground spectra of massive stars and QSOs, including sightlines
to the SMC and LMC. There is currently no consensus on the origin of HVCs except
that they all contain H I and have radial velocities that deviate significantly from the
galactic disk rotation velocity AVysg = 90 km s~! (Wakker, van Woerden, 1997).
HVCs may not have a single origin and instead may be explained by an ensemble

of physical scenarios including the Magellenic Stream (the ram pressure stripped
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gas from the SMC) (Olano, 2004), extended features in an extended galactic arm
(Wakker, van Woerden, 1997), infalling gas from the C/IGM (Blitz et al., 1999;
Choi et al., 2024), and/or outflowing gas from recent stellar feedback (Fox et al.,
2019). Regardless of the open questions surrounding HVCs and their origins, these
studies established that there is indeed diffuse gas outside of the disk.

The CGM is now known to be very diffuse with typical densities between ncgy ~
107" = 107 cm™ (or 10571 cm™2) which are several orders of magnitude more
diffuse than the cold neutral and molecular ISM nigm 10° — 102 cm™ (or ~
102922 ¢m~2) (Draine, 2011; Tumlinson et al., 2017). This diffusivity poses
an observational challenge because the gas does not abundantly emit photons.
Even using the world’s largest telescopes, e.g., the twin Keck telescopes, re-
quires more than 5 hours of exposure to get down to the sensitivity limits SB <
10721 — 10" erg s™! cm™2 arcsec™ required to directly detect the CGM in non-
resonant line emission. Though this is the ideal method to study the CGM, it is
only practical for nearby galaxies (e.g., Cameron et al., 2021) or when searching for

resonant line emission like Ly« (e.g., Chen et al., 2021).

Most studies of the CGM rely on using background sources to “illuminate” the diffuse
gas. This background object could be the galaxy itself, a gamma ray burst/fast radio
burst (GRB/FRB), or a star/QSO. Using the host galaxy to illuminate its own CGM
is tantalizing because only a spectrum is required; the downside is that it is difficult,
if not impossible, to determine whether the gas is circumagalactic or interstellar
because the final spectrum is integrated along the line of sight between the observer
and the emitting gas (i.e., there is no depth perception). Using foreground galaxy-
background galaxy pairs, in which the background galaxy light is used to illuminate
the foreground galaxy CGM, removes this ambiguity because it allows for the direct
measurement of an impact parameter b or transverse distance from the foreground
galaxy to the background galaxy (DTyan). This method has the benefit of allowing
multiple sightlines through the same galaxy halo (assuming that the field is dense
with background galaxies with spectroscopic coverage) with the main limit being

the volume that the observations cover and the SNR of each galaxy observation.

Using transients (GRBs/FRBs) to probe CGM gas is a recent approach that offers
albeit brief but otherwise unavailable sightlines through CGM gas that offer con-
straints on historically difficult quantities to infer including electron density; the
downside is that their transient nature and heavy model dependence make them

slightly unreliable, but it is likely that over the years they will become incredibly
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important and complimentary to current probes. Using a bright star/QSO offers
almost all of the benefits of transients but with the ability to get much higher quality
spectra (integrate longer). The main caveat with all of these methods is that they
show only a single sightline through the halo, which may or may not be representa-
tive of the whole CGM. This implies that this method shines when there is a large
statistical sample (N > 50) that can smooth over the stochasticty of the sightlines,
which can be influenced by azimuthal angle from the galaxy’s major axis, recent

star formation, and inhomogeneities in the vicinity of the sightline.

QSO absorbers have been used to study the CGM of galaxies since the mid-80’s
(e.g., Bergeron, 1986) with continued effort through the 90’s from Keck and HST
(e.g., Lanzetta et al., 1995a). The surveys showed that the presence of a galaxy
along the line of site is accompanied by enhanced H I and metal absorption and that
the gas has distinct kinematic, density, and ionization structure from other absorbers
(Chen et al., 1998).

Observational campaigns in the mid-90’s further explored the connection between
QSO absorbers and nearby galaxies. In particular, Steidel et al. (1995) searched
for the host galaxies of strong Mg II and Fe II absorption complexes at z ~ 2 — 3.
In an effort to more efficiently find candidate galaxies, they experimented with a
technique that used the Lyman break of galaxies to find high-redshift candidates
that could be followed up spectroscopically. This experiment effectively spawned
the field of high-redshift galaxies. This method of targeting strong spectral features
using multiple bands of photometry is now a main staple for searching for galaxies
of all z (e.g., Finkelstein et al., 2022). Even with this incredibly efficient means
of finding new galaxies, there was still a dearth of galaxies within small projected

distances to background QSOs.

During the early 2000’s, the Sloan Digital Sky Survey (SDSS) furthered and chal-
lenged our understanding of galaxy evolution using the large number of galaxy
spectra it obtained (York et al., 2000). In particular, McGaugh et al. (2010) used a
sample of ~ 50,000 SDSS galaxies across multiple decades of dark matter (DM)
halo masses to show that when converting the DM to the theoretical prediction for
baryonic mass (Q,/€,, = 0.16; Planck Collaboration et al., 2020), galaxies are
missing more than ~ 80% of their predicted baryonic mass. Since the cosmological
parameters are known to better than a percent there must be a significant amount of
mass that is being missed due to the density and/or phase of the gas. Furthermore,

Tremonti et al. (2004) used a sample 53,000 galaxies across a similarly wide mass
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range and constructed the largest (at that time) mass-metallicity relation to show
conclusively that galaxies are missing a large fraction (~ 80%) of all of the metals
that they ever produced. It is now accepted that this mass was lost via stellar feed-
back and/or SMBH feedback driven outflows, further adding evidence that there is
a significant amount of mass that is both diffuse and in a different phases than the
ISM. Along with this, the gas depletion timescales (f4., = Mur+m2/SFR) of local
(e.g., Kennicutt et al., 1994) and high-z (e.g., Shapley, 2011) galaxies show that
the ISM must have been constantly replenished with gas during its star formation
history because depletion timescales are a fraction of the age of the galaxies (Peeples
et al., 2014). The evidence up to this point suggests that accounting for the CGM
is necessary for measuring a correct baryon mass, fully accounting for the metal

budget, and for sustained star formation of a galaxy.

In the early 2010’s, COS-HALOS set out to find nearby z ~ 0.3 MW-mass galaxy-
QSO pairs to expand our understanding of the CGM and how it connects to and
affects galaxy evolution. The team used the HST/COS spectrograph to acquire
spectra of 39 QSOs within R < 160 kpc of 44 L, star-forming and passive galaxies
(Tumlinson et al., 2013). At the time this was the largest sample of z ~ 0.3 galaxy-
QSO pairs within b < 2R, ever constructed. Some of the key results from the
COS-HALOS survey were (1) the CGM is highly ionized by the UVB as seen in
the volume density of H I, has a near unity covering fraction of cool (T ~ 10* K)
photoionized H I gas (Werk et al., 2014), (2) there exists intermediate-high ionization
gas out to multiple Ry;; in star-forming galaxies but the halos of quiescent galaxies
lacked such gas (Tumlinson et al., 2011), (3) the halos of dwarf galaxies lack low-
ionization metal absorption (Bordoloi et al., 2014; Johnson et al., 2017), and (4)
accounting for all phases of the CGM (cool, warm , hot) significantly reduces or

eliminates the “missing baryons” and “missing metals” problems (Werk et al., 2013).

The recent DIISC Survey (Deciphering the Interplay between the Interstellar medium,
Stars, and the Circumgalactic medium) is shedding light on the ISM-CGM transi-
tion, a region where one would expect strong imprints of stellar and/or SMBH
feedback onto the CGM (Gim et al., 2021). The low-z survey (z < 0.051) is com-
posed of 35 M., galaxies with a QSO within b < 200 kpc or b < 3.5Ryy with unique,
evenly sampled azimuthal angles and H I mass and disk measurements. The survey
has shown that (1) strong correlations between CGM properties (e.g., Wry,) and
impact parameter are revealed when normalized by Ry as opposed to b/ Ryir, (2) the

neutral gas in the CGM is closely connected to the gas disk as opposed to its stellar
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or DM content as inferred from a strong anti-corelation between Wy, and b/Ry;
(Borthakur et al., 2015, 2024), (3) the CGM has more kinematically complex metal
absorption components with small /Ry, and (4) there is a rapid decline in metal
covering fraction of low-ionization metal absorption (e.g., Si III, C II, Si II) with
byr and absorption strength (as inferred through equivalent width) (Koplitz et al.,
2025).

At low-z one can use the many all-sky surveys to find new close-in galaxies to back-
ground QSOs. One can leverage the crude spectra from the surveys as motivation
to follow up the galaxies with higher-S/N data. But it is difficult to acquire QSO
spectra with Lya because it requires space-based coverage due to the atmospheric
UV cutoff. At higher z, it becomes more challenging to find survey coverage with
sufficient depth to find close-in galaxies but possible to observe Lya absorption
due to cosmological redshift. The recent commissioning of large-field of view
(FOV) integral field unit (IFU) spectrographs on 10-m class telescopes has resulted
in a significant increase in the the number of close-in galaxies within a few Ry;;
of background QSOs. IFUs are the most efficient means at finding these galaxies
because each pixel (called a “spatial pixel” or spaxel) contains a spectrum of the
source which allows for the determination of a redshift. The rest of the surveys
discussed have leveraged IFUs on large telescopes to accelerate the discovery of

galaxies surrounding QSOs.

The CUBS survey (Chen et al., 2020a) is focused on mapping the extended baryons
of z < 1 galaxies, giving an in-depth view of the CGM approaching “cosmic noon.”
The galaxies in the sample are within b < 300 kpc of a NUV-bright QSO with
HST/COS coverage, and each QSO field has VLT/MUSE, and deep imaging and
spectroscopic coverage from the twin Magellan telescopes allowing for detection
limits down to L < 0.01L,. The nine papers published from CUBS have shown
that (1) the z ~ 1 CGM has multi-component kinematic structure from multiple
ionization states including C II, Mg II, Si III, and O VI, spread over hundreds
of kms~!, (2) the z ~ 1 CGM has dynamically cold gas T ~ 2 x 10* K and
buw, ~ 5 kms~!, (3) the metallicity of CGM gas can vary significantly on a
component-by-component basis by over 2 dex (Cooper et al., 2021; Zahedy et al.,
2021), (4) non-thermal broadening dominates line widths (compared to thermal
broadening) (Qu et al., 2022), (5) complexity and incidence of CGM metals are
increased in galaxy groups compared to individual galaxies (Qu et al., 2023), (6)

star-forming and low-mass galaxies show elevated presence of warm-hot gas as seen
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in O VI and Ne VIII, (7) low-mass/dwarf galaxies frequently show H I and O VI

absorption but seldom show low- and intermediate-ionization absorption, and (8)

CGM gas is seldom gravitationally unbound (within Ry;;).

The BASIC survey (Bimodal Absorption System Imaging Campaign) is a galaxy-
absorber survey focused on investigating the bimodality seen in z ~ 1 LLS and
SLLS (Lehner et al., 2022). The survey consists of 23 QSO fields and 36 p/LLS,
which resulted in 23 absorber-associated galaxies. They found that the higher-
metallicity absorbers were much more likely to have a galaxy associated with them
(~ 80%) compared to the low metallicity absorbers (~ 40%), and the stellar mass
of the galaxy was correlated with both metallicity and detectability of an associated

galaxy.

At higher redshift is the MAGG survey (MUSE Analysis of Gas around Galaxies),
a large VLT/MUSE survey of 28 QSO fields resulting in 127 LAEs and a detection
rate of ~ 82% with 61 pLLS (and higher column density) absorbers (Lofthouse
et al., 2020). Their main findings on the high-z CGM showed that (1) it is common
to find multiple galaxies associated with a single absorber, (2) the CGM accounts
for almost all optically thick gas at this redshift (Galbiati et al., 2023), (3) CIV has a
high covering fraction that increases with absorber multiplicity and extends farther
than cooler gas traced by Mg II, and (4) there is no strong evolution with covering

fraction of metals in the CGM from z ~ 3to z ~ 2.

The MUSEQuBES survey (MUSE Quasar-field Blind Emitters Survey) found results
similar to MAGG. The survey used MUSE to find host galaxies of absorbers using a
blind sample of 8 QSOs (with HIRES or VLT/UVES coverage) at z ~ 3.3 (Muzahid
etal., 2020). They found 96 low-mass LAEs (M ~ 108-°My,) and found (1) excess H
I and C IV absorption out to b ~ 250 kpc (Muzahid et al., 2021), (2) CIV has a 65%
covering fraction above log N = 16.5 with no strong trend with impact parameter,
(3) H I covering fraction is 100% in groups but ~ 86% for isolated galaxies, and
(4) the majority of galaxies with O VI (60/96) show that the gas is gravitationally
bound with no strong trend with stellar mass but 4/6 galaxy groups show no O VI

at all, which is attributed to passive galaxies being the closest absorber-hosts.

The Keck Baryonic Structure Survey (KBSS) aims to connect z ~ 2.3 star-forming
galaxies to the exquisite CGM information provided by Keck/HIRES spectra of 15
hyperluminous QSOs (Steidel et al., 2010). The QSOs have near continuous spectral
coverage from ~ 0.35—1um, allowing for detection of both H I and metal absorption
for galaxies with redshifts 1.8 > z > zgso from the ground. At the time of this
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thesis, KBSS has hundreds of galaxies with spectroscopic redshifts that could be

cross-referenced with absorbers detected in the HIRES spectra.

Rudie et al. (2012) analyzed the largest sample of z ~ 2 H I absorbers to investigate
the connection between CGM/IGM baryons and galaxies in the KBSS fields. They
performed a semi-automatic Voigt-profile decomposition of the Ly« forest, which
allowed them to answer many open questions about the z ~ 2 CGM (and IGM) such
as (1) there is strong enhancement of H I within a projected distance of Dt ~
300 kpc from a KBSS QSO, and a line-of-sight velocity |Av| + 300 — 700 km s7! of
galaxy systemic redshifts, giving a clear bound of the ~ 2 CGM, (2) H I enhancement
plummets outside of ~ 2 Mpc, giving a bound of the IGM, (3) the complexity of H
I components or “clouds” increases with proximity to galaxies, and (4) similarly, a
H I line widths increase with galaxy proximity which could be attributed to either

turbulence or temperature (metal absorption is required to disentangle the two).

Though hundreds of galaxies were included in R12’s analysis, there were few galax-
ies within Ry;; of a KBSS QSO. Within this radius one would expect strong correla-
tions between galaxy properties and CGM absorption due to the close proximity to
the ISM-CGM transition. Rudie et al. (2019) analyzed eight z ~ 2 galaxies within
Ryir of a KBSS QSO by performing a Voigt-profile decomposition of their metal
absorption. Due to the presence of multiple ions of different masses but similar ion-
ization energy (usually Si IV and C 1V) they were able to decompose the Doppler
width to determine turbulence (non-thermal broadening, by,,) and temperature 7'
of individual CGM absorbers following the form bﬁ = btzurb + 2kT /m where by is
the Doppler width, by, is the turbulent velocity, k is the Boltzmann constant, 7 is
the temperature, and m is the mass of the ion. They found that the inner CGM of
z ~ 2 typical star-forming galaxies: (1) is kinematically complex requiring at least
10 components to adequately model the absorption, (2) is multiphase showing that
low- and intermediate-ionization metal absorption (e.g., C II, Si III, C IV) share
the same structure and broadening but differ strongly from high-ionization metal
absorption (O VI), (3) almost all of the galaxies (6/8) showed that a fraction of their
metal-enriched CGM was unbound corroborating previous observations that z ~ 2
galaxies ubiquitously drive galactic outflows, (4) thermal broadening dominates
over turbulent broadening (thermal energy dominates the energy budget), and (5)

the CGM holds a significant mass of metals Mcom Metals = 0.25 Mism.

Figure 1.1 shows a summary of the total numbers of galaxies within R,; for each

sample and redshift bin discussed earlier. Each of the investigations had samples
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Figure 1.1: The number of galaxies whose CGM have been have analyzed within
a couple Ry;; of a QSO for each of the surveys discussed in this section. We need
more galaxies at z ~ 2 and follow-up of the z ~ 3 galaxies because they generally
lack both rest-optical spectra and deep images.

greater than ~ 30 except at z ~ 2. It is by no coincidence that at every other
redshift there has been an optical IFU survey targeting its redshift. I address this
lack head-on with this thesis and discuss in depth the practical steps and promise of

the survey in the next section.

1.3 The Necessity, Novelty, and Nuance of This Thesis

I have shown that studies at redshifts surrounding “cosmic high noon” have exploded
in sample size, and so has our their understanding of the CGM at those z. Furthering
our understanding of how the 7 ~ 2 CGM varies with impact parameter, stellar
and halo mass, star-formation rate, and nebular metallicity necessitates a large

sample to smooth over the stochasticity of individual sightlines probed with the
QSO absorption.

In my thesis I address the lack of a large, statistically significant sample of z ~
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KBSS-InCLOSE: Inner CGM of QSO
Line Of Sight Emitting Galaxies

Directly observe the inner CGM & ionized ISM of galaxies
at z=1.9-2.6 within b<100 pkpc of a KBSS QSO
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Figure 1.2: Summary of the workflow of KBSS-InCLOSE. Steps 1 and 2 represent
all of the new data required for the survey. KBSS-InCLOSE would not be possible
without the ancillary data provided by KBSS.

2 galaxies within Ryj; of a QSO. Such a sample would dramatically increase
our understanding of the z ~ 2 CGM by sampling impact parameter and stellar
mass, which have been found to correlate most strongly with CGM properties. As
discussed previously, this is the only redshift range with a sample size of fewer than
10 galaxies. Itis no coincidence that there has not been a dedicated IFU survey at this
z that targets QSOs to find close-in galaxies. Asimplied in the previous section, such
samples require a significant amount of resources: observational resources including
abundant telescope time, a diverse set of instruments, and planning and conducting
the observations; data resources including reduction, combining/collating data, and

then bookkeeping; and finally analyzing, interpreting, and then publishing the data.

To address this gap in our knowledge of the inner CGM at z ~ 2, I am leading
a survey called KBSS-InCLOSE that will provide the first statistically significant
sample of z ~ 2 star-forming galaxies with which we can probe their inner CGM
(R < Ryir < Rcom; Ryir ~ 80 —90 kpe, Rcgm ~ 300 kpe).

Figure 1.2 shows the general workflow and main instruments used for the survey
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which builds on the Keck Baryonic Structure Survey (KBSS) that focuses on the
Inner CGM of QSO Line Of Sight Emitting galaxies (InCLOSE). KBSS-InCLOSE
relies on optical IFU data (rest-frame FUV) from the Keck Cosmic Web Imager
(KCWI; Morrissey et al. (2018)), NIR spectra (rest-frame optical) from the Multi-
Object Spectrometer For InfraRed Exploration (MOSFIRE; McLean et al. (2012)),
deep ground- and space-based optical and NIR images from a variety of ground-
based instruments (Keck/MOSFIRE, Keck/LRIS; Oke et al. (1995)) and the Hubble
Space Telescope (WFC3-IR/F140W,F160W), and high resolution optical spectra of
background QSOs from the HIgh Resolution Echelle Spectrograph (HIRES; Vogt
et al. (1994)).

The first and most important step of KBSS-InCLOSE is finding new galaxies by
acquiring deep KCWI pointings (z.x, > 1.5 hr) of the KBSS QSOs and surrounding
field (b < 12”, b < 100 kpc at z ~ 2.3). KBSS is fairly incomplete within this
radius due to the bright wings of the hyperluminous QSOs point-spread function
(PSF) which affects the typical continuum photometry selection (U,, G, Rs). We
must still deal with the PSF of the QSO, especially within b = 3 —5” = 24 — 40 kpc
at z ~ 2.3 where the PSF dominates and where the most interesting galaxies would
reside. To illustrate this problem more explicitly, the QSOs have Ry gso ~ 17 — 18
while the galaxies have Ry srg ~ 23 — 24! This is a large dynamic range, requiring
us to remove the bright QSO emission while preserving the faint emission from the
underlying galaxy.

I refined and developed methods to remove the QSO emission while preserving the
faint galaxy emission under the QSO PSF from both the images and IFU data. Point
source removal in images is fairy straightforward compared to IFUs in that the PSF
is “static” and imprinted on every point-source in the field. So long as a relatively
isolated point source of comparable brightness to the QSO can be characterized in
the field, the PSF can be modeled and subtracted. Ideally, multiple point sources
are used to construct an “effective PSF” to capture the true shape of the PSF and
mitigate flux contribution from unrelated nearby objects to the PSF. I used a tool

written for this exact purpose, resulting in well-subtracted images.

However, PSF subtraction from IFU datacubes is significantly more complicated.
With IFU data, the PSF is “dynamic” in that it changes with wavelength. A different
approach must be taken because each object has a unique, spectrally varying PSF
(i.e., each object has a unique spectrum). There are two ideal solutions to this
problem: 1) treat the IFU data as an image and remove the QSO as such, and 2)
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treat IFU data as an array of spectra perform a model decomposition to remove the
QSO.

Method 1, which I refer to as “QSO Continuum Subtraction”, has been used in the
literature for years and is fantastic for detecting narrow-line emission (Cantalupo
et al., 2019). In this method a pseudo-narrowband image of some AA (usually
AA ~ 250 —400) is constructed for each wavelength slice. The most important part
of this process is normalizing each PSF to the average (or medium) flux of the AA.
This ensures that only continuum is extracted but that narrow-line emission is left
untouched. As such, this method is fast and used to analyze the Ly« halo of high-z
QSOs. For this thesis, it is used to find preliminary redshifts for galaxy candidates
in the KCWI cubes.

Method 2, which I refer to as “QSO Spectral Subtraction”, is not as well known but
has had a presence in the literature for a comparable amount of time as method 1
(Rupke et al., 2017). This method assumes that each spaxel can be decomposed into
a linear combination of emission contribution from the QSO and some “excess.” For
example, in modeling a spaxel that contains a faint galaxy, the “excesss” is galaxy
light. Mathematically this takes the form S(x, y)spaxet = A(X,y) * SQso + Sgalaxy
where Sqso 1s flux from the QSO, A is the constant that scales the QSO spectrum,

and Sgalaxy 1 the flux from the galaxy.

I modified the algorithm of the “QSO Spectral Subtraction” from its original nine-
step implementation to ensure that all of the QSO continuum light was removed,
and that the QSO Lya halo was removed as well. Procedurally, this was simple
because only two steps of the nine-step process needed to be invoked, though I
added two extra steps to remove the Lya halo. Both methods are robust against

model dependencies because the datacube itself is the only input for each model.

Altogether, I have “QSO-free” datacubes that allow for the detection of star-forming
galaxies at b > 1”. Indeed, the galaxy in the sample with the lowest impact
parameter has b = 1.25” = 10.5 kpc (z = 1.9). The decontaminated cubes are
used to find new galaxies within b < R,;;, measure a preliminary redshift from Ly«
emission (or absorption), and extract their rest-FUV spectrum. The spectra have
interstellar absorption and can be used to measure inflow/outflow kinematics and

strength.

Next, MOSFIRE is used to acquire follow-up rest-optical spectra of the galaxies to,

at minimum, measure a nebular redshift z,,., using strong nebular emission lines
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e.g., [0 II]444960, 5008 which fall in the H-band. Nebular redshifts are better

tracers of the systemic redshift zg compared to z1y, due to the resonant nature
of Lya. Instantaneous star-formation rate is then inferred following a detection
of Ha (K-band) ideally, but a lower-limit can be placed if only HS is detected
(H-band). Dust attenuation can be inferred by measuring the Balmer decrement
Ha/HB. Finally, electron density and ionization parameter can be inferred from
detecting [O I1]443727, 3729.

KCWI and MOSFIRE are the new data required for KBSS-InCLOSE. These are
supplemented with extant KBSS data. QSO-free ground- and space-based images
are used to construct contaminant-free SEDs, which we model using state-of-the-art
SED models that account for the high fraction of binarity in massive star populations.
The most influential parameter in the SED models is stellar mass. Typically, constant

SFH well describes z ~ 2 star-forming galaxies.

At this point, the minimum information needed to reasonably characterize the ISM
and stellar population of each galaxy has been acquired through the FUV datacubes,

rest-optical spectra, and rest-FUV through rest-optical images.

The information on the sightline is further supplemented by the CGM absorption of
each galaxy as seen in the HIRES QSO spectra. The spectra are visually inspected
for H I and metal absorption within +1,000 km s~! of Zsys Of the galaxy. Then, a
“by hand” component-by-component Voigt-profile decomposition is performed to
measure the redshift, column density, and Doppler width of each absorber, starting
with H I, then metals (though H I is not tied to the metals). For galaxy halos with
multiple ions of different metals the Doppler width can be decomposed into non-
thermal broadening by, and thermal broadening \/W to extract temperature

and turbulence.

Finally, the CGM and ISM analyses are coupled to better contextualize the CGM
absorption. There have been decades of z ~ 2 QSO absorber and star-forming
galaxy investigations but few instances where galaxy-QSO pairs are associated with
certainty. The true novelty of this thesis (and survey) is the inclusion of the rest-
optical spectra and deep ancillary images (ionized ISM and stellar populations) of
the galaxies because they are almost entirely lacking in the high-z CGM literature.
For example, the MAGG and MUSEQuBES survey (as of the date of this thesis)

lack rest-optical images and properties.

It is useful to think of the limits of the survey. In particular, what minimum ISM
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information is required to perform the ISM-CGM coupling? Indeed, it is already
the case that some galaxies have had multiple observations with MOSFIRE with
marginal and/or non-detections (likely due to their faintness). There are also some
galaxies (10% of the sample) that have no counterparts in the KBSS ground- or
space-based images (also likely due to their faintness). The nuance of the survey is
that not all galaxies will have fully characterized ionized ISM or stellar populations.
Nonetheless, every galaxy in the sample will have (1) a confident KCWI detection
and therefore a FUV redshift zryy from either Lya and/or IS absorption lines
which can be converted to zsys and (2) a HIRES QSO spectrum that contains CGM
absorption. Further, non-detections can still give limits on the physical properties
of the galaxies, which will be useful for future follow-up because it is likely that this
subset galaxies are very low-mass. In other words, not all galaxies will have fully
characterized ionized ISMs or stellar populations, but they can still be useful to the

survey.

The connecting theme of this thesis is the use QSO absorbers to further our under-
standing of galaxy evolution. Chapter 2 shows how metal poor DLAs can be used to
constrain the abundance ratios of the yields from CCSNe. Chapter 3 describes the
first results from KBSS-InCLOSE, which focus on two known DLA-host galaxies
that serve as a proof-of-concept for the survey. Chapter 4 describes the second
results of KBSS-InCLOSE that focus on the first low-mass galaxies analyzed in the
survey. Chapter 5 analyzes the whole sample and discusses preliminary results and

future considerations for the survey. Chapter 6 summarizes this thesis.
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Chapter 2

EMPIRICAL CONSTRAINTS ON CORE COLLAPSE
SUPERNOVA YIELDS USING VERY METAL POOR DAMPED
LYMAN ALPHA ABSORBERS

Nuiiez Evan H., Kirby Evan N., Steidel Charles C. Empirical Constraints on Core-
collapse Supernova Yields Using Very Metal-poor Damped Lya Absorbers // .
11 2022. 927, 1. 64.

2.1 Abstract

We place empirical constraints on the yields from zero- and low-metallicity core col-
lapse supernovae (CCSNe) using abundances measured in very metal-poor (VMP;
[Fe/H] < —2) Damped Lyman Alpha Absorbers (DLAs). For some abundance ratios
([N,ALS/Fe]), VMP DLAs constrain the metal yields of the first SNe more reliably
than VMP stars. We compile a large sample of high-S/N VMP DLAs from over 30
years of literature, most with high resolution spectral measurements. We infer the
IMF-averaged CCSNe yield from the median values from the DLLA abundance ratios
of C, N, O, Al, Si, S, and Fe (over Fe and O). We assume that the DLLAs are metal-
poor enough that they represent galaxies in their earliest stages of evolution, when
CCSNe are the only nucleosynthetic sources of the metals we analyze. We compare
five sets of zero- and low-metallicity theoretical yields to the empirical yields de-
rived in this work. We find that the five models agree with the DLA yields for ratios
containing Si and S. Only one model, Heger, Woosley (2010, hereafter HW10),
reproduced the DLA values for N, and one other model, Limongi, Chieffi (2018,
hereafter LC18), reproduced [N/O]. We found little change in the theoretical yields
with the adoption of a SN explosion landscape (where certain progenitor masses
collapse into black holes, contributing no yields) onto HW 10, but fixing explosion
energy to progenitor mass results in wide disagreements between the predictions
and DLA abundances. We investigate the adoption of a simple, observationally
motivated Initial Distribution of Rotational Velocities for LC18 and find a slight

improvement.
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2.2 Introduction

Core Collapse Supernovae (CCSNe) play a vital role in the evolution of the uni-
verse. They drive, and/or substantially contribute to, many astrophysical processes
including the creation of metals, the dispersal of enriched gas, the injection of large
amounts of energy into the interstellar medium, the chemical evolution of galaxies,
and the launching of galactic outflows (Pettini, 2011; Woosley et al., 2002). In other
words, CCSNe connect the largest and smallest scales of the universe.

The nearby universe no longer has any CCSNe from zero-metallicity or extremely
metal-poor progenitor stars because the timescales associated with CCSNe are much
shorter than the timescale for galactic chemical evolution. Although there is debate
on the initial masses—and hence lifetimes—of Population III (PoplIl) stars (e.g.,
Greif et al., 2011; Stacy et al., 2016) we have yet to observe a truly metal-free star.
Most PopllI candidates have turned out to be extremely metal-poor PopllI stars (e.g.,
Aguado et al., 2018). The indirect way to estimate yields of low-metallicity CCSNe
is galactic archaeology, i.e. by observing the abundances of metal-poor stars found
in pristine environments that condensed from the gas enriched by these CCSNe.

Such observations can test theoretical models of CCSN nucleosynthesis.

Modeling the yields of CCSNe is a challenge that is fraught with many uncertainties
(Heger, Woosley, 2010; Nomoto et al., 2006; Romano et al., 2010; Woosley, Weaver,
1995). These uncertainties compound with one another in ways that can drastically
affect the resulting yield prediction. Uncertainties are introduced in, but are not
limited to, the pre-supernova evolution of the star, the adopted nuclear reaction
rates, the explosion mechanism, the rotational velocity of the progenitor, and the
explosion energy (Limongi, Chieffi, 2018; Nomoto et al., 2006; Romano et al.,
2010; Woosley, Weaver, 1995). Because of these uncertainties, observational data
are sometimes integrated into models, e.g., light curves observed in nearby SNe, the
compact remnants of those SNe, and the abundances observed in metal-poor stars
(e.g., Perego et al., 2015; Woosley et al., 2002).

Galactic archaeology can help estimate CCSN yields. Metal-poor stars in the galactic
halo and in dwarf galaxies are Popll stars that condensed from gas that was near
primordial and therefore likely to be primarily enriched by nucleosynthetic events
with short delays, like CCSNe. Their photospheric abundances may reflect the
yields of Poplll CCSNe. This method has been used to place empirical constraints
on CCSNe. For example, Kirby et al. (2019), de los Reyes et al. (2020), and Ishigaki

et al. (2021) used the abundances of metal poor stars in Local Group dwarf galaxies
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to estimate the yields of both CCSNe and Type Ia SNe.

However, galactic archaeology has some drawbacks. The abundances measured
from stellar atmospheres can depend critically on assumptions that are adopted
to interpret their spectra (e.g., LTE). Some elements are more sensitive to this
assumption than others. For example, non-LTE (nLTE) corrections to Al abundances
can be as large as +1 dex (Nordlander, Lind, 2017), and 3D nLTE corrections for O
and C can be as large as -0.6 dex and -0.3 dex respectively (Amarsi et al., 2019b).
Stellar evolution can also alter the atmospheric abundances of some elements. For
example, dredge-up on the red giant branch can deplete C and enhance N. In this way,
stars act more as a middle-man to the “true” abundances from the near primordial
gas out of which they formed. Our aim in this work is to measure this primordial
gas directly to avoid the complications and corrections required to accurately map

from the stellar spectra to atomic abundance.

Very Metal-Poor (VMP) Damped Lyman Alpha Absorbers (DLA) offer a unique way
to investigate nearly primordial gas without the need for stellar spectroscopy. VMP
DLAs are effectively the gas from which PoplI stars formed. Therefore, measuring
DLA abundances is the same as measuring the near-primordial gas. DLAs are

2 and

QSO absorbers classified by their large column density Ny > 2 x 1020 cm™
therefore have damping wings in their Lyman-alpha absorption. DLAs account for
up to ~90% of the neutral hydrogen content of the universe at their redshift (Lanzetta
et al., 1995a; Prochaska, Wolfe, 2009; Sanchez-Ramirez et al., 2016; Zafar et al.,

2013).

VMP DLAs at high redshift (z > 2) have a chemical enrichment history dominated
by CCSNe (Cooke et al., 2017). This can be seen in their [@/Fe] evolution with
respect to [Fe/H], which exhibits aknee at [ Fe/H] ~ —2, preceded by a plateau (Berg
et al., 2015a; Cooke et al., 2015; Prochaska, Wolfe, 2002a; Rafelski et al., 2012).
This is qualitatively similar to evolution seen in dwarf spheroidal galaxies, where
the plateau is indicative of CCSNe dominating the chemical evolution because they
produce both a and Fe-peak elements, then Type Ia supernovae (SNe Ia) dominating
after the knee because they primarily produce Fe-peak elements (e.g., Berg et al.,
2015a; Cooke et al., 2015; Skuladéttir et al., 2018). Cooke et al. (2015) and Welsh
et al. (2019) also showed that winds from AGB stars do not significantly affect the

enrichment of VMP DLAs for almost any elements except carbon.

Deriving abundances from VMP DLAs is relatively straightforward compared to

stars. One can map directly from line strength to abundance for most elements of
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interest. This is primarily due to the fact that lines used to measure metal abundances
in VMP DLAs (excluding hydrogen and very strong metal lines, e.g., O I and C
IT) are weak at almost all wavelengths, such that line strength is proportional to
column density and hence abundance. Even so, multiple ionization states and dust
depletion (both discussed below) could lead to systematic errors in measuring DLA

abundances.

Multiple ionization states of elements in DLAs could lead to overestimating, or
underestimating, the “true’” abundance of a system depending on whether the transi-
tion measured is the dominant ionization state. This leads to a discrepancy between
the “true” abundance and what is measured, which must be corrected when con-
verting to abundance. In general, the ionization corrections for DLAs are low
due to their high H I column density, which allows the gas to self-shield from the
UV background emitted from quasars and galaxies (Cooke, Pettini, 2016; Cooke
et al., 2011b; Prochaska et al., 2002a; Wolfe et al., 2005; Zheng, Miralda-Escudé,
2002). Therefore ionization corrections are not a significant source of uncertainty
in VMP DLA abundances because there is usually only one dominant ionization
state detected.

Dust depletion can lead to an underestimate of DLA abundance (Berg et al., 2015a;
De Cia et al., 2016; Wolfe et al., 2005). Refractory elements (e.g., Si, Mg, Fe)
could condense onto dust grains, removing their signature from the detectable gas
phase which results in an underestimate of the “true” abundance. It has been shown
that DLAs in the VMP regime need little to no dust corrections (Cooke et al.,
2011b, 2017; Pettini, 2011; Wolfe et al., 2005). Therefore, dust depletion is not a
significant source of uncertainty in VMP DLAs. Retiring the major possible sources
of systematic errors in DLAs makes them superior to PopllI stars as sites to examine

early nucleosynthesis.

The goal of this paper is to use the abundances measured from VMP DLAs to place
empirical constraints on the yields of zero- or low-metallicity CCSNe. With the
empirical constraints in hand, we attempt to quantify the differences between the
empirical yields and the most widely adopted zero- and low-metallicity theoretical

yields to offer insights into the most important input physics in the various models.

This paper is organized as follows. In Section 2.3 we discuss the sample of VMP
DLAs. In Section 2.4 we place empirical constraints on the abundance ratios
of zero- to low-metallicity CCSNe and compare them to metal poor stars. In

Section 2.5 we compare theoretical yields of zero- and low-metallicty CCSNe to



22

our empirical estimates, taking realistic explosion physics into account and reducing
free parameters in a couple of the models in Section 2.5. In Section 3.7 we discuss
the different input physics in the various theoretical yields that seem to reproduce

our empirical yields. We summarize our results in Section 2.7.

2.3 Data

We compiled a large sample (79 total) of VMP DLAs that were available in the
literature. We required that each system has both an Fe measurement ([Fe/H] < —2)
and a measurement of at least one of C, N, O, Al, Si, and S. Our sample spans
a wide range of redshifts (z,,5s = 1.8 — 5.9), neutral hydrogen column densities
(log Ny = 20.1 — 21.9 in cm™2), and metallicities (=3.5 < [Fe/H] < —1.9). We
re-normalized some of the solar abundances the datasets used to the Asplund et al.
(2009) solar scale from older scales (e.g., Lodders (2003) or Asplund (2005)).

The majority (~ 60%) of sources in our sample have high-resolution spectroscopic
measurements. The observations were mainly split between the High Resolution
Echelle Spectrometer (HIRES) (Vogt et al., 1994) on Keck I and the Ultraviolet
and Visual Echelle Spectrograph (UVES) (Dekker et al., 2000) on the Very Large
Telescope (VLT) UT2 at the European Southern Observatory. HIRES typically
covers a spectral range of 4000-8000 A with a resolution R > 30,000. UVES
has a spectral range of 3000-8000 A between its red and blue configuration with a
spectral resolution of R > 40, 000.

The other ~ 40% of our sample have medium-resolution spectroscopic measure-
ments. Their spectra were obtained using the Echelle Spectrometer and Imager
(ESI) (Sheinis et al., 2002) on Keck II at a resolution of R =~ 5000 spanning a
spectral range of 3900—10900 A.

Additionally, two sources in our sample had spectra obtained by the MIKE (Bernstein
et al., 2003) echelle spectrograph on the 6.5 m Magellan Clay telescope at Las
Campanas with R = 22, 000 — 28, 000 covering a spectral range 3221-7420 A, and
the XSHOOTER Vernet et al. (2011) spectrograph on VLT UT2 with R ~ 8500
covering a spectral range 3000 A — 2.5um.

The majority of our sample has appeared in multiple surveys. The first DLA survey
was conducted in 1986 by Wolfe et al. (1986), who compiled QSO candidates
from the literature and followed them up at Lick Observatory. These sources,
among others, were subsequently followed up by several authors once HIRES was
commissioned in 1994 (e.g., Lu et al., 1998; Prochaska, Wolfe, 2002b; Prochaska
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et al.,, 2001b). More sources were followed up, and discovered, following the
commissioning of UVES in 2000 (e.g., Centurién et al., 2003; Dessauges-Zavadsky
et al., 2001, 2003; Ellison, Lopez, 2001; Levshakov et al., 2002; Lopez et al., 2002;
Molaro et al., 2000, 2001; Pettini et al., 2002). In 2000 the Sloan Digital Sky
Survey (SDSS) began operation and its first QSO sample target list was released
by Richards et al. (2002). These sources were later followed up by SDSS low
resolution spectroscopy, allowing an easy and automated way to search for VMP
DLA candidates. One method, adopted by Cooke et al. (2011b), searched for
candidates by requiring that only three metal lines be measurable for a system in
their SDSS spectra. The other surveys included in our sample are the UCSD HIRES
DLA Survey (Prochaska et al., 2007b), the Keck ESI MP DLA Survey (Penprase
et al., 2010), and the ESO UVES Advanced Data Products Quasar Sample (Zafar
et al., 2014c). The rest of the sources are compiled from the following authors and
references therein: Berg et al. (2016); Cooke et al. (2013, 2012, 2011a,b); Cooke,
Madau (2014); Cooke et al. (2015, 2017); D’Odorico et al. (2018); Ellison et al.
(2010); Petitjean et al. (2008); Pettini et al. (2008); Srianand et al. (2010); Welsh
et al. (2019, 2020).

Many (~ 40%) systems in our compilation were observed by different authors re-
sulting in multiple abundance measurements for individual systems. We defaulted
to measurements from high resolution spectra, then those with the smallest reported
uncertainties. In cases when the uncertainties were comparable we chose abun-
dances derived/compiled in Cooke et al. (2013, 2012, 2011a,b); Cooke, Madau
(2014); Cooke et al. (2015, 2016, 2017); Welsh et al. (2019, 2020). The abun-
dances used in our analysis are summarized in Table 2.1 and will be available as an

electronic table.!

Table citations: 1: Lu et al. (1996); 2: Prochaska, Wolfe (1997); 3: Prochaska,
Wolfe (1999); 4: Molaro et al. (2000); 5: Prochaska, Wolfe (2000); 6: Dessauges-
Zavadsky et al. (2001); 7: Molaro et al. (2001); 8: Prochaska et al. (2001b); 9:
Prochaska et al. (2001a); 10: Prochaska, Wolfe (2002b); 11: Dessauges-Zavadsky
et al. (2001); 12: Ledoux et al. (2003); 13: Prochaska et al. (2003b); 14: Prochaska
et al. (2003a); 15: O’Meara et al. (2006); 16: Noterdaeme et al. (2007); 17:
Prochaska et al. (2007b); 18: Noterdaeme et al. (2008); 19: Petitjean et al. (2008);

IThe  full compilation, which includes all abundance measurements for
a system (including the measurements that were not used in our analy-
sis), is available at [https://github.com/evanhazey/CCSNe-Constraints-via-VMP-

DLAs]https://github.com/evanhazey/CCSNe-Constraints-via-VMP-DLAs.
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Table 2.1: Metal Summary of VMP DLAs (Partial table)

QSO Zabs log Nus [Fe/H] [C/H] [N/H] [O/H] [AI/H] [Si/H] [S/H] Instrument Ref
B0027-1836 2.402 21.75+0.1  -2.28+0.027 -1.59+0.03¢  -1.64+0.1 UVES 16
B1232+0815 23377 20.9+0.08 -1.96+0.08¢ -1.35+£0.05¢  -1.21£0.12 UVES 18,24
BR0951-04 4.2029 20.4+0.1 <-2.6 -2.59+0.03 HIRES 38
BR1202-07 43829  20.6+0.14  -2.22+0.12 -1.78+0.02 HIRES 1
BR2237-0607 4.0803  20.52+0.11 -2.17+0.12 -1.84+0.02 HIRES 1
BRI1108-07 3.6076 20.5+0.1 -2.15+0.01 -1.77+0.001 HIRES 5.8
BRI1346-03 3.736 20.72+0.1 <-1.91 -2.28+0.01¢ HIRES 8
BRJ0426-2202  2.9831 21.5+0.15  -2.78+0.06 <-2.0 ESI 13
CTQ247 2.6215  2047+0.1  -2.4+0.02 -2.01£0.06 ESI 13
HS0741+4741 3.017 20.48+0.1  -1.93x0.01¢ -1.64+0.01¢  -1.6+0.1 ESILHIRES 10,8
HS1132+2243 27835  21.0+0.07  -2.5+0.01 -2.05+0.14 ESI 13
J0035-0918 2.3401 20.55+0.1  -3.04£0.12  -1.51£0.18 -2.87+0.12  -2.28+0.13  -3.26+0.11 -2.65+0.11 HIRES,UVES 25, 31,29
J0140-0839 3.6966  20.75+0.15 -3.45+0.24  -3.05+0.17 <-4.20 -2.75+0.15  -3.37+0.16 -2.75+0.17 <-2.54 HIRES,UVES 21,25
J0255+00 39146  21.3+£0.05 -2.08+0.09 -1.71+0.01 HIRES 8
J0307-4945 4.46658  20.67+0.09 -1.93+0.19 -2.93+0.15  -1.45+0.19  -1.75+0.11  -1.50.11 UVES 6
JO311-1722 3.734 20.3+0.06 <-2.01 -2.71+0.1 <-3.06 -2.29+0.1 -2.5+0.09 UVES 26
J0831+3358 2.30364  20.25+0.15 -2.39+0.16 <-3.30 -2.01+0.16  -2.54£0.16  -2.01x+0.16 HIRES 26,22
J0903+2628 3.0776  20.32+0.05 <-2.81 -3.43+0.03" -3.05+0.05 -3.21+0.02' HIRES 34
J0953-0504 420287  20.55+0.1  -2.98+0.21 -3.050.1 <-2.84 -2.55+0.1 -2.7£0.1 <-1.78 HIRES,UVES 29
J1001+0343 3.07841 20.21+0.05 -3.18+0.15  -3.06+0.05 <-3.54 -2.65+0.05 -2.86+0.05 HIRES,UVES 26,31
J1037+0139 2.70487  20.5+0.08  -2.44+0.08 -3.06+£0.09  -2.13+0.09  -2.62+0.09 -2.04+0.09 UVES 26
JI111+1332 2.27094  20.39+0.04 -2.27+0.04  -2.1£0.11% -1.92+0.08 -1.95+0.027 HIRES,UVES 31
J1113-1533 32665  21.230.05 -2.08+0.03¢ -1.73+0.07 HIRES,UVES 30
J1337+3152 31735  21.3+0.09 -1.93+0.05¢ -1.37+0.08¢  -1.34+0.17 UVES 23
J1337+3153 3.16768 20.41+0.15  -2.74+0.3  -2.86+0.16 <-3.44 -2.67+0.17  -2.85+0.16 -2.68+0.16 UVES 23
J1340+1106 2.50792  20.09+0.05 -2.07+0.05 -3.12+£0.06  -1.76+0.06  -2.26+0.05 -1.85+0.05 -1.81+0.05 HIRES,UVES 2526
J1358+0349 2.853054 20.27+0.02 <-3.25 -3.58+0.11 -2.804+0.015 <-2.95 <-2.764 <-2.64 HIRES 32
J1358+6522 3.067295 20.47+0.07 -2.84+0.03  -2.25+0.1  -3.68+0.14  -2.22+0.05 -2.99+0.03 -2.58+0.03 -2.5+0.09 HIRES 27
J1419+0829 3.04973  20.4+0.03  -2.33+0.04 -2.95+0.04  -1.92+0.04 -2.08+0.03 UVES 26
J1558-0031 2.70262  20.67+0.05 -2.03+0.05 -2.04+0.05  -1.5+0.05 -1.94+0.05 HIRES MIKE 15
J1558+4053 2.55332  20.3+0.04  -2.7+0.07  -2.51£0.07 -3.47+£0.08 -2.45+0.06 -2.82+0.07 -2.49+0.04 UVES 20
J2310+1855/  5.938646 21.05+0.1  -3.08+0.12 -2.86+0.14 XSHOOTER 35

20: Pettini et al. (2008); 21: Ellison et al. (2010); 22: Penprase et al. (2010,
hereafter P10); 23: Srianand et al. (2010); 24: Balashev et al. (2011); 25: Cooke
et al. (2011b); 26: Cooke et al. (2011a); 27: Cooke et al. (2012); 28: Cooke, Madau
(2014); 29: Dutta et al. (2014); 30: Zafar et al. (2014c, hereafter Z14); 31: Cooke
et al. (2015, hereafter C15); 32: Cooke et al. (2016); 33: Morrison et al. (2016);
34: Cooke et al. (2017, hereafter C17); 35: D’Odorico et al. (2018, hereafter D18);
36: Welsh et al. (2019, hereafter W19); 37: Welsh et al. (2020)

2.4 Empirical Constraints on CCSN Yields

We place empirical constraints on the IMF-averaged yields of zero to low-metallicity
core-collapse supernovae by analysis of the observed abundances of VMP DLAs.
Specifically, we find the values of the low-metallicity plateaus in abundance ratios for
the most readily measurable elements (C, N, O, Al, Si, S, and Fe). The first enriching
events of system are CCSNe, followed by delayed enriching events, such as winds
from AGB stars and Type Ia SN (SNe Ia). These processes can be disentangled
in the space of [X/Fe] vs. [Fe/H] because [Fe/H] can be assumed to monotonically
increase with time (assuming a relatively smooth star formation history), especially
at low metallicity. At the earliest times, or lowest [Fe/H], the ratios should reflect
the yields from CCSNe alone. The abundance ratios appear constant (a plateau in
[X/Fe] vs. [Fe/H]) at low metallicities because there is only one type of enrichment
(CCSNe, though not necessarily a single CCSN). At later times, or higher [Fe/H],
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the ratios reflect a combination of yields from CCSNe and delayed processes. The
introduction of a new enrichment source leads to a change in [X/Fe] (a “knee” in
[X/Fe] vs. [Fe/H]) at the value of [Fe/H] when the new sources turn on. In the case
of the [a/Fe] ratio, CCSNe produce both a-elements and Fe-peak elements whereas
SNe Ia produce mainly Fe-peak elements and little to no a-elements. Therefore,

locating the [X/Fe] plateau gives the abundance ratio of CCSNe.

DLAs have been shown to exhibit a [a/Fe] knee at [Fe/H] ~ —2 (Cooke et al., 2015)
preceded by a plateau, implying that the VMP ([ Fe/H]| < —2) DLAs in our sample
are in this plateau. To identify [X/Fe] values of these plateaus, and hence to obtain
the abundance ratio of CCSN yields, we take the median of the abundance ratios
observed in VMP DLAs, shown in Figure 2.1. We chose to use medians rather
than means for several reasons. First, the mean is different depending on whether
it is taken in logarithmic space (e.g., bracket notation like [O/Fe]) or linear space
(e.g., mass ratios like M(O)/M(Fe)). The median is the same in either space.
More importantly, the median is less sensitive to outliers, which might result from
systematic uncertainties that are difficult to correct for (e.g., spurious instrumental

errors, inconsistencies in abundance determinations, ionization corrections).

The median calculations begin by first finding the median for sources that are doubly
bounded (i.e., no upper or lower limits). Then, using this preliminary median, we
find all upper limits that are below it and all lower limits that are above it. Finally,
we recalculate the median, and associated 68% confidence intervals (in log space),
using the doubly bounded sources and the aforementioned meaningful upper/lower
limits. The medians are shown as the colored horizontal lines in Figures 2.1 and
2.2. The figures also contain the abundance ratios of metal-poor stars, which we

discuss in Section 2.4.

Abundances measured from medium resolution spectra, R < 10,000, can contain
uncertainties not present in high resolution spectra such as line blending and/or
hidden saturation, which can result in their abundances being inaccurate. To account
for this, we calculate the median of each abundance ratio twice. First, we use all
sources in the sample (i.e., with abundances measured from both high resolution
spectra and medium resolution spectra; purple horizontal line(s) in Figures 2.1 and
2.2). Second, we use abundances measured only from high resolution spectra (blue
horizontal line(s) in Figures 2.1 and 2.2). The differences between the medians were
always <0.1 dex and as small as 0.01 dex. The 1-0 uncertainties decreased by about

0.1 dex when culling the sample to high resolution sources only. The uncertainty
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Figure 2.1: C, N, O, Al, Si, and S abundance ratios as a function of [Fe/H]. The
blue (purple) points are VMP DLAs whose abundances were measured from high
(medium) resolution spectra. The blue horizontal bars are the medians of the VMP
DLA abundance ratios from high resolution sources, and the purple horizontal bars
are the medians of the VMP DLA abundance ratios from high+medium resolution
sources. Typical VMP DLA uncertainties (0.1 dex) are shown in the bottom left
corner of each subplot. The grey smaller points are metal-poor stars from the JINA
database (Abohalima, Frebel, 2018); the small gray x’s are giants whose surface
abundances have been altered by RGB evolution. The red smaller points are from
the ultra-faint/dwarf galaxy star compilation from Alexander Ji (see Section 2.4).
The gray arrows in the subplots show the typical corrections (Nordlander, Lind,
2017; Placco et al., 2014) for the stated physical processes, to scale (see Section 2.4
for discussion). The corrections vary widely from star to star. UFD Compilation
References: Chiti et al. (2018); Feltzing et al. (2009); Francois et al. (2016); Frebel
et al. (2010, 2014); Gilmore et al. (2013); Hansen et al. (2017); Ishigaki et al.
(2014); Ji et al. (2016a,b, 2019); Kirby et al. (2017); Koch et al. (2013, 2008); Lai
et al. (2011); Marshall et al. (2019); Nagasawa et al. (2018); Norris et al. (2010);
Roederer, Kirby (2014); Roederer et al. (2016); Simon et al. (2010); Spite et al.
(2018).

for [Al/O] decreased by 0.2 dex.

The [O/Fe] and [Si/Fe] abundance ratios contain a subset of sources between
[Fe/H]~-2.5— -2 whose abundances are >0.5 dex below the bulk trends. The ma-
jority (~70%) of the sources come from Penprase et al. (2010, hereafter P10), were
measured from medium resolution spectra, and have only upper limits on [Fe/H].
There are five sources who have both low [O/Fe] and [Si/Fe] (compared to the bulk
trends) and three of them come from P10. These were among the most oxygen poor

sources ([O/H]<-2.6) and silicon poor sources ([Si/H]<-2.5) in the sample.
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Dust depletion has been shown to be minimal in DLAs at low-metallicity (see
previous Section 2.2; Cooke et al., 2011b; Wolfe et al., 2005). While we cannot
prove that there is no dust depletion in the VMP DLAs, we point to our work and
that of others to argue that it is negligible. Figure 2.1 shows the observed abundance
ratios of [S/Fe] and [Si/Fe]; S is an alpha element that is volatile (i.e., it does
not easily condense onto dust grains similar to C, N, O, and Al, so its gas phase
abundance is the same as its true abundance), and Si and Fe are both refractory
elements (i.e., easily condense onto dust grains, Fe more so than Si ). If dust
depletion is appreciable there should be a trend between [Si/Fe] and [S/Fe] with
metallicity; we observe no trend implying that the relative dust depletion between S,
Si, and Fe is negligible. Further, the stellar abundance ratio—which is not subject
to dust corrections—at low metallicities in the Milky Way is [Si/Fe] = 0.37 £ 0.15
(Cayrel et al., 2004); we observe [Si/Fe] = 0.32 + 0.16. Finally, in recent work
from De Cia et al. (2018), the dust depletion of Si and Fe in DLAs was shown to
be effectively zero at [Fe/H] ~ -2 but as large as 1 dex at [Fe/H] ~ 0. Other studies
have shown the same trend of dust depletion decreasing as metallicities approach
1/100 solar (Akerman et al., 2005; Pettini et al., 1997; Vladilo, 2002; Vladilo et al.,
2018; Wolfe et al., 2005). All suggest minimal effects of dust on the abundance
ratios measured in the gas phase.

In order to separate nucleosynthesis during the pre-SN evolution of the progenitor
stars and during the explosion of the stars, we show the VMP DLA abundance
ratios with respect to oxygen in Figure 2.2. Oxygen provides insight into the
pre-SN evolution of the star because it is synthesized primarily during hydrostatic
burning. On the other hand, Fe is synthesized during the SN explosion. Intermediate
elements, such as Si, are produced significantly in both hydrostatic and explosive
nucleosynthesis. This distinction will play an important role in our comparison to

theoretical yield models in Section 2.5.

There should be a constant trend in the abundance ratios with respect to oxygen
because oxygen is synthesized hydrostatically, the majority of the elements in Figure
2.2 are synthesized hydrostatically, and there is only one source of nucleosynthesis
at the low metallicites that we are probing. In other words, most of the elements,
except Fe, and perhaps Si and S, should be produced roughly in the same proportion
in CCSNe.

There is evidence suggesting that [C/O] (vs. [O/H]) decreases for VMP DLAs until
a minimum is reached at [O/H] ~ -1.5 (Cooke et al., 2011b; Penprase et al., 2010;
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Pettini et al., 2008). This finding is based on extrapolating the behavior seen in
red giants in the Milky Way halo whose [C/O] (vs. [O/H]) shows a decrease at
low [O/H], a minimum at [O/H] ~ -1.5, and an increase to solar at high [O/H]
(e.g., Akerman et al., 2004; Fabbian et al., 2009). This rise in [C/O] at low oxygen
abundance has been interpreted as a PopllI signature owing to C enhancements from
zero metallicity stars. But the C abundances for red giants can be uncertain due to
the astration corrections necessary to infer their abundance (e.g., Kirby et al., 2015;
Placco et al., 2014; Smith, Briley, 2006). Also, C and O also could have 3D nLTE
corrections as large as -0.3 dex and -0.6 dex respectively. Recently, Amarsi et al.
(2019a,b) calculated 3D nLTE corrections for C and O abundances in metal-poor
stars and found that the downturn in [C/O] (at low oxygen abundance) is no longer
present; an increase is seen instead. Interestingly, if one were to observe [C/O] (vs.
[O/H]) from the VMP DLAs in isolation, a strong trend with [O/H] is not apparent;
a weak trend may be present (Berg et al., 2021; Cooke et al., 2017; Poudel et al.,
2020).

Nitrogen is also affected by astration but it has been shown that [N/O] (vs. [O/H])
does not vary with oxygen abundances below [O/H] ~ —0.7 for DLAs and instead
reaches a plateau (Petitjean et al., 2008; Pettini et al., 2008; Zafar et al., 2014a). This
behavior is similar to what is found for [N/O] in local dwarf galaxies at the lowest
[O/H] where for [O/H] < —0.7 there is a primary nitrogen plateau ([N/O]~ —0.65)
then a rapid rise with increasing [O/H]; for DLAs the plateau at low [O/H] is more
than 0.3 dex lower (Berg et al., 2019).

For these reasons, we use the same approach, rationale, and calculation to find the
medians of these ratios with respect to oxygen, and interpret the medians as the yield
ratios of CCSNe.

The medians of the abundance ratios with respect to oxygen in Figure 2.2 (and with
respect to Fe), and their 1-0- (68% confidence interval) uncertainties, are listed in
Table 2.2. These medians reflect the median IMF-averaged CCSN yield for zero-

and low-metallicity massive stars.

Kirby et al. (2019, hereafter K19) placed empirical constraints on CCSNe using a
method similar to what is presented here, except based on metal-poor stars in dwarf
galaxies. We compare the empirical yields they derived to our empirical yields in
Section 2.5.
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Figure 2.2: C, N, Fe, Al, Si, and S abundance ratios as a function of [O/H]. Same
symbols as Figure 2.1.

Table 2.2: Median Abundance Ratios of VMP DLAs

Element [X/Fe] [X/O]
C 0.16+0.20 -0.30+0.13
N -0.76+£0.34 -1.21+0.33
o 0.42+0.13
Al -0.11£0.11 -0.55+0.16
Si 0.32+0.16  -0.14+0.12
S 0.36+0.18 -0.27
Fe -0.41+0.13

Comparison Between VMP DLAs and VMP Stars

We compare the abundance ratios of VMP DLAs to VMP stars in order to understand
the robustness of these ratios. The grey background points in Figures 2.1 and 2.2 are
metal-poor stars compiled from the JINAbase database with -4 < [Fe/H] < -2
from the MW halo, MW bulge, ultra-faint dwarf (UFD) galaxies, and classical
dwarfs (Abohalima, Frebel, 2018). The x’s in the C and N panels are stars with
surface gravity (logg) small enough to necessitate corrections for evolution of
surface abundances on the giant branch. All of the stellar abundances are subject
to some nLTE correction, but the corrections for Al are particularly large. The grey
arrows in the figures show, to scale, the typical corrections needed to properly infer
the abundance ratios; [C/Fe]~+0.5 dex (Placco et al., 2014) for log g <1.6, [N/Fe]~-
1 dex (Placco et al., 2014) for log g <3.6, and [Al/Fe]~+0.8 dex (Nordlander, Lind,
2017) for stars with -4 < [Fe/H] < -2 and [Al/Fe] ~ —1. The exact values of
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the corrections depend on temperature, surface gravity, metallicity, and for C and

N, detailed abundances.

The red background points are a compilation of metal poor giants in ultra-faint
dwarf and classical dwarf (UF/D) galaxies compiled by Alexander J i2 (references

in Figure 2.1).

Figure 2.1 shows that the VMP DLA abundance ratios for N and Al (i.e., [N/Fe] and
[Al/Fe]) exhibit a distinct difference (up to ~ 1 dex) from VMP stars, whereas for the
others ([C/Fe], [O/Fe], and [Si/Fe]) show general agreement between the samples.
[Al/Fe] specifically show a systematic offset of -0.5 and can be explained by the nLTE
corrections needed to infer their abundances. Importantly, measuring abundances
from the cool dense gas from the DLAs is less susceptible to systematic effects than
measuring abundances in stellar atmospheres. Sulfur is under-represented in the

stellar sample because it has very few optical absorption lines.

Figure 2.2 shows similar trends as the previous figure. There is a systemic offset
between the VMP stars and VMP DLAs in [N/O] and [Al/O]. [C/O], [Fe/O], [Si/O]

show general agreement between the samples.

Taken together, Figures 2.1 and 2.2 give another quantitative, visual affirmation for
using VMP DLAs as a complementary set to VMP stars to constrain the yields
of zero- and low-metallicity CCSNe (e.g., Cooke et al., 2017; Prochaska, Wolfe,
2002b; Rafelski et al., 2012). For C, O, and Si, the abundances are complementary,
whereas for N, Al, and S, VMP DLAs offer the ability to constrain yields without
the effects of stellar astration (N), nLTE effects (Al), or observationally challenging
wavelengths (S).

The empirical CCSN yields in Table 2.2 can be used as inputs in galactic chemical
evolution models. Specifically, they could be an empirical guide to the first enriching

events of the system being modeled.

2.5 Theoretical Yield Comparison

In this section we compare the zero- and low-metallicity yields calculated by
Woosley, Weaver (1995, hereafter WW95); Kobayashi et al. (2006) and Nomoto
et al. (2006, together referenced hereafter as KN06); Heger, Woosley (2010, here-
afer HW10); Limongi, Chieffi (2018, hereafter LC18); and Ebinger et al. (2020,
hereafter EC20) to the empirical yields we derived in the previous section.

Zhttps://github.com/alexji/alexmods/data/
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Synopsis of the Theoretical Yields

We discuss the relevant aspects of the physical models and input parameters that
would affect the resultant yield predictions for the models below. For detailed

discussions of each model we refer the reader to the cited manuscripts.

Woosley, Weaver (1995)

WW95 calculated the nucleosynthetic yields from massive stars as a function of mass
and metallicity for elements through Zn. They computed 78 models that differed
in explosion energy (usually 1.2 x 10°! erg (1.2 B); B is a Bethe, or 10°! erg.),
metallicity (0-1 solar), and initial progenitor mass (11-40 My). We use the ‘Z’
models, which have zero-metallicity, e.g., a pre-supernova progenitor with a Big

Bang composition.

WWO95 evolved each star through the supernova explosion. The explosion was
achieved by means of a mass piston located at the edge of the iron core modeled in
1-D (modeling in 1-D is common to all the models hereafter). The piston was moved
inward at constant acceleration until it reached 500 km where it was moved rapidly
outward (bounce) at a velocity tuned such that the final kinetic energy of the ejecta
typically reached an energy of ~ 103! erg (1 B). The resultant shock decelerated in
the mantle of massive stars, which, among other effects, led to significant fallback

of Fe-peak elements. WW95’s nucleosynthesis yields account for this fallback.

The models included the effects of neutrino irradiation, which had a major effect on
the nucleosynthesis due to changes in the composition of the star before the shock
wave from the mass piston caught up to the material. Neglected processes that
could have affected the nucleosynthesis include neutrino capture processes, stellar

rotation, and a model of the explosion physics more realistic than a mass piston.

The piston was tuned to ensure an explosion. Some modern 3-D supernova models
explode without the need for a piston or thermal bomb by modeling the collapse
and explosion phase of the star (e.g., Burrows et al., 2019), though there still is no

consensus in the field as to a preferred method of explosion.

We explore the effects that an “explosion landscape” (wherein some supernovae
collapse into black holes without contributing to nucleosynthesis) on IMF-averaged
theoretical yields in Section 2.5. Also, we use the WWO95 yields as a qualitative
reference only and perform our analysis (i.e., compare theoretical abundance ratios

to VMP DLA abundance ratios) to their successor (see Section 2.5).
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Kobayashi et al. (2006) and Nomoto et al. (2006)

KNO6 calculated the nucleosynthetic yields for elements up to Zn as a function of
initial mass, composition, and explosion energy. We use their zero-metallicity yields
over their total progenitor mass range (13—40 Mg) and compare their two available
explosion energies: (1) 1 x 10°! erg (1 B), corresponding to a normal Type II
supernova and (2) 10 — 30 x 10°! erg (10-30 B), corresponding to a hypernova
(HN). The authors found that a HN contribution of 50% was optimal to match the
observed [a/Fe] trends in the Milky Way, but we vary the contribution from 0—100%

for our computed IMF-averaged yields (see Section 2.5).

KNO6 evolved the star from pre-supernova to explosion. Their explosion mechanism
is a “thermal bomb”’; when a critical density is reached in the core, the star is promptly
exploded with the specified energy for SNe and HNe. The authors used light curves
and spectral fitting from individual SNe to set the mass of *°Ni ejected, 0.3-0.5 Mo.
They also used the abundance ratios observed in EMP stars, specifically [O/Fe]=0.5,
to set the amounts of mixing and fallback, which are otherwise free parameters in

the calculations.

Included in their calculations were metallicity-dependent mass loss and neutron-
capture processes. They did not include any neutrino processes, stellar rotation, or

natural explosion physics (as opposed to a thermal bomb).

Heger, Woosley (2010)

HW10 computed nucleosynthetic yields for zero-metallicity stars as a function of
mixing (0.0-0.25; explained in the next paragraph), explosion energy (0.1 — 10 erg;
0.1-10 B), mass cut (S4 or Y,; also explained in the next paragraph), and progenitor
mass (10-100 My). Several model combinations matched the abundances observed
in different EMP stars adequately. One such model, as an example, had an explosion
energy of 1.2 B, standard mixing of 0.1, and an S4 mass cut. These models are the

successors to zero-metallicity models of WW95.

HW10 modeled their stars from main sequence to explosion using the KEPLER
code, which was also used by WW95. They found that the density and structure
of the zero-metallicity stars were the same as solar metallicity stars, implying a
common central engine for single stars. The mixing of heavy elements deep in the
star to outer layers was simulated by series of boxcar runs whose mass is set to be

some fraction (0.0-25.1%) of the He core mass. A mass piston was then used to
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Figure 2.3: The IMF-averaged yields from HW10 as a function of mixing parameter
and explosion energy. The color bar on the right of the figure denotes the [X/Fe]
for each mass cut, which are labeled on the right side of each panel. The Y, values
are vertically offset from the §4 mass cut for clarity. The lowest explosion energy
(0.3 B) points have their [X/Fe] value annotated above the point; they are all off the
color bar scale.

explode the stars. There were two locations that the piston was placed: (1) near the
base of the oxygen shell (where the entropy per baryon is S/N4 = 4.0 k; S4 model)
or (2) deeper in the star near the edge of the iron core (where the electron fraction
Y, becomes discontinuous; ‘Y,’” model). Following this mass cut, each mass piston
was moved to give the ejecta a final kinetic energy ranging from 0.3-10 x10°! erg
(0.3-10 B).

The models include neutrino irradiation and fallback. Neglected physics included
stellar rotation (though the authors added a “mixing” term that mimics the effect
of stellar rotation), neutrino winds (which would affect r- and some s-process

elements), and more realistic explosion physics (as opposed to a piston).

To see how the numerous parameters affect the resultant yields, and to pick a
preferred mass cut (S4 or Y, ) and mixing value (0.0-0.25), we show in Figure 2.3
the IMF-averaged (Salpeter) yields as a function of mixing, explosion energy, and
mass cut for the entire modeled mass range. The yields stay constant with mixing
but vary significantly (> 3.5 dex) with explosion energy. The insensitivity to mixing
is expected because the mixing is performed after all explosive nucleosynthesis and
fallback are computed. Because the Y, mass cut has only two explosion energies,
its predicted [X/Fe] range is more tightly constrained than the S4 cut. Even so, the
Y, range is always within the wider values predicted by the S4 cut so we elect to use
the S4 cut in our comparison. The yields from the lowest modeled energy in the S4
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models (0.3 B) differ significantly (1 — 3 dex) from the higher energy models, so we
neglect the low-energy models in our comparison. After this culling, the yields are
comparable regardless of mixing, so we choose a mixing value of 0, which leaves

explosion energy and mass as the only free parameters in our comparison.

Limongi, Chieffi (2018)

LC18 calculated the yields of elements up to Bi as a function of metallicity ([Fe/H] =
-3, -2, —1, 0), progenitor mass (13—120 M), and initial rotational velocity (v = 0,
150, 300 km s™!). We use their [Fe/H] = —3 model and masses from 13-100 M.
We discuss the choice of rotation velocity below.

LC18 modeled the evolution of their stars from pre-main sequence to presupernova.
The initial metallicity given to the stars for their [ Fe/H] = —3 models were scaled
from the solar composition (Asplund et al., 2009) for most elements (e.g., Al, N)
but abundance ratios (with respect to Fe) observed in metal-poor stars were used
for some elements (C, O, Si, and S). They exploded their star via a thermal bomb
with three different calibrations. Their preferred calibration (the one used in this
work) requires that (1) stars from 13-25 Mg have a mixing and fallback scheme by
requiring that the edges of the mixing region are fixed and that the mass cut is placed
such that 0.07 M, of “®Ni is produced and (2) stars more massive than 25 M, fully
implode and therefore any yields are from the pre-SN stellar wind. The explosions
energies that the authors calculated, which we infer from their quoted binding energy
of mass above the Fe core, ranged from 0.65-15 x10°! erg (0.65-15 B) for their
13-80 Mg, progenitors with the larger explosion energies corresponding to the more
massive progenitors. We fully decayed the isotopes in our yield comparison to their

final stable isotopes assuming 100% conversion.

LC18 included stellar rotation and mass loss but neglected realistic explosion physics

(as opposed to a thermal bomb).

Stars are known to have varying rotation velocities so there likely exists some
preferred Initial Distribution of ROtation Velocities (IDROV; analogous to mass
and the IMF), that is a function of mass and metallicity (Limongi, Chieffi, 2018;
Prantzos et al., 2018). At present, there has not been a detailed study of the IDROV
and its properties coupled with the IMF. Still, we construct a simple, observationally
motivated IDROV (see Section 2.5), alongside the yield predictions when all stars
are rotating at a single velocity (see Section 2.5).
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Ebinger et al. (2020)

EC20 of the PUSH collaboration (Perego et al., 2015) used an engine to self-
consistently explode stars and obtain nucleosynthetic yields for isotopes up to 2! ' Eu
as a function of metallicity (Z = 0 — 107 Z) and mass (11-75 My). We use their

zero-metallicity models, which have a smaller mass range of 11-40 M.

The authors used pre-SN models from Woosley et al. (2002). The explosion, which
relies on the delayed neutrino-driven mechanism, of the pre-SN progenitor was
simulated by following the core collapse, bounce, neutrino heating, and resultant
explosion (or implosion) of the stars in increments of 1 Mg assuming spherical
symmetry. The neutrino heating term, the most important term for the explosion, has
two free parameters that were calibrated such that the models reproduced properties
observed from SN 1987A.

The authors did not force the stars to explode but instead relied on the physical
outputs from their simulation to determine if an explosion was successful or not.
An explosion was deemed successful if the final explosion energy of the simulation
was positive. An explosion was deemed as a failure if the final explosion energy
was negative at the end of the simulation. From this criteria they found that stars
from 11-23 Mg and 27-31 M, successfully exploded whereas the other masses
failed, i.e., imploded into a black hole. The exploding stars contributed to yields
whereas direct-collapse stars did not. The resultant explosion energies ranged from
~0.3-1.6x10°! erg (0.3-1.6 B) with no uniform trend with progenitor mass.

Only explosive nucleosynthesis was considered in the yields published by EC20, so
we added the contribution from the preSN progenitors (i.e., hydrostatic nucleosyn-
thesis) to get the total yield (S. Curtis, private communication, Woosley et al., 2002).
This primarily affected the abundance of light elements (C, N, O) that are created
in small quantities during explosive nucleosynthesis. We could not compute a total
yield for Al because the pre-SN progenitors did not track it. We do not include the

Al predictions from EC20 in our subsequent analysis.

The authors included realistic explosion physics but neglected neutrino irradition

and stellar rotation.

Comparison Between Yield Tables
In Figure 2.4 we show the theoretical [X/Fe] predictions from the models described

in the previous section and compare them to empirical yields from VMP DLAs (see
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Figure 2.4: Predicted [X/Fe] for each yield table compared with the median [X/Fe]
from VMP DLAs. The dashed vertical blue line is the median of the VMP DLAs,
the blue shaded region shows the 1-0- uncertainties. The colored stars are empirical
yields derived by K19 from metal-poor stars in the respective dwarf galaxies (see end
of Section 2.4). EC20 predictions are shown as orange squares, LC18 as black/dark
grey diamonds (varying rotational velocities), HW10 as green tripoints (varying
explosion energy), KNO6 as blue pluses (varying HN contribution), and WW95 as
orange X’s.

Section 2.4). The [X/Fe] values were calculated by integrating the model yields
under a Salpeter IMF from a mass range of 10-100 M. We interpolate the yields to
achieve steps of 0.25 M, but did not extrapolate the yields outside of their modeled
masses (see mass ranges above). For [Si/Fe] we also compare the empirical yields
derived by K19 using metal-poor stars in the dwarf galaxies Sculptor (Scl), Leo I,
Draco (Dra), Sextans (Sext), and Ursa Minor (UMi) (see end of Section 2.4).

There is general agreement between the empirical yields and the theoretical [X/Fe]
predictions for the majority of elements. Each model reproduces the empirical yields
(within 1—0) for a subset of elements. [Si/Fe] and [S/Fe] are consistently reproduced
by all models. [C/Fe], [O/Fe], and [Al/Fe] show similar agreement (EC20 did not
track the total Al yields; see Section 2.5). [N/Fe] is a notable exception, it showed
the largest spread between models. Only one, HW10, reproduced the empirical
[N/Fe] yields. The [N/Fe] differences between the empirical yields and theoretical

predictions exceeded 0.5 dex for all other models.

The various models’ overall agreement in their [S/Fe] and [Si/Fe] predictions with
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Figure 2.5: Median [X/O] for VMP DLAs and predicted [X/O] for each of the yield
tables. Same symbols as Figure 2.4.

the VMP DLA data can be used to further argue that there is minimal dust depletion
in VMP DLAs. If this were not true, one would expect systematic discrepancies
between the nucleosynthetic predictions and the observed ratios in VMP DLAs, just
as one would expect some trend in [Si/Fe] and [S/Fe]. But neither is seen, further

suggesting that there is negligible dust depletion in VMP DLAs.

The majority of the yields derived by K19 fall just outside of our uncertainties, except
for Leo II. After accounting for K19’s yield uncertainties (0.02—0.08 dex), Scl and
Dra also become consistent with the DLLA estimates. Note that K19 measured Si
in red giants in a spectral range ~6300-9100 A. The only available Si lines in this
spectral range are weak due to their high excitation potentials, making it difficult to
measure Si in low-S/N spectra. This means there could be a bias toward higher Si
abundances for very metal-poor stars because lower Si abundances would result in
undetectably weak lines. In fact, extremely-metal poor Milky Way halo stars have a
plateau at [Si/Fe] = 0.4 (e.g., Frebel, Norris, 2015), which is consistent with the
VMP DLA abundances.

In Figure 2.5 we compare the theoretical [X/O] to the empirical yields. The theo-
retical [X/O] values were calculated using the same method as above for [X/Fe].

There is general agreement between the inferred empirical yields and the models for

a subset of elements, Si and S. We see near unanimous agreement between models
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in their predictions for [C/O], [Fe/O], [Si/O], and [S/O].(There is only one VMP
DLA data point available for [S/O].) Wide disagreement is seen in [N/O] where
only two models reproduced the empirical yields, HW10 and LC18. No model
reproduces [Al/O].

Explosion Landscape and IDROV

All of the models discussed thus far had their parameters tuned to ensure that the star
exploded, except EC20. This was also true for LC18, though they ensured that stars
above 25 M, fully imploded. There is strong evidence that massive stars in certain
regions of mass—metallicity space will collapse directly to a black hole, resulting
in zero metal yield, other than any yields from pre-SN winds (Adams et al., 2016;
Smartt, 2015; Sukhbold et al., 2016; Woosley, 2017). This so called SN explosion
landscape describes the ability of stars to explode or not by assigning one of two
outcomes to ranges of stellar mass (at fixed metallicity): (1) explosion potentially
with fallback or (2) direct collapse into a black hole. Fallback onto the dense remnant
during/after explosion has been shown to be rare in recent studies (Ertl et al., 2020;
Sukhbold et al., 2016). Still, given its importance, all of the models we described
previously (Sections 2.5-2.5) include fallback in their calculations. We add the
yield contributions for exploding stars (i.e., the yields with fallback included) and

remove 100% of the yields from the imploding stars.

Because there has not been a recent SN explosion landscape for zero- or low-
metallicity stars that accounted for the full mass range (10-100 M), we use results
computed by EC20 for the mass range 1040 M. They found that stars exploded
in the mass ranges 11-23 and 27-31 M, (in steps of 1 M) but did not explode
otherwise (see Section 2.5 for discussion of the EC20 models). We summarize the
explosion landscapes from EC20 and LC18 in Table 2.3.

Table 2.3: SN Explosion Landscapes

Model Range Step Explosion  Authors
Mo) Mo) Mo)
1040 1 11-23;27-31 EC20
13-120 2,5,10,20 13-25 LC18

To understand how the inclusion of realistic explosion physics changes the predicted
yields, we show in the top panel of Figure 2.6 abundance ratios from HW 10 modified
by the SN explosion landscape from EC20 (i.e., only adding the yields from stars

that the authors found to explode and removing the yields from those that do not) and
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as-published LC18 and EC20 yields, along with the empirical DLA abundances.

We chose not to adapt this SN explosion landscape to the other yield models because
they used different stellar evolutionary codes. The landscape is sensitive to the final
core structure of the star, which itself is sensitive to all prior modeling assumptions
(e.g., stellar evolutionary code, interaction cross sections, adopted reactions rates,
convection criteria, etc.) such that two authors using different assumptions will
likely have different landscapes. The progenitors used in HW 10 and EC20 used the
same formalism, based on the KEPLER code for stellar evolution, as were the the
progenitors from Woosley, Weaver (1995) and Woosley et al. (2002). Even though
there are differences present between the the progenitors of HW10 and EC20, they
are closer to direct comparisons than the other models, who used their own stellar
evolutionary code. We calculate the yields in the same manner as the previous
section except that we do not interpolate between the modeled masses to ensure that
only the stars that explode contribute to the yields. We compared this method with
the interpolation method of Section 2.5 and found that they are comparable, with

differences < 0.01 dex.

Similar to the SN explosion landscape, one can analogously construct an explosion
energy landscape that maps progenitor mass to explosion energy (i.e., remove ex-
plosion energy as a free parameter). EC20 predicted explosion energies ranging
from 0.3-1.6 B with a peak of ~1.6 B for the 25 M, progenitor, and a minimum of
0.3 B for the 31 Mg, progenitor. We adapt this explosion energy landscape to HW10
alongside their explosion landscape (i.e., we ensure that only stars that explode
contribute to the yields, and that the energy for each progenitor reflects the energy
calculated by EC20 for the progenitor mass), and show the IMF-averaged yields in
the bottom panel of Figure 2.6.

We discussed briefly in Section 2.5, that there likely exists a preferred IDROV which
one can map from progenitor mass to rotation velocity. There is strong evidence
for a bimodal velocity distribution among young massive stars in the local universe
in which there are slow rotators (40-60 km s™') and fast rotators (150-300 km s™')
(Kamann et al., 2020; Milone et al., 2018; Ramirez-Agudelo et al., 2015). Whether
a massive star is a fast or slow rotator does not strongly depend on its mass or
its membership in a binary system (Bastian et al., 2020; Bouvier, 2013; Kamann
et al., 2020). We construct a simple, observationally motivated IDROV that we
apply to the LC18 yields in which we require that all stars below a mass cutoff (15,

25, 30, or 40 M) are slow rotators with v, 70 = 50 km s~1, and stars above the
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Figure 2.6: Theoretical yield ratios compared to the empirical abundance ratios
[X/Fe] on the left and [X/O] on the right. Same symbols as Figure 2.4 unless noted
otherwise. The empirical yields and uncertainties (from DLAs and stars ([Si/Fe]))
are vertically offset for clarity. Top: Predicted yields from HW10 when imposing a
SN explosion landscape, and as-published LC18 and EC20 yields. Bottom: HW10
yields when imposing both the explosion landscape and explosion energy landscape
(i.e., fixing explosion energy), and LC18 yields when imposing an IDROV such that
all stars up to a given mass (e.g., 15 Mg; light grey diamond) rotate with a low initial
rotation velocity (50 km s~!) while stars more massive rotate at 250 km s~! (dark
grey diamond).

cutoff are rapid rotators with v, pien = 250 km s~!. We show the IMF-averaged,
IDROV-modified LC18 yields in the bottom panel of Figure 2.6.

This IDROV is based on observations of local, solar-metallicity, massive stars. The
IDROV might be different at low metallicity. Because there is little to no obser-
vational evidence on how rotational velocity or binarity changes at low metallicity
(Moe, Di Stefano, 2017), we adopt the IDROV mentioned above with the acknowl-

edgement that it will likely need to be modified when the necessary data is present.

The inclusion of the explosion landscape into HW10 does not make a significant
difference in the predicted abundance ratios (less than 0.2 dex for most elements).
The behavior seen here is similar to that in Figures 2.4 and 2.5, where for every
element HW10 has at least a few explosion energies (typically between 3—10 B)
that fall within the range of the empirical constraints, LC18 reproduces most of the
abundances, and EC20 is well within the empirical estimates for some elements and

differs by more than 1 dex for others.

Imposing the explosion energy landscape onto the HW 10 yields results in widespread
disagreement with the empirical yields; more than half of the predicted abundance
ratios fall well outside the empirical yield uncertainties. The largest disagreement

is for [X/Fe], where only one empirical ratio is reproduced, [N/Fe]. Similarly for
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[X/O], only one ratio is reproduced, [Si/O].

The IDROV-modified LC18 yields nearly unanimously reproduce the empirical
yields (except [Fe/O] and [Al/O]), an improvement compared to the simpler cases
shown in the top panel of Figure 2.6 (and Figures 2.4 and 2.5) where all stars are
assumed to rotate at the same velocity. The mass cutoffs in the range 25-40 Mg
predict comparable yields, whereas the 15 Mg cut-off differed by a small amount
(< 0.2 dex).

2.6 Lessons from VMP DLAs
In this section we discuss the physical reasons that could explain why each set of
yields matched (or did not match) the VMP DLA abundance ratios.

The large variation in explosion energy of HW10 ensured that at least one en-
ergy was able to reproduce the empirical yields for most abundance ratios (except
[Al/O]) when no explosion landscape or energy landscape was adopted. The energy
range that best fit the data varied between 3—-10 B. Although we cannot place any
constraints on a preferred mixing treatment (because they all predict comparable
abundance ratios; see Figure 2.3), we focus on the S4 mass cut over the Y, mass
cut because of the larger range of explosion energies that were modeled. KNO6
modeled a similarly wide energy range (1-30 B), but their yields did not reproduce
the empirical abundance ratios for as many ratios as HW10. One reason for this
could be the calibrations used by KNO6 of the amount of “°Ni that each star had
to produce. This observational constraint has the effect of restricting the predicted
abundance ratios to a smaller range of values than HW 10, who did not impose such
constraints in their models. When we applied the SN explosion landscape calculated
by EC20 in two different ways onto HW 10 we found 1) comparable yield predictions
when energy is left as a free parameter, but 2) wide disagreement when energy is
constrained to be a function of mass. Both points are consistent with the main
HW10 result (without the landscape constraints), that higher-energy explosions (>
3 B) were needed to reproduce the data. The disagreement in [X/Fe] with the fixed,
lower energies can be explained by the resultant low Fe yield from these models,
which systematically increased the [ X/Fe] ratios for the light and intermediate mass

elements (i.e., those synthesized hydrostatically).

LC18, similar to HW 10, consistently reproduced the VMP DLA yields with at least
one of their models (varying initial rotational velocity) falling within the empirical
estimates for each abundance ratio except [N/Fe] and [Al/O]. Similar to KN06, LC18
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tuned their models to reproduce observational constraints on the amount of “°Ni
produced in the supernova. They achieved this tuning by varying the location of the
mass cut for their pre-SN progenitor. The initial rotation velocity that reproduces the
empirical yields for most ratios was 0 km s~! (exception to this was [N/O], where the
higher rotation velocities reproduced the data). When a simple IDROV is adopted,
in which stars below a certain mass threshold were considered slow rotators (50 km
s~!) and stars above that mass cut were considered fast rotators (250 km s~1), we
found near unanimous agreement between the predicted yields and the empirical
yields (exceptions were [Fe/O] and [Al/O]). We acknowledge that this is a simple
parameterization that could be improved with better data on the rotation velocities
and binarity of low-metallicity massive stars, and/or when binary stellar evolution
is modeled in more detail. Even so, our findings may suggest that adopting some
observationally motivated IDROV is helpful in matching observed abundance ratios
of VMP DLAs.

KNO6 reproduced the empirical yields of most abundance ratios to within ~ 0.1 dex
of the 1-0 confidence interval. A HN contribution of > 50% was required to
reproduce more than half of the empirical yields. Exceptions to this agreement were
[N/Fe], [N/O], [C/O], and [Al/O]), which were ~ 0.3 — —1 dex discrepant with the
empirical yields. Because N is synthesized hydrostatically during H burning, and
is therefore not sensitive to the explosion mechanism of the star, one explanation
for this discrepancy could originate in the pre-SN evolution of the star. In contrast,

there the Fe yield could also be the cause of the discrepancy.

EC20 reproduced the empirical yields for more than half of the ratios we studied
(C, O, Si, and S with respect to O and Fe). N disagreed with the empirical yields
by up to a few orders of magnitude (Figures 2.4, 2.5, and 2.6), and Al did not
have a prediction for its total yield, so it was not included in our analysis. EC20
uniquely modeled the collapse and explosion phase of the SN for each of the stars
they modeled, but they did not model the MS evolution of the stars and instead
used pre-SN progenitors from the literature (see Section 2.5). Nitrogen, which
is synthesized hydrostatically, showed the largest discrepancy between the EC20
yields and the DLLAs. As argued previously, this discrepancy likely originates in the
pre-SN evolution of the stars. Another (less plausible) explanation could be that the
explosion landscape itself causes the discrepancy. Perhaps the combined mass of N
that was lost to implosion, if allowed to contribute to the yields, could account for
the differences between the predictions and the data (but see Griffith et al. (2021b)).
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EC20’s predicted abundance ratios for the intermediate-mass and heavy elements
studied here (S, Si, and Fe) consistently reproduced the empirical yields. This
suggests that the explosion mechanism employed by the authors is consistent with
the data.

There is an interesting discrepancy between HW10 (when the explosion energy
landscape is applied) and EC20. One would expect agreement between the two
models because they are based on similar progenitors, have the same explosion
landscape, and have the same energy constraints. But the bottom panels of Figure
2.6 show that there is still an average difference of 1 dex between them. Specifically,
the EC20 [X/Fe] ratios agree with the DLAs for most of the elements including
the intermediate-mass elements ([Si/Fe] and [S/Fe]). In contrast, HW10 shows
systematically high [X/Fe] for all ratios. EC20 has low [N/O], but they reproduced
the empirical [X/O] for all other elements, contrasted by HW10 which only re-
produced [Si/O]. As mentioned previously, HW10 produced very little Fe in these
low explosion energy models, and EC20 conversely produced a lot of Fe in their
lowest explosion energy models. The low iron yields from HW10 are explained
by increased fallback of iron-group elements with decreasing explosion energy.
Therefore, fallback treatment is likely causing the large discrepancy between the

two models.

A common feature in the models that reproduced the data were high explosion
energies. We showed in Figures 2.4 and 2.5 that the models that best reproduced the
empirical yields were those with explosion energies exceeding 2 B, namely KNO6,
HW10, and LC18. For calibrated neutrino-driven explosions it is difficult to exceed
this threshold, as seen in the peak energy explosion of 1.6 B calculated by EC20
(See also Ertl et al., 2016, 2020; Perego et al., 2015; Sukhbold et al., 2016). As
discussed in Section 2.5, it has been shown (Heger, Woosley, 2010) that the core
structures for solar metallicity stars and metal-free stars are similar, so it should be
the case that the explosion and explosive nucleosynthesis in these models should be
similar. Our work adds more evidence to suggest that the energetics of the explosion,
and potentially the underlying explosion mechanism, must be modified to allow for
higher energies if one is to match the abundances measured from VMP stars and
VMP DLAs. An interesting point of contention for this is the fact that EC20, which
had comparatively low explosion energies, consistently reproduced the abundance
ratios of half of the light elements (C and O) and all of intermediate-mass elements.

This suggests that that there may be no need for HN class explosion energies if one
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properly models the explosion phases of the delayed neutrino-driven mechanISM.

We do not have much observational data on how binarity of massive stars changes
at low-metallicity (Moe, Di Stefano, 2017), and are just starting to theoretically
explore the effects of binarity on their evolution and final outcomes (Ertl et al., 2020;
Vartanyan, Burrows, 2020). A potential solution for the low explosion energies of
neutrino-driven explosions would be to invoke a rotationally powered explosion
(Mosta et al., 2015) from stars that have evolved in binary configurations where
the progenitor gains a substantial rotational energy through its companion. These

rotationally powered explosions could achieve explosion energy comparable to HN
(~ 10 B).

2.7 Conclusions

We have placed empirical constraints on the CCSN yields of zero- and low-
metallicity stars using the abundances measured from VMP ([Fe/H] < —2) DLAs
available in the literature from the past 30 years. The majority of this compilation
is based on high-resolution spectroscopic measurements (Section 2.4). We equated
the median of the VMP DLA abundances with the IMF-averaged CCSN yield by as-
suming that the VMP DLAs are at the earliest stages of galactic chemical evolution,

where CCSNe dominate the nucleosynthesis.

We show that our approach is complementary, and at times superior, to using VMP
stars for the same work (Section 2.4; e.g., Berg et al., 2015a; Welsh et al., 2019).
In particular, for elements whose stellar photospheric abundances depend on the
assumption of LTE (O, Al), astration corrections (N), or difficult-to-measure atomic
transitions (O, S), VMP DLAs are superior because measuring abundances from

their cool, mostly neutral gas relieves the need for such corrections or considerations.

We compare the empirical yields to the most widely adopted theoretical yields in
the literature and find that all models can reproduce the empirical yields for a subset
of abundance ratios studied here by varying only a single parameter (e.g., explosion
energy, HN contribution, or initial rotation velocity). The yields calculated by
HW10 (Section 2.5) consistently reproduce the empirical yields with explosion
energies ranging from 3-10 B, even when a relevant SN explosion landscape is
adopted (Section 2.5). However, when fixing explosion energy for a given progenitor
mass with a functional form derived by EC20 (i.e., imposing an explosion energy
landscape) the theoretical yields disagree widely with the DLA observations. LC18

(see Section 2.5) reproduced most of the empirical yields with their 0 km s7!
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initial rotation velocity models, though some of the empirical yields were only
reproduced by the higher rotation velocity models. When we apply a simple IDROV
that mimics the bimodal velocity distribution of young massive stars in the local
universe, there is near unanimous agreement between the predicted abundance ratios
and empirical yields. KNO6 (Section 2.5) adequately reproduced the empirical yields
when contributions from HNe were > 50% for most ratios, reinforcing the ability

for high-energy explosions to match the DLA observations.

We found that the inclusion of realistic explosion physics (i.e., taking into account
ranges of initial stellar mass that fail to explode) in the theoretical yields does not
result in a quantitatively better fit to the empirical yields. Interestingly, models from
the PUSH collaboration or EC20 (see Section 2.5), show the largest discrepancies
in light element production (N) compared to the empirical yields, even though these
models take into account the explosion landscape with initial stellar mass. These
discrepancies likely originate in the pre-SN evolution of the star and not the modeling
of the explosion (see Section 2.5). This assertion is supported by EC20 consistently
reproducing the empirical ratios containing intermediate mass and heavy elements
(e.g., Si, S, and Fe), which are more sensitive to the explosion mechanism, but not

reproducing the ratios containing N.

Models that frequently reproduced the VMP DLAs abundance ratios had high explo-
sion energies (> 2 B). This finding adds more observational evidence to suggest that
higher energies are helpful, perhaps necessary, in reproducing abundances measured
from near pristine gas. However, these energies are believed to be unattainable with
neutrino-driven explosions (e.g., Ertl et al., 2020; Sukhbold et al., 2016). There is
some evidence that rotationally powered explosions, in which the progenitor gains
rotational energy from its companion, could provide the necessary explosions ener-
gies (Mostaet al., 2015). However, the close match between the empirical yields and
the predictions from EC20 of the intermediate mass elements (whose abundances
are more sensitive to the explosion of the star) supports the opposite conclusion:
HNe are not needed to explain the abundance patterns if the explosion of the CCSN
is modeled properly. A more detailed analysis of the Fe-peak element production

between these different models could answer this question definitively.

VMP DLAs have allowed for an empirically driven approach to quantify the abun-
dances of metals ejected from the first stars. They are complementary to using VMP
stars for the same purpose (e.g., Griffith et al., 2021a; Grimmett et al., 2018; Ishigaki
et al., 2018, K19). Improvements that would benefit future work using VMP DLAs
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include increasing the number of elemental abundances measured from VMP DLA
spectra so that more abundance ratios can be constrained, and increasing the sample
size of VMP DLAs to improve the statistics of the empirical constraints. Even with
our current constraints (Table 2.2), an interesting avenue of inquiry would be to
quantify how the results of galactic chemical evolution models (e.g., Kirby et al.,
2011, de los Reyes (submitted)) change when theoretical input yields are replaced
with our empirically estimated yields from VMP DLAs.
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Chapter 3

KBSS-INCLOSE I: DESIGN AND FIRST RESULTS FROM THE
INNER CGM OF CLOSE QSO LINE OF SIGHT EMITTING
GALAXIES AT z~2-3

Nuriez Evan Haze, Steidel Charles C., Kirby Evan N., Rudie Gwen C., Prusinski
Nikolaus Z., Chen Yuguang, Zhuang Zhuyun, Strom Allison L., Erb Dawn K.,
Pettini Max, Welsh Louise, Rupke David S. N., Cooke Ryan J. KBSS-InCLOSE.
I. Design and First Results from the Inner Circumgalactic Medium of QSO Line-
of-sight Emitting Galaxies at z ~ 2-3 // . X12024. 976, 1. 41.

3.1 Abtract

We present the design and first results of the Inner Circumgalactic Medium (CGM)
of QSO Line of Sight Emitting galaxies at z ~ 2 — 3, KBSS-InCLOSE. The
survey will connect galaxy properties (e.g., stellar mass M., interstellar medium
ISM metallicity) with the physical conditions of the inner CGM (e.g., kinematics,
metallicity) to directly observe the galaxy-scale baryon cycle. We obtain deep
Keck/KCWI optical IFU pointings of Keck Baryonic Structure Survey (KBSS)
QSOs to discover new star-forming galaxies at small projected distances b < 127
(98 kpc, 7 = 2.3), then obtain follow-up Keck/MOSFIRE NIR spectra to confirm
their redshifts. We leverage KBSS images and Keck/HIRES QSO spectra to model
stellar populations and inner CGM absorption. In this paper, we analyze two QSO
fields and discover more than 15 new galaxies with KCWI, then use MOSFIRE
for two galaxies Q2343-G1 (z = 2.43; G1) and Q2233-N1 (z = 3.15; N1), which
are both associated with Damped Lyman Alpha absorbers. We find that G1 has
typical M,,UV/optical emission properties. N1 has lower M, with very strong
nebular emission. We jointly analyze neutral phase CGM and ionized ISM in N/O
(for the first time at this z), dust extinction, and high-ionization CGM finding that
G1’s CGM is metal poor and less evolved than its ISM, while N1’s CGM and ISM
abundances are comparable; their CGM shows ~ 1 dex less dust extinction than
the ISM; and G1’s CGM has direct evidence of hot, metal-rich galactic outflow
ejecta. These findings support that metals and dust are driven into the CGM from
outflows, but may also be, e.g., stripped ISM gas or satellite enrichment. The full

KBSS-InCLOSE sample will explore these scenarios.
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3.2 Introduction

Connecting galaxy properties and the physical conditions of the inner circumgalactic
medium (CGM) of z ~ 2 — 3 star-forming galaxies is necessary to understand the
evolution of baryons in the galaxy. There have been many statistical analyses of
the z = 2 — 3 ISM (e.g., Kriek et al., 2015; Shapley, 2011; Shapley et al., 2005;
Steidel et al., 2003; Strom et al., 2017) and CGM absorption properties (e.g., Lehner
et al., 2014, 2022; Péroux, Howk, 2020; Prochaska et al., 2007b; Rudie et al., 2012;
Simcoe et al., 2006; Turner et al., 2014; Wolfe et al., 1986, 2005) but it is difficult

to make confident ISM-CGM connections of the same galaxy.

This redshift range lies close to the peak of star formation rate density in the
universe (sometimes called “Cosmic Noon”) when many galaxies were rapidly
assembling (i.e., heavily star-forming). It has been shown that rapidly star-forming
galaxies ubiquitously exhibit strong galaxy-scale outflows with occasional evidence
for inflows/accretion (e.g., Prusinski et al., 2021; Shapley, 2011; Steidel et al., 2010).

Strong outflows suggest that a significant amount of gas is being ejected into the
CGM (and/or intergalactic medium; IGM). Similarly, the presence of inflows may
indicate that previously-ejected gas—possibly mixed with primordial gas— falls
back onto the galaxy, providing fuel for further star formation and chemical en-
richment (e.g., Anglés-Alcézar et al., 2017; Tumlinson et al., 2017). The process
by which baryons transition through different phases (e.g., 7', p) during a galaxy’s
star formation history (SFH) is known as the “baryon cycle.” Such strong outflows
suggest that most of the baryons associated with a galaxy reside in the CGM dur-
ing the peak epoch of galaxy formation, and therefore it must be included in our

understanding of the galaxy formation and evolution process.

Even though there is a significant amount of mass in the CGM, the gas is very
diffuse and difficult to observe directly in emission due to its intrinsically low
surface brightness (e.g., Tumlinson et al., 2017). We must instead rely on unrelated
bright background sources (e.g., QSOs) to provide absorption signatures. A high
resolution spectrum of the background QSO provides a detailed, albeit singular,
view of the galaxy’s CGM at a particular projected distance, or impact parameter
(b), with the caveat that the pencil beam sightline might not be representative of the
entire CGM (e.g., Cooke et al., 2010; Rudie et al., 2019). This suggests that when
using galaxy-QSO pairs, one we must build a large statistical sample of galaxies
with similar properties (e.g., stellar mass M., star formation rate SFR, metallicity,

etc.) with background probes sampling a range of impact parameters.
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Galaxy-QSO pairs with small impact parameters (i.e., within the galaxy’s viral
radius or Ry;;) offer the best chance of seeing (1) CGM gas that is directly associated
with the galaxy, and (2) a causal connection between the galaxy’s ISM and CGM
properties, where ongoing star formation and AGN activity — and resultant feedback
processes — are likely to be reflected in the physical properties of the CGM (e.g.,
Mintz et al., 2022; Pratt et al., 2018; Prochaska et al., 2017; Turner et al., 2014,
Zahedy et al., 2021).

Work over the past decade using galaxy-QSO pairs has increased our understanding
of the CGM at low redshift (z ~ 0.3; e.g., Prochaska et al., 2017; Tumlinson et al.,
2017, 2013; Werk et al., 2014), intermediate redshift (z <0.3-1; e.g., Chen et al.,
2023, 2020a; Qu et al., 2023, 2022; Zahedy et al., 2021), z ~ 2 — 3 (Nielsen et al.,
2022; Rakic et al., 2012; Rudie et al., 2019, 2012; Turner et al., 2014, 2015, e.g.,),
and z ~ 3 — 4 (e.g., Galbiati et al., 2023; Lofthouse et al., 2023, 2020).

However, only at low-z and intermediate-z is there a large statistical sample (N>50)
of similar galaxies (e.g., with L ~ L,) with CGM gas probed within the virial radius
(b < Ryir). To date there are about two dozen z ~ 2 — 3 galaxies that are thought to
be associated with QSO absorption systems of various Ny densities and metal line
detections at b < 100 kpc in the literature (e.g., Krogager et al., 2017; Rudie et al.,
2019; Weatherley et al., 2005). Of these, less than a dozen have well-characterized
ionized ISM and stellar populations (i.e., far ultraviolet FUV and optical nebular
emission spectra, FUV-Optical SEDs; Rudie et al., 2019).

Rudie et al. (2019) used a sample of 8 z ~ 2.3 KBSS galaxy-QSO pairs with known
galaxy properties and found that the b < Ryj; high-z CGM is multiphase (with
singly, doubly, and triply ionized species sharing the same component or “cloud”
structure), kinematically complex (requiring more than 10 components to model
the absorption), contains a significant amount of metals (high covering fraction of
metal ions, and a large estimated metal halo mass compared to the ISM), has a high
occurrence of gravitationally unbound gas (70% of the galaxies have absorber com-
ponents with velocities in excess of the escape velocity vese ~450-550 km s71), and
is thermally supported (thermal broadening dominates over turbulent/non-thermal
broadening). These first results must be explored further to understand how and if
they correlate with galaxy properties such as stellar mass, SFR, nebular metallicity
and ionization, Ly halo properties, etc. To accomplish this, we must build a larger

sample of z ~ 2 — 3 galaxy-QSO pairs probing b < Ry;.

KBSS-InCLOSE (an extension to KBSS-KCWI; Chen et al. (2021)) is an ongoing
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campaign to connect galaxy properties with the physical conditions of the Inner
CGM of QSO Line Of Sight Emitting (InCLOSE) galaxies at z ~ 2 — 3. InCLOSE
will leverage the approach (and ancillary data) employed (gathered) by the original
KBSS survey (e.g., Rudie et al., 2012; Steidel et al., 2014; Turner et al., 2014)
to connect galaxies to the exquisite information provided by signal-to-noise ratio
S/N ~ 50 — 100 HIRES spectra of QSOs carefully selected to lie just “behind” the
galaxy survey volume. In spite of years of effort obtaining LRIS and MOSFIRE
spectra of more than 3,000 galaxies in the redshift range 2 < z < zgso ~ 2.8,
the census of galaxies in KBSS was known to be highly incomplete at very small
angular scales (0 < 8 — 10 arcsec), or impact parameters of b < 100 physical kpc
(pkpc) due to the “glare” of the PSF of the very bright (V ~ 16 — 17) QSOs. As
a result, there were only 8 spectroscopically identified galaxies with & < 100 pkpc
(1 of which with b < 50 pkpc, Rudie et al. (2019)) — and yet these are the only
systems in KBSS where the QSO spectrum is probing gas within the virial radius
of the galaxies (~ 80 — 90 kpc; e.g., Trainor, Steidel (2012)), where the response of
CGM gas to ongoing star formation and resultant feedback processes will be most

evident.

InCLOSE will address the incompleteness of the original KBSS survey at small
impact parameters to expand the sample reported in Rudie et al. (2019). Specifically,
Keck Cosmic Web Imager (KCWI; Morrissey et al., 2018) optical IFU pointings of
all the KBSS QSOs is used to find previously “missed” galaxies. Then follow-up NIR
spectra using the Multi-Object Spectrometer for InfRared Exploration (MOSFIRE;
McLean et al., 2012) will be obtained to spectroscopically confirm and characterize
the ionized ISM of newly found galaxies. Each KCWI pointing focuses on the regions
within 10 — 12" (82-98 pkpc at z ~2.3) of the QSO sightline, specifically configured
to discover previously unseen absorbing galaxies within projected distances of < 100
pkpc. This “discovery” phase is critical and relies on KCWI’s blue sensitivity for
detections of Lya emission (and FUV continuum) in the redshift range of interest,
z ~ 2.08 — 2.61. Additionally, the data cubes allow for accurate subtraction of
the QSO PSF which is required for detecting these near QSO line-of-sight (nLOS)

galaxies.

This redshift range is optimized to allow for observations of a large suite of strong
nebular emission lines in the observed-frame near-IR atmospheric bands with MOS-
FIRE including Ha, HG, [O I11], [O II], [S II], and [N II] at z ~ 2.3, all with resolving

power R ~ 4000. Rest-frame optical nebular spectra enable the measurement of
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ionized gas-phase physical conditions (H II regions) in the inner regions of galaxies,
allowing for a direct comparison of the galaxy ionized ISM properties with those
measured in the CGM. More explicitly they provide: (1) precise galaxy systemic
redshifts (uncertainties [6v| < 20 km s~!) from strong non-resonant emission lines
(e.g., [O III]A5008, Ha), (2) gas-phase oxygen abundance (and, for a subset, abun-
dances of N, and S), (3) measurements of star formation rates (SFRs) derived from
the dust-corrected Ha luminosity (or limits from Hf luminosity), and (4) dynamical

mass measurements, from nebular line widths when combined with HST sizes, etc.

Importantly, these critical diagnostics are almost entirely lacking in the literature
because the inclusion of the rest-optical spectrum of absorption-bearing nLLOS
galaxies has been done only a handful of times at this z (e.g., Christensen et al.,
2004; Christenson, Jorgenson, 2019; Mgller et al., 2002; Neeleman et al., 2018;
Rudie et al., 2019; Weatherley et al., 2005).

Each KBSS-InCLOSE galaxy will have (assuming 7 ~ 2.3): (1) a rest-FUV spec-
trum from KCWI blue covering 1060-1665 A in the rest frame, (2) a rest-optical
spectrum from MOSFIRE covering 3650-6800 A in the rest-frame, (3) deep imaging
from ground- and space-based observatories covering 0.1-1.4 um in the rest-frame,
including at least one band observed with HST/WFC3-IR, (4) a Lya emission and
velocity map (from KCWI blue), and (5) a HIRES spectrum of the background QSO
with average S/N~ 50 — 100 covering absorption systems from 970-3045 A in the
rest-frame. Using products (1)—(3) we will characterize the ionized ISM and stel-
lar populations of the galaxies, measuring or inferring properties such as systemic
redshift, star formation rate SFR, nebular metallicity, stellar mass, etc., and using
product (4) we will characterize the global view of the cold emitting CGM via Lya
and (5) analyze a highly detailed view (at b < Ryj;) of the CGM via background
QSO absorption, measuring or inferring H I and metal abundance, kinematic prop-
erties, and thermal properties. Altogether by combining (1)—(5) for a large sample
of galaxies we aim to explicitly connect galaxy and CGM properties of star-forming

galaxies at z ~ 2 — 3.

In this paper, we focus on two galaxies toward two QSOs — Q2343+1232 (zgso =
2.573) and Q2233+1310 (zgso = 3.295; which is not part of KBSS) — for which we
have added extensive new optical IFU data from KCWI (Christensen et al., 2004;
Trainor, Steidel, 2012). These fields have a rich history in the literature and are
known to have at least one nLOS star-forming galaxy per field. One of the galaxies,

toward Q2343+1232, was missed from the KBSS survey due to its proximity to
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the QSO (e..g., Strom et al., 2018) but was found recently by Nielsen et al. (2022)
using KCWI. The other galaxy is towards Q2233+1310. It was discovered using
rest-FUV color selection and was found by early optical IFU observations to be very
bright in Ly (e.g., Christensen et al., 2007; Steidel et al., 1996, 1995).

We selected these two galaxies because their brightness and proximity to QSO
sightlines allowed us to develop methods to discover and analyze new galaxies.
They should not necessarily be taken as representative of the broader InCLOSE
population. Rather, they are systems with high-quality data useful for refining our
methodology. These methods will be applied to future observations where we will
have little a priori knowledge about z ~ 2 —3 nLOS galaxies surrounding the KBSS
QSO0s. The workflow, techniques, and analysis presented here will be applied to the
growing KBSS-InCLOSE sample in future papers.

The main results of this paper can be found in Section 3.6. The paper is organized
as follows. In Section 3.3, we discuss our observations and data reduction, how we
remove the bright background QSOs from our datacubes and images, then we analyze
the galaxies’ ionized ISM emission via rest-FUV spectra, rest-optical spectra, and
rest-FUV to rest-optical SED. In Section 3.5, we analyze the inner CGM of the
galaxies via H I CGM emission (i.e., Lya halo, and background QSO absorption.
In Section 3.6, we discuss insights into the galaxy scale baryon cycle by explicitly
comparing ISM and CGM properties. In Sections 3.7 and 3.8, we discuss our
findings and caveats, then summarize the paper. We adopt solar abundances from
Asplund et al. (2009). We adopt the following ACDM cosmological parameters:
Ho=70km s~ Mpc™',Q,, =0.3,Qx =0.7.

3.3 Data and Observations

Discovering nLLOS Galaxies with KCWI

Obtaining KCWTI pointings of the KBSS QSO fields is crucial for discovering
new nLOS galaxies. Our primary KCWI configuration uses the Medium slicer
(slice width= 0769) and large blue (BL) grating to provide an optimal compromise
between field of view (FoV=~ 16”5 x 2073, or ~ 135 x 166 physical kpc (pkpc)
at z~2.3), wavelength coverage (3500-5500 A), and spectral resolution (2.5 A, or
R = 1400 — 2240) across the band.

A summary of the observations are shown in Table 3.1. For Q2233+1310, the
data comprise a total of 5 hours integration time taken with the same observational

approach, in which each of 15 individual 1200s exposures was obtained with a
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different position angle of the IFU on the sky, with small ( < 1” moves of the
center position of the pointing, in order to achieve reasonable spatial sampling and

minimize pixel covariance in the final data cube.

Table 3.1: New Observations Summary

Object Type Instrument RA Dec Lexp Date PI P/ID
(Config.) (J2000.0) (J2000.0) (hr) (Y/M/D)
Q2343+1232  Optical IFU KCWI 23:46:28.30 +12:48:57.8
Med/BL - - 52 2018/11/10  Steidel C305
Optical Images LRIS 23:46:28.42 +12:48:57.4
U,,G,R - - 1.9,0.7,2.2¢  2022/08/23 Steidel C409
NIR Spectra  MOSFIRE = 23:46:28.42 +12:48:57.4
JH.K - - 1.4,1.0,2.0° 2022/09/17 Steidel C409
Q2233+131 Optical IFU KCWI 22:36:19.21  +13:26:19.3
Med/BL - - 2.0 2021/09/05 Steidel C249
Med/BL - - 3.0 2021/08/11  Erb  R349
NIR Spectra  MOSFIRE 22:36:19.27 +13:26:16.9
HK - - 0.9,1.0¢ 2022/09/17 Steidel C409

a) Uy, G, R band exposure times.
b) J, H, K band exposure times.
¢) H, K band exposure times.

For Q2343+1232 we combined our own KBSS-KCWI data set, with a total exposure
time of 18700 s (5.2 hours) centered at a position 8”7 NE of the QSO (such that
the QSO falls in the SW corner of the final mosaic, where the net integration time
is closer to 17500 s), with additional data retrieved from the Keck Observatory
Archive! (KOA) (see Nielsen et al. (2022)) composed of two partially overlapping
footprints taken at the same PA, where the region of overlap is centered on the QSO
position with a total exposure time of ~ 5670 s (1.6 hours). In the region of full
overlap of between the two observations 2, the total exposure time is ~ 24400 s (6.8
hours), but the region SW of the QSO has received significantly less integration
time (0.8 hours).

We reduced the KCWI data using a custom version of the publicly available KCWI
DRP?, with modifications as described by Chen et al. (2021) including a second-pass

correction to the background subtraction.

Reduced data cubes from each individual 1200 s exposure were combined into a final
mosaic using a custom post-DRP pipeline* (Prusinski, Chen (2024); implementation

described in Chen et al. (2021)) that projects each exposure onto an astrometrically-

Thttps://koa.ipac.caltech.edu/cgi-bin/KOA/nph-KOAloginhttps://koa.ipac.caltech.edu/
2This includes the position of galaxy Q2343-G1.
3https://github.com/Keck-DataReductionPipelines/KCWIp, R P
“https://github.com/yuguangchen1/KcwiKit.git
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correct grid with spatial sampling of 0”3 x 0”3 or 072 x 072 and wavelengths
sampled with 1 A/pixel.

The same procedures were used to re-reduce the archival KCWI data (in the case of

the Q2343 field) and incorporate them into the final mosaic.

Need for QSO PSF Subtraction

Galaxies with small impact parameters will have varying levels of “contaminant”
emission from the bright background QSOs that must be removed. The QSO
contamination affects all derived physical properties of the galaxy deduced from the

datacubes, extracted spectra, and images.

The difficulty of QSO subtraction from the IFU cubes is exacerbated by our goal of
detecting the nebular line emission and stellar continuum emission of the galaxies
in the rest-FUV, e.g., to measure kinematics and flux of spatially extended Ly«

emission and interstellar absorption lines.

In the following sections, we present two methods for subtracting QSOs from the
KCWI cubes. The first method recovers only extended line emission from the galaxy
and is used first to detect new line emitting objects, then for analyzing extended line
emission, e.g., Ly in the emitting CGM. The second method recovers the full rest-
FUV spectrum of the galaxy (FUV continnum+Lya halo) and is used to detect nLOS
continuum-emitting sources, then measure line flux, line centroids, and equivalent

widths of nebular emission and interstellar absorption lines.

QSO PSF and Continuum Source Subtraction, and Halo Extraction using
CubePSFSub

CubePSFSub is a routine within the package CubExtractor (Cantalupo et al., 2019,
hereafter C19) that removes QSO emission using an empirical PSF model con-
structed from the cube itself. It provides an efficient means to discover new line
emitting galaxies and extract physical properties of their Ly« halos. The package is
described in detail in C19 but we summarize it here. The inputs for the program in-
clude the position of the QSO, an inner radius (R;;) to set the normalization constant
for the subtraction, an outer radius (R,,,) within which the subtraction is performed,
a spectral width (AA) to define the PSF size, and number of spectral bins to divide
the cube (Npins).
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CubePSFSub makes pseudo-narrowband images using the mean flux across the
spectral width AA (for each spaxel) using R;, (usually a cirular aperture with a
radius of 2 pixels which is the typical two-dimensional 2D Gaussian full width at
half maximum (FWHM) of the QSO ~4 spaxels) to set the peak value of the image.
It then subtracts a flux scaled, pseudo-narrowband image from each wavelength slice
of the data cube. We ran the routine with no spectral binning i.e., a running filter.
We mask wavelength layers where we expect there to be line emission to reduce

oversubtraction.

We varied the spectral width from 50 A to 750 A and found that values between 250—
500 A were preferable. We tested this explicitly by fixing all other parameters (R;,,
Rou), then extracting the resultant extended emission from Q2233-N1’s Ly« halo
using CubEx (assuming spatial and spectral filtering of 1 pixel, and a S/N=1.5). We
found that PSF sizes between 250400 A resulted in comparably extended emission,
while values below (above) this threshold resulted in 6% (2%) less detected emission.
Additionally, values below this threshold left the cube with significantly increased
instances of over-subtraction. Values above the threshold increased the overall
residuals. We used a spectral width of 350 A for Q2343+1232 and 300 A for
Q2233+1310.

Finally, after PSF subtraction we removed all continuum sources from the cube using
the CubeBKGSub package (in CubExtractor) to ensure that neither QSO continuum
nor other continuum sources were left in the cube. We use the same parameters
as C19 by setting the median filtering to a bin size of 50-100 A with a spatial and
spectral smoothing of 1 pixel (0.3, 1A).

We are left with a continuum subtracted datacube that contains only extended line
emission, which we use to find new line emitters, then characterize the physical
properties of the emitting CGM (e.g., physical size, flux, kinematics) in Section 3.5.

We refer to these cubes as “QSO+continuum subtracted.”

Spatially extended line emission maps were extracted from these cubes using a
combination of CubExtractor and a custom script to find peaks of Lya emission per
spaxel. CubExtractor was used to make segmentation masks to highlight the voxels
(RA, Dec, Wavelength) that are within 3000 km s~! of the emission line of interest
(i.e., Lya) and have a signal-to-noise ratio greater than 3.5 after the cube is spatially
and spectrally filtered by 1 spatial bin (0.2” —0.3” ) and 1 spectral bin (1 A), which
are typical values (e.g., Cantalupo et al., 2019; Langen et al., 2023). The 3D mask

is then flattened to 2D by summing all spaxels to a single value (i.e., collapsing
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over wavelength) and keeping pixels with values >1 (i.e., we ensure that there is
a detection in each spaxel; discussed more later). The segmentation mask is then
applied to the 3D cube and (1) all of the surface brightness (SB) within each spaxel
is summed to create spatial distribution maps, then (2) the peak wavelength of each
spaxel is located and converted to velocity using the systemic redshift measured

from Section 3.5.

We compared our methodology to the maps that can be generated from CubEx and
find that they are comparable. We used our custom script due to its flexibility to

more easily remove the QSO residuals from the SB and velocity maps.

QSO Spectral Subtraction using IFSFIT

IFSFIT (Rupke, 2014; Rupke et al., 2017) uses a purely spectral approach to subtract
QSOs from data cubes. This approach can disentangle the spatially and spectrally
varying contributions of the QSO in each spaxel so as to remove only the QSO light

but preserve nLOS galaxy light.

Rupke et al. (2017) described the method in detail but here we summarize the main
differences in our implementation. We want to remove all emission related to the
QSO including its host galaxy so we modified the method to rely solely on the
input QSO spectrum. Our method can be broken down into four steps: 1) QSO
continuum extraction, 2) QSO subtraction, 3) QSO halo extraction, and 4) and QSO

halo subtraction.

Step (1) is to extract the QSO continuum spectrum from the KCWI data cube. We use
a circular aperture centered on the QSO position with a diameter equal to the FHWM
(seeing) of the pseudo-broadband cube (2D collapsed by summing from 3500-5500
A) i.e., where the QSO dominates the spectrum. The QSO centroid and the seeing

were determined from a 2D Gaussian fit performed on the pseudo-broadband image.

Step (2) is to feed the extracted QSO continuum spectrum into IFSFIT without
stellar population synthesis models or emission line modeling (steps 1 and 2 from
Rupke et al. (2017)). Algorithmically, the program extracts the spectrum of each

spaxel and models it as two components such that

SspaxeL(x,y) = A(x,y) X Sgso + Scont (X, y) (3.1)

where Sspaxpr(x,y) is the extracted spectrum from location x,y, A(x,y) is a

constant that scales the input QSO spectrum according to a series of exponential
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functions (which keeps the QSO spectrum positive-definite and accounts for changes
in seeing and spectral sensitivity) based on the x, y location in the cube, Sqso is the
input QSO spectrum, and Sc,p (x, y) is the featureless additive continuum model.
For example, if there is a galaxy present in the spaxels at (x, y) then Scons = SGataxy-
In all cases, both A and § are fit to minimize the residuals between the data (Sspaxer)

and model (A X Sqso + Sconr)-

The output is a QSO-continuum-subtracted cube, i.e., the difference between the

Sspaxer and A X Sgso, expressed as

Scont = Sspaxer — A X Sgso (3.2)

In Figure 3.1 we show the results of this procedure before and after being applied to
the KCWI cubes towards Q2343+1232 and Q2233+1310.

Previously known galaxies Q2343-G1 and Q2233-N1 are clearly visible in the
subtracted data cube along with more than seven new galaxies per field.

In order to ensure that the continuum and spectral lines detected in the extracted
galaxy spectra were minimally affected by residual contamination from the QSO,
we varied the radius of the circular aperture used to define the QSO spectrum and

examined the resultant extracted galaxy spectra.

We found that the galaxy spectra extracted from the QSO-subtracted data cubes were
insensitive to the aperture size used to define the QSO “basis spectrum”; in general,
the aperture radius does not affect the strength or centroid of galaxy emission or
absorption features or the overall shape of the galaxy continuum (see Appendix A
for more details). We used the aperture that fully sampled the QSO PSF (i.e., an
aperture with a 2-spaxel radius) as our default.

Steps (3) and (4) of the spectral cube subtraction are concerned with extracting
and subtracting extended nebular emission associated with the QSO because it
could affect the extracted spectra of nLOS galaxies, e.g., elevating the continuum
surrounding nebular emission, and interstellar absorption lines. The Lya emission
is generally more narrow (spectrally) than the emission from the broad-line region
meaning it is not completely removed in Step (2). To remove the extended narrow-
line QSO halo emission, we first visually identified spaxels that contained extended
Lya emission in the QSO continuum-subtracted cube. We extracted the average Ly«
spectrum ensuring that no spaxels were spatially coincident with emission from other

objects in the field (Step 3). In other words, we assume that we can represent the
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Figure 3.1: Rest-FUV and rest-Optical images of the QSO sightlines. Left column:
Keck/KCWI pseudo-broadband (3500-5500 A) images before and after (Middle
column) QSO subtraction; the images are on the same scale and stretch, showcasing
the effectiveness of the subtraction (see Section 3.3). The grey contours in the post
subtracted images show constant Ly« surface brightness (viy, ~ +1000 km s71; dis-
cussed in Section 3.5) Right column: HST images of the QSO sightlines. Objects at
a similar redshift have the same color and are summarized in Section 4.3. Top row:
The small red circle shows QSO Q2343, the large blue circle shows galaxy Q2343-
G1, the Ly contours show 0.35, 0.06, 0.01, 0.0012 x10™7erg s™! cm™2 arcsec™>
for the galaxy, and the HST-IR/WFC3 F160W image shows all objects at higher
resolution. Bottom row: The red circle shows QSO Q2233, the large orange
circle shows galaxy Q2233-N1, the Lya contours show 0.06, 0.04, 0.02, 0.002
x10~"7erg s™! cm™2 arcsec™? for the galaxy, and the HST/WFPC2 F702W image
shows all objects at higher resolution. Both galaxies lie at small impact parameter
b ~ 20kpc (see Table 3.2). More than 15 new galaxies were discovered from the
KCWI cubes. North is up and east is left.
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QSO Ly halo peak flux and line shape using an average one-dimensional (1D)
spectrum, which should be adequate to remove the most luminous portions of the
halo.

We fed the 1D Lya halo spectrum into IFSFIT where it was run on the QSO
continuum-subtracted cube in the same two-component mode described above’.
The resultant cube is QSO continuum-+halo subtracted that can be used to extract
the spectrum of continuum-detected objects at very small impact parameters with

minimal flux from the QSO continuum or Lya halo.

We show the effects of all four steps on the extracted spectra of galaxies Q2343-G1
and Q2233-N1 in Appendix A.

We refer to the resultant cube as “QSO-spectrally subtracted.” With this cube
we were able to find continuum emitting nLOS galaxies and measure their emis-
sion/absorption line properties (see Section 3.3). We also used the cubes to verify
the extent and flux of Ly« emission from the galaxies, finding that they are compa-
rable (i.e., Figure 3.7 is the same regardless of using the QSO-spectrally subtracted

cube or the QSO+continuum subtracted cube)

The 1D rest-FUV spectra of the galaxies were extracted from the QSO-spectrally
subtracted KCWI cubes (see Section 3.3) by averaging all of the spaxels that con-
tained continua of the galaxy as seen from the pseudo-broadband images (summed
from 3500-5500 A). We preferred this method over, e.g., weighting the spaxels
based on their flux, because the extracted spectrum was otherwise noisier, likely due
to to a combination of object faintness and increased noise residuals from the QSO

subtraction process.

At the top of Figures 3.2 and 3.3 we show the smoothed (3 pixels/A; for clarity)
rest-FUV spectra of G1 and N1 with IS lines overplotted at the galaxies systemic
redshift (Section 3.3). The quality of the KCWI spectrum is such that average IS
lines have S/N > 2, which is adequate for checking preliminary redshift; Lya has
S/N > 50.

New Objects Toward Q2343+1232 & Q2233+131

We identified previously uncatalogued objects using the deep KCWI cubes. We

started classification by making pseudo-broadband images from the non-QSO sub-

>The QSO’s Lya halo spectrum is featureless (i.e., effectively zero) at all wavelengths besides
the QSO peak, because the cube has already been QSO continuum subtracted.
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tracted cubes where we catalogued new “Continuum Serendipitous” sources, which
we call CS#; these sources are always found at b >3-5". There were sources that
would not have been possible to detect without QSO subtraction because they were
“Hidden Under” the QSO PSF. We call these objects HU#; they are always found
at b <3-5” and have continuum detections as seen in images made from the QSO-
spectrally subtracted cubes (see Section 3.3). Finally, faint line emitting sources
were catalogued as “Emission Serendipitous,” which we call ES#; these sources are
found at all impact parameters by scanning through the QSO+continuum subtracted
cubes via narrow bandpasses (~10-20 A); ES# sources have no continuum detec-
tion in the QSO-spectrally subtracted cubes. We catalog the object IDs, their sky
position, preliminary FUV redshifts, and some notes in Table 3.2. Several objects

are omitted from the table and will be discussed in future work.

In field Q2343+1232 (Q2343 hereafter) we discover seven new objects and recover
three objects, the main one being Q2343-G1 (G1 hereafter). G1 was missed by
Wang et al. (2015) who searched for Ha emission around high metallicity high-H I
absorbers (i.e., Damped Lyman Alpha Absorbers, DLAs) at z ~2.4 due their small
footprint of only ~12.5 kpc. G1 was one of three galaxies (G1, G2, G3) discovered
by Nielsen et al. (2022) (N22 hereafter) with KCWI who were searching for host
galaxies of strong Mg II absorption at z ~ 2. Our new cube confirms their main
finding that G1 is at the same redshift as the DLA (zpr4 ~ 2.431) but shows that
galaxies G2 and G3 are not. They appear as bright continuum emitting objects
in the QSO-spectrally subtracted cubes but show no Lya or IS lines at the DLA
redshift. However, we find two new objects at the same redshift of G1 from their
Lya emission which we call G1-E (east; towards G3) and G1-S (south; towards G2).
It is likely that these are the galaxies that N22 originally catalogued. We discuss
these new galaxies in detail in Section 3.6.

In field Q2233+131 (Q2233 hereafter), we discover 12 new objects and recover four
objects, the main one being Q2233-N1 (N1 hereafter). N1 is a well-studied Lyman
Break Galaxy (LBG; e.g., Christensen et al., 2007; Christenson, Jorgenson, 2019;
Mgller et al., 2002; Sargent et al., 1989; Steidel et al., 1996) that was discovered in
a search for hosts of optically thick absorbers near QSO sightlines from its UGR
continuum photometry (Steidel et al., 1995); the first optical IFU observations were
acquired by Christensen et al. (2004, 2007) and the first NIR IFU observations were
by Christenson, Jorgenson (2019).

Recently, Ogura et al. (2020) acquired ALMA Band 8 (600-800 ym) observations
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of the Q2233+1310 sightline and surrounding field to search for [CII]A158 um

emission from N1. No significant emission from N1 was detected, but two other
galaxies with significant dust continuum emission were identified, located at angular
distances of 4”77 and 8”1 from the QSO, respectively.

We report a significant detection of object Q2233-CS3 which has a previous detec-
tion (and photometry) from Steidel et al. (1995, object #1), and a recent detection in
the sub-mm from Ogura et al. (2020, SMG 2). These are all likely the same source
because their coordinates are consistent, the F702W and KCWI pseudo-broadband
image show a similar morphology, and its colors are consistent with a Lyman break
for a galaxy at Lya redshift z1y, = 2.077 (G-R=0.65; U,-G=1.33; Steidel et al.,
1995).

We report a significant detection of object Q2233-CS4 which has a previous detec-
tion (and photometry) from Steidel et al. (1995, object #7). CS4 is bright in FUV
continuum, and has colors that are consistent with the zyy, = 2.088 we measure
from KCWI (G-R=0.26; U,,-G=0.82; Steidel et al., 1995).

We report a significant detection of Q2233-CS5 and have marginal evidence that it
might have been detected recently in the sub-mm by Ogura et al. (2020, SMG 1).
The uncertainty arises from its published coordinates and the ensuing ~1” difference
that we measure from its position with KCWI. However, we measure zpy, = 2.078
which is typical of sub-mm galaxies with no continuum detection in non sub-mm
bands (e.g., Chapman et al., 2005; Danielson et al., 2017).

Since Q2233 is not a part of KBSS it lacks crucial ancillary data so we do not
include it in the InCLOSE sample. Nonetheless, it serves as an excellent example
of using KCWI to find new nLOS galaxies. We have at least three objects per field
that are at redshifts appropriate for rest-optical follow-up. Namely G1, Q2343-G1E,
Q2343-G1S, Q2343-ES1 N1, Q2233-HU4, and Q2233-HUG.

MOSFIRE

All NIR spectra used in this work were obtained using Keck/MOSFIRE (McLean
et al., 2012). MOSFIRE uses a cryogenic configurable slit unit (CSU) to form
single-slit or multi-slit masks in the telescope focal plane. The integration times

and program IDs are summarized in Table 3.1.

In the case of G1 , the object was included as part of a multi-slit mask that also
targeted a number of other galaxies of interest in the Q2343 KBSS survey field. The

observations were obtained using the same CSU mask configuration in the J, H, and
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Table 3.2: New KCWI Objects

KCWI-ID RA Dec ZKCWI b b Notes
(J2000.0) (J2000.0) (" (kpe)
Q2343+1232
1.9 < z < zgso
Q2343-G1 23:46:28.4278 +12:48:57.440 2.4343 2.57 20.8 Nielsen et al. (2022)
Q2343-G1E 23:46:28.5397 +12:48:57.561 2.4335 4.17 33.9 Same 77y, as Gl, towards G3
Q2343-G1S 23:46:28.4160 +12:48:55.480 2.4359 3.39 27.5 Same z1y, as G, towards G2
Q2343-ES1 23:46:27.9218 +12:48:55.550 2.097 542 45.1 HIbutno metals in HIRES
z<19orz 2 zgso
Q2343-G2 23:46:28.4303 +12:48:55.020 ? 3.83 Nielsen et al. (2022)
Q2343-G3 23:46:28.5839  +12:48:56.980 ? 4.84 Nielsen et al. (2022)
Q2343-HUI 23:46:28.471  +12:48:59.68 3.0449 3.31 ZLye and Lyb
Q2343-ES2 23:46:28.156  +12:48:55.48 2.661 2.86 Marginal in f110w,f140w,f160w,No H I in HIRES
Q2343-ESN 23:46:28.3218 +12:48:58.951 Zgs0 1.41 Seen in KCWI Lya maps centered at z450
Q2343-ESS 23:46:28.1840 +12:48:56.448 Zgso 1.78 Seen in KCWI Lya maps centered at z450
Q2233+131
1.9 < z < zgso
Q2233+131-N1 22:36:19.2733  +13:26:16.950 3.1537 2.55 19.3 Steidel et al. (1995)

Q2233+131-CS3 22:36:19.2296 +13:26:11.329 2.0773 8.03 66.9 #1 in Steidel et al. (1995), SMG2 (Ogura et al., 2020)
Q2233+131-CS4 22:36:19.5772  +13:26:06.951 2.0888 13.4 113 #7 in Steidel et al. (1995)

Q2233+131-CS5 22:36:19.6789 +13:26:17.458 2.0781 7.02 58.5 May be SMGI (Ogura et al., 2020),Faint in 702w, H I in HIRES
Q2233+131-HU4 22:36:19.0827 +13:26:21.122 3.1460 2.61 19.8 Similar z7,, as N1

Q2233+131-HU6 22:36:19.4286  +13:26:20.497 3.144 331 25.1 Similar z7,, as N1,near multiple sources in F702W
z<19or z 2 zgso

Q2233+131-CM1-1  22:36:18.6267 +13:26:22.225 0.4124 9.01 zo11,1/2 in Complex1,Large spiral galaxy
Q2233+131-CM1-2  22:36:18.9364 +13:26:24.828 0.4124 6.81 z011,2/2 in Complex1,Same z as CM1-1
Q2233+131-CS2 22:36:18.7803  +13:26:15.500 ? 7.37

Q2233+131-CS6 22:36:19.6848  +13:26:10.131 ? 11.5

Q2233+131-CS7 22:36:20.2202  +13:26:16.619 0.1466 14.7

Q2233+131-HU1 22:36:18.9428  +13:26:20.377 ? 4.06 May be part of HU4 complex

Q2233+131-HU3 22:36:18.8957 +13:26:16.737 ? 5.29 Faint in 702w,marginal HI and Fell in HIRES

K bands, using the same approach described in previous KBSS work (Steidel et al.,
2014; Strom et al., 2018, 2017). The sky position angle of the instrument field of
view was chosen so that G1’s 077 x15”0 slit would also include galaxy Q2343-G2
and Q2343-G4. Total integration times of 1.4, 1.0, and 2.0 hours were obtained in
J, H, and K bands, respectively, over the course of the nights of 2022 September
14-16, under variable seeing conditions (0”5-078 FWHM).

In the case of Q2233-N1, spectra in the H and K bands were obtained using MOS-
FIRE with a 0”7 longslit oriented to include both galaxy Q2233-N1 and the QSO,
using a 2-position nod sequence and a nod offset of 20”0 instead of the 3”0 used for

multislit masks.

The data were reduced using the publicly-available MOSFIRE DRP®, which pro-
duces background-subtracted, flat-fielded, wavelength-calibrated, telluric-absorption
corrected, heliocentric-velocity shifted, rectified, and stacked 2D spectrograms for
each slit on the CSU mask. We refer the reader to Steidel et al. (2014) for more
details on the data acquisition and reduction, and to Strom et al. (2017) for details

on the flux calibration and slit loss corrections.

®https://keck-datareductionpipelines.github.io/MosfireDRP/https://keck-
datareductionpipelines.github.io/MosfireDRP/
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We use MOSPEC (Strom et al., 2017)” to extract 1D spectra from the 2D spectro-
grams. For Q2343-G1, the spatial profile of the galaxy was modeled as a Gaussian
and used to perform optimal extraction of the 1D spectrum for each band. Slit
loss corrections were determined separately for the J, H, and K band spectra using
a method described by Strom et al. (2017), which combines information from the
spectrum of the calibration star included on the slitmask with comparison to inde-
pendent measurements (on other KBSS masks) of emission line fluxes of objects
that were also observed on the CSU mask. The slit loss corrections for G1 are 1.72
+0.05Q), 1.61 £ 0.03 (H), 1.33+0.2 (K). Slit loss corrections for N1 are 1.85+0.1
(J,H).

We show the MOSFIRE spectra of G1 and N1 in in the bottom panels of Figures 3.2
and 3.3. G1’s rest-optical spectrum (Figure 3.2) shows significant detections (S/N>
6.507) of most of the major diagnostic emission lines including [O 111113727, 3729,
Hy, HB, [O 1I1]144960, 5008, Ha, and marginal detections (S/N> 20) of [Ne
11113829, [N 111416549, 6585, [S 11]116718, 6732. We measure a nebular redshift
of Zyep = 2.4312 £ 0.0005 and adopt this redshift as the systemic redshift for the

remainder of the paper (i.e., Zsys = Zneb)-

The MOSFIRE spectra of N1 (Figure 3.3) shows significant detections (S/N> 40-)
of [O III]244960, 5008 and HB, and marginal detections (S/N> 2.207)) of [O
11]AA3727, 3729, [Ne 111]A3869. Ha was not observed because it was shifted out of
the NIR atmospheric bands. We measure a nebular redshift z,,., = 3.1509 + 0.0005
and adopt it as zsy;. We analyze the MOSFIRE spectra in Section 3.4.

Images & Photometry

We use extant and archival images, and archival photometry to construct spectral
energy distributions (SED) of the galaxies. For Q2343, new ground-based UV and
optical images (U,GR; see e.g. Steidel et al. (2003)) were obtained on August
28, 2022, from Keck/LRIS (Oke et al., 1995; Steidel et al., 2004), Table 3.1 shows
integration times and dates. Ground-based JH images (published by e.g., Steidel
et al., 2014; Strom et al., 2017) were taken using Magellan/FourStar (Persson et al.,
2013). Ground-based Kg images were taken using Palomar/WIRC (data published
in e.g., Steidel et al., 2004) (Wilson et al., 2003). Finally, space-based NIR images
were taken with HST/WFC3IR-F140W (Trainor PID#14620 20160ctober05) and
HST/WFC3IR-F160W (Law PID#11694 2010Junel3), and a reduced and science-

https://github.com/allisonstrom/mospechttps://github.com/allisonstrom/mospec
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ready F110W image was pulled from the Hubble Legacy Archive (HLA Lindsay
et al., 2010) HST/WFC3IR-F110W (Forster Schreiber PID#12578 2017 August21).

For N1, reduced and science-ready images were pulled from the HLA, including
HST/WFPC2IR-702W (Macchetto PID#6307 19997May09) and HST/NICMOS-
F160W (Warren PID#7824 1998Aug(07). UGR photometry is from Steidel et al.
(1995), based on images taken from the William Herschel Telescope (Un,R) and
MDM/Hiltner (G,R), and K band photometry is from Steidel et al. (1996) based
on images taken from Keck/NIRC1 (Matthews, Soifer, 1994). Our photometry

measurements are discussed in detail in Section 3.3.

In the right panels of Figure 3.1 we show G1, N1, background QSOs Q2343
and Q2233, the newly identified and reobserved KCWI objects (Table 3.2), the
MOSFIRE slits, and the surrounding foreground and background objects (relative
to the QSOs).

Image QSO Subtraction and Photometry

To subtract the QSOs from the ground-/space-based images, we construct effective
point spread functions (ePSF Anderson, 2016; Anderson, King, 2000) for each
imaging band (U, G, R, J, H, and K). We find field stars of comparable brightness
to the QSOs using IMEXAM (Sosey et al., 2022)8. Using at least one field star, we
build the ePSF using the EPSFBuilder class in the PHOTUTILS package (Bradley
et al., 2022), which is based on the formalism described in detail by Anderson
(2016); Anderson, King (2000). We set all parameters to 1. Finally, we fit and scale
(centroid and peak flux) the ePSF to the QSO using a Levenberg-Marquardt fitter,
then subtract it.

We measure the photometry of the galaxies using PHOTUTILS by placing circular
apertures at x and y offsets from the centroid of the QSO. We take the average
median of two separate nearby circular apertures of the same size for background
sky subtraction. As expected we find very large differences of up to 2.5 mag between

QSO-subtracted and non-subtracted images.

We compared the QSO-subtracted ground-based magnitudes to space-based mag-
nitudes in similar bands (e.g., HST/F160W and H-band) because the higher spatial
resolution of HST reduces the contribution of the QSO’s PSF wings. We generally

found good agreement between the magnitudes 0.1-0.3 mag. Additionally, this was

8https://github.com/spacetelescope/imexamhttps://github.com/spacetelescope/imexam
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useful for placing limits on the photometry error introduced from the QSO sub-
traction process. We adopt 0.2 magnitude for all photometry measured from QSO

subtracted images.

SED Fitting

We use a custom SED fitting routine (Reddy et al., 2012; Theios et al., 2019) that
uses pre-computed grids of SED models (Binary Population and Spectral Synthesis
models version 2.2, Stanway, Eldridge (2018, hereafter BPASS)) with a Kroupa
initial mass function (IMF (Kroupa, 2001)), an upper IMF mass of 100 Mg, low
stellar metallicity Z,=0.002 (Z./Zs ~ 0.14) an SMC-like extinction curve, and a
constant SFH. These default parameters were informed by past work on SED fitting
of z ~ 2 — 3 galaxies (e.g., Erb et al., 2006a; Reddy et al., 2015, 2012; Shapley
et al., 2005; Strom et al., 2017). Specifically, Theios et al. (2019) found that this
stellar metallicity was required to reconcile the FUV and optical spectra of a sample
of z ~ 2 KBSS star-forming galaxies; this stellar metallicity also well described a
sample of z ~ 3 LBGs (e.g., Keck Lyman Continuum Survey; Pahl et al., 2023;
Steidel et al., 2018). Similarly, the resultant nebular metallicities are consistent with
previous results (Steidel et al., 2016; Strom et al., 2022, 2018) and recent direct
T,-based nebular metallicities from JWST (e.g., Rogers et al., 2024; Sanders et al.,
2024). We run an additional model that forces the stellar ages to be >50 Myr to
more realistically model young stellar populations whose SED ages were younger
than the inferred dynamical time estimated from their sizes and nebular line widths
(e.g., Reddy et al., 2012).

HIRES
We use extant and archival optical high-resolution spectra of background QSOs
from Keck/HIRES (Vogt et al., 1994) to probe CGM absorption from the nLOS

galaxies.

Q2343 was observed as part of the original KBSS program (e.g., Rudie et al., 2012;
Steidel et al., 2014; Turner et al., 2014)). We refer the readers to Rudie et al. (2012)
for details on the observations and reduction of the spectra but note that the final
spectrum includes data obtained from both HIRES and VLT/UVES on UT2 (Dekker
et al.,, 2000). The spectra were reduced, continuum normalized, and coadded,
resulting in a spectral resolution of R ~ 45,000 (FWHM = 6.7 km s~'), an average
S/N ~ 40 — 70 per resolution element, and spectral range 4 ~ 3150 — 10,090
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(Rudie et al., 2012).

Q2233 was observed a couple of years after HIRES’s commissioning (PI: Sargeant,
PID: C15H 1996A, Date: 1996-07-21) and was recently included in the KODIAQ
survey (O’Meara et al., 2017, 2015, 2021). We pulled the fully reduced, continuum-
normalized, 1D spectrum from KOA/KODIAQ. The spectrum has a resolution of
R ~ 48,000 (FWHM = 6.3km s™!), average S/N ~ 15—25 per resolution element,
and spectral range A ~ 4900 — 7300.

We analyze the CGM absorption spectra in Section 3.5.

3.4 Ionized ISM and Stellar Population Properties

In this section we analyze the ionized ISM and stellar population of galaxies G1 and
N1 from their rest-FUV spectra, rest-optical spectra, and SEDs to infer systemic
redshift, nebular linewidths, star formation rates, metallicity, ionization, dynamical

and stellar mass, and dynamical and stellar age.

FUV Continuum

The FUV spectrum of galaxies is dominated by emission from massive OB stars and
contains information about the warm-hot ISM. Interstellar absorption (IS) lines seen
in the FUV could arise from anywhere between the observer and the ISM. Indeed,
previous studies have used FUV IS lines to place constrains on metal absorption
in the CGM (e.g., Chen et al., 2020b; Steidel et al., 2010). In our case, the main
utility of the rest-FUV spectrum is to measure a preliminary redshift to determine
priorities for rest-optical follow-up. Additionally, we measure Lya emission flux,
Lya halo morphology and size, and use IS absorption lines to estimate zy,, and

corroborate zyyq.

To measure Ly flux and equivalent width we directly integrated over the lines,
assuming that the continua on either side of the line was representative of the
continuum underlying the emission. We measured the line center by finding the
peak flux. We tabulate the Lya measurements for G1 and N1 in Table 3.3 referring

to them as “Continuum Aperture”.

G1’s FUV spectrum (top panel of Figure 3.2) shows strong emission from Ly« and
IS absorption from e.g., Lyg, 06, Si2, Si3, O1+Si2, C2, Si4, and C4. It has a single
red peaked Lya emission profile. We measure a Lya velocity difference (from zyy)
of Av ~ 4271 km s™!, F(Lya)gi = (0.94 £ 0.02) x 1077 erg s™! cm™2, using Zsys

we convert to a luminosity log (Liy,/erg s~1) = 41.64, and a rest-equivalent width
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Wrest = (—6.19+0.4) A. These values are typical of z = 2 — 3 star-forming galaxies
of comparable mass to G1 (Prusinski et al., 2021; Steidel et al., 2010, 2016).

N1’s FUV spectrum (top panel of Figure 3.3) shows strong emission from Ly« and
IS absorption from, e.g., higher order Lyman series lines, C2, O1, Lyg, Si2, Si3,
O1+Si2, Si4, and C4. It has a strong, double peaked Ly« emission profile with a peak
separation of v,.oq —Vpue ~ 600 km s~ blue to red peak ratio of 0.07, and a red peak
equivalent width W, = —39.5 A. These values place N1 in the lower quartile of z ~ 3
LBG continuum-selected galaxies (e.g., Reddy, Steidel, 2009; Steidel et al., 2014;
Trainor et al., 2015). Interestingly, N1 appears to have properties in between z ~ 2.7
faint, low mass narrow-band selected LAEs (KBSS-LAEs) and higher-mass z ~ 3
Lyman Continuum LBGs (LyC-LBGs) analyzed by Trainor et al. (2015). N1’s
EW1y, and red-peak velocity offset are consistent with KBSS-LAEs (EWpagp ~
44 A, vyeqrar ~ +200 kms~!) while its Ly flux and red-blue peak velocity
separation are more consistent with LyC-LBGs (Fryc-1pG 2 7X 107erg s™! em™2,
Vred—-blue,LyC—LBG ~ +300 km s7h). Though there are exceptional sources in each
sample that have properties that overlap with N1, this comparison suggests that N1
is not necessarily a typical z ~ 3 LBG or z ~ 2.7 LAE. We discuss this more in
Section 3.4.

Optical Line Emission

We aim to infer the physical quantities associated with the ionized gas (e.g., H2
regions) in G1 and N1. Rest-optical emission line properties were measured from the
MOSFIRE NIR spectra (discussed in Section 3.3) using simultaneous 1D Gaussian
fits to all lines in a single band using MOSPEC (Strom et al., 2017).

The first three sections of Table 3.4 tabulate measured emission line properties
including redshift, linewidth, inferred dynamical mass, slit loss- (Section 3.3) and
extinction-corrected (Section 3.4) line fluxes, and common strong line ratios. The

typical S/N for the brightest emission lines are >20 (>2.5 for marginal detections).

We adopt the FWHM of the 1D Gaussian fits as the nebular line widths and account
for the spectral resolution of the instrument (~ 30 km s~! McLean et al., 2012). We

measure ogq,g1 ~ 81 km s~! and orornrn,Nt ~ 31 km s7L.

We estimate the dynamical masses of G1 and N1 using their nebular line widths
following the same approach as Erb et al. (2006b):
Cor

Mdyn = G

(3.3)
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Table 3.3: Lya Line Measurements

Gl N1
Kinematics’
Zred 2.4343 + 0.0008 3.1533 + 0.0008
AVyeq (km s™) 271 + 72 171 +£59
Zblue 3.1450 + 0.0008
Avpiye (kms™!) 423 + 59
Continuum Aperture*
Freq (10717 erg s~ ecm™?) 0.94 +0.02 448 +0.03
Fpue (10717 erg s71 cm™2) 0.30 + 0.02
Fior (1077 erg s™! em™2) 0.94 = 0.02 478 +0.05
log (L;y; /erg s71) 41.64 + 0.02 42.62 + 0.01
Wred.rest (A) -6.19 + 0.97 -39.45 + 0.97
Whine,rest (A) -2.66 + 0.59
(Lya/Ha)cont 0.17 £ 0.16 0.96 = 0.08
fiya esc.cont 0.020 *0-0%8 0.110 0012

Halo Aperture*
Fi (1007 erg s™! cm™2) 294 +0.01 (G1)*  12.50 + 0.01 (N1)¢

log (L/ergs™) 42.14 + 0.01 43.04 + 0.01
(Lye/Ha)ato 0.54 + 0.16 2.50 + 0.08
fLyoz esc,halo 0.06 t?)(())% 0.29 t(())(())ll

F, (1007 ergs™ em™)  0.32 £0.01 (G1-E)*  0.36 + 0.01 (HU6)®
F3 (1007 ergs™'em™)  0.46 +0.03 (G1-S)¢  1.15 + 0.02 (HU4)/

t)Redshi ftandvelocityhavethesameerror+ 1 A.
*) Extracted from spaxels showing continuum flux in the QSO-spectrally pseudo-narrowband KCWI images;
see Fig. 3.1.

+) Extracted from spaxels showing extended Ly« flux in the narrowband KCWI images; see Fig. 3.7.

a) G1: projected area of 5.08 arcsec?.

b) G1-E: projected area of 1.40 arcsec?.

¢) G1-S: projected area of 1.12 arcsec?.

d) N1: projected area of 14.40 arcsec?.

) HUG6: projected area of 4.41 arcsec?.
f) HU4: projected area of 7.11 arcsec?.

where C is a constant related to the galaxies’ mass distributions, velocity fields,
assumed geometries, and inclination angles; o is the line width taken from Ha for
G1 and [O3] for N1 (see Table 3.4); and r is the radius that we measure from the
HST/F160W images. More specifically, the radii are the half width at half maximum
(HWHM) of a 2D Gaussian fit to their continua yielding rg; = 1.56 kpc and
ry1 = 1.23 kpc. The value of C in principle ranges between 1 and 5 (face on to edge

on) but we adopt C ~ 3.4 owing to limited information on the galaxies’ morphology
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(average inclination and velocity correction 7/(2v,ps)) and not measuring the true
circular velocity (v,p5s = 2.3507/2). Their resulting dynamical masses are typical for
galaxies at their redshift withlog (Myy,,61/Mo) = 9.9 and log (M gyn.n1/Mo) = 9.2
but N1 is more towards the low-mass end of KBSS-MOSFIRE sample (Steidel et al.,
2014; Strom et al., 2017) and in the lower quartile of the z ~ 3 LBG mass distribution
(KLCS; Pahl et al., 2023; Steidel et al., 2018).

Christenson, Jorgenson (2019) acquired adaptive optics-assisted, high spatial res-
olution NIR IFU data using Keck/OSIRIS to construct [O3]+Hf emission line
maps of N1 in the observed K-band window. They detected [O III]A15008 with
flux F([OTI]A5008) = 2.4 + 0.5 x 107!7 erg s™! cm™2 and marginally detected
[O 1I1]24960 and HB. The line kinematics and spatial extent were used to infer a
dynamical mass of ~ 3.1 x 10° M and a SFR ~ 7.1 — 13.6 My yr~! based on their

marginal detection of HB. These values are all consistent with what we have found.

G1’s spectrum appears to be blended with a foreground galaxy at zy, =1.589.
We call the galaxy G1fg (foregound), its trace can be seen a few pixels above G1’s
emission peaks in the J (top) and H (middle) spectra; its Ha emission is just blueward
of G1’s [03]44960 emission line (Figure 3.2), and there are marginal detections of
[O3] in the J band (top) spectra. We discuss the implication of this on the SEDs in
Section 3.4.

Additionally, the MOSFIRE slit centered on G1 was oriented such that it included G2
and G4 (partially). We detect diffuse emission near G2 at the observed wavelength
of the QSO’s Ha peak (see the bottom row of Figure 3.2) and did not detect optical
line emission from G4. This suggests G2 is at the same redshift as the QSO, and
that G4 is not at the redshift of G1 and/or that it has weak line emission.

The emission line ratios will be used to infer dust attenuation (Ha/Hp), instanta-
neous SFR (Ha), ionization parameter (O3, O32, Ne302), and nebular metallicity
(R23,032,N2,N202) in the following sections.

Dust and Instantaneous SFR

We calculate instantaneous SFR (SFR(Ha)) following the method described in
Theios et al. 2019 (hereafter Theios et al. (2019)). Briefly, Theios et al. (2019)
updated the calibration constant used to convert Ho luminosity (Ly,) to SFR(Ha)
by modeling the SEDs of a representative sample of z ~ 2 — 3 KBSS galaxies
using stellar population synthesis models that self consistently reproduced the joint
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Table 3.4: Rest-Optical Measurements (Partial)

Gl

N1

Line Measurements

z[o1mn 24312 (£ 53014 km s7Y)  3.1509 (+ 4.4409 km s7")
Linewidth 81.31 £4.03 km s~' (H) 50.99 + 1.06 km s~ ([OIII])
log My, 9.85+0.01 (My) 9.22 +0.01 (My)
Flux Measurements* 10 7erg s~ em™ 10 7erg s em™2
Ha 5.468 + 0.865
HpB 1.912 +0.174 1.758 + 0.400
Hy 0.898 + 0.138
[0 11143727 2.811 +0.244 0.536 + 0.224
[0 11143729 3.617 +0.421 0.463 +0.132
[O 111] 14960 3.554 + 0.100 2.997 +0.178
[O 111] 25008 10.655 + 0.300 8.973 + 0.519
Line Ratios?
Ha/Hp! 3.05 +0.56
Hy/Hp! 0.45 +0.08
03¢ 0.75 + 0.04 0.71 + 0.10
032° 0.34 + 0.03 1.08 +0.11
R23¢ 1.03 +0.05 0.87 +0.10
O3N2¢ 1.77 £ 0.17
N2/ -1.02 £ 0.17
Nebular Inferences®
Ay 0.21*073 mag
E(B = V)nep 0.07*:07
SFR(Ha) 5.82 +0.92 Mg, yr!
SFR(Hp) >4.67 Mg yr! >10.01 Mg yr!
Strong Line Metallicities*
Oxygen Abundance 12+1og (O/H) ([O/H]®) 12+log(O/H) ([0/H]%)
O /Hgo3803 8.39 + 0.10 (-0.30) 7.82 +0.17 (-0.87)
O/Ho3n: 8.38 = 0.04 (-0.31)
Nitrogen Abundance log (N/O) (IN/O1®) logN/O ([N/O]%
N/On> -1.20 £ 0.23 (-0.34)
N/On202 -1.21 £0.13 (-0.35)

*) Slit loss and extinction corrected Cardelli et al. (1989) , Ry=3.1.
#) The notation AA refers to the sum of the two lines. (|) Before extinction correction.

a) O3=log ([0 111145008 /Hp).

b) 032=log ([0 1111114960, 5008/ [0 11]143727,3729).
¢) R23=log ([0 111]114960, 5008 + [O 111443727, 3729)/Hp).

f) N2=log ([N I1116585/Ha).
@) Calibrations from Theios et al. (2019).

+) Calibrations from Strom et al. (2018) and McGaugh (1991).

rest-FUV and rest-optical spectra of the galaxies. The SFR follows the form

log (SFRua/Moyr™") =log (Lua/erg s™') - C

(3.4)

where Theios et al. (2019) found C to be 41.64, leading to SFRs almost a factor of
2 lower than the canonical values at 7 ~ 0 (Kennicutt et al., 1994).
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To correct Ly, for dust extinction we use the Balmer decrement (F'(Ha)/F(Hp)) to
infer nebular dust attenuation assuming Cardelli et al. (1989) extinction (Ry=3.1) and
case B recombination at 10* K in the low density limit 102 em ™3 (I(Ha)/I (HB)=2.86;
Brocklehurst, 1971; Osterbrock, 1989). We correct the Ha line flux for dust attenu-
ation, use Zyy, to convert to luminosity, and then convert to SFR(Ha) using Equation
34.

N1 is at a higher redshift such that He is not accessible from the ground so we place a
lower limit on the instantaneous SFR by assuming no dust and converting HB to Her
under the same assumptions as above (Ha = 2.86x Hf), convert to luminosity then
SFR; we call this quantity SFR(Hp). The lack of a [C2]A158 um nor sub-mm (dust)
continuum emission supports that N1 has relatively low dust attenuation (Ogura
et al., 2020).

We tabulate SFR(Ha), SFR(Hf), Ha extinction, Ay extinction, and nebular redden-
ing in Table 3.4. The SFR(Ha) and SFR(H/) of both galaxies is within a factor of 2
the median SFR of the KBSS-MOSFIRE sample (Steidel et al., 2014). G1’s Balmer
decrement, extinction, and nebular reddening are also typical. We infer a SFR sur-
face density for both galaxies using the effective radius used to calculate dynamical
mass in Section 3.4. Assuming a disk geometry at an average inclination angle (r/4)
yields XsrrHa),61 = 0.48 Mg yr‘1 kpc_2 and Zgrrupg),n1 2 1.34 Mg yr‘1 kpc_z,
which are well above the typical threshold found in galaxies that drive galactic
outflows at lower redshift (Xgpg ~ 0.1 Heckman et al., 2015).

Nebular Excitation and Metallicity

The metal content in the ISM gives insights on recent star formation and feedback
sources (e.g., core collapse supernovae CCSNe, asymptotic giant branch AGB
stellar winds) present in HII regions. In practice, usually only hydrogen, nitrogen,
oxygen, and sulfur abundances are reliable because they are bright and therefore
often detected at high z. It is a non-trivial task to map from emission line flux to
abundance (even abundance ratios) due to varying ionizing state, inhomogenities in
the gas density and temperature, and dust extinction present in galaxy environments.
In the past, authors would use calibrations found at low-z (where most of the
degeneracies can be broken) and apply them to high-z. Recently, close attention
has been paid to the so called “strong line” metallicity calibrations specifically for

z ~ 2 — 3 galaxies, which we discuss and adopt in this paper.

We use strong line calibrations provided by Strom et al. 2018 (hereafter, Strom
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et al. (2018)) to infer 12 + logO/H, log N/O, and logU. Strom et al. (2018)

developed the calibrations by using photoionization models that account for the
chemistry, ionization, and excitation of nebular gas for a representative sample of
KBSS-MOSFIRE galaxies. We tabulate the values in the last two sections of Table
3.4. Under each of the metallicities we show their logarithmic abundances with

respect to solar values.

Both galaxies are in (near) the low-metallicity branch of the O/H vs R23 space
based on their R23 ratios (R23y; = 0.87 and R235; = 1.03) but Strom et al. (2018)
only calibrated 12 + log O/H for the high-metallicity branch. Therefore we use the
calibrations by McGaugh (1991, shown explicitly by Steidel et al. 2016) to map
from R23 (and 032) to O metallicity (O /Hg23&032), which we show in the first row
of the Oxygen Abundance section of Table 3.4.

The inferred 12 + log (O/H) values for G1 are internally consistent regardless of
ratio used. For G1 we adopt 12+log (O/H) g o352 = 8.39 ([O/H]g1 = —0.30). This
metallicity is typical of KBSS star-forming galaxies. We have only one appropriate O
inference for N1, which yields 12+log (O /H) v po3&032 = 7-82 ([O/H] N1 = —0.87),
making it low-metallicity compared to the KBSS-MOSFIRE sample.

The inferred log (N/O) values for G1 are also internally consistent. We adopt
log (N/O)g1.n202=-1.21 ([N/O]g; = —0.35). We do not calculate (N/O) for N1
because [N2] was not observable from the ground.

The inferred log U for both galaxies are fairly consistent regardless of ratio used.

Overall, both galaxies ionization parameters are typical of star-forming galaxies at
their z. G1’s gas-phase nebular metallicity as seen in log (O/H) and log (N/O) is
also typical whereas N1’s metallicity is low.

SED Properties

We want to model and infer physical properties of the galaxies underlying stellar
populations. In Section 3.3 and 3.3 we constructed QSO-subtracted SEDs. However,
bright line emission (e.g., Ly, [O3], Ha) can affect the continuum photometry,
which can result in inaccurate SED modeling.

We use the line fluxes measured from the KCWI spectra (from continuum spaxels;
see Section 3.4) and slit-loss corrected MOSFIRE spectra (see Section 3.4) to
subtract strong line emission from the measured photometry. The corrections had
the form AM = -2.5log ((F(Phot Flux) — F(Line Flux))/F(Phot Flux)). For
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G1 we correct F110W, J, and F140W band photometry for line emission from
[02]143727, 3729 and [Ne3]13869, F140W and F160W band from HBand Hy, and
K band from Hea, [N2]416549, 6585, and [S2]116718, 6732. The corrections were
the largest for J and K at 0.1 mag, but small for F110W, F140W, and F160W at 0.03-
0.05 mag, smaller than the photometry error. G band requires no line correction
because Lya falls outside of the bandpass, and U and R bands contain no bright

emission lines (as seen in the KCWI rest-FUV spectra).

For N1, we correct G band from Lya, Kg band from [03]114960, 5008, and Hp,
and F160W band from [02]143727, 3729 and [Ne3]13869. The correction for Kg
was very large at 1.2 mag, but small for G and F160W band at 0.1 and 0.08 mag,

respectively. U and R bands contain no bright emission lines.

G1’s SED has an additional complication because it is blended with foreground
galaxy Glfg (zyo =1.589; see Section 3.4). The foreground galaxy has a detected
trace in J and H band, but does not have strong emission lines in any band, and
no detected trace in K band (Figure 3.2). The J and H band trace suggests that
there is elevated flux in R, F110W, and F140W mags that will affect the reddening
determination from the SED. The lack of a trace in K band suggests that the Kg
band photometry is negligibly affected and will therefore not significantly affect the

mass determination (which relies strongly on Kg photometry).

We ran each galaxy’s QSO-subtracted and emission line-corrected photometry
through the SED fitting routine discussed in Section 3.3. From the best-fit BPASS
v2.2 SED models we infer stellar mass M., stellar age 7., dust attenuation (continuum

color excess) E(B — V)sgp, and star formation rate SFRggp.

We show the best-fit SED models in Figure 3.4 and tabulate the best-fit values in
Table 3.5. We can see that the QSO- and emission line-corrected photometry (black

points) are well fit by their respective models.

G1 has a stellar mass and age that is consistent with its dynamical time and dynamical
mass, its SFR(SED) is within a factor of 2.5 of SFR(Ha), and it has similar SED
and nebular reddening. This agreement shows a consistency between the two
independent methods and is evidence that the foreground galaxy G1fg had a small
effect on its SED.

For N1, we adopt the model that constrains the age to be >50 Myr because the best
fit BPASS model with no age constraint preferred an age #. ~ 10 M yr which is about
~20 Myr younger than the dynamical time inferred from its size and nebular line
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Figure 3.4: Best fit SEDs from BPASSv2.2 for galaxies G1 (fop) and N1 (bottom).
Black points show observed AB magnitudes (after QSO subtraction and bright
emission line correction) and red points/curves are from the best fit model. The best
fit parameters for the galaxy are shown at the bottom right of plot and are tabulated
in Table 3.5. Top: G1 and Bottom: N1.

width 7y1 4y, ~ 30 Myr. With the new age-constrained model, the dynamical mass
and SED mass differ by 0.5 dex (log (Msgp/Mo) = 8.7 and log (Mgy,/Mo) =
9.2), stellar age and dynamical time are within 0.3 dex, and SFRg p is consistent with
the lower limit set by SFR(HJ), and it has negligible reddening (E(B-Vsgp=0.04;
which is consistent with N1’s lack of a [C2]1158 um nor sub-mm (dust) continuum
emission (Ogura et al., 2020).). These masses are low, but not necessarily atypical,
when compared to the z ~ 3 Keck Lyman Continuum Survey (KLCS) which has
a mean stellar mass and standard deviation of M, ~ 9.6 = 0.6 (Pahl et al., 2023;
Steidel et al., 2018). This all suggests that N1 is a young, low dust, lower mass,

moderately star-forming galaxy.
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Table 3.5: BPASSv2.2 Best-Fit SED Parameters

Parameter Gl N1t
log (M,/Mg)* 999 8.72
t. (Myr) 630 50

E(B-V)sep 0.135 0.04
SFRSED (M@/y}’)>k 15 10
*) Typical uncertainty of ~30%.
+) Due to age constraint, values could vary by ~ 50%.

Comparing ISM and Stellar Population Properties

We now combine the ionized ISM and stellar population properties and put them in
context with the KBSS-MOSFIRE sample of z ~ 2 — 3 star-forming galaxies and
AGN (Steidel et al., 2014; Strom et al., 2017, with a > 20- measurement of O3 and
N2), and low-z galaxies from SDSS-DR8 (Aihara et al., 2011) taking emission line
measurements and inferred physical properties from the MPA-JHU® catalogs. As
noted by Strom et al. 2017 (Strom et al. (2017) hereafter), this particular set of SDSS
galaxies was chosen due to their similar detection properties to KBSS-MOSFIRE.
They have 0.04 < z < 0.1, > 500 Ha detections, > 30 detection’s of HS, [O3],
a good redshift measurement and “reliable” flag from the MPA-JHU pipeline. The
reported M., SFR, sSFR, are the median estimates from the “total”” value probability

distribution functions.

Figure 3.5 shows the galaxies on the N2- (Baldwin et al., 1981) and S2-BPT
(Veilleux, Osterbrock, 1987) diagrams compared to KBSS-MOSFIRE and SDSS
star-forming galaxies. Both galaxies have typical O3 ratios compared to KBSS-
MOSFIRE that are well above the SDSS galaxies. G1 in particular sits close to both
N2- and S2-BPT locus fits by Strom et al. (2017).

The top panel of Figure 3.6 shows the Mass—Excitation (M,.—O3; (Juneau et al.,
2011)) diagram. We use the SED derived mass for G1 (which is within 0.1 dex
of the dynamical mass) and use a logarithmic average of the dynamical and SED
mass for N1 (logMg ~ 9.0 £ 0.25). Both galaxies reside within the majority of
the KBSS-MOSFIRE sample which itself is vertically offset from z ~0 galaxies
indicating higher excitation per unit stellar mass. G1 is in the upper quartile of the
distribution towards higher excitation. N1 falls on the low-mass end of the median
fit from Strom et al. (2017).

The bottom panel of Figure 3.6 shows the galaxies’ specific star formation rate

9[https://www.sdss4.org/dr17/spectro/galaxy_mpajhu/Jhttps://www.sdss4.org/dr17/spectro/galaxy_mpajhu/
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Figure 3.5: BPT diagrams showing G1 (blue filled star) and N1 (orange filled plus).
Green points are z ~ 2 — 3 KBSS star forming galaxies, magenta points are KBSS
AGN, and grey points are z ~ 0 SDSS star-forming galaxies. Light green lines are
fits to the KBSS galaxies from Strom et al. (2017). Note that N1 does not have
an observation of [N2], Ha, or S2 so we show it is an unbound point and orange
horizontal bar whose width is equal to its O3 error. Top: N2-BPT diagram. Bottom:
S2-BPT diagram.

(sSFR) and excitation (O3). We show sSFR calculated from SFR(SED), and
SFR(Ha) (or SFR(HB) for N1; see section 3.4). The Ha and SED SFRs for
both galaxies are fairly consistent with one another, suggesting a consistent picture

between the nebular emission spectra and SED modeling.

Altogether, G1 and N1 have similar O3 ratio and log U but otherwise appear to be
on different ends of the z = 2 — 3 star-forming galaxy distribution. G1 has a typical
stellar mass, sSFR (instantaneous and SED), dust attenuation, Lya continuum flux,
Lya equivalent width, and N2- and S2-BPT diagram location when compared to
KBSS-MOSFIRE. N1 on the other-hand is a lower mass (dynamical and SED), high
sSFR (SED(SFR) and SFR(Hp), relatively dust-free, and strong Lya and O3 emitting
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Figure 3.6: Combined rest-optical and SED properties of G1 (blue outlined star) and
N1 (orange outlined cross). The symbols and colored lines are the same as Figure
3.5. Top: Stellar Mass—Excitation plot. Botfom: sSFR-Excitation plot. Light
red filled points show sSFR calculated from SFR(Ha) (HB for N1), and yellow
filled points are calculated from SFR(SED). N1s HS SFR(Hp) (lower limit) and
SFR(SED) are roughly the same and so appear as one point.

LBG that is in the lower quartile of z ~ 3 LBG continuum-selected population.

3.5 CGM Properties
Most of the baryons in high-redshift galaxies reside in their CGM (e.g., Mitchell
et al., 2018). Therefore, it is necessary to analyze the CGM to completely study

galaxy evolution at the peak epoch of star formation in the universe.

In this section we analyze the CGM properties of the galaxies from their extended
Lya halo emission in the KCWI cubes and by H I and metal absorption of background
QSOs from HIRES. Specifically, we analyze Lya halo morphology, Lya velocity

maps, and Lya physical size, then perform component-by-component Voigt profile
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decomposition of CGM absorption to measure the gas physical properties.

Lya Halo Emission

Extended Lya halo emission is common in z ~2-3 star-forming galaxies (e.g., Chen
et al., 2021; Erb et al., 2023; Steidel et al., 2010). Ly is useful because it is
bright, indicative of star-formation and other FUV photon sources, such as AGN,
and traces cold (T ~ 10* K) gas in the CGM. Due to the resonant nature of
Lya (i.e., instantaneous absorption and emission that scatters photons and changes
their wavelength), modeling Lya profiles to extract physical properties is non-
trivial. Physical quantities such as H I column density, temperature, dust content,
3D spatial distribution, intrinsic gas kinematics, etc., are exceedingly difficult to
derive unambiguously and independent of model assumptions. Nonetheless, the
observational constraints that we compile in this section are vital for context and

literature comparisons, and future efforts.

In Figure 3.7 we show Lya surface brightness spatial distribution maps and velocity
distribution maps for G1 and N1. The surface brightness maps show that both
galaxies possess extended Lya halos that are at least ten times the extent of their
continuum (as measured from HST/F160W images; e.g., Figure 3.1), and that there

is complex (simple) structure in N1’s (G1’s) velocity distributions.

In Table 3.3 we show the Ly flux for each kinematic component detected and its
corresponding area. We calculate the Lya fluxes by creating a narrowband image
that includes all of the emission of a given component using the QSO+continuum
subtracted cubes generated from CubEx (Section 3.3). We compute the average
SB of the component, then convert to flux using the bandpass and projected area

(number of spaxels and spatial scale of the cubes 0.2-0.3").

We calculate (or place limits on) the total Lya escape fraction by assuming that
all of the Lya photons originate from the HII regions that we detected in Ha
emission (Section 3.4; Table 3.4), and that Lya/Ha=8.7 (assuming 7" ~ 10* K and
ne ~ 350 cm™3 (Langen et al., 2023; Osterbrock, 1989)). We calculate this for both

the total Ly from the continuum apertures and from the halo apertures.

G1’s morphology is typical compared to other KBSS galaxies with Ly« halos (e.g.,
Chen et al., 2021) in that it is circular (perhaps spherical), and is more extended than
its continuum with a peak size of 5547, ~ 28 kpc (3.5”); Scons = 3.12 kpc). The two
protrusions to the east and south of the halo are the new galaxies G1-E and G1-S.

G1’s velocity map shows a simple kinematic structure with v ~ +250 km s~!. We
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Figure 3.7: Lya halos of G1 (top) and N1 (bottom). The colored dots are the galaxy
continuum size and location as measured from HST/F160W (sconr.c1 = 3.12 kpc,
Scont.N1 = 2.26 kpc), the white dashed circle highlights the continuum location. We
show newly discovered objects as black labels. Left: Lya surface brightness spatial
map. Right: Lya velocity map showing the peak of Lya emission in each spaxel in
velocity space with respect to the systemic redshifts z51=2.4313 and zy;=3.1509.
Red shows redshifted gas and blue shows blueshifted gas.

measure a Lya halo flux Fg11yehao = (2.94 £0.01) X 10~"7erg s! em™2, which
gives (Lya/Ha)G1,hato = 0.54+0.16 and fG1 1ya esc,hato = (6 +2) %. These values
are comparable to other star-forming galaxies at z ~ 2 — 3, and the low (Lya/Ha)
fraction indicates that the Ly emission mechanism is not dominated by collisional

excitation, predicted (Lya/Ha) > 100 (e.g., Langen et al., 2023).

N1’s halo morphology is unique in that it has three distinct components that are
very extended. The main complex (south) has the highest SB and is spatially
coincident with N1, the secondary complex (northwest) has a tapered morphology
that widens towards N1 and is spatially coincident with newly discovered galaxy
HU4, and the detached complex (east) is small and coincident with new galaxy
HUG6. The velocities of the complexes are also distinct: vy; ~ +170 km s~! for N1,
viaue ~ =350 km s~! for HU6, and vyy4 ~ —500 km s~! for HU4, all with respect

to the Zsys’N] .
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N1’s Lya halo (main complex) has both a red and blue component that is is spa-
tially extended (spq70 = 46 kpc) compared to s.,,; = 2.46 kpc. We measure a
total Ly halo flux Fy1 1ya,hato = (12.50 +£0.01) x 10~7erg s7! cm™2, which gives
(Lya/Ha)n1,hato = 2.50 £ 0.08 and fn11ya esc,halo = (29 £ 1) % (assuming negli-
gible dust, which is consistent with its SED). As seen before, N1’s small (Lya/Ha)
fraction indicates that collisional excitation is not the dominant emission mechanism
for its Lya halo. Its large Lya equivalent width, moderate red peak velocity, high
Lya escape fraction, and large Fi ./ Fu, are similar to low mass KBSS-LAEs, while
its bright F1y, and large red-blue peak velocity separation are similar to LyC-LBGs.
Additionally, the combination of its lower-mass, continuum colors, nebular exci-
tation, low dust extinction, strong Ly properties (flux, equivalent width), and its
complex and very extended Lya halo morphology (~ 100 kpc) make it reminiscent
of z ~ 2 Lyaemitting extreme emission line galaxies (EELGs) (e.g., Erb et al., 2023,
2016). The sample analyzed by Erb et al. (2023) all showed double-peaked Ly«
profiles, extended halos (> 50 kpc), typical peak separations v ~ 600 km s~!, and
median Lya escape fraction fesc ~ 0.3.

As a summary, both galaxies show extended Lya emission in their CGM. Their Ly«
is kinematically dynamic (with respect to zyy), spatially extended (more than 10x
their continuum size), bright (Fry, > 3 X 10_17erg s~ em™2, and is not dominated
by collisional excitation. G1 shows a simple velocity distribution (vpeax ~+250
km s!), whereas N1 shows three distinct velocity components that span a large
velocity range v ~ —600 - +250 km s~!(discussed more in Section 3.6). G1 has a
typical Lya escape fraction whereas N1’s is very large. This suggests that G1 is
a typical Lya emitting star-forming galaxy at its z. N1 on the other-hand is in the
tail distribution of z ~ 3 LBG continuum-selected galaxies, and analogous to z ~ 2
EELGs.

QSO Absorption

Using an unrelated background source (e.g., QSO) to probe the CGM is an ideal
method to obtain a very high quality bur highly localized view. It is difficult to
draw galaxy-wide conclusions from these localized views given the patchy/clumpy
nature of the CGM but at small impact parameters, we might be more likely to see
trends with galaxy properties (e.g., M., SFR, Z;sy) (e.g., Rudie et al., 2019, 2012;
Tumlinson et al., 2017; Werk et al., 2014).

We use HIRES spectra of the KBSS QSOs to search for CGM absorption at the
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systemic redshifts of G1 and N1. As noted in the literature, both galaxies are at
the same redshifts as DLAs and show detections of metals of varying ionization
states. The DLA towards Q2343 was first identified by Sargent et al. (1988), and
has been analyzed using high-resolution VLT/UVES and Keck/HIRES spectra by
several groups over the past 20 years (D’Odorico et al., 2002; Dessauges-Zavadsky
et al., 2004; Nielsen et al., 2022; Wang et al., 2015). Similar attention has been paid
to the sub-DLA towards Q2233 which was analyzed using Keck/HIRES by many
groups (Lu et al., 1997, 1998; Sargent et al., 1989; Steidel et al., 1995).

In Figures 3.8 and 3.9 we show representative neutral (e.g., H I, N I, O I), low-
ionization (e.g., C II, Si II, S II, Fe II), intermediate-ionization (C IV, Si IV) and
metal transitions. The metals extend more than 400 km s~!, and for G1 extend
from v ~ —800 — +200 km s~!! The darkest grey shaded region shows the metal
components that are self-shielded by the DLA; this was determined by the velocity
spread of the low-ionization Fe-peak elements (e.g., Mn II, Fe II, Zn II) which

require dense, self-shielded gas for detection due to their low ionization potentials.

Voigt Profile Fitting

We inferred physical properties of inner CGM gas absorption via Voigt profile
decomposition. To fit the complexes, we used a series of individual Voigt profiles
of a single redshift z, Doppler parameter b (i.e., single temperature), and column
density Nz. We use two Voigt profile fitting programs for this task: VoigtFit
(Krogager, 2018) for quick interactive initial guesses, and ALIS (Absorption LIne
fitting Software!?; Cooke et al., 2014) for the main fitting.

The HIRES spectra are of high enough quality that we identified absorption compo-
nents by visual inspection. We started by assigning a component to each absorption
trough using the interactive version of VoigtFit, assuming the smallest Doppler pa-
rameter that we could realistically resolve b ~ 5 km s~! (given the spectral resolution
of 7km s™).

We fit the first guesses with ALIS, then visually inspected the residuals between the
best-fit model and data. We used locations of peaks and troughs in the residuals to
add or remove components. We continued this process iteratively until the residuals
showed no clear peaks and troughs (i.e., residual deviations were below that of the

error spectrum). Finally, once the components showed no strong residual deviations

10[https://github.com/rcooke-ast/ALIShttps://github.com/rcooke-ast/ALIS
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Figure 3.8: G1’s CGM absorption and best fits centered at z5;=2.4312. Best fit
models are shown as colored lines, and contamination from intervening absorption
is shown as light gray lines. Note that H I (top) is on a different velocity scale.
The darkest gray region shows the velocity range associated with the DLA which is
defined by the Fe-peak elements velocity range, the lighter gray shaded region shows
the full extant of the low-ionization metal absorption, and the lightest gray regions
shows the velocity of the intermediate- and high-ionization absorption (discussed in
Section 3.6). Left panel: The product of the individual Voigt profiles. Right panel:
The decomposed Voigt profiles. The error spectrum is shown at the bottom as a red

solid line.
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Figure 3.9: N1’s CGM absorption centered at its systemic redshift zy;=3.1509. The
lines and colors are the same as Figure 3.19.

we checked that y>/DOF ~ 1. There were instances where fits achieved this but
multiple components gave large errors that were comparable to or greater than the
best-fit value. In these cases, we removed the component, then refit, and usually the

fit statistic stayed the same.

We assumed that ions of similar ionization state arise from the same gas so we tie
their redshifts (velocities) to one another, and allow column density and Doppler
width to vary. We fit one metal transition at a time (e.g., all Fe II transitions) then
copy the best-fit component structure to to the next transition (e.g., copied Fe II, to
Si II), run the fit, check the residuals, then add and remove components as needed.
This procedure resulted in ~ 90% of the best-fit components being tied with at least
one component from another metal transition with the same ionization state. We

did not tie any components to H I (or vice versa) due to the difficulty of separating
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single from blended components.

GI1 and N1’s low ionization transitions (e.g., O I, Si II, Fe II) always had a similar
structure that was distinct from their higher ionization transitions (e.g., C IV, Si IV,
O VI) which is typical in DLAs due to self-shielding. We discuss the intermediate-
and high-ionization transitions in Section 3.6. In practice, all of the low ions had
their z tied to strong non-saturated transitions (e.g., Si II, Ai II, Fe II), and the higher
ions were tied to each other (e.g., C IV, Si IV; O VI).

To derive column densities of saturated transitions (e.g., C II, O 1, Ai II) we froze
b in the strongest (saturated) components to that of the b of an unsaturated ion of
similar mass (usually Si) to place a lower limit on the column density. For G1 this
included O I and Ai II, and for N1 this included C II and O I. There are other more
heavily saturated transitions we did not fit (e.g., C II, Mg II for G1).

After determining the tied component parameters, we refit the spectrum by shifting
the components together in z while allowing log N and b to vary (unless the absorp-
tion was saturated). Once again, we checked the errors and residuals to ensure a
good fit a fit statistic y2>/DOF ~ 1.

We use the log Ny ; catalog from Rudie et al. (2012, hereafter R12) to determine
the H I component structure and total H I column for systems that were covered in
their work, which includes G1. R12 was interested in the H I absorption systems
toward the 15 KBSS QSO sightlines whose redshifts were (1) not proximate to the
QSO redshift (< 1000 km s~'), and (2) allowed for LyS to fall on the detector. In
practice, we froze H I to R12’s best fit zg12, bg12, and log Ng, for G1, and we used

literature values for N1.

R12’s H I catalogs were also useful in fitting transitions that were contaminated
with Lya/Lyf absorption such as O VIA41031, 1037. The H I catalog allowed us to
remove Ly absorption from higher redshift systems. Specifically, we divided out
the best-fit R12 absorption components from the entire spectrum, saved it, and used
it to fit the contaminated species. It is still possible that there is Ly contamination
and unresolved components so we quote lower limits on these column densities
log N. We did not use the H I-removed spectrum for all systems because the large
residual spikes that surrounded well-fit H I systems were difficult to work around for

some transitions '!. More importantly, the H I-removed spectrum would have made

'Most absorbers with log Ny ; 2 14.5 are well fit.
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our results dependent on R12’s modeling. This would add an unnecessary source

of uncertainty because most transitions have little to no contamination.

In Figures 3.8 and 3.9 we show the results of the best-model fits and H I fits from
R12 for some representative transitions of G1 and N1 . We show all of the fits in

Appendix B.

The top three panels of Figure 3.8 show representative H I and Fe-peak metal
transitions for G1. The HIRES spectral coverage allows measurements of Ly«
through Ly giving strong constraints on b and log Ny ;. The Fe-peak transitions
have a simple structure that is fit well with two or three components. The systems
only span +50 km s~!. We use these elements to estimate dust depletion in Section
3.5.

The bottom four panels of Figure 3.8 show representative neutral and low-ionization
metal transitions for G1. The component structure for each of the ions is very similar
and well fit, and almost every component is tied with at one other metal transition.
The strongest components (H I and metals) are all near the systemic redshift of
Gl (Av ~ =8 km s71), but there is still weak metal absorption out to velocities
exceeding ~ —500 km s~!. This high-velocity absorption has the same structure as

intermediate- and high-ionization ions and is discussed in Section 3.6 (Figure 3.20).

In Figure 3.9, we show all of the best-fit H I and metal transitions for N1. All of
the neutral and low ionization metal transitions share a similar component structure,
more than 85% of their components are tied to another. The dominant H I component
is offset from zgys n1 by ~ 7 km s~!, but the dominant metal absorption complex
appears to be blueshifted by ~ —100 km s~!. The low ions span a velocity range
of ~ =200 — +100 km s~! and might all be associated with the main DLA (H
I) component. The intermediate-ionization ions (C IV and Si IV) have a simpler
kinematic structure and smaller velocity range compared to the low ions with an
average velocity offset of ~ 50 km s~! spread over ~ 100 km s~!. CIV and Si IV

share no common components with the low ions.

Column Densities and Kinematics

In this section, we analyze the total column density and component structure of the

best-fit model parameters found in Section 3.5.

In Table 3.6, we report the total column summed over 1000 km s~! from the

systemic velocity for the given ions.
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Due to the difficulty of associating extended metal components with a parent H I
absorber, we report the total column densities, not total metallicities. Indeed, even in
ideal scenarios where there are strong constraints on the location of H I components,
large ionization corrections are necessary for absorbers with low log Ngy gas making

metallicity determination non-trivial (e.g., Zahedy et al., 2021).

Table 3.6: CGM Absorption Column Density

" —7ab
Galaxy  Zsys  Diran log (ZNx)[em™”]

(pkpe)  HI cn NI o1 Alll sill St Crll  Mnll  Fell  Nill  Znll Al CIV__ SilV ovI

Gl 24313 20.8 20.40 14.70 >16.72  >1391 1531 1473 1282 12.26 1445 1325 1207 1326 1474 1403 >1539

N1 3.1509 19.3 2000 >1555 >13.99 >16.05 13.33 14.56 >12.57  14.28 13.90 13.59

a) Column density summed over + 1000 km s~

b) Typical uncertainty of 0.1-0.2 dex.

The total column densities we measured are comparable or larger than the highest
column densities reported by R19 for ions we have in common (e.g., Si II, C III, C
IV, O VI. For some saturated ions e.g., O VI, we report lower limits on the column

density meaning they could be even larger.

Table 3.7 shows the number of components required to fit each ion. Note that
the Si II structure for G1 is slightly misleading because we report only the weak
non-saturated transition (Si II 21808). There are many components for stronger,
saturated Si II transitions. The metal absorption for N1 requires > 5 components,
and up to 31 components and for G1. This complicated kinematic structure for
7 ~2-3 galaxies has been noted before by Rudie et al. (2019).

Table 3.7: Component Structure

#a,b
Galaxy g1 o oI Al Sl Fell Al CIV SV OVI
Gl 9 19 29 9¢  20° 10 31 23 29
N 1 9 10 6 6 3 3

a) Total number of single Voigt components required for the composite fit.
b) NL SII, Cr I, Ni II, and Zn IT have < 3 components and are omitted from this table.
¢) Does not include saturated components.

The total column density and kinematic structure of the components add more ev-
idence that the z ~2-3 CGM (within Ry;;) is kinematically complex requiring at
minimum 10 components (for neutral and low ions) with some transitions requiring
up to 31 components (for intermediate and high ions), and column densities exceed-
ing the largest found by R19 seen in C II, Si II, C IV, Si IV, and O VI, suggestive of
a high covering fraction of metals within Ry;; at z ~ 2 — 3 CGM.
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CGM Metallicity

We derive CGM metallicity using metal components that are self-shielded by the
DLA gas, which reduces ionization effects. For G1, we use the velocity range of
the Fe-peak components v + 50 km s~! to estimate the extent of the DLA self-
shielding. For N1, we the location of the strongest Fe II component (v ~ -150
km s™') and Mn II (50 km s™') =150 — 50 km s~! to estimate the extent of the DLA
self-shielding. Additionally, all of the absorption components that we sum over
have O I and N I in common, suggesting that the gas is mostly neutral based on their
low ionization potentials (Field, Steigman, 1971; Steigman et al., 1971). We sum
the metal columns, normalize by the H I column, then normalize by solar values
(Asplund et al. (2009)), and report the values in Table 3.8. For ions where the main

components are saturated we quote lower limits on the metallicity.

The a-element metallicities are consistent with one another for G1 (O, S, Si; within
0.1 dex) and N1 (O, S; within 0.2 dex). The Fe-peak element abundances for both
galaxies are fairly consistent with one another (within 0.3 dex) with the largest

discrepancy found in Mn II.

Table 3.8: CGM Metallicity*

Galaxy [C/H] [N/H] [O/H] [A/H]  [Si/H] [S/H] [Cr/H] [Mn/H] [Fe/H] [Ni/H] [Zn/H]
(Nci)  (Nnp) (Nor)  (Nai) - (Nsir)  (Nsi) - (Nerrr) - (Npnir) - (Nreerr)  (NnitD) - (Nzuir)

G1¢ -1.49  >-0.85 >-1.11 -0.73 -0.79 -1.22 -1.50 -1.39 -1.35 -0.89
0 (14.74) (16.24) (13.74) (15.18) (14.73) (12.82) (12.33) (14.51) (13.27) (12.07)
N1® >-092 >-1.84 >-0.72 -1.12 -0.92 <086 -1.22

(1551) (13.99) (15.97) (13.33) (1459) 0 0  (1257) (1428) 0 0
a) Column density of the gas self-shielded by the G1 DLA: +50 km s~
b) Column density of the gas self-shielded by the N1 DLA: —150 — 100 km s~'.

The top row of Figure 3.10 shows a summary of the abundance ratios of G1 and N1.
The Fe-peak elements (Cr, Mn, Fe, Ni; top left) are consistent with one another for
both galaxies. Mn appears to be underabundant for G1, which is commonly found
in DLAs and related to its nucleosynthetic origin (e.g., SNela; Konstantopoulou
et al., 2022; Nomoto et al., 1997; Pettini et al., 2000; Vladilo, 1998). We place an
upper limit on Mn for N1 due to the weakness of the line and difficulty locating the
continuum. The [a/Fe] ratios show a-enhancement for both galaxies. Carbon and
the odd elements show similar deviations from solar. Additionally for G1, there is a
clear offset in the Zn abundance compared to the rest of the Fe-peak elements that

we discuss in the next section.
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Figure 3.10: CGM abundance ratios for G1 (star) and N1 (plus). Top row: Blue
filled symbols are direct non-dust corrected metallicity measurements. Bottom row:
Purple filled symbols have been dust-corrected following empirical prescriptions
from De Cia et al. (2016). The left column shows Fe-peak abundance; the middle
column panel shows [a/Fe] ratios; and the right column show Carbon and odd num-
ber elements. The light red and dark red squares show the DLLA mean metallicity
(and typical dispersion) from a compilation/analysis by Rafelski et al. (2012) (ref-
erences therein), the gray squares show the median abundance ratios for very metal
poor DLAs compiled by Nufiez et al. (2022).

Dust Depletion

It is well known within the literature that DLLAs experience dust depletion analogous
to that seen in the MW ISM (e.g., Calura et al., 2003; De Cia et al., 2016, 2018;
Jenkins, 2009; Khare et al., 2007; Konstantopoulou et al., 2022; Péroux, Howk,
2020; Ramburuth-Hurt et al., 2023; Vladilo et al., 2006). We are interested in the
total metallicity of the DLAs (CGM gas), so we must account for metals in all
phases, i.e., gas and dust. We must rely on ratios of refractory elements (easily
condense onto dust grains) and volatile elements (easy to keep in the gas phase), to
gauge the amount of dust depletion in DLAs with the important condition that the

elements track each other nucleosynthetically. The dust depletion correction 6, can
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be used to correct metallicity and place limits on the amount of dust (e.g., Ay or
E(B —V))in the CGM.

G1 shows detection’s of the volatile element Zn, and refractory elements Cr, Mn, Fe,
and Ni, which are all near the Fe-peak. For N1, there are no detection’s of volatile
elements but a few detection’s of refractory elements Mn, Fe, and Si. We can use Si

to place limits on dust depletion because it is not as easily depleted as Mn and Fe.

We estimated the dust depletion corrections using a couple of methods. The simplest
approach used the difference (linear ratio) between the Zn and Fe-peak abundances
(see Section 3.5). In practice, this meant setting all Fe peak elements abundances
to match that of [Zn/H]. We then computed the dust depleted ratios [X/Fel; =
[X/(Fe-6z,)] where 6z, is the difference between [Zn/H] and [Fe/H]. The equiv-
alent expression is [X/Fe];=[X/Zn]. The advantage of this method is that it is
straightforward, completely empirical, and specific to this absorber. Importantly, it
does not account for potential depletion effects of Zn and cannot be used in systems

that do not have detections of Zn.

The other method uses the relations derived by De Cia et al. (2016, 2018, hereafter
DC16) and later improved by Konstantopoulou et al. (2022), who used an ensemble
of abundances measured from DLAs, Galactic absorbers, and SMC and LMC
absorbers to predict the average dust depletion of a system given an [Zn/Fe]. The
unknown intrinsic abundances of an individual absorber make it difficult to calibrate
from one system, but with a large enough sample one could find bulk trends that can
be used to find an average dust depletion correction. The critical assumption that
the authors made was that the depletion correction 6, =0 at [Zn/Fe]=0. We refer the
reader to Section 3 of DC16 for a complete description of the method but note that
the updated relations published by De Cia et al. (2018) allowed dust depletion to be
predicted with either [Zn/Fe], [Si/Fe], or [S/Fe]. They also computed relations for
elements besides Fe (e.g., N, O, S, Al, N) but we correct only the Fe-peak elements
because (1) they likely dominate the depletion (they have much higher condensation
temperatures than e.g., O, N (Lodders, 2003)), (2) the other relations rely on the
predicted curves from the [Zn/Fe] abundances i.e., a model based upon another
model, and (3) the other relations have a significant amount of scatter and much

fewer measurements than that used for [Zn/Fe] and [Si/Fe].

Both methods result in dust corrected Fe abundances that were consistent with one
another for G1 [Fe/H]z, = —0.89+0.1, [Fe/H]pcieg = —0.76 £ 0.15. We use the

depletion corrections from DC16 because its predicted values were consistent with
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our simpler empirical approach and because it allows us to estimate depletion for
N1, which has no detection of Zn. Konstantopoulou et al. (2024) recently analyzed
cosmic dust evolution using a large sample of DLAs (and MW, SMC, and LMC
absorbers) that included G1. We find comparable depletion.

We use the [Si/Fe] ratio to infer N1’s dust depletion correction, which is small
(64 = 0.05 dex).

The bottom row of Figure 3.10 show the dust depletion-corrected abundances for
G1 and N1; red and pink squares show the DLA mean metallicity from a sample of
H I-selected DLAs at high-z (analyzed by Rafelski et al. (2012)) at G1’s and N1’s
redshift; and grey squares show the median abundance ratios of one of the largest
samples of very metal-poor (VMP; [Fe/H] < 2) DLAs compiled by Nuiiez et al.
(2022). The CGM metallicity for both G1 and N1 are comparable to that of the
DLA mean metallicity at their redshifts (we discuss this more in Section 3.5). The
Fe-peak elements for both galaxies are consistent after applying the dust depletion
correction, and comparable to what we inferred empirically (i.e., [Zn/H] in the
upper plot or §; = 0.6 dex for G1). The [a/Fe] abundance patterns (lower middle
plot) show a striking difference: G1’s CGM [a/Fe] is solar and consistent across
the three « tracers, and N1’s CGM shows a-enhancement similar to VMP DLAs.
Interestingly, both of their [C,N,Al/Fe] abundance patterns (right bottom plot) are
consistent with the VMP DLAs. There could be a few reasons for this consistency
that are related to the nucleosynthetic origin of the elements. Nitrogen, which is
produced abundantly by AGB stars, might increase in lockstep with Fe, suggesting
that the VMP DLA ratios include some enrichment from delayed events.

Altogether, GI’s CGM has a moderate-high metallicity with a moderate amount
of dust depletion reminiscent of a chemically evolved absorber, but has a C and
odd-element abundance pattern similar to less chemically evolved absorbers. Inter-
estingly, G1 has not been recently enriched, as evidenced by its solar [a/Fe] ~ 0
ratio. This suggests that the abundance patterns for individual absorbers are hard
to predict and caution must be used if assuming any abundance pattern for analysis

(e.g., photoionization modeling).

N1’s CGM has a low-moderate metallicity with C, odd-element, and [a/Fe] abun-
dance ratios consistent with VMP DLAs. This suggests that it was recently enriched
by CCSNe.
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Comparison with the DLA Literature

In this section we compare our measured/inferred DLA properties with those in the
literature in terms of H I column density and metallicity (we assume [Fe/H],=[M/H]).
We discuss dust depletion in Section 3.6. We refer to the DLA associated with G1 at
z =2.41 as G1DLAZ2, and the DLA associated with N1 at z = 3.15 as N1DLAZz3.

N1DLAZz3 has previously been found to have log Ny ; = 20.00 £ 0.1 at z,5,=3.153
(6vism < 60 kms™"), [Fe/H] = -1.4+0.1 (Lu et al., 1997, 1998; Sargent et al.,
1989). Our H I is the same as the authors and Fe abundance is within 0.2 dex

(regardless of dust correction).

We compare the metallicity of both DLAs to the cosmic DLA mean metallicity
(and dispersion) at their redshift using the linear relation computed by Rafelski et al.
(2012), who analyzed a large sample of DLAs across a wide redshift range (z~1.5-5)
with little metallicity bias (H I selected sample). Using the relation at N1’s redshift
yields Z(z = 3.1509) = —1.34 + 0.5 making N1DLAz3 comparable to the mean
metallicity at its redshift ([Fe/H]; ~-1.1+£0.1). Even though the mean relation is
not a physical model and the scatter is large, it is interesting that NIDLAZ3 is not
obviously metal-poor because its abundance ratios are similar to that seen in VMP
DLAs, which are systematically below the DLA cosmic mean by 1 dex between
z ~2 -3 (i.e., [M/H]=[Fe/H]<-2 by definition).

The H I column density of NIDLAz3 (log Ny ; = 20.0) is at the boundary between
sub-DLAs (19 < log Ny ; < 20.3; also known as Super Lyman Limit Systems or
SLLS) and DLAs (log Ny 1 > 20.3). It would therefore be useful to compare it to
a survey of sub-DLAs. The KODIAQ-Z (Lehner et al., 2022) and HD-LLS surveys
(Fumagalli et al., 2016; Prochaska et al., 2015) analyzed the metallicity distribution
of a large number of H I absorbers with log Ny ; =14.6-20.3. Among their many
findings was an increase in metallicity with Ny ; from sub-DLA to DLA, which
is consistent with our findings for N1DLAz3 and G1DLAZz2, though there is large
scatter in these relations (A[M /H] > 0.5). Additionally, the authors found that the
median/mean (standard deviation) metallicity of sub-DLAs is < Z >g715=-1.90/-
1.93+0.89 putting N1DLAz3 well above the median/mean. As mentioned before,

this is puzzling given that its abundance ratios are similar to that of VMP DLAs.

Berg et al. (2015a) analyzed a large sample of metal-rich DLAs that we will com-
pare with G1IDLAz2. Almost half of their sample had log Ny ; > 21 meaning
GIDLAZ?2 is on the low end of the distribution (log Ny ; = 20.4). The median
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metallicity of their sample is [M/H]~0.7 which is comparable to the metallicity of
G1DLAz2 ([Fe/H];=-0.75). Finally, the DLA mean metallicity at this redshift is
Z(z = 2.4312) = —1.18 £ 0.5 placing G1DLAz2 well above the mean. This all
suggests that it is a relatively low H I, metal-rich DLA.

GI1DLAZz2 was recently studied in detail by N22. Their absorption analysis was
based on a component by component (“cloud-by-cloud”) multiphase Bayesian mod-
eling scheme that extracted the kinematic structure and physical conditions for each
of the components (“clouds”) independently but self consistently (each component
per ion had its own model that folded in multiphase components when necessary)
(Sameer et al., 2021). Photoionization grids were used to infer the physical condi-
tions of the gas associated with low log Ny gas (log (Nui/cm™2) < 19 typically;
the majority of the metals components). Importantly, the grids assume a solar
abundance pattern, which we found is likely not representative of the true intrinsic
abundance pattern of the DLA (Section 3.5). Nonetheless, their analyses presents an
opportunity for us to compare our flexible “by hand” method with their statistically

robust method.

One of the most straight-forward comparisons that we can make is the overall
quality of fit and total column density, since neither of these should be significantly
affected by model assumptions. A visual comparison of both our fits to Lya/8, /v,
Fe 1112344, and C IVA11548,1550 show that the fits are comparable in terms of
fit statistics and the kinematic structure (see Fig. 4 in N22). However, a visual
comparison of Si IVA41393,1402, show that we were able to obtain a better fit.
When comparing the derived total column densities of Si IV though, we obtain
similar columns: 1og (Nsizv/cm ™) zpis worx = 14.042£0.05, log (Nsizy /cm™2) yy =
14.12 +£0.01. Indeed, for almost all of the column densities that we have in common
(HI, SiIl, S II, N I) our measurements are within 0.2 dex.

One exception to our agreement is the lower limit that we measure for O I being 1.5
dex larger than their reported values. N22 separately measure O I from their main
fit and achieve a similar column as ours. They acknowledge that their main fit is
unable to reproduce this O I column and might be explained as either the assumed
abundance pattern (solar scale from Grevesse et al. (2010)) or additional unseen

neutral components superimposed on the O I complex.

Finally, they find a total Ny ; weighted metallicity of log(Z/Z)., =-0.68, and find a
wide distribution of metallicties per cloud from effectively pristine gas (log Z/Z, <

—2) to super solar metallicity gas (log Z/Z, > 0). We infer a similar dust-corrected
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metallicity [Fe/H];=-0.75 and find components that may have high metallicities (see
Section 3.6).

This comparison with N22 has shown that the flexible fitting method we use is

quantitatively and qualitatively comparable to their statistical method.

3.6 Insights into the Galaxy-Scale Baryon Cycle at z~2-3
Here we compare the CGM and ISM analyses presented in Sections 3.4 and 3.5 to
place constraints on the galaxy-scale baryon cycle of galaxies G1 and N1. We will

summarize what we have learned about each of the galaxies thus far.

G1 is a typical, Lya emitting star-forming galaxy at z,y; = 2.4312. From the KCWI
cube we found it possesses a Lya halo that extends to more than five times its
continuum size (28 kpc), has a simple velocity distribution that peaks at vy, =
+271 km s~!, and appears to have small objects that are connected to its Lya halo,
GI1-E and G1-S. From the MOSFIRE spectra and SEDs we found that its stellar mass
(log (M./Mgy) =9.9), gas-phase oxygen abundance (12 + log (O/H) = 8.39), gas-
phase N/O (log (N/O) = —1.51), star formation rate (SFR=6-15 M), ionization
parameter (logU = —3.0 — =2.5), and dust extinction (Ay=0.21) are all typical
of z ~ 2.3 star-forming galaxies. From the HIRES spectrum we found that G1’s
CGM (as probed by DLA absorption) has a high occurence of metal absorption
across many ionization states with large column densities, is kinematically complex
(requiring more than 10 components to fit the absorption — metal absorption across
Av ~ 1000 km s71), a moderate—high metallicity ([Fe/H]=-0.76, dust-corrected)
with an abundance pattern that seems to deviate from solar, and moderate dust

depletion (64=0.6 dex) inferred from line-of-sight extinction.

NI is a lower-mass star-forming galaxy at z,,; = 3.1509 with properties in the tail
distribution of z ~ 3 LBG population and analogous to z ~ 2 EELGs. From the
KCWI cube we found it posses a complex Lya halo with three components that
extends to more than fifty times its continuum size (100 kpc); the main components
is double peaked with velocities at viy, » = =439 km s~ and Viya, = +171km sl
and appears to include small objects that are connected to its Lya halo, HU4 and
HUG6. From the MOSFIRE spectra and SEDs we found that N1 has a stellar mass
that places it in the bottom quartile of UV-selected galaxies in spectroscopic samples
(log (M./Mg) = 8.7 —9.2), low gas-phase oxygen abundance (12 + log (O/H) =
7.82), moderate star formation rate (SFR>10 M), strong Lya (Fry, = 12.5 X
10"7erg s7! em™2) and strong [O ] (Fjo my = 14.1 x 107erg s™' cm™), and
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a large fesclye = 29%. From the HIRES spectrum we found that N1's CGM

shows metallic absorption with high column densities across multiple stages of
ionization, kinematically complex gas (requiring more than 6 components to fit
the absorption), metal absorption across hundreds of km s~!, a moderate metallicity
([Fe/H]=-1.1, dust-corrected) with an abundance pattern that is similar to chemically

young absorbers, and has low CGM dust depletion (64=0.05 dex).

Potential Satellites of G1 and N1

We define a galaxy group as two or more galaxies of comparable mass (AM ~50%)
with projected distances smaller than the z ~ 2 — 3 galaxy autocorrelation length
r§© = (6.0 £ 0.5) Mpc (Peebles, 1980). The virial radii of the two galaxies are
informed by previous KBSS studies and ranges from R,;- g1 ~80-90 kpc for G1
(based on the clustering of KBSS L, galaxies with M, ~ 10'2 Mg, assuming an
NFW dark matter halo profile (Rudie et al., 2019; Trainor, Steidel, 2012)), and
Ryir N1 ~60-70 kpc based on the virial radius determined for the median stellar
mass M, ~ 10° Mg (implied M), ~ 10'13) of z ~ 2 low-mass EELGs (Erb et al.,
2023). The potential satellites are well within the virial radii of G1 and N1; the
projected distances between the objects are at most 40 kpc, which is about the same
distance as the SMC and LMC from the MW.

N22 suggested that the origin of the DLA towards Q2343+1232 is the intragroup
medium of a galaxy group at the same redshift. We found from our deep KCWI
cube, which includes N22 exposures, that only G1 is at the same redshift as the DLA.
However, we find evidence for two satellites of G1: G1-E (east), and G1-S (south).
Both sources are visible in the HST image of the Q2343 sightline (Figure 3.1) but only
G1-E appears to be associated with a continuum source. Both objects appear in Ly«
narrow-band images (irrespective of QSO subtraction technique) centered around
7 ~ Zlye,g1 (Fig. 3.7). We argue that they are lower mass than G1 based on their
photometry and Lya fluxes. Specifically, their rest-frame optical photometry (HST-
IR/F160W; QSO-subtracted) is small (compared to G1 mgi rieow = 23.37 £0.2),
mgi-e.r1eow = 25.90 £ 0.2, and mgi1-s Fieow > 25.96, and their Ly fluxes are
also small compared to G1, Fgi-g/Fg1 ~ 0.11 and Fgi-s/Fg1 ~ 0.15 (see Table
3.3). Both galaxies may be resonantly scattering the Lya from G1’s halo because
their spaxels connect/overlap in the pseudo-narrow band images. Additionally, G1-S
has no optical emission lines detected in the MOSFIRE spectra. Therefore, G1 is
likely not part of a galaxy group but instead is a massive galaxy with two detected

satellites.
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Figure 3.11: Lya emission kinematics (filled points) compared to CGM absorption
kinematics (shaded regions) for the DLA associated with G1 (fop; blue shaded
region) and the DLA associated with N1 (bottom; orange shaded region). Red
outlined markers show the Ly« red peak velocity (Section 3.5,3.3), black outlined
markers are the systemic velocity (Section 3.3,3.5), and blue outlined markers show
blue peak velocity, all with respect to zs,, (nebular emission) of G1 and N1. Each
marker is labeled in the center of the figure.

In Figure 3.11 we compare the kinematics of G1-E and G1-S to explore their po-
tential effects on the dynamics (and perhaps abundances) measured in the DLA.
We measure zyyo,61-g = 2.4335 £ 0.0008 (Aviye,gi-g = 201 =72 km s‘l) and
2G1-S,Lya = 2.4359 £ 0.0008 (Avsys = 410 + 72 km s~1). Non-resonant transitions
would provide more reliable redshifts but applying the typical zyy, — z5ys Vvelocity
offset to the galaxies (Avyy, = —235+101 km s~! (Steidel et al., 2018; Trainor et al.,
2015)) gives Avgi-gsys = —34 £ 72 kms™! and Avgi_gsys = 175 — £72 km s~ .
Their estimated systemic velocities coincide with metal absorption in the HIRES
spectrum between -100 — +200 km s~!, making it possible that they could be con-

tributing to the absorption.

N1’s Lya halo appears to have three distinct kinematic components (see Fig.3.7). In-
terestingly, each component is coincident with continuum source(s) in the HST/702W
image (Figure 3.1), the redshifted component with N1, the intermediate component
with HU6 (east of N1), and the blueshifted component with HU4 (and perhaps even

more uncatalogued continuum sources; northwest of N1).

In Figure 3.11 we compare the Lya kinematics of N1, HU4, HU6, and the DLA at

the bottom of the figure. The components have velocities that are similar to N1’s
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blue peak (extracted from spaxels that contain the continuum of the galaxy i.e., there

is little chance of contamination from the other sources).

The estimated systemic velocities are fairly large when compared to the escape
velocity of z ~2 halo with virial mass log (M,i;/Mg) = 11.7 at 20 kpc (Rudie
et al., 2019; Trainor, Steidel, 2012): vese ~450 km s~!(when assuming a NFW
profile). This velocity is an upper limit for N1 because it is low stellar mass
(log M, ~ 8.7 —9.2) compared to more massive KBSS star-forming galaxies. Due
to the complexities of Lya radiative transfer, it is difficult to determine whether
these Ly« velocities are dominated by bulk gas motion or resonant scattering, but
the lack of a velocity gradient in all of the objects suggests that there is no gas
acceleration/rotation. Indeed, all of the objects have a simple velocity structure
with a small velocity dispersion of o= ~ 50 — 100 km s~!. Additionally, we showed
in previous sections that the dominant emission mechanism of Lya in N1 is not

collisional excitation given its low Lya/Ha.

Both HU4 and HUG6s velocities do not overlap with the DLA absorption, suggesting
that they do not significantly affect the CGM absorption seen in the DLA. Though,
it is still possible that they could have interacted with N1 in the past and/or ejected

metals from a previous starburst to the DLA.

The objects are likely lower mass than N1, considering their small Lya fluxes
(Frusvrya/Fni1ye = (2.88 £0.1)%), Frus1ya/FniLye = (9.2 £0.1)%, and fainter
F702W magnitudes: myye = 25.65 £ 0.3 and mpyya = 25.85 + 0.3, compared to
my1 =24.45+0.3.

Altogether, the combination of the HST images, KCWI, MOSFIRE, and HIRES
spectra suggest that the new objects discovered towards G1 and N1 are likely satel-
lites. The HST images showed that the objects are at projected distances well within
the virial radius of G1 and N1, and that they are lower mass based on their photom-
etry. The KCWI spatial and velocity maps showed that the objects have small Ly«
fluxes (F < 0.1FLy,) and velocities consistent with G1 and N1, though if a systemic
velocity correction is applied to N1 only one of the objects is at a consistent velocity.
The KCWI spatial maps and MOSFIRE spectra suggest that the objects near G1
may be scattering photons from its Lya halo based on their low Lya/Ha and their
Lya emission appearing spatially connected to the halo. The KCWI velocity maps
and HIRES spectra show: for N1, that the satellites’ presence may not significantly
affect the DLA absorption because their Lya emission velocities are much larger

than the absorption velocity range; for G1 the satellites have similar velocities to
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strong metal absorption in its CGM and may affect the kinematics and abundances.

Chemical Enrichment

One of the most straightforward methods to trace the galaxy-scale baryon cycle is
to compare metallicity differences between the ISM and CGM. Metals are formed
via nucleosynthesis and are liberated via supernovae (CCSNe and Type Ia SNe)
and other less energetic processes, e€.g., the winds from AGB stars. Metals that
are found in the CGM therefore likely originated from the ISM. In Section 3.4 we
calculated ISM bulk metallicity using strong line calibrations, and in Section 3.5 we
inferred the metallicity of self-shielded, neutral phase CGM gas (where ionization
effects are minimal) using Voigt profile decomposition. Since different elements can
have different channels of production (e.g., hydrostatic vs. explosive nuclesynthesis,
aproduction, thermonuclear explosions) it is useful to compare similar metals. In
this case, O and N can be reliably measured from both the ISM and CGM.

For the first time at this z (to our knowledge), Figure 3.12 shows the N/O as a
function of O/H for G1 and N1. We color coded the symbols to show metals from
the CGM (blue) and from the ISM (red) compared to nearby H II regions analyzed
by Pilyugin et al. (2012), a sample of metal-rich ((M/H] > —1.0) high-z DLAs
compiled by Berg et al. (2015a), moderate-low metallicity ([M /H] < —1.6) high-z
DLAs compiled by Pettini et al. (2008), and very metal poor ([M/H] < -2) DLAs
compiled by Cooke et al. (2011b). Unfortunately, [N II] was not accessible for N1’s
ISM, so we show an unbound point (in N/O) at the O/H abundance that we were able
to measure, which places it in the low-metallicity regime. Although the O CGM
absorption lines are saturated, we nonetheless represent the [O/H] as a point and not
a limit because both galaxies a-element abundances were within 0.2 dex; we adopt

this difference as its error.

The CGM gas lies in the “primary nitrogen” plateau where the majority of the N
is liberated from CCSNe, which has been observed before in high redshift DLAs
(e.g., Centuridn et al., 2003; Pettini et al., 2002, 1995, 2008; Zafar et al., 2014b).
Indeed, we can see that neither the high-, moderate-, or low-metallicity DLA samples
populate the secondary nitrogen rise. G1’s ISM gas is in the “secondary nitrogen”
rise where more delayed enriching events have commenced (e.g., winds from AGB
stars, Marigo, 2001). This shows that the ISM of G1 is more chemcially evolved,
similar to the KBSS-LM1 galaxy stack (an effective average of the KBSS-MOSFIRE
sample). More explicitly, this result suggests that the CGM metals (probed from
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this sightline) were ejected earlier in G1’s SFH when it was in the primary nitrogen
plateau or that the CGM has been enriched by SN winds with minimal entrainment
of AGB-enriched gas. In the latter scenario, the high-velocity (high-energy; CCSNe
and SNela) SN winds escaped the galaxy and enriched the CGM whereas the low-

velocity (low-energy) winds stayed within the ISM in the recent past.

This positive metallicity gradient (Z;syr-Zcgy > 0) seen in G1 is common in other
galaxy-QSO studies (e.g., Battisti et al., 2012; Berg et al., 2023; Chen et al., 2005;
Péroux et al., 2011; Prochaska et al., 2007b) and aligns well with the picture of the
ISM being the main driver of metals into the CGM and the presence of inefficient
mixing of outflow ejecta with ambient gas. More specifically, if the ISM is the origin
of the bulk of metals seen in the CGM with non-instantaneous mixing, one would
expect most sightlines to show Z;sys > Zcgy with some sightlines (or components)

being metal rich.

N1 shows a flat metallicity gradient (Z;sy-Zegm ~ 0), i.e., it has similar O abun-
dance in both its CGM and ISM. This is not common (but see e.g., Péroux et al.,
2011; Schady et al., 2024). Unfortunately, we do not have any constraints on the
N/O ratio in the ISM and only a lower limit in the CGM, so it is difficult to make
inferences on its enrichment history. Butits O abundance suggests that both the ISM
and CGM lie in the primary nitrogen plateau which is consistent with the findings
thus far that it has a young stellar population. Indeed, N1’s stellar mass is small, its
SED is blue, and its sSFR 1is high, all of which point to a young stellar population
with an ongoing/recent starburst (Figs. 3.4 and 3.6).

There are a few ways that one could explain N1’s flat metallicity gradient (1) The
QSO is intersecting a particularly metal-rich sightline. This would be consistent
with the patchy nature of the CGM. (2) We are seeing stripped ISM from HU6.
This could be consistent with the Lya kinematics (vgys ~-500 km s~!) and tapered
morphology that narrows away from near N1, but is inconsistent with the DLA
absorption velocities (vpz4 ~-200 - +150 km s~!) and lack of velocity gradient. (3)
The satellites of N1 (HU4 and HUG6) are driving galactic outflows so that the DLA
metallicity (and all other properties) is a combination of two or more of the galaxies.
The kinematics of the Ly from the satellites do not fully support this interpretation
because neither of the satellites are at velocities with DLA absorption (vpr4 ~-200
- +150 km s7!). (4) N1 ejected very metal-rich (super-solar) gas that efficiently
mixed into the CGM such that the metallicity is now similar to the ISM. This is
the least likely scenario as the CGM is not well mixed (e.g., Faucher-Giguere, Oh,
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Figure 3.12: Comparison of gas-phase N/O as a function of oxygen abundance in
G1’s (star) and N1’s (plus) CGM (light blue filled; Section 3.5) and ISM (red filled;
Section 3.4) gas. This is the first time this explicit comparison has been made at
this z (to our knowledge) and shows that G1’s CGM is less chemically evolved
than its ISM, and that N1’s ISM and CGM are comparable in oxygen abundance.
An effective average of the KBSS-MOSFIRE sample is plotted as a green circle
(KBSS-LM1; Steidel et al., 2016); pink squares show metal-rich DLAs compiled
by Berg et al. (2015a); light green squares are moderate—low metallicity DLAs
compiled by Pettini et al. (2008) where the pentagons show points where S was
converted to O assuming (O/S)=1.57 Asplund et al. (2009)); gray squares show
very metal poor DLAs compiled by Cooke et al. (2011b); grey points show nearby
HII regions in SDSS galaxies from Pilyugin et al. (2012); dashed black lines show
the approximate locations of the primary N plateau and the secondary N rise with
similar locations and slopes as Pettini et al. (2008); and dashed yellow lines show
solar values from Asplund et al. (2009). REFERENCES. Metal-rich compilation by
Berg et al. (2015a): Berg et al. (2013, 2015b); Centuridn et al. (2003); Dessauges-
Zavadsky et al. (2007, 2001, 2006); Dutta et al. (2014); Erni et al. (2006); Henry,
Prochaska (2007); Ledoux et al. (2006, 1998); Levshakov et al. (2002); Lopez,
Ellison (2003); Lopez et al. (2002, 1999); Lu et al. (1996); Noterdaeme et al. (2008,
2012); Petitjean et al. (2008); Pettini et al. (2008); Prochaska et al. (2001a, 2003b,
2002b); Prochaska, Wolfe (1999); Prochaska et al. (2007a, 2001b); Srianand et al.
(2012, 2005); Zafar et al. (2014c). Moderate—low metallicity compilation by Pettini
et al. (2008): Centurion et al. (2003); D’Odorico et al. (2002); Dessauges-Zavadsky
et al. (2004, 2006); Ellison, Lopez (2001); Henry, Prochaska (2007); Ledoux et al.
(2006); Lopez, Ellison (2003); Lopez et al. (2002); Lu et al. (1998); Petitjean et al.
(2008); Pettini et al. (2002); Very metal poor compilation by Cooke et al. (2011b):
Cooke et al. (2011a); Dessauges-Zavadsky et al. (2001); Ellison et al. (2010); Molaro
et al. (2000); O’Meara et al. (2006); Penprase et al. (2010); Petitjean et al. (2008);
Pettini et al. (2008); Prochaska, Wolfe (2002a); Srianand et al. (2010).
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2023), but it is possible drive such high metallicity winds (Chisholm et al., 2018;
Martin et al., 2002; Strickland, Heckman, 2009).

Altogether we were able to see that the ISM-CGM metalliciity between the galaxies
were very different. G1’s CGM was more metal poor and less chemical evolved
than its ISM while N1 CGM and ISM had comparable metallicity. Expanding the
number of galaxies that we can map onto this space will help answer questions about
the metal enrichment of the CGM.

Dust Abundance and Depletion

Explicit comparisons between the dust content in the CGM and ISM of individual
galaxies are almost entirely lacking in the literature, especially at z ~ 2. There is
work describing cosmic dust content (e.g., De Cia et al., 2018; Konstantopoulou
etal., 2023; Ledoux et al., 2015; Péroux, Howk, 2020; Pontzen, Pettini, 2009) using
DLAs, but the explicit connection to singular galaxies is not common (but see, e.g.;
Boettcher et al., 2021; Rudie et al., 2017).

We quantify the amount of dust in the ISM in Section 3.4) using the Balmer decre-
ment (F(Ha)/F(Hp)), then again in Section 3.4) from the best-fit SED parameters.
We calculated CGM dust depletion corrections ¢4 in Section 3.5 using the empirical
scaling relations from DC16. We convert the CGM depletion corrections to extinc-
tion by scaling the galactic Ay to Ny ; conversion by metallicity (equation 8 from
DC16):

Ay

Ay = DTM X (—) x Ny x 10M/H] (3.5)
HI ] Gal

where DTM is the dust to metal ratio equal to (1 — 10%¢)/dtm(Gal) where
dtm(Gal)=0.98 (the dust-to-metal ratio of the Milky Way; De Cia et al., 2013)
and ¢4 is the depletion correction derived in Section 3.5; (%)Gal = 045 x
1072 mag cm™% (Watson, 2011) is the galactic conversion from H I column to
extinction, N (H ) is the linear neutral hydrogen column density, and [M/H] is the
metallicity, which we equate to the dust corrected iron abundance [Fe/H], (see

Section 3.5).

In Figure 3.13 we show the dust content of G1 and N1 expressed as extinction
from H II regions (Balmer decrement), continuum photometry (SED), and CGM
(using Equation 3.5). We do not have a nebular extinction for N1 because Ha
was accessible from the ground. We compare the extinction to that of a typical

DLA from the large samples analyzed by De Cia et al. (2016); Konstantopoulou
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Figure 3.13: Dust extinction of G1 (blue outlined star) and N1 (orange outlined plus)
in the ISM (red fill) and CGM (light blue fill). Extinction measurements using (1) the
Balmer decrement are denoted as “Ha /Hp,” (see Section 3.4), (2) the best-fit SED
models as “SED,” (see Section 3.4) and (3) from the CGM as “CGM” (see Section
3.5). We show typical DLA dust extinction as a blue horizontal dashed line from
(De Cia et al., 2016; Konstantopoulou et al., 2023), average dusty DLA extinction
(Heintz et al., 2018), and a very dusty DLA that was analyzed by Konstantopoulou
et al. (2024). We use Ry=3.1 (Cardelli et al., 1989).

et al. (2023); Ramburuth-Hurt et al. (2023), the average extinction of a sample of
dusty DLAs (Ay 20.2; Heintz et al., 2018), and a very dusty DLA (J1056+1208;
Konstantopoulou et al., 2024). Regardless of the method employed to determine the
dust in the ISM, there is at least an order of magnitude less inferred line-of-sight
extinction in the CGM (light blue filled symbols).

It is possible that we are underestimating the depletion of N1 because we could only
use the [Si/Fe] ratio to determine its dust depletion correction. We note that if we
were to use the empirical CGM depletion correction for G1 instead of the DC16

relations, the Ay would not change significantly.

This trend is consistent with dust being driven from the ISM to the CGM. It seems
likely that the dust was formed in the ISM and was expelled via SN winds, just
like the metals. Along with dust creation and expulsion, it is also possible that dust
was destroyed during this process (e.g., Otsuki, Hirashita, 2024). There could be a
few ways in which the depletion patterned formed. Either the depletion pattern was

always there, or it took time for refractory elements to deplete onto dust grains.

Regardless of the origin of the dust depletion pattern, we have shown that the inferred

line-of-sight extinction is more than ten times smaller in the CGM as compared to
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the galactic H II regions.

Unbound Gas in the CGM

In Figure 3.14, we show all best-fit intermediate- and high-ionization metal transi-
tions, a representative low-ionization transition, and the best-fit H I from R12 for
G1. The intermediate- and high-ionization transitions (C IV, Si IV, O VI) have a
very similar structure, and share ~ 90% of their components. Their structure is
different from that of the low ionization metals which is typical in DLAs due to the

self-shielding.

Some of the absorbers in G1’s CGM have radial velocities v, =500 km s~! relative
to the systemic redshift. These velocities are lower limits on the true (three dimen-
sional) velocity of the gas. Absorbers at smaller velocities might also be unbound,
but we cannot tell from the current data. At these large velocities, the absorbers
are unambiguously gravitationally unbound to the galaxy, given the escape veloc-
ity of a typical KBSS L, star-forming galaxy ves. ~500 km s~'at b ~20 kpc and
M, ~ 102 My, assuming an NFW dark matter halo profile (Rudie et al., 2019;
Trainor, Steidel, 2012). Additionally, the impact parameter is a lower limit on the
distance from the galaxy, so some absorbers near (or below) the escape velocity
may actually be unbound since a farther distance would reduce the escape velocity.
N1 might also have unbound gas in its CGM but its absorbers’ radial velocities

range between -200 — +100 km s~!

which is well below its likely escape velocity
Vese N1 ~ 400 km s™! (M), ~ 10'5 Mg), so we can conclude only that there is no
unambiguously unbound gas and do not discuss it in this section (Erb et al., 2023;
Rudie et al., 2019). The sightline to Q2343 has two absorption complexes that, if
associated with G1, would have velocities equal to or exceeding its escape velocity:
one near v ~-500 km s~'which we refer to as “Complex500”, and the other near

v ~-750 km s~!which we refer to as “Complex750”.

Complex500 (magenta dash-dot lines) is seen across all ionization states observed
in the HIRES spectra, including neutral (H I, O I, N I), low (C II, Ai II, Si II),
low-intermediate (C III, Al III, Si III), intermediate (C IV, Si IV), and high (O VI)
1onization metal species. The ions share the same kinematic structure even though
they differ significantly in their column densities. For example, log (N ;/cm™2) =
15.86 + 0.1, log (N4 77/cm™2) = 11.65 + 0.1, log (Ns; jv/cm™) = 12.43 £ 0.2,
log (N¢ jv/cm™2) = 13.58 £ 0.2, and log (Ng v;/cm™2) = 14.82 + 0.2 (found by
summing over ~-550 — -450 km s~!). We can see that the low-ion metal columns
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Figure 3.14: G1’s intermediate- and high-ionization metal CGM absorption and and
best-fit Voigt profiles centered at z;=2.4312. The magenta dashdot lines shows a
metal absorption complex at v ~ =750 km s~! and brown dashdot lines show metal
absorption at v ~ =500 km s~!. The lines and colors are the same as Figure 3.8.

(e.g., Al III) are small compared to the intermediate- and high-ionization metals
(e.g., C IV). Complex500 is reminiscent of the CGM absorbers analyzed by R19,
who found that most absorption complexes (within Ry at z ~2-3) had low- to
intermediate-ionization (and some high-ionization) ions with the same kinematic
structure, with many of the absorbers at velocities that exceeded the galaxies gravi-
tation potential. This suggests that Complex500 is more typical of the z ~ 2 CGM
compared to the v ~ 0 km s~! absorbers that are self-shielded by the DLA that allow

for much larger columns of low-ionization gas.

Complex750 (brown dashdot lines) is seen only in H I (two components), C IV (five
components), and O VI (three components) spread between -800 — -700 km s~!.
They are the fastest moving absorbers detected in G1°’s CGM.
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Their column densities are more comparable to each another (in contrast to Com-
plex500). Specifically, log (N ;/cm™2) = 14.89+0.1,1og (N¢ jv/cm™2) = 13.61+
0.1, and log No vi/em™2 = 13.40 £ 0.1. Their ratios are log (N¢c 1v/Ng ) =
-1.28+0.2,1og (No vi/Ng 1) = —-1.49+0.2, and log (N¢ ;v/No vi) =0.21 £0.2.
The strongest component of Complex750 is found at v ~ 766 km s~!.

These two complexes are associated with low log Ny ; gas and relatively high
columns of metals, suggesting that the gas is either highly ionized, metal-rich, or
both. The high velocities associated with the two complexes, especially that of
Complex750, point to an energetic origin. The combination of the column densities
and velocity suggests that the absorbers were ejected via energetic galactic outflows.
Indeed, N22 found that the metallicities of the clouds in Complex500 are super-solar,
possibly indicating that these absorbers are the products of undiluted CCSNe. This

is likely also true for Complex750 given its column density ratios.

These results are similar to previous studies where enhancement of H I, CIV, and O
VI was found within 180 kpc of KBSS galaxies, at column densities and velocities
that would suggest metal-rich (or highly ionized) gas that originated from a galactic
outflow, and that unbound absorbers were usually associated with low log Ny ;
(Adelberger et al., 2003; Pratt et al., 2018; Rudie et al., 2019; Simcoe et al., 2006;
Turner et al., 2014, 2015). Indeed, enhanced O VI absorption (and C IV) have
been found to favor a scenario where the ions arise from metal-rich (Z > —0.1) hot
(T > 10° K) gas (Simcoe et al., 2004, 2006; Turner et al., 2015).

We now place limits on the timescales associated with the ejection of the absorbers
using their measured velocities as a sanity check. Starburst driven galactic super-
winds are known to have velocities of vyiugs ~200 - >1000 km s~ from z = 0 — 1
(Heckman et al., 2015, 1990; Prusinski et al., 2021). Indeed, the average velocities
of the two complexes are consistent with this range. Using the lower and upper
limit for galactic superwind velocity over 20.8 kpc gives an ejection time between
<21-104 Myr ago. That is ample time for the proposed galactic outflow to have
launched and made its way to b given the stellar age of G1 (~600 Myr).

Altogether, these complexes appear to provide direct evidence of metal enrichment
of the CGM (and/or IGM) from galactic outflows based on their velocities, H I
and metal column densities, multiphase nature of the absorbers, and limits on the

timescales of ejected absorbers.
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3.7 Discussion and Caveats

Are We Actually Probing CGM Gas?

One can never prove that an absorber is associated with a particular galaxy because
there are multiple explanations for the presence of gas at the same redshift as the
galaxy: ejected/stripped gas from another galaxy, chance alignment of a satellite
galaxy intersecting the QSO LOS, intragroup medium of an unresolved galaxy group,
etc. Therefore, we must rely on the ensemble of overlapping physical properties of
the galaxy and absorber to argue whether it is reasonable to assume that they are

physically associated with one another.

The velocity offset between the systemic redshift acquired from the rest-optical non-
resonant nebular emission and the best-fit DLA HI component for both G1 and N1
are |Av| < 10 km s~!. One would expect a larger velocity offset if the objects were

truly not physically in the same vicinity.

The impact parameters of the QSO sightlines are well within the virial radius of the
galaxies (b < 100 kpc) where one would expect large column densities from CGM
gas absorption detectable within a single sightline. The occurrence rate of high H I
column gas decreases steeply with impact parameter (Krogager et al., 2017; Rudie
et al., 2012; Werk et al., 2014).

The metallicity difference seen between the ISM (12+log (O /H)) and CGM ([O/H])
fits well with the picture of the DLA arising from CGM gas that has been enriched by
metal products from the ISM with non-instantaneous mixing for G1. However, N1’s
flat metallicity difference is puzzling but could be explained by a more complex
interplay between N1 and its satellite galaxies e.g., the origin of the DLA could
be the stripped ISM of HUG6 or the satellite galaxies are driving outflows that are
enriching the DLA.

An interesting argument against a galactic origin of the DLA gas towards G1 is
related to its metal abundance pattern. After accounting for dust depletion, we found
that the DLLA has moderate-metallicity [ Fe/H]; = —0.76 but has no a@-enhancement
([a/Fe] ~ 0), suggesting that it has not seen recent enrichment from galactic
outflows dominated by CCSNe like that seen in VMP DLAs ([a/Fe] ~ 0.5). These
two points seem to contradict G1’s apparent ability to drive galaxy-scale outflows,
deduced from the instantaneous SFR (and SFRggp), ionization, and optical line
ratios. After all, galaxy-scale outflows are ubiquitous at z ~ 2 — 3. Nonetheless,
we know that the CGM is patchy, so the sightline we are probing might have been

“missed” by the most recent outflow events or G1s abundance pattern deviates from
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solar values.

Finally, it is possible that the DLLA arises in the ISM of a (physically) small satellite
galaxy that has not yet been identified; this possibility is difficult to rule out, but
the level of enrichment attained by the gas would make it implausible to associate
the absorption with a very faint host. We have leveraged very deep IFU cubes and
the natural masking of the QSO by the DLAs to show that there is no faint/diffuse
Lya emission on top of the QSO other than emission directly associated with the
galaxies. Our 30 detection limit corresponds to a surface brightness of SB >

2 arcsec™2. Unfortunately, our QSO subtraction technique

1.5x 107" erg s™! ecm™
only allows us to probe b >1.25” from the QSO center, so future improvements to
our technique may result in discoveries of new galaxies. The HST images contain
no detectable continuum sources within 0.7” of the QSOs, which places a limit on
the hypothetical projected radius r <2.8 kpc at both galaxies’ redshifts. With more
sensitive IFUs on larger telescopes with longer integration times, we will be able to
probe lower limits of flux (stellar mass) until either a galaxy is found or the limiting

stellar mass is less than that corresponding to log Ny ;.

Altogether, it is reasonable to interpret the DLLAs as the CGM of the galaxies due to
the small CGM-ISM velocity offset (< 10 km s~!), small impact parameters (b <21
kpc, well within Ry;:), and the positive ISM-CGM metallicity gradient (for G1).
Some puzzles remain: the CGM abundance pattern (for G1) and the flat CGM-ISM
metallicity gradient (for N1).

Comparison with other Absorber-Galaxy Systems

In this section we compare G1 and N1 to several works that analyzed absorber-host
galaxies at z>2. One caveat to this comparison is that the two galaxy-absorber pairs
presented in this paper do not represent a homogeneous selection and thus should

not be used to infer properties of some underlying population.

Krogager et al. (2017) analyzed a sample drawn from two decades of searches for
z > 2 DLA host galaxies. Their new search focused on metal-rich DLAs under the
assumption that their hosts would follow the mass-metallicity relation, i.e., the hosts
would be more likely to be detected (e.g., Fynbo et al., 2011, 2008). Similarly, a
very recent survey was conducted by Oyarzin et al. (2024) who searched for Ly«
emission of metal-rich DLA hosts using KCWI. This sample was unique because
of the inclusion of galaxies with CO detections associated with DLLAs. Both studies

report a galaxy detection rate (Lya and/or CO detection) close to ~ 50%, well
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above the typical blind detection rate of ~ 10 — 15% (i.e., no metal selection),
adding more evidence that metal-rich DL As are more likely to have detectable host
galaxies (Fumagalli et al., 2015; Krogager et al., 2017). This is consistent with our
findings that neither G1 nor N1 is associated with a metal-poor DLA. Interestingly
though, the DLA metallicities of the detected galaxies ranged from low—moderate
to metal-rich ([M/H]=-1.39 —-0.27) putting G1 in the middle of the distribution.

Comparing further, we see that the H I column density of the DL As were comparable
to that of G1 (log (Ny 1) ~ 20.6); the impact parameters spanned b=0 — 70 kpc, the
majority (4/6) of which being b < 12 kpc, which is about 1.5x smaller than G1 and

2

N1; and the Lya fluxes ranged from 0.5 — 17 x10~"7erg s=! cm™2, comparable with

the fluxes we measured for N1 and G1 (3, 13 ><10_17erg s em™2).

The MUSE Analysis of Gas Around Galaxies (MAGG; Lofthouse et al., 2020)
survey and the MUSE Quasar-field Blind Emitters Survey (MUSEQuBES; Muzahid
et al., 2020) have recently searched for z > 3 LAEs at the same redshift as H
I absorbers. Both samples are galaxy-selected (via Lya emission detection) and
MAGG additionally focuses on QSOs with strong H I-absorbers (LLS, and higher).
Both samples discovered a large number (N > 100) of LAEs within b ~ 10 —
300 kpc of QSOs and +£1000 km s~! of a mix of LLS, sub-DLAs, and DLAs
(log (Ny 1/cm™2) > 16.5) that have moderate to low metallicities ([M/H]~-3.5
— -1.5). The novelty of N1 compared to these samples is threefold: first, its
impact parameter is almost an order of magnitude smaller than a typical detection
(bn1 ~ 20 kpe vS. byacG.median ~ 165 — 200 kpc); second, it is associated with
a (sub-)DLA whereas the majority of the MAGG LAE:s are associated with LLSs;
third, N1 was a continuum-selected galaxy as opposed to the Ly selection from
MUSEQuBES and MAGG.

MAGG has found more than 120 LAEs but only six (confident) detections are
found at b < 50 kpc, whereas MUSQuUBES discovered 96 LAEs, 5 of which
have b < 50 kpc. Interestingly, the LAEs with the smallest impact parameter
in their sample are not found to be associated with DLAs but instead LLS (or
lower), suggesting the CGM of N1 may not be typical, although larger samples
at small impact parameters would be required for this statement to be made with
high confidence. The closest (confident) LAE-DLA hosts are typically found at
b > 50 kpc while the brightest (confident) LAEs are found at » > 100 kpc. Though
seemingly uncommon, there have been discoveries of z ~ 3 DLA host galaxies (see

e.g., Fumagalli et al., 2017).
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Finally, we compare N1 to dwarf-galaxy CGM studies given its lower mass M, ~
10°M,. MUSEQuUBES probes a lower stellar mass (M, ~ 108-°M) and lower Lya

0% erg s7!) than N1. Among some of their findings is an

luminosity (Lpy, ~ 1
excess of H I and C IV at line of sight (radial) velocities v < 500 km s~!; they
measure a range of log N(CIV /cm™2) ~11.4-14.3, placing N1 at the high end of
their distribution (log N(CIV /cm™%)y1 =13.9); about 45% of the C IV absorbers
were at velocities that were unbound to the halo, which is not the case for N1 which

showed no unambiguously unbound absorbers (see Section 3.6).

At low-redshift there have been multiple dwarf-galaxy CGM studies that have found
a low frequency of CGM metal absorption from low- (e.g., Si II) and intermediate-
ions (e.g., C IV) but a high frequency of high-ionization gas O VI, all associated
with low H I gas (Johnson et al., 2017; Qu, Bregman, 2022; Zheng et al., 2024) (but
see Bordoloi et al., 2014). Therefore, N1 appears to support this trend that at high-z
there is a large fraction of neutral-intermediate ionization metal absorption, though
a larger sample of z ~ 3 lower mass galaxies will be required to more convincingly

support this.

The full KBSS-InCLOSE sample will provide significantly improved statistics on
the bulk properties of the inner CGM surrounding galaxies at z ~ 2, including the
frequency of high-N(HI) absorption such as that seen in N1 and G1, herein.

3.8 Summary and Conclusions

We have presented the design and first results from the new KBSS-InCLOSE survey
which focuses on the Inner CGM of QSO Line Of Sight Emitting (InCLOSE)
galaxies at z ~2-3. KBSS-InCLOSE allows us to connect galaxy properties (e.g.,
stellar mass, interstellar medium ISM metallicity) with the physical conditions (e.g.,
kinematics, metallicity) of the inner circumgalactic medium to directly observe the

galaxy-scale baryon cycle of z ~ 2 — 3 star-forming galaxies.

In this paper we focused on two QSO fields, Q2343+1232 and Q2233+1310, for
which we have added extended optical IFU coverage with deep KCWI pointings. We
leveraged the fact that these fields have z ~ 2 —3 star-forming galaxies near the QSO
line of sight (nLOS galaxies), Q2343-G1 (G1, z=2.4312; atypical z ~ 2 star-forming
galaxy) and Q2233-N1 (N1, z=3.1509; a lower mass LBG with strong, extended
nebular emission that makes it analagous to z ~ 2 EELGs), to develop observation
strategies, QSO subtraction techniques, and coupled ISM-CGM analyses that will
be applied to the remaining KBSS-InCLOSE fields.
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We summarize our main findings below:

1. KCWTI is an efficient and effective instrument for finding new nLOS galaxies.
We discovered more than 15 new galaxies across the two QSO fields. The
QSO subtraction techniques that we develop, use, and repurpose were key to
this discovery process since the QSO point spread function (PSF) dominates

emission in the wings, where new galaxies are likely to be found.

2. For the first time at this z, we explicitly compare the gas-phase N/O (vs O/H)
in the CGM and ISM finding that G1’s CGM is metal-poor and less chemically
evolved than its ISM, suggesting that it was enriched by a previous starburst,

perhaps when its ISM was in the low metallicity regime.

NI1’s CGM has a comparable metallicity to its ISM (A[O/H]cGp-1sm ~0)
which may be a result of stripped ISM gas from a previous interaction with one
of its satellite, or simultaneous enrichment from one or more of its satellite

galaxies.

3. The inferred CGM line of sight dust extinction is an an order of magnitude less
than the ISM for both galaxies, suggesting there is little dust in their CGM.

4. G1I’s CGM appears to have unbound, metal-rich, hot gas that may be the
product of undiluted CCSNe ejecta driven by an energetic galactic outflow
between ~ 20 — 100 M yr ago

5. Both galaxies” CGM absorption (HIRES) revealed: a high incidence of metal
absorption showing detections of e.g., C, N, O, Al, Si, S, Fe, etc.; multiphase
gas is common from neutral to quintuply ionized transitions with similar
kinematic structure; kinematicatically complex absorbers, requiring at least
10 components (and up to 31 components!) to fit most metal transitions
and spread out to ~ —800 km s~ 11 there are low to moderate levels of dust
depletion (64 = 0.6 dex for G1; 64 = 0.05 dex for N1) ratios; and G/ has a
puzzling abundance pattern (chemically evolved by some ratios [a/Fe]~0 but
chemically young in some ratios [N/Fe]~-0.8) that may deviate significantly
from solar, and NI has an abundance pattern typical of chemically young

absorbers.

6. Lya surface brightness and velocity maps (KCWI) revealed that G/ has a
single-peaked Lya profile (v,.q = +271 km s~!), an extended Lya halo (28
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kpc), and has two Ly« satellite galaxies in proximity to it. N/ has a double-
peaked Lya profile (v, ~ =420 km s™!, v, ~ 171 km s71), strong Ly emis-
sion (EWry, ~ —40 ), a very extended Lya halo (s ~100 kpc), and has Lya

emitting satellite galaxies near it

7. Rest-optical spectra (MOSFIRE) and SED modeling of the galaxies revealed
that G/ is a typical z = 2 — 3 star-forming galaxy in terms of its stellar
mass (log M./Myg; = 9.9 +0.1,), star formation rate (SFR=6-15 M), dust
extinction (Ay = 0.21), ionization parameter (logU ~ —2.7), and Ly« escape
fraction (fesc,Lye,G1 = 6%). NI is a lower mass (log M,/ Mog, =8.7-9.2
0.1,), young (¢,=30-50 Myr), relatively low dust (Ay ~ 0.1) star-forming
galaxy with strong nebular emission (Lya [O III]), complex and extended Ly«
halo morphology (s ~ 100 kpc), and high Lya escape fraction (fesc,Lya,n1 =
30%) putting in the tail end of the z ~ 3 LBG population, and reminiscent of
7z ~ 2 EELGs.

The diversity of the two galaxies’ CGM-ISM properties highlights the need to build
a large sample of nLOS galaxy-QSO pairs to place global observational constraints
on the z ~ 2 —3 CGM. The complete KBSS-InCLOSE sample will accomplish this
by analyzing e.g., the abundance of unbound gas, how CGM measurables vary as
a function of galaxy property (e.g., M., SFR), metallicity distribution as a function
of ion and impact parameter, the fraction of thermally vs. non-thermally supported
gas a function of galaxy properties, further constrain the gas and metal mass of the
CGM, etc.

Fundamentally, these first results show that the observational strategies, QSO
subtraction techniques, and analyses that we have adopted/developed for KBSS-
InCLOSE are well suited to expand our understanding of the z ~ 2 — 3 baryon

cycle.
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Appendix A: Impact of Quasar Spectral Cube Subtraction on the Individual
Galaxy Spectra
In the section we wanted to show effects on the QSO subtraction from the KCWI

cube using IFSFIT discussed in Section 3.3.

We wanted to ensure that the continuum and spectral lines detected in the extracted
galaxy spectra from the QSO-spectrall subtracted cubes were not strongly dependent
on the sampling of the input QSO spectrum to IFSFIT. To test this, we varied the
radius of the circular aperture used to extract the QSO spectrum, then ran it through
IFSFIT, and then extracted the spectra of G1 and N1.

We can see from both the plots in Figure 3.15 that the radius of the extraction

aperture does not affect absorption line strength or centroid, emission line strength
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or centroid, or continuum shape. Even the smallest aperture size is sufficient to
recover the main galaxy spectral features. Adding more pixels just removes flux
from the galaxy continuum at the 5-10% level depending on the portion of the

spectrum.

1 pixel radius QSO subtraction 1.04 1 pixel radius QSO subtraction
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Figure 3.15: Extracted rest-FUV Keck/KCWI spectra as a function of extraction
aperture size (used in the QSO subtraction input). Lya emission peak is marked
as a blue dashed line in each spectrum. Left: Sum of spaxels that contain galaxy
G1. The blue end of the spectrum shows the largest difference (in flux) between the
apertures size but are still < 10% of one another while the shape stays identical.
Right: Sum of spaxels that contain galaxy N1. Similar behavior is seen except the
percent differences between the aperture sizes are < 5%.

In Figure 3.16 we show the effects of steps 3 and 4 from the KCWI cube spectral
subtraction (i.e., QSO Lya halo subtraction; Section 3.3) on the extracted spectra
of galaxies Q2343-G1 and Q2233-N1. The red spectrum show the results from the
QSO continuum subtraction (steps 1 and 2), while the black lines show the results
from the QSO continuum+halo subtraction (Steps 3 and 4). In both galaxies the
QSO Lya peak is reduced by more than 50% while the rest of the spectrum is

unaffected.

Appendix B: Complete Voigt Profile Fitting Results
In Figures 3.17-3.20 we show the all of the best-fit Voigt profiles to G1s CGM

absorption.
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Figure 3.16: Extracted rest-FUV KCWI spectra during all stages of QSO subtraction
for G1 (left two panels) and N1 (right two panels). Top panels: Orange shows the
spectrum without subtraction, red shows the first subtraction (i.e., QSO continuum
subtraction), and black shows the second/final subtraction (removal of QSO Ly«
halo+QSO continuum removal). Bottom panels: Zoom-in showing the QSO Ly«
halo removal.
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Figure 3.17: G1’s HI CGM absorption fits from R12 centered at z51=2.4312. The
lines and colors are the same as Figure 3.8.



1.0
0.5
0.0

1.0
0.9
0.8

1.0

0.9 |-

0.8

1.0

0.9 |-

0.8

1.0 ==

0.9 -

0.8

1.0

0.9

0.8

1.0

0.9 -

0.8

1.0
0.9
0.8

1.0

0.9 |

0.8

1.0

0.9 |-

0.8

1.0

0.9 -

0.8

T
L m Gl Lyalpha v I Lyalpha
=L i —t T i 10 = I i 1 i 1
-1500 -1000 — 0 0 1000  1500-1500 -1000 — 0 0 1000 1500
AV W AP W
LT L V"\g | T L V'\(
- Mnll 2576 L Mnll 2576
1 1 1 1 1 1 1 1 1 1 1 1
-100 -75 -50 -25 0 25 50 75 100 -100 -75 -50 -25 O 25 50 75 100
"-"_J?th\j‘l—l“l. A T v—\yui A T
L Mnll 2594 L Mnll 2594
1 1 1 1 1 1 1 1 1 1 1 1
-100 -75 -50 -25 0 25 50 75 100 -100 -75 -50 -25 O 25 50 75 100
- Fetl 2260 ) ) ) By Fetl 2260 ) ) ) )
-100 -75 =50 -25 0 25 50 75 100 -100 -75 -50 -25 O 25 50 75 100
ad — A —— T
L CI’III 2062 ) ) ) s CI’III 2062 ) ) ) )
-100 -75 =50 -25 0 25 50 75 100 -100 -75 -50 -25 O 25 50 75 100
o, o,
T~ — e~ ———
L, Crlll 2066 ) ) ) by Crlll 2066 ) ) ) )
-100 -75 -50 -25 0 25 50 75 100 -100 -75 -50 -25 O 25 50 75 100
e pa— e i
L Crll 2056 L Crll 2056
1 1 1 1 1 1 1 1 1 1 1 1
-100 -75 -50 -25 0 25 50 75 100 -100 -75 -50 -25 O 25 50 75 100
_,'_l-l tr i s _,-_l-| tr . s
e e R T
= anll 2026 . . . CEy anll 2026 ) ) ) )
-100 -75 -50 -25 0 25 50 75 100 -100 -75 -50 -25 O 25 50 75 100
R Sy R P
L Znll 2062 L Znll 2062
1 1 1 1 1 1 1 1 1 1 1 1
-100 -75 -50 -25 0 25 50 75 100 -100 -75 -50 -25 O 25 50 75 100
= Nilll 1370 i i . L Ey Nilll 1370 ) ) ) )
-100 -75 -50 -25 0 25 50 75 100 -100 -75 -50 -25 O 25 50 75 100
R == A e
- NIIII 1741 ) ) ) By NIIII 1741 ) ) ) )
-100 -75 -50 -25 0 25 50 75 100 -100 -75 -50 -25 O 25 50 75 100
v [km s71] v [km s71]

116

Figure 3.18: GI1’s Fe-peak element CGM absorption and best-fit Voigt profiles

centered at z1=2.4312. The lines and colors are the same as Figure 3.8.
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Figure 3.19: G1’s neutral- and low-ionization metal CGM absorption and best-fit
Voigt profiles centered at zg1=2.4312. The lines and colors are the same as Figure

3.8.
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Figure 3.20: G1’s intermediate- and high-ionization metal CGM absorption and
best-fit Voigt profiles centered at its systemic redshift zg;=2.4312. The lines and
colors are the same as Figure 3.8.
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Chapter 4

KBSS-INCLOSE II: THE CGM OF THREE LOW-MASS
GALAXIES TOWARDS Q1623

4.1 Abstract

We present the second set of results of an extension to the Keck Baryonic Structure
Survey (KBSS) that focuses on the Inner CGM of QSO Line Of Sight galaxies at
z ~ 2 (InCLOSE). KBSS-InCLOSE II showcases three low-mass galaxies (M, <
1033 My), two galaxies are detected as Lyman Alpha Emitters (LAEs) seen in
Keck/KCWI pointings, and one galaxy is detected as a serendipitous line emitter in a
Keck/MOSFIRE spectrum. Each galaxy is within a projected distance of b < 75 kpc
of a luminous QSO, and each QSO is separated by ~ 1.3 Mpc. FUV redshifts from
Lya and nebular redshifts from [O III] show that the galaxies are at the same redshift
Zsys = 2.24. SED fitting and analysis of HST images corroborate that the galaxies
are low-mass based on their best-fit stellar masses (logM./Mg < 8.4) and small
projected sizes (r1/2 1ighe < 0.89 kpc), which are both consistent with measurements
of local dwarf galaxies. Analysis of their CGM absorption as seen in Keck/HIRES
QSO spectra shows a lack of low-ionization metal absorption, ubiquitous detections
of intermediate- (e.g., C IV, Si IV) and high-ionization (O VI) metal absorption,
kinematically complex absorption typically spread over ~ 500 km s~!, temperatures
that are consistent with photoionization log Tiyeq ~ 10*9 K, and moderate detections
of unbound gas. This work hints that the z~ 2 CGM may evolve strongly with z
in terms of kinematic complexity and absorption strength, and with stellar mass
in terms of abundance of low-ionization gas and fraction of unbound gas. Future
KBSS-InCLOSE papers will investigate these preliminary findings by leveraging

the growing sample.

4.2 Introduction

Low-mass (M, < 10° Mgy) galaxies are much more numerous than their more
massive M, = 10'9 M, galaxies (Reddy, Steidel, 2009) and likely play an important
role in ionizing and enriching the CGM/IGM (Romano et al., 2023; Wetzel et al.,
2015). However, it is difficult to observe these galaxies due to their intrinsic
faintness. Specifically, the R band magnitude for a typical z ~ 2 star-forming galaxy
is R ~ 24 (Steidel et al., 2004), while for low-mass Lyman Alpha Emitters (LAEs)
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R ~ 27 (Trainor et al., 2015).

In the past, efficiently finding high-z low mass galaxies required deep narrowband
(NB) images coupled with deep optical and/or NIR spectroscopy. The main limita-
tion of this approach is its observational expense and the narrow redshift range to
which it is restricted, i.e., the central wavelength chosen for the NB filter. Trainor
et al. (2015) analyzed a sample of more than 300 faint z ~ 2.7 (zaye for KBSS
QSOs) LAE:s in this manner. They found that compared to more massive z ~ 3
Lyman Break Galaxies (LBGs), the faint LAEs have significantly higher Ly« es-
cape fractions (fese ~ 30%), significantly reduced low-ionization metal covering
fraction, smaller outflow velocities (VEuy,ave < 500 km s~1) that are (likely) larger
than their escape velocity (vese ~ 200 km s™!) tracing hot, metal-rich outflows.
Additionally, z ~ 2 — 3 faint LAEs are typically characterized by low stellar masses
(M < 10°° My,), low dust content (Ay < 0.1), and extended Lya halos (s > 60 kpc)
(Oyarzun et al., 2017; Steidel et al., 2011; Trainor, Steidel, 2012).

Due to the difficulty of detection, we have few constraints on the physical properties
of the circumgalactic medium (CGM; column density, ionization state, kinematics,
and temperature) of low-mass galaxies at z > 2. But at low-z it has been found
that the z ~ 0.3 sub-Lx* inner CGM systematically shows a lack of low-ionization
gas (e.g., C II), but often shows intermediate-ionization (e.g., CIV), and almost
always shows high-ionization (e..g, O VI) gas coupled with low HI column densities
(log Ny1 ~ 10" cm~2; Dutta et al. 2020, 2025; Johnson et al. 2017; Mishra et al.
2024; Qu et al. 2022; Zheng et al. 2024). Interestingly, at z ~ 3 the CGM of faint
LAEs also shows a lack of low-ionization gas, but exhibits intermediate-ionization
gas coupled with low HI column density (Galbiati et al., 2023; Muzahid et al., 2020).

Targeting LAEs near bright QSOs is an efficient means of detecting low-mass
galaxies with the benefit of probing their CGM via spectroscopy of the background
QSO. The KBSS-InCLOSE survey is an extension of the Keck Baryonic Structure
Survey (KBSS) that focuses on the Inner CGM of QSO Line of Sight Emitting
(InCLOSE) galaxies at z ~ 2 that is discussed in detail by Nuiiez et al. (KBSS-
InCLOSE I hereafter 2024). Keck/KCWI is the driving instrument for the survey
and is uniquely equipped to detect z ~ 2 faint LAEs due to its blue sensitivity.

In this chapter, we focus on the CGM of three low-mass star-forming galaxies
discovered in deep KCWI IFU datacubes towards KBSS field Q1623. These galaxies
represent the first low-mass galaxies analyzed in the KBSS-InCLOSE sample and
serve as an important stepping stone for the rest of the sample. The Q1623 field
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includes three bright QSOs KP77 (z = 2.5353), KP76 (z = 2.2448), and KP78

(z = 2.2436) each within 2.8’ of one another, and each of the three galaxies is within
a projected distance of b < 75 kpc ~ 1.25 Ry;; of one of the QSOs.

This chapter is structured as follows. In Section 4.3 we summarize the new ob-
servations, data reduction, data processing, and the identification of new objects.
In Section 4.4 we analyze the galaxy properties in terms of their nebular emission,
morphology, and stellar populations. In Section 4.5 we analyze the CGM absorption
of each galaxy in terms of column density, Doppler width, and (for the first time for
KBSS-InCLOSE) turbulent velocity and kinematic temperature. In Section 4.6 we
discuss insights into the CGM of z ~ 2 low-mass galaxies gleaned from explicitly
connecting the ISM properties to the CGM properties of each galaxy. Section 4.7

summarizes our findings.

4.3 KCWI as a Discovery Machine for Low Mass Galaxies

The data presented in this paper are part of the KBSS-InCLOSE survey. In summary,
we use new Keck/KCWI and Keck/MOSFIRE observations to identity and confirm
star-forming galaxies with z = 1.9 — 2.6 with impact parameters to one of the KBSS
QSO sightlines of b < Ryj; ~ 80 — 90 kpc (Trainor, Steidel, 2012). We then use
existing KBSS ground- and space-based images from Keck/LRIS, Keck/MOSFIRE,
and HST/WFC3 to model their stellar populations, and KBSS Keck/HIRES QSO
spectra to analyze the CGM absorption associated with the the newly identified
galaxies along the sightlines.

Keck/KCWTI is the driving instrument for KBSS-InCLOSE because of its efficiency
in identifying galaxies projected very close to the LOS toward KBSS hyper-luminous
QSOs. KCWTI is particularly well-suited for finding low-mass LAEs due to its blue
sensitivity (= 3500 A) that allows for the detection of Lya emission down to

ZLye = 1.89, which is unique among the other IFUs on 10-m class telescopes.

We used Keck/KCWI to acquire rest-FUV data cubes with each QSO centered in
the field. We observed Q1623-KP77 on the nights of 2021 July 6, 2021 September
5, and 2024 September 2 for a total integration time of 2.36 hr. KP76 was observed
on the nights of 2022 May 28, 2022 May 29, and 2024 September 04 for a total
integration time of 1.20 hr. KP78 was observed on the nights of 2022 May 28 and
2024 September 04 for a total integration time of 1.36 hours. Conditions were good
on all nights. Our primary configuration used the Medium slicer and BL grating to

optimize spatial resolution, spectral resolution, and field of view (FoV). The medium
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Table 4.1: Observations Summary

Type Instrument Object RA Dec texp Date PI P/ID
- (Config.) - (J2000.0) (J2000.0) (hr) (YYYY/MM/DD) -
Optical IFU KCWI
Med/BL Q1623 16:25:48.83 +26:46:58.80  5.96 2021/07/06 Steidel C300

2021/09/05 Steidel C249
2024/09/02 Steidel C355
Med/BL  Q1623-KP76 16:25:48.11 +26:44:32.96  1.20 2022/05/28,29  Steidel €263
2024/09/02,04  Steidel C355
Med/BL  Q1623-KP78 16:25:57.40 +26:44:48.50  1.36 2024/09/02,04  Steidel C355
NIR Spectra ~ MOSFIRE

H.K HU1 16:25:48.65 +26:46:55.77 3.5,2.4¢ 2022/08/17 Steidel C205
H 2023/09/18 Steidel C409
H 2024/03/30 Steidel C381
H 2024/04/25

H.K 2024/05/25

H.K BX426b 16:25:47.92  +26:44:27.45 2.7,1.0¢ 2022/08/17 Steidel C205
H BX426b 16:25:47.92  +26:44:27.45 2023/09/18 Steidel C409

Optical Images LRIS
Un,G,Rg Q1623 16:25:53.95 +26:46:26.70 3.5,2.4° 2022/08/24 Steidel C205

a) H, K band exposure time.
b) Un, G, Rs band exposure time.

slicer has a FoV of 16.5” x 20.3” or ~ 135 X 166 physical kpc (pkpc) at z~2.3 per
pointing. The BL grating is the bluest grating with the widest spectral range 3500-
5500 A but lowest spectral resolution of R~1800 (2.5 A or 166 km s~ 'resolution,
sampled at 1 A).

For Q1623-KP77, we combined our data with the KBSS-KCWI data set (Chen et al.,
2021) which had a total exposure time of 3.6 hours centered at a position 7.5 S of
the QSO such that the QSO falls on the N (top) of the the final mosaic. In the region
of full overlap between the two observations the total exposure time is 1.38 hours,
while the region south of the QSO is much deeper, with total exposure time of 5.96

hours.

We reduced and stacked the KCWI data using the procedures described by Nufiez
etal. (2024). In summary, data were reduced using a custom version of the publicly
available KCWI DRP!, after which each reduced cube was combined into a final
mosaic using the custom post-DRP pipeline KCWIKit> (Prusinski, Chen 2024;
implementation described by Chen et al. 2021). The final cubes have a spatial
sampling of 0.3” x 0.3” and spectral sampling of 1 A/pixel.

The reduced cubes have bright emission from the QSOs that must be removed in
order to detect galaxies with small projected distances of b < 3 — 5" or b < 40 kpc

at z ~ 2.3. This “contaminant” emission affects the datacubes, spectra, and images.

Thttps://github.com/Keck-DataReductionPipelines/KCWI_DRP
Zhttps://github.com/yuguangchen 1/KcwiKit.git
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Our procedure for QSO removal for each data type are explained in detail by Nufiez

et al. (2024), but we summarize the main points here.

For the IFU data we have two methods of QSO subtraction. One method uses
the CubePSFSub routine within the package CubExtractor (Cantalupo et al., 2019)
that removes QSO emission by empirically constructing a pseudo-narrowband point
spread function (PSF) of a specified mean filter of 250—400 A, centered on each
wavelength pixel that is then removed, i.e., a running mean filter. To reduce oversub-
traction we mask wavelength layers with expected narrow line emission e.g., Lya.
We then used CubeBKGSub, a package in CubExtractor, to remove all continuum
sources. We refer to these cubes as “QSO+continuum subtracted” and use them to

search for and extract Lya emitters.

The second method uses a spectral approach to subtract the QSOs using a modified
version of IFSFIT (Rupke, 2014; Rupke et al., 2017). The program assumes that
each spaxel can be modeled as a linear combination of the QSO spectrum and some
additional light, e.g., a foreground galaxy. Our implementation of the program has
four steps: 1) QSO continuum extraction (from the datacube), 2) QSO subtraction, 3)
QSO Lya Halo extraction (from the datacube), and 4) QSO Ly« Halo subtraction.
We refer to these cube as “QSO-spectrally subtracted” and use them to recover
continuum emitting galaxies, measure their emission/absorption line properties,

and corroborate the LAEs found in the QSO+Continuum subtracted cubes.

We describe in detail how we remove QSOs from the ground-/space-based images
in Nufez et al. (2024). In summary, we construct an effective point spread function
(ePSF Anderson, 2016; Anderson, King, 2000) using non-saturated field stars of
comparable brightness to the QSO with the EPSFBUILDER in the PHOTUTILS
software package (Bradley et al., 2022). This is done for each imaging band with

all ePSF parameters set to 1.

We measure the photometry of each galaxy using PHOTUTILS with one circular
aperture for the source and two background apertures for sky subtraction. For the

galaxies at small impact parameters we adopt a photometric error of 0.2 magnitudes.

Keck/MOSFIRE and Keck/LRIS
All NIR spectra used in this work were obtained using Keck/MOSFIRE (McLean
et al., 2012). Observations were conducted using MOSFIRE’s configurable slit

unit (CSU) to form multi-slit masks using the same approach described in previous
KBSS work (Nuiiez et al., 2024; Steidel et al., 2014; Strom et al., 2018, 2017). The
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integration times and program IDs are summarized in Table 4.1; each object has a

minimum integration time of ~ 1 hour.

Galaxy Q1623-HU1 (HU1 hereafter) and Q1623-BX426b (BX426b hereafter) were
included as part of a multi-slit mask that also targeted a number of other galaxies
of interest in the Q1623 KBSS field. The observations were obtained using slightly
different CSU mask configurations in the H and K bands to center the several
emission “knots” associated with HU1 (see Section 4.4). The sky position angle
of the instrument FOV was chosen so that HU1’s and BX426b’s 0.7” X 15.0” slits
would also include other KBSS galaxies. Total integration times of 3.5, and 1.0
hours were obtained in H and K bands, respectively, over the course of the nights of
2022 September 14-16, under variable seeing conditions (0.57-0.8” FWHM).

The data were reduced using the publicly-available MOSFIRE DRP?, which pro-
duces background-subtracted, flat-fielded, wavelength-calibrated, telluric-absorption
corrected, heliocentric-velocity shifted, rectified, and stacked 2D spectrograms for
each slit on the CSU mask. We refer the reader to Steidel et al. (2014) for more
details on the data acquisition and reduction, and to Strom et al. (2017) for details

on the flux calibration and slit loss corrections.

As described by Nuiiez et al. (2024), we use MOSPEC (Strom et al., 2017)* for
all post-processing of the spectra including extracting 1D spectra from the 2D
spectrograms. For each galaxy, their spatial profile was modeled as a boxcar which
was used to extract the 1D spectrum for each band. Slit loss corrections were
determined separately for the H and K band spectra using a method described by
Strom et al. (2017), which combines information from the spectrum of the calibration
star included on the slitmask with comparison to independent measurements (on
other KBSS masks) of emission line fluxes of objects that were also observed on
the CSU mask. The galaxies projected sizes are smaller than the 0.7" slits and had

small slit loss corrections.

KBSS Images, SED Fitting, and HIRES Spectra

We use extant KBSS ground-based images from Keck/LRIS, P200/WIRC, Mag-
ellan/Fourstar, and space-based images from HST/WFC3, to construct spectral
energy distributions (SED) of the galaxies. New ground-based UV and opti-
cal images (U,GR; see, e.g., Steidel et al. 2003) were obtained on 2022 Au-

3https://keck-datareductionpipelines.github.io/MosfireDRP/https://keck-
datareductionpipelines.github.io/MosfireDRP/
“https://github.com/allisonstrom/mospechttps://github.com/allisonstrom/mospec
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gust 28, from Keck/LRIS (Oke et al., 1995; Steidel et al., 2004). Table 4.1

shows integration times and dates. Ground-based H images (published by Stei-
del et al., 2014; Strom et al., 2017) were taken using Magellan/FourStar (Persson
et al.,, 2013). Ground-based JKg images were taken using P200/WIRC (Steidel
et al., 2004; Wilson et al., 2003). Finally, space-based NIR images were taken
with HST/WFC3-IR F140W (Erb PID#12471 2012March17) and HST/WFC3-1R
F160W (Law PID#11694 2010August06). Archival, reduced, and science-ready
HST images were pulled from the Hubble Legacy Archive (HLA Lindsay et al.,
2010). Q1623-KP77 had coverage in HST/WFPC2 FAS0W (Beckwith PID#8085
1999May16), HST/WFPC2 F702W (Steidel PID#6557 1997May30), HST/WFPC2
F702W (Beckwith PID#6557 1999May16); only HU1 was captured in these im-
ages because the other QSOs, KP76 and KP78, were outside the field of view of
pointings.

We use high-resolution spectra of the QSOs from Keck/HIRES (Vogt et al., 1994) to
probe CGM absorption associated with the galaxies. Q1623-KP77, Q1623-KP76,
and Q1623-KP78 were observed as part of the original KBSS program (Rudie
et al., 2012; Steidel et al., 2014; Turner et al., 2014). We refer readers to Rudie
et al. (2012) for details on the observations, reduction, continuum normalization,
and coaddition of the spectra, which include data obtained from both HIRES and
VLT/UVES on UT2 (Dekker et al., 2000). The final spectra have R ~ 45,000
(FWHM = 6.7 kms~!), an average S/N ~ 28 — 48 per resolution element, and
spectral range 4 ~ 3126 — 10,090 A (Rudie et al., 2012).

The HIRES spectra of the QSOs contain CGM absorption of the galaxies which
we analyze by performing Voigt-Profile decomposition using the same procedures
described by Nuifiez et al. (2024). In summary, the HIRES spectra are of high enough
quality that we perform the fitting by hand by making initial guesses with VoigtFit
(Krogager, 2018), then performing the final fit using ALIS (Cooke et al., 2014) by
adding a minimum number of absorption components, fitting, adding components
where residuals of > 30 are present, then iterating until we achieve a reduced

Y2~ 1

The H I fitting for HU1 was performed by Rudie et al. (2012, hereafter R12) as part
of their catalog of more than 6,000 Lya absorbers towards all 15 KBSS QSOs. We
adopt their best-fit H I column densities, Doppler widths, and redshift. For BX426b
and CS13, their HI fitting was performed manually in the same way described

earlier because KP76 and KP78 were not included in R12’s H I absorber analysis.
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We use the same SED fitting routine described by Nufiez et al. (2024). In summary,
the custom SED fitting routine (Reddy et al., 2012; Theios et al., 2019) uses pre-
computed grids of SED models (Binary Population and Spectral Synthesis models
version 2.2, Stanway, Eldridge 2018, hereafter BPASS) with a Kroupa initial mass
function (IMF, Kroupa, 2001), an upper IMF mass of 100 Mg, low stellar metallicity
Z,=0.002 (Z./Zs ~ 0.14) an SMC-like extinction curve, a constant SFH, and a
restriction that leaves the age of the stellar population as a free parameter or restricts
it to fae > 50 Myr.

New Galaxies Towards Q1623

Figure 4.1 shows the Q1623 field and highlights the QSOs (black circles), the three
galaxies analyzed in this paper (blue circles), galaxies that will be discussed in
future work (cyan circles), and new galaxies with z < 1.9, z > zgso, or unknown z
detected in the KCWI datacubes (purple circles).

The top left image of Figure 4.1 shows hyperluminous QSO Q1623 (KP77), and
luninous QSOs KP76 and KP78. The QSOs are separated by ~ 1.3 Mpc (atz = 2.24)
and have similar enough redshifts that they have been used to study the transverse
proximity effect (effect of radiation field of foreground QSOs to background QSO
sightlines), which can give insights into the duty cycle of QSO lifetimes (Gongalves
et al., 2008).

The rightmost image shows galaxy HU1 at b = 31 kpc from Q1623. HU1 is a bright
LAE that was discovered while visually inspecting the KCWI cube of Q1623-KP77.
HUT was bright enough that it was detected without the need for QSO subtraction.
It is therefore interesting that the only objects that appear to be spatially coincident
with the Lya emission are a faint object that appears to be either a clumpy/irregular
galaxy and three separate objects, which we will refer to as “knots.” This unique
morphology is discussed in more detail in Section 4.4. The yellow boxes show slits
that were included on multiple MOSFIRE slit masks that were designed to ensure
that each of the emission knots were included in the slit. Each slit had slightly
different coordinates measured from 1) the centroid of the Lya emission peak (blue
contours in the image), 2) the centroid position between the three emission knots
seen in the HST/F140W image, and 3) the centroid of the brightest emission knot.
“Missing” a galaxy is typically not an issue because most KBSS galaxies have

projected sizes larger than the slit width (Strom et al., 2018).

The bottom right image in Figure 4.1 shows galaxy BX426b which is at a projected
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Figure 4.1: Summary of the three galaxies, three QSOs, and newly discovered
objects in the Q1623-KP77 field as seen in HST-IR/WFC3 F160W images. Top
left: Full view of the three QSOs and their transverse distances to one another
(Dtran) at z = 2.24. Their angular distances are D(KP78 — KP77) ~ 170",
D(KP77 — KP76) ~ 143", D(KP76 — KP78) ~ 173” . The QSOs have an average
projected distance from one another of Dty ~ 1.3 Mpc. Right: Zoom-in to
QSO Q1623-KP77 showing galaxy HU1 (blue circle) at a projected distance of
Dran = 31 kpe. Yellow boxes show slits from the multiple slit masks that included
the the galaxy (see Section 4.3). Bottom right: Zoom-in to QSO KP76 showing
galaxy BX426b (blue circle) at a projected distance of Dtan = 50 kpe. The galaxy
shares the same slit as BX426 (cyan circle) which will be discussed in a future
InCLOSE paper. Bottom left: Zoom-in to QSO KP78 showing galaxy CS13 (blue
circle) at a projected distance of Dty = 74 kpe. All three QSO sightlines exhibit
at least one new galaxy added to KBSS-InCLOSE.
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distance of b ~ 50 kpc from KP76. BX426b was discovered serendipitously while

searching for rest-optical line emission from larger galaxy BX426 (which will be
discussed in future work). These galaxies were not included in the original KBSS
survey because contamination from a nearby foreground star significantly affected
SEDs constructed from the KBSS ground-based images. BX426 was added to
KBSS-InCLOSE after marginal Lya absorption was detected in the blended con-
tinuum of the aforemention foreground star, BX426, and BX426b in new KCWI
datacube. The yellow rectangles show the MOSFIRE slits that included both galax-

1€8.

The bottom left image in Figure 4.1 shows galaxy CS13 which is at an projected
distance of b ~ 74 kpc from KP78. CS13 was discovered in the new KCWI datacube
via faint Lya emission (SNR = 4.407). Another KBSS galaxy, BX511, is at a
similar redshift as a strong C IV absorption system, but its large impact parameter
(b > 100 kpc) made it unlikely that it was the sole galaxy responsible for the
absorption. CS13 is about half the impact parameter of BX511 (bgxs11 ~ 130 kpc)
making it a more likely host for the absorption system. CS13 will be included on a
future MOSFIRE slit mask.

4.4 Ionized ISM and Stellar Population of the Galaxies

Nebular Emission

Rest-FUV spectra for each galaxy were extracted using a non-weighted approach
from the QSO-free KCWI datacubes (see Nuiez et al. 2024). Only two of the
galaxies have clear detections: HU1 and CS13. BX426b’s small size and KCWTI’s
spatial resolution make it near impossible to deblend the spaxels between the bright
foreground star, and the larger galaxy BX426. Nonetheless, the two detections show

clear Lya emission at zpy, = 2.24.

Rest-optical 2D-spectrograms were obtained from MOSFIRE following the proce-
dure described in Section 4.3. Only two of the galaxies, HU1 and BX426b, were
included on a MOSFIRE slit. CS13 will be included on a future slit mask.

Figures 4.2, 4.3, and 4.4, show the rest-FUV and rest-optical spectra for galaxies
HUI1, BX426b, and CS13. The spectrum of each galaxy is typical of z ~ 2
star-forming galaxies in that it shows redshifted Lya emission in the FUV, and/or
[O II1] 45008 and Ha emission in the rest-optical.

The top panel of Figure 4.2 shows HUI’s strong Lya emission. It is the most
luminous Lya emitter in KBSS-InCLOSE thus far with log (Liy./erg s1)=41.94
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Figure 4.2: Top left panel: Extracted rest-frame FUV spectrum of Q1623-HU1 from
KCWTI after QSO subtraction. The dashed blue line shows the systemic redshift of
HU1 while the orange line shows the Lya redshift. Top right panel: H-band
spectrum from MOSFIRE showing marginal detections of [O III] and HB. The top
of the panel shows the extracted 1D spectrum (black), offset error spectrum (red),
and modeled emission lines (green dashed). The bottom shows the 2D spectrogram.
Bottom panel: Kg-band MOSFIRE spectrum showing a maginal detection of Ha
emission at a slightly different redshift than [O III].

(Fiye = (23 +£04) x 10718 erg s7! cm™2). In stark contrast is its weak [O III]
emission which is shown in the top right panel of Figure 4.2. We measure
Flomm = (1.87 £0.56) x 107'® erg s7! cm™2. This weak emission is not unex-
pected considering that its rest-optical counterpart in the HS7/F160W image is faint
mrigow = 25.54 = 0.1. Though weak, we are able to measure a nebular redshift for
the galaxy z[o i = 2.2450 which is Av = —160 km s~ from ZLya, CONsistent with
Lya of other LAEs (Trainor et al., 2015). There is a plausible detection of Ha at

Ho = 2.2475 with a flux Fy, = (3.15+£0.82)x 1078 erg s=! cm~2 which results in a
velocity difference of Av = +74 km s~! from ZLye- The velocity difference between
all of the redshifts are small; the largest velocity difference is between [O III] and
Ha or |Az[o m1)-He| = 231 km s~!. We decide to adopt Zsys = Zneb = Z[O 111] because
it is more consistent with the velocity range of the CGM absorption (see Section 4.5)
and is more similar to the velocity offset between zyep and zyy, for bright z ~ 2 LAEs
(Trainor et al., 2015). The Ly to Ha ratio gives Fiyo/Fuo = 23.1/3.15 = 7.33
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Figure 4.3: Rest-Optical spectra of BX426b from MOSFIRE. The same colors
and symbols and panels as Figure 4.2. Top panel: H-band spectrum showing
clear detections of [O 1111144960, 5008 and HB. Bottom panel: Kg-band spectrum
showing a marginal detection of He at a slightly different redshift than [O III].

which is close to Case B recombination (I1yo/lHe = 8.7 assuming 7' ~ 10* K
and n, ~ 350 cm™3; Osterbrock 1989), leading to a high Lya escape fraction
Jesc,Lya = 0.84 that is consistent with bright, low-stellar mass LAEs analyzed by Erb
et al. (2023).

The top and bottom panels of Figure 4.3 show the rest-optical spectrum of BX426b.
There is a clear detection of the [O II1]144960, 5008 doublet at z[o iy = 2.2448
with a measured flux of Fjomy = (9.85 + 1.08) x 10°18 erg s7lem™2. There
is a marginal detection of Ha at zy, = 2.2430 with a measured flux of Fy, =
(2.7+0.89) x 1078 erg s~! cm™2. The velocity difference between the two redshifts
is |Av] = 166 km s~!. We adopt znep = [O I1]15008 because it is a 100~ detection
compared to the 2.60- Her detection. We were unable to detect BX426b in the KCWI
datacube due to confusion with the bright foreground star and more massive galaxy
BX426.

Figure 4.4 shows the Lya emission from CS13 at 71y, = 2.2459. CS13 is a weak
emitter compared to HU1 with a flux Fy, = (3.21 £0.91) x 107 erg s™! cm™2.
Since CS13 has not been included on a slit mask we apply an average correction to its
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Figure 4.4: Extracted rest-FUV spectrum of CS13 from KCWI. Same colors and
lines as the top left panel of Figure 4.2.
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Figure 4.5: HST/F160W zoom in on the morphology of HU1. The scale and stretch
between both images are the same. Left panel: Blue contours show Lya emission
created from a KCWI pseudo-narrowband image. The scale of the emission is
shown at the bottom and extends to ~30 pkpc. The Lya extends to the position of
all of the emission knots. Right panel: Emission “knots” that may be responsible
for the Lya emission. The largest distance between the knots (A to C) is ~8 pkpc.

Lya redshift assuming it has the typical velocity offset seen in other z ~ 2—3 galaxies

v=-235kms™ . We adopt a new estimated systemic redshift zys 1y = 2.2433.

Stellar Populations and Morphology
Each galaxy is detected and resolved in the extant HST/F160W images. We use the

images to measure their projected sizes and magnitudes. Visual inspection suggests
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that each galaxy has a small projected radius and is faint.

The bottom left panel of Figure 4.1 shows a zoom-in on galaxy CS13. The
morphology of CS13 appears spheroidal, diffuse, and typical of low-luminosity
objects. We estimate its half-light radius as half of the full width at half maxi-
mum (FWHM) of a two dimensional Gaussian fit to the galaxy after de-convolving
the PSF of the F160W image by using the typical FWHM of stars in the field
(PSFpwuMm = 2.7 pix = 0.22”). This results in a half-light radius for CS13 of
r1/2,cs13 = 0.083” = 0.69 kpc.

The bottom right panel of Figure 4.1 shows a zoom-in of BX426b. The galaxy
appears to be extended along the slit resembling a small disk. With the as-
sumed geometry, the half-light radius of along the major axis of the galaxy is
7'1/2,Major,BX426b = 0.13” = 1.10 kpc, the half-light radius along the length of the
minor axis is 71 /2 Minor,x426b = 0.03” = 0.24 kpc, and the average half-light radius

is then 7'1/2,BX426b = 0.67 kpC.

Figure 4.5 shows a zoom-in on HU1. The left panel shows the Lya halo contours
overlaid on HST rest-optical image. The centroid of the emission is close to the center
of three objects, which we will refer to as “knots.” The distance between the emission
knots are shown in the right panel with a maximum transverse distance of 8.25 kpc,
while the half-light radius of the knots varies between r; > yu1 ~ 0.24 — 0.81 kpc.
It might be the case that one, or all, of the emission knots is responsible for the
Lya emission based on its centroid position. Deeper NIR spectroscopy is needed to

disentangle these possibilities.

The projected sizes of each galaxy measured in this section are consistent with
the range of half-light radii measured from local dwarf galaxies 1,2 .ocal Dwarfs ~
0.02 — 2.6 kpc (McConnachie, 2012).

SEDs for each galaxy were constructed using ground-based images from Keck/LRIS,
P200/WIRC, and Magellan/FourStar, and space-based images are from HST/WFC3-
IR F140W, F160W, and HST/WFPC2 450W, F702W, and F814W (see Section 4.3).

All of the galaxies are faint (mpi6ow > 25.5) and therefore are seldom detected in
the ground- and space-based images including KBSS HST/F140W. This resulted
in sparse SEDs with few constraints useful for the best-fit SED models. HU1 had
coverage in many HST bands from rest-FUV to rest-optical. Using QSO-subtracted
versions of the HST images, and ground-based Ky band images, we estimated HU1’s

stellar mass, star-formation rate, and reddening assuming a constant SFH for two
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age models (1) age is left as a free parameter and (2) age forced to be 7,5c > 50 Myr.

Table 4.2 shows the range of best-fit SED properties for HUI in the top row. The
mass range log(M/Mg) = 7.9 — 8.4 suggests that HU1 is a low-mass galaxy.

The stellar mass of BX426b would certainly overestimated if using the same ap-
proach for HU1 because in all of the ground-based images it is blended with the
more massive galaxy BX426, which has a mass of log M, = 9.6. Unfortunately,
both BX426b and CS13 only have HST coverage in FI60W. To estimate their
stellar masses, we assume that they have similar stellar populations as HU1 since
their FUV and rest-optical spectra show that they are actively forming stars. We
combine this assumption with the facts that the galaxies are at the same redshift
as HU1, and that both galaxies are fainter than HU1 by at least half a magnitude
mg16ow,HU1 = 25.5 = 0.2, mpi6ow,Bx4260 = 26 = 0.2, and mgieow,cs13 = 28 £ 0.2,
to place upper limits on their stellar masses, SFR, reddening, and ages based on
HUT’s best-fit parameters. This implies that BX426b and CS13 have stellar masses
of log (M../Mg) < 8.4, which we show in Table 4.2.

The galaxies’ inferred stellar masses are well within the range of masses of local
dwarf galaxies log (M./Mo)1 ocal Dwarfs ~ 4 —9 (McConnachie, 2012). For refer-
ence, the SMC has a stellar mass of log (M../Mg)gyc = 8.7.

Table 4.2: Galaxy SED Properties

Galaxy logM. Age SFRsgp E(B-V)
(Mo)  (Myr) (Moyr™)

HU1 7.9-84 10-63 2-15 <0.09

BX426b* <84 <63 <15 < 0.09

CS134 <84 <063 <15 < 0.09

a) Upper limits based on HU1’s best fit parameters.

Altogether, we showed that the three galaxies are at similar z (zsys = 2.24), actively
star-forming (Lya and/or [O III] emitters), have small best-fit SED stellar masses
(log (M../Mgp) < 8.4), exhibit small projected sizes (r12 < 0.89 kpc), and are
therefore the first z ~ 2 star-forming dwarf galaxies analyzed in KBSS-InCLOSE.

4.5 Inner CGM Properties

In this section we measure the physical conditions of the galaxies’ CGM as seen
in absorption in the background QSO spectra. The small projected distances from
the QSOs (b < 74 kpc) and small masses stellar masses log(M../My) < 8.4 of each

galaxy show that we are seeing the first direct views of the CGM of z ~ 2 star-forming
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dwarf galaxies (to our knowledge). Each galaxy has a systemic redshift based on
analysis of their nebular emission presented in the previous section (Section 4.4)

that defines the zero-point velocity for the peculiar velocities presented henceforth.

Column Density and Gas Kinematics

Figures 4.6, 4.7, and 4.8 show ion velocity stackplots with best-fit Voigt profiles
overlaid on the data (fitting described in Section 4.3) for each galaxy centered at
Zsys- Visual inspection of the stackplots shows that each galaxy has a detection of at
least HI, CIV, and O VL

Figure 4.6 shows HU1’s CGM absorption. The total column densities of the best-fit
models are shown in Table 4.3. The H I absorbers were included in the catalog of H I
absorbers analyzed by Rudie et al. (2012), so we adopted their best-fit models. We
also used the catalog to mitigate Lya and Ly forest contamination by removing the
best-fit H I components of all absorbers from the QSO spectrum. After removing

the contamination, we can see clear H I, C IV, and O VI absorption in HU1’s halo.

The H I column density log (Nyr/cm™2) = 15.13 is consistent with Super Lyman
Alpha Forest (SLYF) absorbers which are characterized by H I column densities
log (Npp/em™2) = 14.5 — 16.2. C IV and O VI column densities (Ncry, Novr) are
dominated by two components at v = —50 km s~! from Zsys With log (Ncrv/ cm™?) =
13.4 and log (Ncry/cm™2) = 14.2; the strongest H I component is at a similar
velocity log (Ngr/cm™2) = 14.8.

The kinematics of HU1’s CGM absorption are complex in that the best-fit model
requires eight components spread over |Av| ~ 450 km s~!. The fastest intermediate-
ionization components are weak log (Ncry/em™2) < 12.1. O VI exhibits the
fastest velocity components |v| = 300 km s~! and largest velocity spread |Av| ~
450 km s~!. Half of the C IV and O VI components were kinematically tied to
one another, suggesting they may be in the same phase. We explore if the tied

components can be modeled as a single phase gas in the next Section 4.5.

Figure 4.7 shows BX426b’s CGM absorption. There is clear H I, Si III, CIV, Si IV,
and O VI spread over |Av| ~ 150 km s~!.

The H I column density log (Ngr/cm™2) = 15.68 is consistent with that of SLYF
absorbers. SiIII, C IV, and Si IV show the same kinematic structure and are tied to
one another. The O VI component structure inhabits the same velocity range of H I
and the intermediate-ions but is more broad and not kinematically aligned with the

intermediate-ions.
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Figure 4.6: Ion velocity stackplot and best-Fit Voigt-profiles of HU1’s CGM metal
absorption centered at zgys = 2.2450. The black lines show the data, the colored
lines show the best-fit model(s), the red lines show the error spectrum, the light
grey lines shows HI or intervening contamination, and the light grey shaded regions
show the extent of the metal-line absorption. Left: Product of the individual Voigt
profile components, i.e., total fit. Right: Individual Voigt-profile components.
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Figure 4.7: Ton velocity stackplot and best-Fit Voigt-profiles to BX426b’s CGM
metal absorption centered at (zsys = 2.2448). Same colors and lines as Figure 4.6.

The kinematics of BX426b’s halo as seen in intermediate-ionization absorption
requires at most six components (5 unique to C IV and 1 unique component to

SI IV) spread over a small velocity range v ~ 150 km s~!.

The high-ionization
absorption as seen in O VI has only two components. The fastest components for
the metal ions have a velocity of v ~ 150 km s~! which is at a similar velocity as
the strongest H I component log (Nyr/cm™2) = 15.3 of the system. Interestingly,
the strongest metal components have a velocity near v ~ 50 — 75 km s~!, which

corresponds to a weaker H I component with log (Ny/cm™2) = 14.7.

Figure 4.8 shows CS13’s CGM absorption. Visual inspection of the stackplots

shows strong absorption for the intermediate- and high-ionization species, but weak



137
CS13 zgys = 2.2433 (KP78)

1.0 " A e = 3 T
osfE yalpha [ yalpha
0.0 =t | T T T | T T
—600 —400 —-200 0 200 400 600-600 —-400 -200 0 200 400 600
beta - i i beta
1
600 —-600, —400 —-200 0 200 600
' R/ARATE AaWAY N N\
05F i Lo
Cll 1334 T cil1334 |
0.0 t 1 t 1 1 t t 1 t 1 1 t
-500 -400 -300 -200 -100 0 100 200 300-500 -400 -300 -200 -100 0 100 200 300
1 0 R TR TP A T
i1 quw AN Pu’ i1 quvw e Ta a i Pu‘
05| Y - ¥
0.0
-500 -400 -300 -200 -100 0 100 200 300-500 —-400 -300 -200 -100 0 100 200 300
10 x - T L oy (“‘
05 \/J \,J
0.0 iyl
-500 -400 -300 -200 -100 0 100 200 300
1.0 ™ [
0.5 \/‘—
MELTANN /\/\’VW
0.0
-500 -400 -300 -200 -100 100 200 300-500 —400 -300 -200 -100 0 100 200 300
1.0 ~r ~r
0.5 { W
ALV LIV
0.0
-500 -400 -300 -200 -100 0 100 200 300-500 —400 -300 -200 -100 0 100 200 300
1.0 T R A E——— A
/\f\ \/"' /'\,,f*‘\‘ = \A /\‘m \/’ ‘, ‘/ Y —
05 W L
y
0.0
—-500 -400 -300 -200 -100 0 100 200 306-500 —-400 -300 -200 -100 0 100 200 300
K TR T Ay e =~ ey
Lo WA T M TN
V ¥ ¥
0.5 / o
0.0
—-500 -400 -300 —-200 -100 0 100 200 306-500 —-400 -300 -200 -100 0 100 200 300
L0 fFER AT i TRy
0.5
” ovi OV

306-500 —-400 -300 -200 -100 100 200 300

1 1
1 1
I I
2500 —400 -300 -200 —100 O 100 200 306-500 —400 —300 -200 -100 0 100 200 300
v [km s71] v [km s71]

Figure 4.8: Ion velocity stackplot and best-Fit Voigt-profiles to CS13’s CGM metal
absorption (zsys = 2.2433). Same colors and symbols as 4.6.

absorption for the low-ionization species (C II, Si II).

The column densities of H I, Si III, C IV, and O VI are larger by > 1 — 1.5 dex com-
pared to the other galaxies in the sample. The H I column density log (Ngi/cm™2) =
17.95 is consistent with that of Lyman Limit System (LLS) which are characterized
by log (Ngr/cm™2) = 17.2 - 19.

CS13’s halo kinematics are very complex requiring up to 19 components and spread
over |Av| ~ 550 km s~!. Si IV was used to establish the main component structure
for all of the metal ions because of its strong, non-saturated, and narrow components.
This was particularly useful for determining C IV components because it exhibited

broad and saturated components. Si IV was also helpful for identifying O VI
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Figure 4.9: Best-Fit log(N/cm™2) and b for C IV (red), Si IV (red), and O VI
(blue) for all absorbers associated with HU1, BX426b, and CS13. The number of
absorbers per ion are shown.

components due the severity of foreground Lya and LyB contamination. Note
that H I absorbers towards KP78 were not included in the catalog constructed by
Rudie et al. (2012), so we were unable to remove this contamination. The low-,
intermediate-, and high-ions share a similar kinematic structure spread over a similar
velocity range. However, it is clear that O VI has fewer components and that each

component is more broad.

Table 4.3: CGM Absorption

Galaxy QSO 7y Dimn log (ENx) [(em )] N
(pkpe) HI cII Sill Si IIT Silv. CIV 0OVI
HU1 KP77 22441 313 15.13 13.59 14.21 8
BX426b KP76 2.2448 49.7 15.68 >12.76 12.68 13.63 13.84 6

CS13  KP78 22433 743 1795 1341 1247 >1401 1372 1509 1518 19
a) Maximum number of unique components considering all ions.

Table 4.3 summarizes the best fit column densities (summed over +1,000 km s™!)
for each ion in the halos of HU1, BX42b, and CS13. HU1 and BX426b have similar
neutral-, intermediate-, and high-ionization metal column densities. CS13’s CGM
shows neutral-, low-, intermediate-, and high-ionization column densities that are

more than 1-1.5 dex stronger than that of the the other galaxies in this sub-sample.

Figure 4.9 shows column density as a function of Doppler width for C IV, Si IV, and
O VI, for each galaxy. C IV and O VI are detected in all of the halos. It is clear
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that there are many components with small b that reach the resolution limit of the
QSO spectra but that the absorbers still vary by more than 1.5 dex in N. We can see
that the majority of the absorbers have small Doppler widths b < 10 km s~!. This
is consistent with visual inspection of the absorbers being narrow and weak. There
is a positive correlation between N and b with a modest ~ 0.5 dex scatter at large
b>10km s

Temperature and Turbulence
We use the best-fit b4 components from Section 4.5 for tied ions, to determine their
non-thermal broadening or turbulent velocity b, and temperature (7)) using the
following equation:

b3 = b2, + 2kT [ Mion 4.1)

where k is the Boltzmann constant, mj,, is the mass of the ion being fit, T is the
temperature of the gas, and b, is the non-thermal broadening component, e.g., the
non-thermal broadening will be dominate so we equate this to turbulent velocity
buwry (Rudie et al., 2019). This explicitly assumes that the gas in each absorber is
isothermal and therefore each ion arises from the same gas. To ensure that each
absorber’s width was equal to or greater than the resolution of the QSO spectra, we
setlog (T /K),,;,, = 4 and by = 2.5 km s~ which ensures that the sum of Si widths
match the resolution of HIRES by = \/ btzurb +2kT /ms; 2 5kms™!.

Each galaxy’s halo shows clear detections of C IV and at least one other ion, Si IV
or O VI, that has the same kinematic structure. Therefore these ions can be used
to solve for Equation 4.1 since they have different masses. For BX426b’s halo we
tied C 1V, Si 1V, and Si III, for CS13’s halo we tied C IV, Si IV, CII, and Si II, and
for HU1 we tied C IV and O VI. We attempted to tie O VI with the other ions in
BX426b’s and CS13’s halos but were unable to find physical single-phase solutions,
which showed explicitly that the gas is multiphase.

For HU1 we tied four of its C IV and OVI components; C IV has eight total
components and O VI has seven total components. The tied components exhib-
ited the strongest absorption seen in H I, C IV, and O VI. Two out of three of
the non-tied components were at the velocity extremes of the halo (Vpino vi =
~289 km s™!, vinaxo vi = 164 km s™!). The fact that we obtain satisfactory and
physically reasonable results suggests that these ion components are single-phase
and arise from the same gas. The two components that show the strongest ab-

sorption (v ~ =50 kms™!,v ~ =30 km s~!) have widths that are dominated by
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Figure 4.10: Best-Fit log T and by, distribution for all tied absorption components
associated with HU1, BX426b, and CS13.

turbulence by, ~ 11.3 kms™! and log (T/K) = 4. The two other components
(v ~ =130 kms~!,v ~ 150 km s~!) are dominated by thermal broadening with
log (T/K) =5.16,1log (T /K) = 5.78 and small by of by, = 2.5 km s7L.

Figure 4.10 shows log (T/K) and turbulent velocity width by, for all of the
components tied with at least two ions from each galaxy. In the left panel we
see similar behavior to Figure 4.9 where the majority of the absorbers are small
(b < 10 km s™!). Similarly, the right panel shows that the majority of the gas
is cool and consistent with heating from photoionization (log7 ~ 4). Both of the
panels occupy a similar range of log T and by, seen by Rudie et al. (2019). The
only difference is that their temperature distribution peaked at log T;,cq.r19 = 4.37
whereas our median is a factor of 2 smaller at log 7;,,.s = 4.03. However we caution
that we have far fewer absorption components and it is possible that both log 7" and

burb are piling up at the lower limit that we set for Voigt-profile fitting.

In Figure 4.11 we explore whether there is a correlation between the absorbers with

log T,in and by min by plotting each pair of log 7 and byyyp.

There appears to be a degeneracy as opposed to a correlation between by, and log T’
suggesting that log T (or by,p) can only be measured when by (or log T) is small,
1.e., similar to the specified lower limit for temperature (T, = 10* K) and turbulent

velocity (burbmin = 2.5 km s71).

4.6 Novel and Preliminary Insights on the Low-Mass CGM at 7 ~ 2
The sub-sample presented in this work allows for a preliminary investigation into how
the CGM changes with stellar mass and redshift. To this end, we compare our results

to two studies that investigated halo gas within ~ Ry of a QSO for z ~ 2 massive
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Figure 4.11: Best-Fit logT as a function of by, for all tied absorbers associated
with HU1, BX426b, and CS13. The absorbers are tied with C IV and at least one
other ion, Si IV or O VI (only 4 absorbers).

and z ~ 0.3 dwarf galaxies. Using the stellar mass inferred from Section 4.4 we
estimate an upper limit on the virial radius and escape velocity of the galaxies using
the z ~ 2 LAE literature with typical masses of M, = 1.5 x 10° M, corresponding
halo mass of M;, ~ 3 x 10'! Mg, which corresponds to Ryj; < 60 kpc (Erb et al.,
2023) and vese < 200 km s™!' (Erb et al., 2023; Trainor et al., 2015). This implies
that HU1 is at a projected normalized distance from KP77 of Dtn/Ryir < 0.52,
BX426b D1ran/Ryir < 0.93, and CS13 Drpan/Ryir < 1.24

Rudie et al. (2019, R19z2 hereafter) analyzed the inner CGM (D < 90 kpc) of
eight z ~ 2, M, star-forming galaxies. The relevant points of their study to this
work were that (1) the z ~ 2, M, inner CGM is very complex and composed of at
least 10 kinematically aligned components, (2) the CGM always exhibits low- and
intermediate-ionization gas, and often exhibits high-ionization gas (~ 50% of the
sample), though this number is low due to LyS contamination from higher-z high-
H I absorbers, (3) typical temperatures in the halo vary between log7T = 4.3 - 5.0
with more than half of absorbers showing log7 = 4.5 — 5.5 such that by, is sub-
dominant compared to thermal broadening with typical values by, = 6 km s~!, and
(4) halos commonly exhibit at least one absorber with a radial velocity that exceeds

the escape velocity of the galaxy.
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Mishra et al. (2024, M24z0 hereafter) recently analyzed the largest sample (N = 91)
of nearby (z ~ 0.3) low-mass/dwarf galaxies (log (M./Mo) peq = 8.3) within a few
Ryir of a QSO sightline (Dtran < 300 kpe). This is a larger impact parameter range
than the galaxies analyzed in this study so we restrict their sample to galaxies within
projected distances of D1y < 90 kpc ~ 1.25 Ry of a QSO. They showed that (1)
H I is almost always detected in the halo of galaxies within Ry;;, (2) low-ionization
(CII, C I, Si I1, Si III) and intermediate-ionization (C IV, Si IV) metal absorption
is seldom detected unless within 0.5R,;;, (3) high-ionization metal absorption as
probed by O VI is almost always detected within 0.5Ry;; and around 50% within
1Ryir, and (4) about 15% of galaxies in the sample have at least one O VI bearing

absorber that is unbound.

The halos in this work exhibit a wide range of H I column densities log ( Ny /cm™2) =
15.1-18.01. This range is larger than but has overlap with the H I column densities
measured in M24z0 (when restricted to 1.25R,;;), which are log (Nyr/cm™2) =
13.7 = 17.6, log (Nur/cm ) \ogp0a = 14.2, log (Nur/em™)ypgs0mea = 14-1.
Compared to R19z2 the range in this work is smaller than but has overlap with their
HT column density measurements which are log (Nyj/cm™2)gjo,0 = 15.7 — 20,

log (Nu1/em™)R19,0,av = 17.0, 10g (Nui/cm™?) 19,5 meq = 16.4.

We measure a high detection rate (fraction of galaxies that show a detection of an
ion or phase) of unity for intermediate- and high-ionization gas as seen in C IV and
O VI, but a low detection rate (1/3) of low-ionization gas as seen in C II, Si II. These
detection rates differ from both samples in that R19z2 measured high detection
rates of low-, intermediate-, and high-ionization gas in their halos, whereas M24z0
measured low detection rates of low-ionization and intermediate-ionization gas but
often detected high-ionization gas. In other words, for this subsample low-ionization
gas is uncommon in the halos (contrary to z ~ 2 typical mass galaxies, similar to
z ~ 0.3 dwarf galaxies), intermediate-ionization and high-ionization gas is common

in the halos (similar to massive z ~ 2 halos, contrary to z ~ 0.3 halos).

The kinematic component structure and velocity range of metals in the halos in
this work exhibit at least 6 unique components (up to 19) spread over at least
|Av| ~ 150 km s~! (up to |Av| ~ 550 km s~!). This component and velocity range
is smaller than but overlaps with R19z2 results that the z ~ 2 halos exhibit at least
10 components (up to 25) spread over a velocity range of at least |Av| ~ 200 km s~!
(up to |Av| ~ 900 km s~!). Compared to M24z0, the range in this work is larger

than but has overlap with their results which exhibit at most 4 components spread
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over |Av| ~ 200 km s~!. In this case, the velocity spread of the absorption is the
ideal quantity to compare against because resolving component structure is tied to
both the resolving power and S/N of the QSO spectra which for M24z0 is from
HST/COS with R = 15,000 and S/N ~ 12 — 31 per resolution element (Chen et al.,
2020a)), compared to this work (and R19z2) from HIRES with R ~ 45,000 and
S/N =~ 29-48 per resolution element. This suggests that the halos in this subsample
are more kinematically complex than z ~ 0.3 dwarf halos in terms of velocity range
of ion absorption, but simpler than z ~ 2 massive galaxies in terms of both number

of components and velocity range.

The thermal properties of the halos as inferred from the Doppler width decomposi-
tion show that they exhibit typical temperatures that are consistent with heating from
photoionization or Tyeq = 10* K, but that there is a wide range of temperatures that
the absorber components exhibit log (7 /K)yeq =4 — 5.8 (log (T/K) 4y =4.9 . The
turbulent velocities are fairly small byyb mea = 5.2 km s (brurb,ave = 8.3 km s
but also exhibit a wide range of velocities by, = 2.5 — 71 km s~!. Interestingly,
all of these values are slightly lower than but overall consistent with R19z2’s results
that temperatures in the z ~ 2 massive halos were log (T/K)gj9,0.meq = 4.4 and
showed a wide temperature range log (7/K) g9, = 2.5 — 6.5. Though not mea-
sured explicitly, M24z0 reasoned based on their Voigt-Profilr fits that the majority
of the gas in the halos of the z ~ 0.3 galaxy halos was around T ~ 10* K, and
at z ~ 1, Qu et al. (2022) found a narrow temperature range for the 26 M, halos
examined in their work of log (T/K) = 4 — 4.6. This all suggests that the absorbers
in the halos of this subsample have typical temperatures that are ~ 0.4 dex less than
more massive z ~ 2 galaxies, but exhibit temperature ranges that are much larger

than low-mass and lower-z galaxies.

Adopting an escape velocity of |Av| < 200 km s~! results in two of the three (66%)
galaxies exhibiting unbound gas (HU1 and CS13). Though there are only three
galaxies in this sample it is interesting to note that the unbound gas fraction (number
of galaxies that have at least one absorber with unbound gas compared to the total

sample) measured by R19z2 was 75%, whereas M24z0 measured 15%.

Altogether, we have preliminary evidence from this small subsample that the low-
mass z ~ 2 CGM may be distinct from the more massive z ~ 2 CGM and z ~ 0.3
dwarf galaxy sample in terms of its low-, intermediate-, and high-ionization metal
absorption detection rate, kinematic complexity in terms of number of kinematic

components and velocity range with which ion absorption is detected, thermal
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properties in terms of typical temperature and temperature range, and unbound gas

fraction.

4.7 Summary & Conclusions

We have presented the first analysis of low-mass (M, < 103> M) galaxies in the
KBSS-InCLOSE survey. The three galaxies examined in this paper, HU1, BX426b,
and CS13, are in the same KBSS QSO field towards Q1623, each within a projected
distance of Dty < 75 kpce of a luminous QSO (Figure 4.1).

Two of the galaxies, HU1 and CS13, were discovered in KCWI datacubes (Figures
4.2 and 4.3) while the other was discovered serendipitously on the same slit as a
more massive galaxy with MOSFIRE (Figure 4.4). Analysis of their nebular spectra
confirm that the galaxies are star-forming (Lya, [O III], and Ha emitters) and that
they are at the same redshift zgys qu1 = 2.2450, Zeys Bxd26b = 2.2448, Zgys.cs13 =
2.2433 which is a velocity spread of only |Av| ~ 160 km s~! (Sections 4.3 and 4.4).

Analysis of the galaxies’ morphologies (via measurements from rest-optical HST
images; Figures 4.1 and 4.5) and SEDs (via SED-fitting with BPASS models; Table
4.2) corroborates that they are low-mass based on their small projected sizes of
r1/2 < 0.89 kpc, and small inferred stellar masses of M. < 1084 My, (Section 4.4).

The CGM of each galaxy, as seen in HIRES QSO spectra, shows neutral-phase
absorption as seen in H I, intermediate-ionization absorption as seen in C IV, and
high-ionization metal absorption as seen in O VI (Section 4.5). Only one galaxy
exhibits weak low-ionization metal absorption in its halo as seen in C II and Si
IT (Figure 4.8) while the other two exhibit no low-ionization absorption (Figure
4.6, 4.7). Estimating an appropriate virial radius and therefore escape velocity,
two of the galaxies have absorber components with radial velocities that exceed the

gravitational potential of the galaxy.

By performing Voigt-profile decomposition of the CGM absorption we show that
the three galaxies have kinematic component structures that require at least 6 com-

ponents spread over a total velocity range of |Av| ~ 550 km s~

For the first time in KBSS-InCLOSE, we use the galaxies’ Doppler width to infer
a subset of individual absorber’s temperature (7') and turbulent velocity by, by
tieing together ions of different masses (typically C and Si) assuming that the
ions arise from the same gas and that the gas is isothermal. We show that the

typical temperature of the subset of absorbers is consistent with photoionization
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log (T/K)neq = 4.03 and that the typical turbulent velocity is small (bgyrb med =
5.19 kms7h).

When compared to a subset of the largest CGM analysis of low-z dwarf galaxies by
Mishra et al. (2024), the CGM of the three low-mass galaxies examined in this work
(1) exhibit stronger H 1, intermediate-ionization metal absorption (intermediate-
ions), and high-ions (typically > 0.5 dex per ion), (2) possess more kinematically
complex gas in terms of the velocity range over which metal absorption is de-
tected (|Av.-2] ~ 550 kms~! compared to |Av..o| ~ 200 kms~!), (3) exhibit
a much higher detection rate of intermediate-ions (finz~2 = 100% compared to
Jintz~0 = 20%)), show a larger temperature range (when compared to a z ~ 1
sample; |Alog (T/K),.,| = 4 — 5.8 compared to [Alog (T/K),.;| = 4 — 4.6, and
(4) exhibit a higher detection rate of unbound gas (fiesc, z~2 = 66% compared to
Hese, z~0 = 15%).

When compared to the CGM of more massive z ~ 2 galaxies analyzed by Rudie
et al. (2019), the low-mass halos examined in this work (1) show simpler kine-
matic structure in terms of total number of kinematic components detected per
halo (NLow Mass = 6 — 19 compared to Nyjgh Mass = 10 — 25) and velocity range
of metal absorption (|Aviow Mass| ~ 550 kms~! compared to |AVHigh Mass| ~
900 km s™!), (2) exhibit a low detection rate of low-ions ( Jrow Mass = 33% vs
fHigh Mass 2 50%), (3) show smaller typical temperatures (10g (7'/K) ped Low Mass =
4.0 compared to 10g (T/K)ped High Mass = 4-4) and smaller temperature range
(|Alog (T /K) 1 ow Mass| = 4 — 5.8 compared to |Alog (T/K) ow Mass| = 2.5 — 6.5),
and (5) possessed a slightly smaller fraction of unbound gas (fiesc, Low Mass = 66%

compared to fyesc, High Mass = 79%).

Altogether the results suggest that the low-mass z ~ 2 CGM may be be distinct
from the CGM of low-z dwarf galaxies and z ~ 2 massive galaxies. In other words,
there may be an evolution of the CGM both in terms of z and stellar mass that will
require a larger sample to further investigate. KBSS-InCLOSE will shed light on

this preliminary evolution.
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Chapter 5

KBSS-INCLOSE III: THE z ~ 2.3 CGM AS SEEN IN THE
HALOS OF 55 STAR-FORMING GALAXIES

Thus far, this thesis has focused on individual galaxies from KBSS-InCLOSE that
developed the necessary methods and tools for, and showcased the utility of, the
survey. In this final chapter I will discuss preliminary work that focuses on the
full KBSS-InCLOSE sample. Specifically, I discuss the ways that the survey can
be leveraged to significantly expand our understanding of the z ~ 2 CGM of star-
forming galaxies, and the sample’s current limitations that must be addressed in

order to more fully observe the z ~ 2 galaxy-scale baryon cycle.

Currently, KBSS-InCLOSE includes 55 galaxies, each with a wide range of lu-
minosities, morphologies, nebular properties, stellar masses, and CGM absorption
properties. All sources in the sample have at minimum (1) a confident rest-FUV
detection from KCWI typically seen as Lya emission (SNRyy, 2 3), and (2) CGM
Lya absorption detected in the KBSS HIRES QSO spectra within v + 1000 km s~!
of zsys. The majority (41/55) of sources are detected in deep KBSS ground-based
UGRIJHK and/or HST/WFC3-IR F140W,F160W images. One quarter of the galax-
ies in the sample are detected in all ground-based and HST images (14/55), about half
of the sample is detected only with HST (mostly HST/F160W; 27/55), and a quarter
of the sample has no detection in any images (14/55). It is likely that the sources
with detections only with HST, and the sources with no detection in any images,
are low-mass (log (M../Mg) = 8.5 —9.5) and dwarf galaxies (log (M. /Mg) < 8.5),

respectively. We will use these criteria later to divide the sample into mass bins.

Figure 5.1 shows the redshift distribution of the sample. Galaxies that have only a
KCWI redshift are shown in blue. To convert z1y, to zsys We applied a velocity cor-
rection of —235 km s~! (Steidel et al., 2018). For galaxies with a redshift from rest-
optical nebular emission z,., we adopted z;ys = Znep. As mentioned in Section 3.3
we restricted the redshift range of KBSS-InCLOSE to z = 1.9 — 2.6 to ensure that
strong rest-optical diagnostic emission lines (e.g., [OI11]114960, 5008,Ha) could
be observed with ground-based NIR spectroscopy. Therefore, the redshift averages

and medians for all three sub-populations are zsys ~ 2.3 by construction.

Figure 5.2 shows the impact parameter distribution (b; transverse distance Dyap;
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Figure 5.1: Systemic redshift histogram for the full KBSS-InCLOSE sample (blue),
sources that show strong metal absorption in their CGM (red), and sources that
have a nebular redshift from MOSFIRE (pink). Averages and medians for each
distribution are shown in the top right. The sample peaks at zqys ~ 2.3 since that is
the center of the redshift range that we are probing.

projected distance) of the full sample. The bar colors are the same as Figure 5.1.
Before this thesis, there were 9 absorber-host galaxies (galaxies associated with QSO
absorbers) at z ~ 2 with Dy < 100 kpce in the literature. Therefore, the current

sample represents more than a six-fold increase in close-in z ~ 2 galaxy-QSO pairs.

By analyzing the radial distribution (Dtpan Vs log Nygp) of ~ 6,000 z ~ 2 HI
absorbers, Rudie et al. (2012) showed that within Dy, ~ 300 kpc and |Avgy| =
700 kms~! of z ~ 2 star-forming galaxies, there is significant H I excess; these
values were adopted as the bounds of the z ~ 2 CGM. The virial radius for
typical stellar mass (log (M./Mg) =~ 10) KBSS star-forming galaxies was es-
timated by first measuring the galaxy-galaxy autocorrelation function to infer a
typical halo mass of log (M./Mg) = 11.9 which corresponds to a virial radius
of Ryir ~ 80 — 90 kpc (Trainor, Steidel, 2012). For lower stellar mass galax-
ies (M, < 10° M) their lower halo masses (M ~ 3 x 10'! My) would result in
a smaller virial radius of Ryirpow Mass ~ 60 kpc (Erb et al., 2023). For dwarf
galaxies (M. < 108 Mo, M), ~ 10'98 M) their virial radii would be smaller at
Ryir Dwart ~ 45 kpc (Mishra et al., 2024). When comparing these virial radii to the
median and average impact parameter of the distribution, byeq ~ bave ~ 49 kpc,

it is clear that each mass bin is decently sampled (more than 10 galaxies) within
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Figure 5.2: Impact parameter distribution (transverse projected physical distance of
the galaxy from a QSO) for the full KBSS-InCLOSE sample (blue), sources that
show strong metal absorption in their CGM (red), and sources that have a nebular
redshift from MOSFIRE (pink). Averages and medians for each distribution are
shown in the top right.

b < 2.5R,;; for all galaxy mass bins.

Getting closer to 25 galaxies per mass bin would be a reasonable goal for more
statistically significant trends. This implies that finding more close-in galaxies is
a priority that is attainable when considering that more than half of the KBSS
QSOs lack deep pointings 7., > 2 hr and/or lack 360° azimuthal coverage within
~ 100 kpc of the QSOs. Ideally, with KCWI follow-up, or follow-up with a similar
IFU, e.g., LLAMAS IFU on Magellan telescope, more galaxies will be discovered.

Figure 5.3 shows the log Ny distribution for the full sample. The majority of the
sample had H I fits extracted from the H I absorber catalog presented in Rudie et al.
(2012), who performed Voigt-profile decomposition of ~ 6,000 H I absorbers to-
wards the 15 hyperluminous KBSS QSOs. The HI column density was calculated by
summing individual components from the catalog over the range v ~ +1000 km s~!
from z,y,. The total H I column densities span from Ly« forest strength absorbers
through DL As (see Table 1.1). The distribution follows the incidence rates shown in
Table 1.1 which is surprising given the close proximity of the galaxies to the QSOs.
But as mentioned previously, more than half of the galaxies are likely low-mass
(M, < 10° My), which implies that their virial radii are smaller than ~ 100 kpc.
Also, the CGM is known to be clumpy and multiphase which would naturally explain
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Figure 5.3: log Ny distribution for the full KBSS-InCLOSE sample (blue), sources
that show strong metal absorption in their CGM (red), and sources that have a
nebular redshift from MOSFIRE (pink). Averages and medians for each distribution
are shown in the top right. The H I columns were calculated by summing over
+1,000 km s~! from Zsys

the H I distribution. Indeed, it has been shown that low- and intermediate-ionization
is clumpy on a scale Dtyan < 400 pe in the z ~ 2 CGM (Rudie et al., 2019). Even in
the MW disk there are sightlines that show very little extinction (Fitzpatrick, 1999)
so it is plausible, if not expected, that the much more diffuse CGM could behave
similarly. Regardless, there are still high-H I absorbers in KBSS that do not have
associated galaxies which further motivates the need for IFU follow-up to find more

galaxies.

Sources that show metal absorption in their CGM have higher Nyj on average (and
median) compared to the full sample. This classification was made by visually
analyzing ion velocity stackplots of the CGM absorption (e.g., see Figure 3.19) for
strong metal absorption in any ion. C IV was the most commonly observed metal

ion.

In Figure 5.4 we combine the impact parameter and log Ny distributions to examine
the H I radial distribution of the sample. There is no obvious trend between Ny
and Dy (top panel). The galaxies span a large range of Nyj per fixed b even at the

smallest impact parameters D < 30 kpc.

There appears to be a Ny threshold, log (Ngi/cm™2) ~ 15, that divides metal-
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Figure 5.4: Top panel: log Nyp as a function of projected distance for the full
KBSS-InCLOSE sample (blue). Sources that show strong metal absorption in their
CGM are shown in red, and sources that have a nebular redshift from MOSFIRE
are denoted with pink circles. Bottom panel: Transverse distance normalized
by Ryi; with the sampled binned into three mass ranges based on their detection
(or lack thereof) in KBSS ground-based and HST space-based images. Triangles
pointing upwards show high-mass sources with log (M./Mg) ~ 9.5 — 10.5 and
R.ir ~ 85 kpc (Trainor, Steidel, 2012), squares show intermediate-mass objects with
(log (M./Mg) ~ 8.5-9.5 and Ry;; ~ 65 kpc (Erbetal., 2023), and triangles pointing
downwards show low-mass sources with log (M./Mg) < 8.5 and Ryir ~ 45 kpc
(Mishra et al., 2024).
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detected absorbers from the rest of the sample. This is interesting because low or
high- Ny alone is not a metallicity indicator since ionization levels within the gas can
vary significantly. For example. Turner et al. (2015) found that some absorbers with
log Ny at this strength are best explained by collisionally ionized, high-metallicity
gas (see also, Simcoe et al., 2004). Similarly, if one were to take a random sample
of QSO absorbers of all types there would be metal-poor objects that exist all the
way up to DLA column densities (Cooke et al., 2011b; Lehner et al., 2022). This
suggests that the galaxies’ proximity affects the likelihood of detecting metals in the

absorbers.

In the bottom panel of Figure 5.4 we show log Ny as a function of projected
distance normalized by Ry;; using the approximate radii discussed earlier. Though
the binning is coarse and the virial radii are approximate, the sample is finely
sampling the CGM of each mass bin within b < 2R,;;. There is also a general
trend that galaxies in the low-mass bin typically have weaker absorption compared
to galaxies in the intermediate- and high-mass bins. This motivates the need to

measure stellar masses to infer virial radii for each of the galaxies individually.

The left panel of Figure 5.5 shows the velocity difference between the highest
Nur component of CGM absorption and zgys as determined from ISM nebular
emission. We can see that the majority of galaxies with nebular redshifts from
MOSFIRE show Av,,; ~ 0 whereas the velocity offsets for sources with only zpy,
can vary significantly at fixed impact parameter. The majority of the sources with
|Av| 2 500 km s~! do not exhibit strong CGM metal absorption. There appears
to be an excess of sources with redshifted CGM absorbers. One would expect no
significant correlation with velocity excess (red nor blue) assuming that the galaxies
are being selected at random. With a large enough statistical sample one would
expect < Av >= (0 even when considering the substantial outflows that z ~ 2
star-forming galaxies ubiquitously drive. This same excess was seen recently by
Prusinski et al. (2025) using the largest sample of galaxy-galaxy pairs at z ~ 2. It
is therefore important to continue building the sample to explore if this red excess
disappears with a large enough sample, and to investigate the implications if it does

not.

The right panel of Figure 5.5 shows the difference between the closest (in z) H I
component and zgys (regardless of log Nyp). As expected, the majority of the sources
are close to v ~ 0 km s~!. Similar to the left panel, none of the sources with excess

velocities |Av| > 500 km s~! have nebular redshifts.
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Analyzing both panels together provides insight into the galaxy selection criteria for
the sample. As mentioned previously, galaxies were included in the sample if their
Zsys 18 within z = 1.9 — 2.6. Then, we searched within v + 1000 km s~! of their Zsys
for an H I absorber in the catalog from Rudie et al. (2012). We can see that there are
at least a couple of galaxies with large LOS velocities that exceed the escape velocity
of a typical M, ~ 10'° My KBSS star-forming galaxy |v| 2 500 km s~!. The high
velocity of the H T absorbers suggest that either the galaxies exhibits unbound H I gas
in their CGM (which is not typical) or that there is a mismatch between galaxy and
absorber. It is important to note that no sources with zgys have velocities that exceed
v ~ 500 km s~ !, only sources with zpy,. The latter seems more likely because ISM
redshifts from KCWI have a much lower S/N ~ 3 compared to the HIRES spectra
S/N ~ 50 — 100. A rest-optical spectrum is required to distinguish between these
two possibilities.
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Figure 5.5: Velocity difference between CGM absorption and ISM emission as
a function of transverse distance for the full sample. Sources with only H 1 CGM
measurements are shown as blue points, sources that exhibit strong metal absorption
in their CGM are shown as red points, and points circled in pink have secure systemic
redshifts from MOSFIRE. The left panel shows the difference between the velocity
of the largest Ny; component and zgys. Right panel shows the velocity difference
between the closest Ny component to Zgys, and zgys. Both panels show that there
are at least a couple of objects that exceed |Avyps| = 700 km s~!, the LOS bound
for the CGM measured by Rudie et al. (2012).
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Chapter 6

SUMMARY & CONCLUSIONS

I have shown in my dissertation that large observational samples of diffuse gas can
shed light on our understanding on galactic chemical evolution and the circumgalac-
tic medium (CGM) of z ~ 2 star-forming galaxies. I showed that very metal poor
DLAs can be used to measure the yields from core-collapse supernovae, and that
KBSS-InCLOSE will revolutionize our understanding of the z ~ 2 galaxy-scale
baryon cycle by allowing us to directly connect CGM and ISM properties of z ~ 2
star-forming galaxies. These investigations both relied on QSO absorption line

systems (QSO absorbers) to probe diffuse gas that otherwise would be unseen.

In Chapter 2 I show published work (Nufiez et al., 2021) where I compiled the largest
sample (N=79) of very-metal poor (VMP; [Fe/H] < —2) Damped Lyman Alpha Ab-
sorbers (DLAs; QSO absorbers with high H I column density log (Nyj/cm™2) >
20.3) to place empirical constraints on the yields of low-metallicity CCSNe. I as-
sumed that each VMP DLA was a protogalaxy early enough in its star-formation
history that its enrichment was dominated by CCSNe. This is an alternative ap-
proach to using abundances in the atmospheres of metal-poor stars, which requires
modeling of stellar atmospheres including accounting for stellar evolution and differ-
ent equilibrium conditions per ion. I constrained the abundance ratios (with respect
to Fe and O) of abundant metals including C, N, O, Si, S, Al, and Fe. I found that
for [C,N,0,Al/Fe] VMP DLAs offer a superior approach for determining empiri-
cal yields compared to stars, and for [S,Si/Fe] the constraints are complementary.
Most modern CCSN yield tables can reproduce the majority of the empirical yields
but when imposing realistic constraints on the theoretical yields (i.e., SN energy
landscape, Initial Rotation Velocity) only two of the five models could reproduce
the empirical yields. The empirical yields I calculated are ready to be be used in
galactic chemical evolution models during the earliest phases of galaxies’ histories,

which seldom have empirical constraints.

In Chapter 3 I show published work (Nuiiez et al., 2024) that introduced the KBSS-
InCLOSE survey that aims to increase the low number of close-in (within a projected
distance of 100 kpc) galaxy-QSO pairs at z ~ 2 to analyze the physical properties
of CGM gas seen in absorption in the QSO spectra. Before this thesis, there were
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only nine z ~ 2 galaxies with analyzed inner CGM (within 100 kpc) and with
characterized nebular emission and stellar population properties. The survey builds
on the Keck Baryonic Structure Survey (KBSS) and aims to find close-in galaxy-
QSO pairs to directly connect the Inner CGM of QSO Line Of Sight Emitting
(InCLOSE) galaxies with their ISM. KBSS-InCLOSE relies on new observations
that I am conducting using the twin Keck telescopes on Mauna Kea in Hawaii. I
use the new KCWTI optical integral field unit (rest-FUV at z ~ 2.3) to discover new
“InCLOSE” galaxies, Keck/MOSFIRE near infrared (NIR) spectroscopy to confirm
their redshifts and infer nebular properties including star-formation rate, ground-
and space-based optical and NIR images to infer stellar mass and age, and finally
high-resolution optical spectra of the QSOs to perform detailed characterization of
CGM gas. The novelty of KBSS-InCLOSE goes beyond its large size (55 galaxies
currently); the NIR spectra and images allow for the direct determination of galaxy

properties, including stellar mass, that are rarely included in similar high-z surveys.

The first results from KBSS-InCLOSE served as a proof of concept for the survey
by focusing on the recovery and investigation of two known DLA-host galaxies, a
massive z ~ 2 galaxy and a lower-mass z ~ 3 Lyman Break Galaxy (LBG; one of the
first ever discovered). The galaxies were at small enough projected radii from bright
QSOs (b < 3”) that bright flux extended far into the wings of the QSOs point spread
function in the IFU and imaging data. This bright flux needed to be removed from
the data to recover the faint close-in galaxies. I developed the tools and techniques
required to remove the bright QSOs from the data, and successfully recovered the
faint DLA-host galaxies. Additionally, KCWI revealed more than ten new galaxies
between both fields, three of which were “underneath” the QSO PSF. I obtained
rest-optical spectra of each galaxy, and performed SED fitting, which allowed for
the characterization of their ionized ISM and stellar populations. By analyzing their
CGM absorption and connecting with their galaxy properties, I showed that the
massive z ~ 2 galaxy exhibited strong, multiphase, kinematically complex, and in
some cases gravitationally unbound metals in its CGM. Jointly analyzing ISM and
CGM metallicity, and dust content, supports the picture that outflows are driving
metals and dust into the CGM but that the physics governing these processes may
depend on the ion being discussed (e.g., O compared to N). Similar findings have
been reported by previous studies, suggesting that a consensus picture of the z ~ 2

CGM of M, may be emerging.

In Chapter 4 I show work that will be published soon which presented the second
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results from the sample, KBSS-InCLOSE II. KBSS-InCLOSE II focused on the

first low-mass galaxies (M < 10° ) examined in the sample. The three galaxies
are in the same field and within a projected distance of b < 74 kpc of one of the
three QSOs in the field. Two of the galaxies were discovered via Lya emission in
KCWI pointings, while the other was discovered serendipitously on a MOSFIRE
slit. Their nebular spectra showed that the galaxies were star-forming (Lya [O III],
and/or Ha emitters), and provided zgyswhich showed that the galaxies were at the
same redshift zyy = 2.2450, zpxa26p = 2.2448, and z¢s13 = 2.2433 which is only
a velocity difference of |Av| ~ 160 km s~!. The galaxies’ compact morphologies
and low best-fit SED stellar masses showed that the galaxies were consistent with
dwarf galaxies with upper limit on their masses of M, < 1034 M. Connecting their
ISM properties with their CGM absorption showed preliminary evidence that the
low-mass z ~ 2 CGM may be be distinct from the CGM of low-z dwarf galaxies and
Z ~ 2 massive galaxies. In other words, there may be an evolution of the CGM both

in terms of z and stellar mass that will require a larger sample to further investigate.

Finally, in Chapter 5 I show preliminary work that remains to be completed. Specif-
ically, I presented early results of KBSS-InCLOSE III, which examined the entire
sample (currently 55 galaxies). At minimum each galaxy had a deep KCWI de-
tection (image and spectrum), and H I absorption from HIRES coverage of the
QSO spectra. 21/55 of the galaxies have a nebular redshifts, 37/55 show strong
metal absorption in their CGM, and 46/55 have image counterparts in ground- and
space-based UGRJHK and HST/F160W images. I showed that the z ~ 2 inner
CGM always shows H I absorption within v + 1,000 km s~! of Zsys for galaxies in
the sample, is clumpy, and/or multiphase showing a large spread in log Ny column
density at fixed impact parameter, and that the presence of the galaxies appears to
affect the properties of the QSO absorbers. The sample will benefit tremendously
from IFU follow-up to find more close-in galaxies, and NIR spectroscopic follow-up
to secure galaxy redshifts and reduce likelihood of galaxy-absorber mismatches,

which I showed may affect at least two of the galaxies in the sample.

Altogether, this thesis has laid fundamental groundwork towards expanding our
understanding of the galaxy-scale baryon cycle of z ~ 2 star-forming galaxies by
building the largest z ~ 2 close-in galaxy-QSO pair observational dataset thus far. It
provides the data required to perform the most detailed examination of the connection

between galaxies and their CGM during the peak epoch for galaxy formation.
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