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Abstract

We present the design and first results of the inner circumgalactic medium (CGM) of QSO line-of-sight emitting
galaxies at z∼ 2–3, Keck Baryonic Structure Survey (KBSS)-InCLOSE. The survey will connect galaxy properties
(e.g., stellar mass M*, interstellar medium, hereafter 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 KBSS QSOs to discover new star-forming galaxies at small projected distances
b 12″ (98 kpc, z 2.3= ), then obtain follow-up Keck/MOSFIRE near-IR spectra to confirm their redshifts. We
leverage KBSS images and Keck/High Resolution Echelle Spectrometer 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 Lyα 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 G1ʼs CGM is metal poor and less
evolved than its ISM, while N1ʼs CGM and ISM abundances are comparable; their CGM shows ∼1 dex less dust
extinction than the ISM; and G1ʼs 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.

Unified Astronomy Thesaurus concepts: Damped Lyman-alpha systems (349); Circumgalactic medium (1879);
Galaxy chemical evolution (580); Abundance ratios (11); Extragalactic astronomy (506); Interstellar medium
(847); Intergalactic medium (813); Quasar absorption line spectroscopy (1317)

1. 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
interstellar medium (ISM; e.g., C. C. Steidel et al. 2003;

A. E. Shapley et al. 2005; A. E. Shapley 2011; M. Kriek et al.
2015; A. L. Strom et al. 2017, hereafter S17) and CGM
absorption properties (e.g., A. M. Wolfe et al. 1986, 2005;
R. A. Simcoe et al. 2006; J. X. Prochaska et al. 2007a;
G. C. Rudie et al. 2012, hereafter R12; M. L. Turner et al. 2014;
N. Lehner et al. 2014; C. Péroux & J. C. Howk 2020; N. Lehner
et al. 2022), 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 (SFR) 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.,
C. C. Steidel et al. 2010; A. E. Shapley 2011; N. Z. Prusinski
et al. 2021).
Strong outflows suggest that a significant amount of gas is

being ejected into the CGM (and/or intergalactic medium;
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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 enrichment (e.g., D. Angles-Alcazar
et al. 2017; J. Tumlinson et al. 2017). The process by which
baryons transition through different phases (e.g., T, ρ) 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 during the peak
epoch of galaxy formation; 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 (SB;
e.g., J. 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., R. Cooke
et al. 2010; G. C. Rudie et al. 2019, hereafter R19). 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, hereafter
SFR; metallicity; etc.)with background probes sampling a
range of impact parameters.

Galaxy–QSO pairs with small impact parameters (i.e., within
the galaxy’s viral radius or Rvir) 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 active galactic
nucleus (AGN) activity—and resultant feedback processes—
are likely to be reflected in the physical properties of the CGM
(e.g., M. L. Turner et al. 2014; J. X. Prochaska et al. 2017;
C. T. Pratt et al. 2018; F. S. Zahedy et al. 2021; A. Mintz et al.
2022).

Work over the past decade using galaxy–QSO pairs has
increased our understanding of the CGM at low redshift
(z∼ 0.3; e.g., J. Tumlinson et al. 2013; J. K. Werk et al. 2014;
J. Tumlinson et al. 2017; J. X. Prochaska et al. 2017),
intermediate redshift (z� 0.3–1; e.g., H.-W. Chen et al. 2020a;
F. S. Zahedy et al. 2021; Z. Qu et al. 2022, 2023; H.-W. Chen
et al. 2023), z∼ 2− 3 (e.g., R12; O. Rakic et al. 2012;
M. L. Turner et al. 2014, 2015; R19; N. M. Nielsen et al. 2022,
hereafter N22), and z∼ 3−4 (e.g., E. K. Lofthouse et al.
2020, 2023; M. Galbiati et al. 2023).

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� Rvir). To date, there are about 24 z∼ 2–3 galaxies that
are thought to be associated with QSO absorption systems of
various NHI densities and metal line detections at b< 100 kpc
in the literature (e.g., S. J. Weatherley et al. 2005; J.-K.
Krogager et al. 2017; R19). Of these, less than 12 have well-
characterized ionized ISM and stellar populations (i.e., far-
ultraviolet, hereafter FUV; and optical nebular emission
spectra; FUV–optical spectral energy distributions, hereafter
SEDs; R19).

R19 used a sample of eight z∼ 2.3 KBSS galaxy–QSO pairs
with known galaxy properties and found that the b Rvir 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 components with velocities in excess of the escape
velocity vesc∼ 450–550 km s −1), and is thermally supported
(thermal broadening dominates over turbulent/nonthermal
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,
Lyα halo properties, etc. To accomplish this, we must build a
larger sample of z∼ 2–3 galaxy–QSO pairs probing b< Rvir.
KBSS-inner CGM of QSO line of sight emitting (InCLOSE; an

extension to KBSS-Keck Cosmic Web Imager, hereafter KCWI;
Y. Chen et al. 2021) is an ongoing campaign to connect galaxy
properties with the physical conditions of the InCLOSE galaxies
at z∼ 2–3. InCLOSE will leverage the approach (and ancillary
data) employed (gathered) by the original KBSS survey
(e.g., R12; C. C. Steidel et al. 2014; M. L. Turner et al. 2014)
to connect galaxies to the exquisite information provided by
signal-to-noise ratio (S/N)∼ 50–100 High Resolution Echelle
Spectrometer (HIRES) spectra of QSOs carefully selected to lie
just “behind” the galaxy survey volume. In spite of years of effort
obtaining LRIS and the Multi-Object Spectrometer for InfRared
Exploration (MOSFIRE) spectra of more than 3,000 galaxies in
the redshift range 2� z� zQSO∼ 2.8, the census of galaxies in
KBSS was known to be highly incomplete at very small angular
scales (θ 8″–10″), or impact parameters of b 100 physical kpc
(pkpc) due to the “glare” of the point-spread function (PSF) of the
very bright (V∼ 16–17) QSOs. As a result, there were only eight
spectroscopically identified galaxies with b< 100 pkpc (one of
which with b< 50 pkpc, R19)—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., R. F. Trainor &
C. C. 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 R19. Specifically, KCWI (P. Morrissey et al. 2018)
optical integral field unit (IFU) pointings of all the KBSS QSOs
are used to find previously “missed” galaxies. Then, follow-up
near-IR (NIR) spectra using MOSFIRE (I. S. 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 Lyα
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 NIR atmospheric bands with MOSFIRE including Hα,
Hβ, [O III], [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 ionized gas-phase physical conditions (H II
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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 |δv|< 20 km s−1) from
strong nonresonant emission lines (e.g., [O III]λ5008, Hα), (2)
gas-phase oxygen abundance (and, for a subset, abundances of
N, and S), (3) measurements of SFRs derived from the dust-
corrected Hα luminosity (or limits from Hβ luminosity), and
(4) dynamical mass measurements, from nebular line widths
when combined with Hubble Space Telescope (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 nLOS galaxies has been done only a handful
of times at this z (e.g., P. Møller et al. 2002; S. J. Weatherley
et al. 2005; L. Christensen et al. 2004; M. Neeleman et al. 2018;
H. M. Christenson & R. A. Jorgenson 2019; R19).

Each KBSS-InCLOSE galaxy will have (assuming z̄ 2.3~ )
(1) a rest-FUV spectrum from KCWI blue covering
1060–1665Å in the rest frame, (2) a rest-optical spectrum
from MOSFIRE covering 3650–6800Å in the rest frame, (3)
deep imaging from ground- and space-based observatories
covering 0.1–1.4 μm in the rest frame, including at least one
band observed with HST/WFC3-IR, (4) a Lyα emission and
velocity map (from KCWI blue), and (5) an HIRES spectrum
of the background QSO with average S/N ∼ 50–100 covering
absorption systems from 970–3045Å in the rest frame. Using
products (1)–(3), we will characterize the ionized ISM and
stellar populations of the galaxies, measuring or inferring
properties such as systemic redshift, SFR, nebular metallicity,
stellar mass, etc., and using product (4), we will characterize
the global view of the cold emitting CGM via Lyα and (5)
analyze a highly detailed view (at b< Rvir) of the CGM via
background QSO absorption, measuring or inferring H I and
metal abundance, kinematic properties, 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 (hereafter Q2343; zQSO= 2.573) and Q2233
+1310 (hereafter Q2233; zQSO= 3.295; which is not part of
KBSS)— for which we have added extensive new optical IFU
data from KCWI (L. Christensen et al. 2004; R. F. Trainor &
C. C. 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, was
missed from the KBSS survey due to its proximity to the QSO
(e.g., A. L. Strom et al. 2018, hereafter S18) but was found
recently by N22 using KCWI. The other galaxy is toward
Q2233+1310. It was discovered using rest-FUV color
selection and was found by early optical IFU observations to
be very bright in Lyα (e.g., C. C. Steidel et al. 1995, 1996;
L. Christensen et al. 2007).

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 knowl-
edge about z∼ 2–3 nLOS galaxies surrounding the KBSS
QSOs. 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 5. The

paper is organized as follows. In Section 2, we discuss our
observations and data reduction. In Section 2.1.1, we show
how we remove the bright background QSOs from our data
cubes and images. In Section 3, we analyze the galaxies’
ionized ISM emission via rest-FUV spectra, rest-optical
spectra, and rest-FUV to rest-optical SED. In Section 4, we
analyze the inner CGM of the galaxies via H I CGM emission
(i.e., Lyα halo, and background QSO absorption). In Section 5,
we discuss insights into the galaxy-scale baryon cycle by
explicitly comparing ISM and CGM properties. In Sections 6
and 7, we discuss our findings and caveats, then summarize the
paper. We adopt solar abundances from M. Asplund et al.
(2009). We adopt the following ΛCDM cosmological para-
meters: H0= 70 km s−1 Mpc−1, Ωm= 0.3, ΩΛ= 0.7.

2. Data and Observations

2.1. Discovering nLOS Galaxies with KCWI

Obtaining KCWI pointings of the KBSS QSO fields is
crucial for discovering new nLOS galaxies. Our primary KCWI
configuration uses the medium slicer (slice width= 0 69) and
large blue (BL) grating to provide an optimal compromise
between field of view (FoV ; 16 5× 20 3, or ;135× 166
pkpc at z ∼ 2.3), wavelength coverage (3500−5500Å), and
spectral resolution (2.5Å, or R= 1400–2240) across the band.
A summary of the observations are shown in Table 1. For

Q2233+1310, the data comprise a total of 5 hr integration time
taken with the same observational approach, in which each of
15 individual 1200 s exposures was obtained with a different
position angle (PA) 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.
For Q2343, we combined our own KBSS-KCWI data set,

with a total exposure time of 18,700 s (5.2 hr) 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 17,500 s), with additional data retrieved from the
Keck Observatory Archive14 (KOA; see N22) 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 hr). In the region of full
overlap of between the two observations,15 the total exposure
time is ∼24,400 s (6.8 hr), but the region SW of the QSO has
received significantly less integration time (0.8 hr).
We reduced the KCWI data using a custom version of the

publicly available KCWI data reduction pipeline (DRP),16 with
modifications as described by Y. 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
pipeline17 (N. Z. Prusinski & Y. Chen 2024; implementation
described in Y. Chen et al. 2021) that projects each exposure
onto an astrometrically correct grid with spatial sampling of

14 https://koa.ipac.caltech.edu/
15 This includes the position of galaxy Q2343-G1.
16 https://github.com/Keck-DataReductionPipelines/KCWI_DRP
17 https://github.com/yuguangchen1/KcwiKit.git
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0 3× 0 3 or 0 2× 0 2 and wavelengths sampled with 1Å
pixel–1.

The same procedures were used to rereduce the archival
KCWI data (in the case of the Q2343 field) and incorporate
them into the final mosaic.

2.1.1. 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
data cubes, 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 Lyα
emission and interstellar (IS) 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., Lyα in the emitting CGM. The
second method recovers the full rest-FUV spectrum of the
galaxy (FUV continuum+Lyα halo) and is used to detect
nLOS continuum-emitting sources, then measure line flux, line
centroids, and equivalent widths of nebular emission and IS
absorption lines.

2.1.2. QSO PSF and Continuum Source Subtraction, and Halo
Extraction Using CubePSFSub

CubePSFSub is a routine within the package CubExtractor
(S. Cantalupo et al. 2019, hereafter C19) that removes QSO
emission using an empirical PSF model constructed from the
cube itself. It provides an efficient means to discover new line
emitting galaxies and extract physical properties of their Lyα
halos. The package is described in detail in C19, but we
summarize it here. The inputs for the program include the
position of the QSO, an inner radius (Rin) to set the
normalization constant for the subtraction, an outer radius
(Rout) within which the subtraction is performed, a spectral

width (Δλ) to define the PSF size, and number of spectral bins
to divide the cube (Nbins).
CubePSFSub makes pseudonarrowband images using the

mean flux across the spectral width Δλ (for each spaxel) using
Rin (usually a circular aperture with a radius of 2 pixels; the
typical 2D Gaussian full width at half-maximum, hereafter
FWHM, of the QSO ∼4 spaxels) to set the peak value of the
image. It then subtracts a flux scaled, pseudonarrowband 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 to 750Å and found

that values between 250 and 500Å were preferable. We tested
this explicitly by fixing all other parameters (Rin, Rout), then
extracting the resultant extended emission from Q2233-N1
(hereafter N1)ʼs Lyα halo using CubEx (assuming spatial and
spectral filtering of 1 pixel, and an S/N= 1.5). We found that
PSF sizes between 250 and 400Å 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 oversubtraction. Values above the
threshold increased the overall residuals. We used a spectral
width of 350Å for Q2343 and 300Å 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 50–100Å with a spatial and spectral smoothing of 1 pixel
(0.″3, 1Å).
We are left with a continuum-subtracted data cube 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 4.1. 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 Lyα emission per spaxel. CubExtractor

Table 1
New Observations Summary

Object Type Instrument (Config.) R.A. (J2000.0) Decl. (J2000.0) texp Date PI P/ID
(hr) (year/month/day)

Q2343+1232 Optical IFU KCWI 23:46:28.30 +12:48:57.8
Med/BL L L 5.2 2018/11/10 Steidel C305

Optical Images LRIS 23:46:28.42 +12:48:57.4
Un,G,R L L 1.9,0.7,2.2a 2022/08/23 Steidel C409

NIR Spectra MOSFIRE 23:46:28.42 +12:48:57.4
J, H, K L L 1.4,1.0,2.0b 2022/09/17 Steidel C409

Q2233+131 Optical IFU KCWI 22:36:19.21 +13:26:19.3
Med/BL L L 2.0 2021/09/05 Steidel C249
Med/BL L L 3.0 2021/08/11 Erb R349

NIR Spectra MOSFIRE 22:36:19.27 +13:26:16.9
H, K L L 0.9,1.0c 2022/09/17 Steidel C409

Notes.
a Un, G, R-band exposure times.
b J, H, K-band exposure times.
c H, K-band exposure times.
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was used to make segmentation masks to highlight the voxels
(R.A., decl., wavelength) that are within ±3000 km s−1 of the
emission line of interest (i.e., Lyα) and have an S/N greater
than 3.5 after the cube is spatially and spectrally filtered by one
spatial bin (0.″2–0.″3) and one spectral bin (1Å), which are
typical values (e.g., C19; V. Langen et al. 2023). The 3D mask
is then flattened to 2D by summing all spaxels to a single value
(i.e., collapsing 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 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 4.1.

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.

2.1.3. QSO Spectral Subtraction Using IFSFIT

IFSFIT (D. S. N. Rupke 2014; D. S. N. 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.

D. S. N. 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 pseudobroadband cube (2D collapsed by summing from
3500 to 5500Å), i.e., where the QSO dominates the spectrum.
The QSO centroid and the seeing were determined from a 2D
Gaussian fit performed on the pseudobroadband 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 D. S. N. Rupke
et al. 2017). Algorithmically, the program extracts the spectrum
of each spaxel and models it as two components such that

( ) ( ) ( ) ( )S x y A x y S S x y, , , 1SPAXEL QSO Cont= ´ +

where SSPAXEL(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 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 SCont(x, y) is the
featureless additive continuum model. For example, if there is a
galaxy present in the spaxels at (x, y), then SCont= SGalaxy. In
all cases, both A and S are fit to minimize the residuals between
the data (SSPAXEL) and model (A× SQSO+ SCont).

The output is a QSO-continuum-subtracted cube, i.e., the
difference between the SSPAXEL and A× SQSO, expressed as

( )S S A S . 2cont SPAXEL QSO= - ´

In Figure 1, we show the results of this procedure before and
after being applied to the KCWI cubes toward Q2343 and
Q2233+1310.
Previously known galaxies Q2343-G1 (hereafter G1) and 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 IS absorption
lines. The Lyα 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 Lyα emission in the QSO
continuum-subtracted cube. We extracted the average Lyα
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 QSO Lyα halo
peak flux and line shape using an average 1D spectrum, which
should be adequate to remove the most luminous portions of
the halo.
We fed the 1D Lyα halo spectrum into IFSFIT where it was

run on the QSO continuum-subtracted cube in the same two-
component mode described above.18 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
Lyα halo.
We show the effects of all four steps on the extracted spectra

of galaxies G1 and N1 in Appendix A.
We refer to the resultant cube as “QSO-spectrally sub-

tracted.” With this cube, we were able to find continuum-
emitting nLOS galaxies and measure their emission/absorption
line properties (see Section 3.1). We also used the cubes to
verify the extent and flux of Lyα emission from the galaxies,
finding that they are comparable (i.e., Figure 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 2.1.3)

18 The QSO’s Lyα 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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by averaging all of the spaxels that contained continua of the
galaxy as seen from the pseudobroadband images (summed
from 3500 to 5500Å). 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 2 and 3, we show the smoothed
(3 pixels Å–1; for clarity) rest-FUV spectra of G1 and N1 with
IS lines overplotted at the galaxies systemic redshift
(Section 2.2). The quality of the KCWI spectrum is such that
average IS lines have S/N 2, which is adequate for checking
preliminary redshift; Lyα has S/N� 50.

2.1.4. New Objects toward Q2343+1232 and Q2233+131

We identified previously uncataloged objects using the deep
KCWI cubes. We started classification by making pseudo-
broadband images from the non-QSO subtracted cubes where
we cataloged 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 2.1.3). Finally, faint line emitting sources were
cataloged 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 (∼10–20Å); ES# sources have no continuum
detection in the QSO-spectrally subtracted cubes. We catalog
the object IDs, their sky position, preliminary FUV redshifts,
and some notes in Table 2. Several objects are omitted from the
table and will be discussed in future work.
In field Q2343, we discover seven new objects and recover

three objects, the main one being G1. G1 was missed by W.-
H. Wang et al. (2015) who searched for Hα emission around
high-metallicity high-H I absorbers (i.e., damped Lyα absor-
bers, 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 N22 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 (zDLA∼ 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 Lyα or IS lines at
the DLA redshift. However, we find two new objects at the

Figure 1. Rest-FUV and rest-optical images of the QSO sightlines. Left column:Keck/KCWI pseudobroadband (3500–5500 Å) 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 2.1.1). The gray contours in the
postsubtracted images show constant Lyα surface brightness (vLyα ∼ ±1000 km s−1; discussed in Section 4.1). Right column: HST images of the QSO sightlines.
Objects at a similar redshift have the same color and are summarized in Section 2.1.4. Top row: The small red circle shows QSO Q2343, the large blue circle shows
galaxy Q2343-G1, the Lyα contours show 0.35, 0.06, 0.01, 0.0012 10 erg s cm arcsec17 1 2 2´ - - - - 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 Lyα contours show 0.06, 0.04, 0.02,
0.002 10 erg s cm arcsec17 1 2 2´ - - - - for the galaxy, and the HST/WFPC2 F702W image shows all objects at higher resolution. Both galaxies lie at small impact
parameter b ∼ 20 kpc (see Table 2). More than 15 new galaxies were discovered from the KCWI cubes. N is up, and E is left.
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same redshift of G1 from their Lyα emission, which we call
G1-E (east; toward G3) and G1-S (south; toward G2). It is
likely that these are the galaxies that N22 originally cataloged.
We discuss these new galaxies in detail in Section 5.1.

In field Q2233, we discover 12 new objects and recover four
objects, the main one being N1. N1 is a well-studied Lyman-
break galaxy (LBG; e.g., W. L. W. Sargent et al. 1989;
C. C. Steidel et al. 1996; P. Møller et al. 2002; L. Christensen
et al. 2007; H. M. Christenson & R. A. Jorgenson 2019) that
was discovered in a search for hosts of optically thick absorbers
near QSO sightlines from its UGR continuum photometry
(C. C. Steidel et al. 1995); the first optical IFU observations
were acquired by L. Christensen et al. (2004, 2007), and the
first NIR IFU observations were by H. M. Christenson &
R. A. Jorgenson (2019).
Recently, K. Ogura et al. (2020) acquired Atacama Large

Millimeter/submillimeter Array Band 8 (600–800 μm) obser-
vations of the Q2233+1310 sightline and surrounding field to
search for [CII]λ158 μ m 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 7 and 8 1 from the QSO, respectively.
We report a significant detection of object Q2233-CS3,

which has a previous detection (and photometry) from
C. C. Steidel et al. (1995, object #1), and a recent detection
in the submillimeter from (K. Ogura et al. 2020, SMG 2).

Figure 2. Keck/KCWI and Keck/MOSFIRE spectra of G1. Top: Smoothed
FUV spectrum from the QSO-spectrally subtracted cube (black), nonsubtracted
cube (yellow-orange), and error spectrum (red). Vertical colored lines show
emission and absorption based on G1ʼs systemic redshift. Bottom 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 spectrogram.

Figure 3. Keck/KCWI and Keck/MOSFIRE spectra of N1. Hα is not
accessible from the ground at N1ʼs redshift. Same lines and colors as Figure 2.
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These are all likely the same source because their coordinates
are consistent, the F702W and KCWI pseudobroadband image
show a similar morphology, and its colors are consistent with
a Lyman break for a galaxy at Lyα redshift zLyα= 2.077
(G–R= 0.65; Un-G= 1.33; C. C. Steidel et al. 1995).

We report a significant detection of object Q2233-CS4,
which has a previous detection (and photometry) from
C. C. Steidel et al. (1995, object #7). CS4 is bright in
FUV continuum, and has colors that are consistent with
the zLyα= 2.088 we measure from KCWI (G–R= 0.26;
Un−G= 0.82; C. C. 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 submillimeter by (K. 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 zLyα= 2.078, which is typical of
submillimeter galaxies with no continuum detection in
nonsubmillimeter bands (e.g., S. C. Chapman et al. 2005;
A. L. R. 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-HU6.

2.2. MOSFIRE

All NIR spectra used in this work were obtained using
Keck/MOSFIRE (I. S. McLean et al. 2012). MOSFIRE uses a
cryogenic configurable slit unit (CSU) to form single-slit or
multislit masks in the telescope focal plane. The integration
times and program IDs are summarized in Table 1.
In the case of G1, the object was included as part of a

multislit 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 K bands, using the same approach described in previous
KBSS work (C. C. Steidel et al. 2014; S17; S18). The sky PA

Table 2
New KCWI Objects

KCWI-ID R.A. (J2000.0) Decl. (J2000.0) zKCWI b b Notes References
(arcmin) (kpc)

Q2343+1232
1.9 < z < zQSO
Q2343-G1 23:46:28.4278 +12:48:57.440 2.4343 2.57 20.8 N. M. Nielsen et al. (2022)
Q2343-G1E 23:46:28.5397 +12:48:57.561 2.4335 4.17 33.9 Same zLya as G1, toward G3
Q2343-G1S 23:46:28.4160 +12:48:55.480 2.4359 3.39 27.5 Same zLya as G1, toward G2
Q2343-ES1 23:46:27.9218 +12:48:55.550 2.097 5.42 45.1 H I but no metals in HIRES
z < 1.9 or z � zQSO
Q2343-G2 23:46:28.4303 +12:48:55.020 ? 3.83 N. M. Nielsen et al. (2022)
Q2343-G3 23:46:28.5839 +12:48:56.980 ? 4.84 N. M. Nielsen et al. (2022)
Q2343-HU1 23:46:28.471 +12:48:59.68 3.0449 3.31 zLyα 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 zqso 1.41 Seen in KCWI Lya maps

centered at zqso
Q2343-ESS 23:46:28.1840 +12:48:56.448 zqso 1.78 Seen in KCWI Lya maps

centered at zqso

Q2233+131
1.9 < z < zQSO
Q2233+131-N1 22:36:19.2733 +13:26:16.950 3.1537 2.55 19.3 C. C. Steidel et al. (1995)
Q2233+131-CS3 22:36:19.2296 +13:26:11.329 2.0773 8.03 66.9 #1 in C. C. Steidel et al. (1995),

SMG 2 (K. Ogura et al. 2020)
Q2233+131-CS4 22:36:19.5772 +13:26:06.951 2.0888 13.4 113 #7 in C. C. Steidel et al. (1995)
Q2233+131-CS5 22:36:19.6789 +13:26:17.458 2.0781 7.02 58.5 May be SMG 1, faint in 702w,

H I in HIRES
(K. Ogura et al. 2020)

Q2233+131-HU4 22:36:19.0827 +13:26:21.122 3.1460 2.61 19.8 Similar zLya as N1
Q2233+131-HU6 22:36:19.4286 +13:26:20.497 3.144 3.31 25.1 Similar zLya as N1, near mul-

tiple sources in F702W
z < 1.9 or z � zQSO
Q2233+131-CM1-1 22:36:18.6267 +13:26:22.225 0.4124 9.01 zOII,1/2 in Complex1, large

spiral galaxy
Q2233+131-CM1-2 22:36:18.9364 +13:26:24.828 0.4124 6.81 zOII,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 FeII in HIRES
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of the instrument FoV was chosen so that G1ʼs 0 7× 15 0 slit
would also include galaxy Q2343-G2 and Q2343-G4. Total
integration times of 1.4, 1.0, and 2.0 hr 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 5–0 8 FWHM).

In the case of N1, spectra in the H and K bands were
obtained using MOSFIRE with a 0 7 longslit oriented to
include both galaxy N1 and the QSO, using a two-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 MOS-
FIRE DRP,19 which produces background-subtracted, flat-
fielded, wavelength-calibrated, telluric-absorption corrected,
heliocentric-velocity shifted, rectified, and stacked 2D spectro-
grams for each slit on the CSU mask. We refer the reader to
C. C. Steidel et al. (2014) for more details on the data
acquisition and reduction, and to S17 for details on the flux
calibration and slit loss corrections.

We use MOSPEC (S17)20 to extract 1D spectra from the 2D
spectrograms. For 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 S17, 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 slit loss corrections for G1 are
1.72± 0.05 (J), 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 the bottom
panels of Figures 2 and 3. G1ʼs rest-optical spectrum (Figure 2)
shows significant detections (S/N > 6.5σ) of most of the major
diagnostic emission lines including [O II]λλ3727, 3729, Hγ,
Hβ, [O III]λλ4960, 5008, Hα, and marginal detections
(S/N > 2σ) of [Ne III]λ3829, [N II]λλ6549, 6585, [S II]
λλ6718, 6732. We measure a nebular redshift of
zneb= 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) shows significant
detections (S/N > 4σ) of [O III]λλ4960, 5008, and Hβ, and
marginal detections (S/N > 2.2σ) of [O II]λλ3727, 3729,
[Ne III]λ3869. Hα was not observed because it was shifted out
of the NIR atmospheric bands. We measure a nebular redshift
zneb= 3.1509± 0.0005 and adopt it as zsys. We analyze the
MOSFIRE spectra in Section 3.2.

2.3. Images and Photometry

We use extant and archival images, and archival photometry
to construct SEDs of the galaxies. For Q2343, new ground-
based UV and optical images (U G ;n  see, e.g., C. C. Steidel
et al. 2003) were obtained on 2022 August 28, from Keck/
LRIS (J. B. Oke et al. 1995; C. C. Steidel et al. 2004), and
Table 1 shows integration times and dates. Ground-based JH
images (published by, e.g., C. C. Steidel et al. 2014; S17) were
taken using Magellan/FourStar (S. E. Persson et al. 2013).
Ground-based KS images were taken using Palomar/WIRC
(data published in, e.g., C. C. Steidel et al. 2004; J. C. Wilson

et al. 2003). Finally, space-based NIR images were taken with
HST/WFC3IR-F140W (Trainor PID No. 14620, 2016 October
5) and HST/WFC3IR-F160W (Law PID No. 11694 2010, June
13), and a reduced and science-ready F110W image was pulled
from the Hubble Legacy Archive (HLA; K. Lindsay et al.
2010) HST/WFC3IR-F110W (Forster Schreiber PID No.
12578 2017, August 21).
For N1, reduced and science-ready images were pulled from

the HLA including HST/WFPC2IR-702W (Macchetto PID
No. 6307, 1997 May 9) and HST/NICMOS-F160W (Warren
PID No. 7824, 1998 August 7). UGR photometry is from
C. C. Steidel et al. (1995), based on images taken from the
William Herschel Telescope (Un,R) and MDM/Hiltner (G,R),
and Ks-band photometry is from C. C. Steidel et al. (1996)
based on images taken from Keck/NIRC1 (K. Matthews &
B. T. Soifer 1994). Our photometry measurements are
discussed in detail in Section 2.3.1.
In the right panels of Figure 1, we show G1, N1, background

QSOs Q2343 and Q2233, the newly identified and reobserved
KCWI objects (Table 2), the MOSFIRE slits, and the
surrounding foreground and background objects (relative to
the QSOs).

2.3.1. Image QSO Subtraction and Photometry

To subtract the QSOs from the ground-/space-based images,
we construct effective point-spread functions (ePSF; J. Ander-
son & I. R. King 2000; J. Anderson 2016) for each imaging
band (U, G, R, J, H, and K ). We find field stars of comparable
brightness to the QSOs using IMEXAM (M. Sosey et al.
2022).21 Using at least one field star, we build the ePSF using
the EPSFBuilder class in the PHOTUTILS package (L. Bradley
et al. 2022), which is based on the formalism described in detail
by J. Anderson & I. R. King (2000) and J. Anderson (2016).
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 PHOTU-

TILS 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
nonsubtracted images.
We compared the QSO-subtracted ground-based magnitudes

to space-based magnitudes 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 useful for placing limits
on the photometry error introduced from the QSO subtraction
process. We adopt 0.2 magnitude for all photometry measured
from QSO subtracted images.

2.3.2. SED Fitting

We use a custom SED fitting routine (N. A. Reddy et al.
2012; R. L. Theios et al. 2019, hereafter T19) that uses
precomputed grids of SED models (binary population and
spectral synthesis, hereafter BPASS, models version 2.2,
E. R. Stanway & J. J. Eldridge 2018) with a Kroupa initial

19 https://keck-datareductionpipelines.github.io/MosfireDRP/
20 https://github.com/allisonstrom/mospec 21 https://github.com/spacetelescope/imexam

9

The Astrophysical Journal, 976:41 (37pp), 2024 November 20 Nuñez et al.

https://keck-datareductionpipelines.github.io/MosfireDRP/
https://github.com/allisonstrom/mospec
https://github.com/spacetelescope/imexam


mass function (IMF; P. Kroupa 2001), an upper IMF mass of
100 Me, low stellar metallicity Z* = 0.002 (Z*/Ze∼ 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., A. E. Shapley et al. 2005; D. K. Erb
et al. 2006a; N. A. Reddy et al. 2012, 2015; S17).
Specifically, T19 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, hereafter KLCS; C. C. Steidel et al.
2018; A. J. Pahl et al. 2023). Similarly, the resultant nebular
metallicities are consistent with previous results (C. C. Steidel
et al. 2016; S18; A. L. Strom et al. 2022) and recent direct
Te-based nebular metallicities from JWST (e.g., N. S. J. Rogers
et al. 2024; R. L. Sanders et al. 2024). We run an additional
model that forces the stellar ages to be �50Myr 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., N. A. Reddy et al.
2012).

2.4. HIRES

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

Q2343 was observed as part of the original KBSS program
(e.g., R12; C. C. Steidel et al. 2014; M. L. Turner et al. 2014).
We refer the readers to R12 for details on the observations and
reduction of the spectra but note that the final spectrum
includes data obtained from both HIRES and Very Large
Telescope (VLT)/UVES on UT2 (H. 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−1 ), an average S/N∼ 40–70 per resolu-
tion element, and spectral range λ∼ 3150–10,090Å (R12).

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

We analyze the CGM absorption spectra in Section 4.2.

3. 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, SFRs, metallicity, ionization, dynamical
and stellar mass, and dynamical and stellar age.

3.1. FUV Continuum

The FUV spectrum of galaxies is dominated by emission
from massive OB stars and contains information about the
warm-hot ISM. IS absorption 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 constraints on
metal absorption in the CGM (e.g., C. C. Steidel et al. 2010;

Y. Chen et al. 2020b). 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 Lyα emission flux, Lyα halo morphology and size,
and use IS absorption lines to estimate zsys and corroborate
zLyα.
To measure Lyα 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 Lyα measurements for G1 and N1 in
Table 3 referring to them as “Continuum Aperture.”
G1ʼs FUV spectrum (top panel of Figure 2) shows strong

emission from Lyα and IS absorption from, e.g., Lyβ, O VI, Si II,
Si III, O I+Si II, C II, Si IV, and C IV. It has a single red-peaked
Lyα emission profile. We measure a Lyα velocity difference
(from zsys) of Δv∼+271 km s−1 , F(Lyα)G1= (0.94± 0.02)×
10−17 ergs−1 cm−2, using zsys we convert to a luminosity

( )Llog erg s 41.64Ly
1 =a

- , and a rest-equivalent width Wrest=
(− 6.19± 0.4)Å. These values are typical of z= 2−3 star-
forming galaxies of comparable mass to G1 (C. C. Steidel et al.
2010, 2016; N. Z. Prusinski et al. 2021).

Table 3
Lyα Line Measurements

G1 N1

Kinematicsa

zred 2.4343 ± 0.0008 3.1533 ± 0.0008
Δvred (km s −1) 271 ± 72 171 ± 59
zblue L 3.1450 ± 0.0008
Δvblue (km s −1) L –423 ± 59

Continuum Apertureb

Fred (10−17 ergs−1cm−2) 0.94 ± 0.02 4.48 ± 0.03
Fblue (10

−17 ergs−1cm−2) L 0.30 ± 0.02
Ftot (10

−17 ergs−1cm−2) 0.94 ± 0.02 4.78 ± 0.05
( )Llog erg stot

1- 41.64 ± 0.02 42.62 ± 0.01
Wred,rest (Å) –6.19 ± 0.97 –39.45 ± 0.97
Wblue,rest (Å) L –2.66 ± 0.59
(Lyα/Hα)cont 0.17 ± 0.16 0.96 ± 0.08
fLyα esc,cont 0.020 0.020

0.028
-
+ 0.110 0.014

0.014
-
+

Halo Aperturec

F1 (10−17 ergs−1cm−2) 2.94 ± 0.01 (G1)d 12.50 ± 0.01 (N1)g

( )Llog erg s1
1- 42.14 ± 0.01 43.04 ± 0.01

(Lyα/Hα)halo 0.54 ± 0.16 2.50 ± 0.08
fLyα esc,halo 0.06 0.02

0.02
-
+ 0.29 0.01

0.01
-
+

F2 (10−17 ergs−1cm−2) 0.32 ± 0.01 (G1-E)e 0.36 ± 0.01 (HU6)h

F3 (10−17 ergs−1cm−2) 0.46 ± 0.03 (G1-S)f 1.15 ± 0.02 (HU4)i

Notes.
a Redshift and velocity have the same error ±1 Å.
b Extracted from spaxels showing continuum flux in the QSO-spectrally
pseudonarrowband KCWI images; see Figure 1.
c Extracted from spaxels showing extended Lyα flux in the narrowband KCWI
images; see Figure 7.
d G1: projected area of 5.08 arcsec .2

e G1-E: projected area of 1.40 arcsec .2

f G1-S: projected area of 1.12 arcsec .2

g N1: projected area of 14.40 arcsec .2

h HU6: projected area of 4.41 arcsec .2

i HU4: projected area of 7.11 arcsec .2
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N1ʼs FUV spectrum (top panel of Figure 3) shows strong
emission from Lyα and IS absorption from, e.g., higher order
Lyman series lines, C II, O I, Lyβ, Si II, Si III, O I+Si II, Si IV, and
C IV. It has a strong, double-peaked Lyα emission profile with a
peak separation of vred− vblue∼ 600 km s−1 , blue to red-peak ratio
of 0.07, and a red-peak equivalent width Wr=−39.5 Å. These
values place N1 in the lower quartile of z∼ 3 LBG continuum-
selected galaxies (e.g., N. A. Reddy & C. C. Steidel 2009;
C. C. Steidel et al. 2014; R. F. Trainor et al. 2015). Interestingly, N1
appears to have properties in between z∼ 2.7 faint, low-mass
narrowband selected LAEs (KBSS-LAEs) and higher-mass z∼ 3
Lyman continuum LBGs (LyC-LBGs) analyzed by R. F. Trainor
et al. (2015). N1ʼs EWLyα and red-peak velocity offset are consistent
with KBSS-LAEs (EWLAE∼ 44Å, vred,LAE∼+200 km s−1 ) while
its Lyα flux and red–blue peak velocity separation are more
consistent with LyC-LBGs (FLyC−LBG 7× 10−17 erg s−1 cm−2,
vred−blue, LyC−LBG∼+ 300 km s−1 ). Although 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.

3.2. Optical Line Emission

We aim to infer the physical quantities associated with the
ionized gas (e.g., H II regions) in G1 and N1. Rest-optical
emission line properties were measured from the MOSFIRE
NIR spectra (discussed in Section 2.2) using simultaneous 1D
Gaussian fits to all lines in a single band using MOSPEC (S17).

The first three sections of Table 4 tabulate measured
emission line properties including redshift, linewidth, inferred
dynamical mass, slit loss- (Section 2.2) and extinction-
corrected (Section 3.2.1) line fluxes, and common strong line
ratios. The typical S/N for the brightest emission lines is >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−1 I. S. McLean et al. 2012). We
measure σHα,G1∼ 81 km s−1 and σ[O III],N1∼ 51 km s−1 .

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

( )M
C r

G
3dyn

2s
=

where C is a constant related to the galaxies’ mass distributions,
velocity fields, assumed geometries, and inclination angles; σ is
the line width taken from Hα for G1 and [O III] for N1 (see
Table 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 of a 2D Gaussian fit to their continua yielding
rG1= 1.56 kpc and rN1= 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’ morph-
ology (average inclination and velocity correction π/(2vobs)) and
not measuring the true circular velocity (vobs= 2.35σ/2). Their
resulting dynamical masses are typical for galaxies at their redshift
with ( ) ( ) M M M Mlog 9.9 and log 9.2dyn,G1 dyn,N1= = , but
N1 is more toward the low-mass end of KBSS-MOSFIRE sample
(C. C. Steidel et al. 2014; S17) and in the lower quartile of the
z∼ 3 LBG mass distribution (KLCS; C. C. Steidel et al. 2018;
A. J. Pahl et al. 2023).

H. M. Christenson & R. A. Jorgenson (2019) acquired adaptive
optics-assisted, high spatial resolution NIR IFU data using Keck/
OSIRIS to construct [O III]+Hβ emission line maps of N1 in the

Table 4
Rest-optical Measurements

G1 N1

Line Measurements
z[OIII] 2.4312 (±5.3014 km s−1) 3.1509 (±4.4409 km s−1)
Linewidth 81.31 ± 4.03 km s−1 (Hα) 50.99 ± 1.06 km s−1 ([OIII])

Mlog dyn 9.85 ± 0.01 (Me) 9.22 ± 0.01 (Me)

Flux Measurementsa 10−17 erg s−1 cm−2 10−17 erg s−1 cm−2

Hα 5.468 ± 0.865 L
Hβ 1.912 ± 0.174 1.758 ± 0.400
Hγ 0.898 ± 0.138 L
[O II]λ3727 2.811 ± 0.244 0.536 ± 0.224
[O II]λ3729 3.617 ± 0.421 0.463 ± 0.132
[Ne III]λ3869 0.348 ± 0.171 0.333 ± 0.149
[O III]λ4960 3.554 ± 0.100 2.997 ± 0.178
[O III]λ5008 10.655 ± 0.300 8.973 ± 0.519
[N II]λ6549 0.174 ± 0.062 L
[N II]λ6585 0.523 ± 0.187 L
[S II]λ6718 0.605 ± 0.248 L
[S II]λ6732 0.674 ± 0.249 L

Line Ratiosb

Hα/Hβc 3.05 ± 0.56 L
Hγ/Hβc 0.45 ± 0.08 L
O3d 0.75 ± 0.04 0.71 ± 0.10
O32e 0.34 ± 0.03 1.08 ± 0.11
R23f 1.03 ± 0.05 0.87 ± 0.10
O3N2g 1.77 ± 0.17 L
N2O2h −1.09 ± 0.16 L
N2i −1.02 ± 0.17 L
N2S2j −0.39 ± 0.20 L
Ne3O2k −1.27 ± 0.22 –0.48 ± 0.22

Nebular Inferencesl

AV 0.21 0.21
0.73

-
+ mag L

AHα 0.17 0.17
0.43

-
+ mag L

E(B − V )neb 0.07 0.07
0.17

-
+ L

SFR(Hα) 5.82 ± 0.92 Me yr−1 L
SFR(Hβ) >4.67 Me yr−1 >10.01 Me yr−1

Ionization Parameterm Ulog Ulog
UO3 –2.56 ± 0.08 –2.61 ± 0.15
UO32 –2.68 ± 0.05 –2.10 ± 0.10
UNe3O2 –3.03 ± 0.16 –2.53 ± 0.17

Strong Line Metallicitiesm

Oxygen Abundance ( )12 log O H+ ([O/H]$) ( )12 log O H+ ([O/H]$)
O/HR23&O32 8.39 ± 0.10 (–0.30) 7.82 ± 0.17 (–0.87)
O/HO3N2 8.38 ± 0.04 (–0.31) L
Nitrogen Abundance ( )log N O ([N/O]$) logN/O ([N/O]$)
N/ON2 –1.20 ± 0.23 (–0.34) L
N/ON2O2 –1.21 ± 0.13 (–0.35) L

Notes.
a Slit loss and extinction corrected (J. A. Cardelli et al. 1989), RV = 3.1.
b The notation λλ refers to the sum of the two lines.
c Before extinction correction.
d O3 = ([ ] )log O 5008 HIII l b .
e O32 = ([ ] [ ] )log O 4960, 5008 O II 3727, 3729III ll ll .
f R23 = (([ ] [ ] ) )log O 4960, 5008 O II 3727, 3729 HIII ll ll b+ .
g O3N2 = ([ ] ) ([ ] )log O 5008 H log N II 6585 HIII l b l a- .
h N2O2 = ([ ] [ ] )log N 6585 O II 3727, 3729II l ll .
i N2 = ([ ] )log N 6585 HII l a .
j N2S2 = ([ ] [ ] )log N 6585 S II 6718, 6732II l ll .
k Ne3O2 = ([ ] [ ] )log Ne 3829 O II 3727, 3729III l ll .
l Calibrations from R. L. Theios et al. (2019).
m Calibrations from A. L. Strom et al. (2018) and S. S. McGaugh (1991).
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observed K-band window. They detected [O III]λ5008 with flux
F([O III]λ5008)= 2.4± 0.5× 10−17 ergs−1 cm−2 and marginally
detected [O III]λ4960 and Hβ. The line kinematics and spatial
extent were used to infer a dynamical mass of∼3.1× 109Me and
an SFR ∼ 7.1–13.6Me yr−1 based on their marginal detection of
Hβ. These values are all consistent with what we have found.

G1ʼs spectrum appears to be blended with a foreground
galaxy at zHα= 1.589. We call the galaxy G1fg (foregound); its
trace can be seen a few pixels above G1ʼs emission peaks in the
J (top) and H (middle) spectra; its Hα emission is just blueward
of G1ʼs [O III]λ4960 emission line (Figure 2), and there are
marginal detections of [O III] in the J-band (top) spectra. We
discuss the implication of this on the SEDs in Section 3.3.

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 Hα
peak (see the bottom row of Figure 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
(Hα/Hβ), instantaneous SFR (Hα), ionization parameter (O3,
O32, Ne3O2), and nebular metallicity (R23,O32,N2,N2O2) in
the following sections.

3.2.1. Dust and Instantaneous SFR

We calculate instantaneous SFR (SFR(Hα)) following the
method described in T19. Briefly, T19 updated the calibration
constant used to convert Hα luminosity (LHα) to SFR(Hα) 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 rest-FUV and rest-optical
spectra of the galaxies. The SFR follows the form

( ) ( ) ( )M L Clog SFR yr log erg s 4H
1

H
1= -a a

- -

where T19 found C to be 41.64, leading to SFRs almost a
factor of 2 lower than the canonical values at z∼ 0
(R. C. J. Kennicutt et al. 1994).

To correct LHα for dust extinction, we use the Balmer
decrement (F(Hα)/F(Hβ)) to infer nebular dust attenuation
assuming J. A. Cardelli et al. (1989) extinction (RV= 3.1) and
case B recombination at 104 K in the low density limit
102 cm−3 (I(Hα)/I(Hβ)= 2.86; M. Brocklehurst 1971;
D. E. Osterbrock & J. S. Miller 1989). We correct the Hα
line flux for dust attenuation, use zsys to convert to luminosity,
and then convert to SFR(Hα) using Equation (4).

N1 is at a higher redshift such that Hα is not accessible from
the ground, so we place a lower limit on the instantaneous SFR
by assuming no dust and converting Hβ to Hα under the same
assumptions as above (Hα= 2.86 × Hβ), convert to luminosity
then SFR; we call this quantity SFR(Hβ). The lack of a [C II]
λ158μm nor submillimeter (dust) continuum emission supports
that N1 has relatively low dust attenuation (K. Ogura et al.
2020).

We tabulate SFR(Hα), SFR(Hβ), Hα extinction, AV

extinction, and nebular reddening in Table 4. The SFR(Hα)
and SFR(Hβ) of both galaxies are within a factor of 2 of the
median SFR of the KBSS-MOSFIRE sample (C. C. Steidel
et al. 2014). G1ʼs Balmer decrement, extinction, and nebular
reddening are also typical. We infer an SFR surface density for
both galaxies using the effective radius used to calculate
dynamical mass in Section 3. Assuming a disk geometry at an

average inclination angle (π/4) yields ΣSFR(Hα),G1=
0.48Me yr−1kpc−2 and ΣSFR(Hβ),N1  1.34Me yr−1kpc−2,
which are well above the typical threshold found in galaxies
that drive galactic outflows at lower redshift (ΣSFR∼ 0.1
T. M. Heckman et al. 2015).

3.2.2. Nebular Excitation and Metallicity

The metal content in the ISM gives insights on recent star
formation and feedback sources (e.g., core-collapse super-
novae, hereafter CCSNe, asymptotic giant branch, hereafter
AGB, stellar winds) present in H II 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 nontrivial task to map from emission line flux to
abundance (even abundance ratios) due to varying ionizing
states, 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 S18 to infer

12+ logO/H, logN/O, and Ulog . S18 developed the calibra-
tions 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 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 versus R23 space based on their R23 ratios (R23N1= 0.87
and R23G1= 1.03), but S18 only calibrated 12+ logO/H for
the high-metallicity branch. Therefore, we use the calibrations
by (S. S. McGaugh 1991; shown explicitly by C. C. Steidel
et al. 2016) to map from R23 (and O32) to O metallicity
(O/HR23&O32), which we show in the first row of the oxygen
abundance section of Table 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 8.39G O N1, 3 2+ = ([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 7.82N R O1, 23& 32+ = ([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,N2O2 = –1.21 ([N/O]G1=
−0.35). We do not calculate (N/O) for N1 because [N II] was
not observable from the ground.
The inferred Ulog for both galaxies is fairly consistent

regardless of ratio used.
Overall, both galaxies ionization parameters are typical of

star-forming galaxies at their z. G1ʼs gas-phase nebular
metallicity as seen in ( )log O H and ( )log N O is also typical
whereas N1ʼs metallicity is low.

3.3. SED Properties

We want to model and infer physical properties of the
galaxies underlying stellar populations. In Sections 2.3 and
2.3.1, we constructed QSO-subtracted SEDs. However, bright
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line emission (e.g., Lyα, [O III], Hα) 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 3.1) and slit-loss
corrected MOSFIRE spectra (see Section 3) to subtract strong
line emission from the measured photometry. The corrections
had the form (( ( )M F2.5 log Phot FluxD = - −F(Line Flux))/F
(Phot Flux)). For G1, we correct F110W, J, and F140W-band
photometry for line emission from [O II]λλ3727, 3729 and
[Ne III]λ3869, F140W and F160W band from Hβ and Hγ, and
KS band from Hα, [N II]λλ6549, 6585, and [S II]λλ6718, 6732.
The corrections were the largest for J and KS 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 Lyα 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 Lyα, KS band from [O III]
λλ4960, 5008, and Hβ, and F160W band from [O II]λλ3727,
3729, and [Ne III]λ3869. The correction for KS 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.

G1ʼs SED has an additional complication because it is
blended with foreground galaxy G1fg (zHα= 1.589; see
Section 3.2). 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 2). The J and H
band trace suggests that there is elevated flux in R, F110W, and
F140W magnitudes that will affect the reddening determination
from the SED. The lack of a trace in K band suggests that the
KS-band photometry is negligibly affected and will therefore
not significantly affect the mass determination (which relies
strongly on KS photometry).

We ran each galaxy’s QSO-subtracted and emission line-
corrected photometry through the SED fitting routine discussed
in Section 2.3.2. From the best-fit BPASS v2.2 SED models,
we infer stellar mass M*, stellar age t*, dust attenuation
(continuum color excess) E(B− V )SED, and SFRSED.

We show the best-fit SED models in Figure 4 and tabulate
the best-fit values in Table 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(Hα), 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
�50Myr because the best-fit BPASS model with no age
constraint preferred an age t*∼ 10Myr, which is about ∼20
Myr younger than the dynamical time inferred from its size and
nebular line width τN1,dyn∼ 30Myr. With the new age-
constrained model, the dynamical mass and SED mass differ
by 0.5 dex ( ( ) ( ) M M M Mlog 8.7 and log 9.2SED dyn= = ),
stellar age and dynamical time are within 0.3 dex, and SFRSED

is consistent with the lower limit set by SFR(Hβ), and it has
negligible reddening (E(B–VSED=0.04)); which is consistent
with N1ʼs lack of a [C II]λ158μm nor submillimeter (dust)
continuum emission (K. Ogura et al. 2020). These masses are
low, but not necessarily atypical, when compared to the z∼ 3

KLCS, which has a mean stellar mass and standard deviation of
M*∼ 9.6± 0.6 (C. C. Steidel et al. 2018; A. J. Pahl et al.
2023). This all suggests that N1 is a young, low dust, lower-
mass, moderately star-forming galaxy.

3.4. 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

Figure 4. 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 5. Top: G1. Bottom: N1.

Table 5
BPASSv2.2 Best-fit SED Parameters

Parameter G1 N1b

( )M Mlog *
a 9.99 8.72

t* (Myr) 630 50
E(B − V )SED 0.135 0.04
SFRSED (Me/yr)

a 15 10

Notes.
a Typical uncertainty of ∼30%.
b Due to age constraint, values could vary by ∼50%.
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sample of z∼ 2–3 star-forming galaxies and AGN (C. C. Stei-
del et al. 2014; S17; with a >2σ measurement of O3 and N2),
and low-z galaxies from SDSS-DR8 (H. Aihara et al. 2011)
taking emission line measurements and inferred physical
properties from the MPA-JHU22 catalogs. As noted by S17,
this particular set of SDSS galaxies was chosen due to their
similar detection properties to KBSS-MOSFIRE. They have
0.04� z� 0.1, >50σ Hα detections, >3σ detection’s of Hβ,
[O III], a good redshift measurement, and “reliable” flag from
the MPA-JHU pipeline. The reported M*, SFR, and specific
star formation rate (sSFR) are the median estimates from the
“total” value probability distribution functions.

Figure 5 shows the galaxies on the N2- (J. A. Baldwin et al.
1981) and S2-BPT (S. Veilleux & D. E. 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 S17.

The top panel of Figure 6 shows the mass–excitation
(M*–O3; S. 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 (logMe∼ 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 toward higher excitation. N1 falls on the low-mass
end of the median fit from S17.

The bottom panel of Figure 6 shows the galaxies’ sSFR and
excitation (O3). We show sSFR calculated from SFR(SED),
and SFR(Hα) (or SFR(Hβ) for N1; see Section 3.2.1). The Hα
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 Ulog 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, Lyα continuum
flux, Lyα 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(Hβ), relatively dust-free, and strong Lyα and
O III emitting LBG that is in the lower quartile of z∼ 3 LBG
continuum-selected population.

4. CGM Properties

Most of the baryons in high-redshift galaxies reside in their
CGM (e.g., P. D. 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 Lyα halo emission in the KCWI
cubes and by H I and metal absorption of background QSOs
from HIRES. Specifically, we analyze Lyα halo morphology,
Lyα velocity maps, and Lyα physical size, then perform
component-by-component Voigt profile decomposition of
CGM absorption to measure the gas physical properties.

4.1. Lyα Halo Emission

Extended Lyα halo emission is common in z∼ 2–3 star-
forming galaxies (e.g., C. C. Steidel et al. 2010; Y. Chen et al.
2021; D. K. Erb et al. 2023). Lyα is useful because it is bright,
indicative of star formation and other FUV photon sources,
such as AGN, and traces cold (T∼ 104 K) gas in the CGM. Due
to the resonant nature of Lyα (i.e., instantaneous absorption
and emission that scatters photons and changes their
wavelength), modeling Lyα profiles to extract physical
properties is nontrivial. 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. None-
theless, the observational constraints that we compile in this
section are vital for context and literature comparisons, and
future efforts.
In Figure 7, we show Lyα SB spatial distribution maps and

velocity distribution maps for G1 and N1. The SB maps show
that both galaxies possess extended Lyα halos that are at least
10 times the extent of their continuum (as measured from HST/

Figure 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 gray points are z ∼ 0 SDSS star-forming galaxies. Light
green lines are fits to the KBSS galaxies from S17. Note that N1 does not have
an observation of [N II], Hα, or S II, 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.

22 https://www.sdss4.org/dr17/spectro/galaxy_mpajhu/
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F160W images; e.g., Figure 1), and that there is complex
(simple) structure in N1ʼs (G1ʼs) velocity distributions.

In Table 3, we show the Lyα flux for each kinematic
component detected and its corresponding area. We calculate
the Lyα 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 2.1.2). 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 Lyα escape fraction
by assuming that all of the Lyα photons originate from the H II
regions that we detected in Hα emission (Section 3; Table 4), and
that Lyα/Hα= 8.7 (assuming T∼ 104 K and ne∼ 350 cm−3;
D. E. Osterbrock & J. S. Miller 1989; V. Langen et al. 2023). We
calculate this for both the total Lyα from the continuum apertures
and from the halo apertures.

G1ʼs morphology is typical compared to other KBSS galaxies
with Lyα halos (e.g., Y. Chen et al. 2021) in that it is circular
(perhaps spherical), and is more extended than its continuum with
a peak size of shalo∼ 28 kpc (3.5″); scont= 3.12 kpc. The two
protrusions to the E and S of the halo are the new galaxies G1-E

and G1-S. G1ʼs velocity map shows a simple kinematic structure
with v∼+250 km s−1. We measure a Lyα halo flux
FG1,Lyα,halo= (2.94± 0.01)× 10−17 ergs−1 cm−2, which gives
(Lyα/Hα)G1,halo = 0.54± 0.16 and fG1,Lyαesc,halo= (6± 2)%.
These values are comparable to other star-forming galaxies at
z∼ 2–3, and the low (Lyα/Hα) fraction indicates that the Lyα
emission mechanism is not dominated by collisional excitation,
predicted (Lyα/Hα)> 100 (e.g., V. Langen et al. 2023).
N1ʼs halo morphology is unique in that it has three distinct

components that are very extended. The main complex (S) has
the highest SB and is spatially coincident with N1; the
secondary complex (NW) has a tapered morphology that
widens toward N1 and is spatially coincident with newly
discovered galaxy HU4; and the detached complex (E) is small
and coincident with new galaxy HU6. The velocities of the
complexes are also distinct: vN1∼+170 km s−1 for N1,
vHU6∼−350 km s−1 for HU6, and vHU4∼−500 km s−1 for
HU4, all with respect to the zsys,N1.
N1ʼs Lyα halo (main complex) has both a red and blue

component that is spatially extended (shalo= 46 kpc) compared to
scont= 2.46 kpc. We measure a total Lyα halo flux
FN1,Lyα,halo= (12.50± 0.01)× 10−17 ergs−1 cm−2, which gives
(Lyα/Hα)N1,halo= 2.50± 0.08 and fN1,Lyαesc,halo= (29± 1)%
(assuming negligible dust, which is consistent with its SED). As
seen before, N1ʼs small (Lyα/Hα) fraction indicates that
collisional excitation is not the dominant emission mechanism
for its Lyα halo. Its large Lyα equivalent width, moderate red-
peak velocity, high Lyα escape fraction, and large FLyα/FHα are
similar to low-mass KBSS-LAEs, while its bright FLyα and large
red–blue peak velocity separation are similar to LyC-LBGs.
Additionally, the combination of its lower mass, continuum
colors, nebular excitation, low dust extinction, and strong Lyα
properties (flux, equivalent width), and its complex and very
extended Lyα halo morphology (∼100 kpc) make it reminiscent
of z∼ 2 Lyα emitting extreme emission line galaxies (EELGs;
e.g., D. K. Erb et al. 2016, 2023). The sample analyzed by
D. K. Erb et al. (2023) all showed double-peaked Lyα profiles,
extended halos (50 kpc), typical peak separations
v∼ 600 km s−1, and median Lyα escape fraction fesc∼ 0.3.
As a summary, both galaxies show extended Lyα emission

in their CGM. Their Lyα is kinematically dynamic (with
respect to zsys), spatially extended (more than 10x their
continuum size), and bright (FLyα> 3× 10−17 ergs−1 cm−2),
and is not dominated by collisional excitation. G1 shows a
simple velocity distribution (vpeak∼+250 km s −1), whereas
N1 shows three distinct velocity components that span a large
velocity range v∼−600 – +250 km s −1 (discussed more in
Section 5.1). G1 has a typical Lyα escape fraction whereas
N1ʼs is very large. This suggests that G1 is a typical Lyα
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.

4.2. QSO Absorption

Using an unrelated background source (e.g., QSO) to probe
the CGM is an ideal method to obtain a very high quality but
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, ZISM; e.g., R12; J. K. Werk et al. 2014; J. Tumlinson
et al. 2017; R19).

Figure 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 5. Top: stellar mass–excitation plot. Bottom: sSFR–excitation plot.
Light red filled points show sSFR calculated from SFR(Hα) (Hβ for N1), and
yellow filled points are calculated from SFR(SED). N1s Hβ SFR(Hβ) (lower
limit) and SFR(SED) are roughly the same, so appear as one point.
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We use HIRES spectra of the KBSS QSOs to search for
CGM absorption at the 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 toward Q2343 was first identified by
W. L. W. Sargent et al. (1988), and has been analyzed using
high-resolution VLT/UVES and Keck/HIRES spectra by
several groups over the past 20 yr (V. D’Odorico et al. 2002;
M. Dessauges-Zavadsky et al. 2004; W.-H. Wang et al.
2015; N22). Similar attention has been paid to the sub-DLA
toward Q2233, which was analyzed using Keck/HIRES by
many groups (W. L. W. Sargent et al. 1989; C. C. Steidel et al.
1995; L. Lu et al. 1997, 1998).

In Figures 8 and 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), inter-
mediate-ionization (C IV, Si IV), and metal transitions. The
metals extend more than 400 km s−1, and for G1, they extend
from v∼−800−+200 km s−1! The darkest gray 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.

4.2.1. Voigt Profile Fitting

We inferred physical properties of inner CGM gas absorp-
tion 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 (J.-K. Krogager 2018) for quick interactive initial
guesses, and absorption line fitting software (ALIS23;
R. J. Cooke et al. 2014) for the main fitting.
The HIRES spectra are of high enough quality that we

identified absorption components by visual inspection. We
started by assigning a component to each absorption trough
using the interactive version of VoigtFit, assuming the smallest
Doppler parameter that we could realistically resolve
b∼ 5 km s−1 (given the spectral resolution of 7 km s −1 ).

Figure 7. Lyα halos of G1 (top) and N1 (bottom). The colored dots are the galaxy continuum size and location as measured from HST/F160W (scont,G1 = 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: Lyα surface brightness spatial
map. Right: Lyα velocity map showing the peak of Lyα emission in each spaxel in velocity space with respect to the systemic redshifts zG1 = 2.4313 and
zN1 = 3.1509. Red is showing redshifted gas, and blue shows blueshifted gas.

23 https://github.com/rcooke-ast/ALIS
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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, we
checked that χ2/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 single
from blended components.
G1 and N1ʼs 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 5.4.
In practice, all of the low ions had their z tied to strong

Figure 8. G1ʼs CGM absorption and best fits centered at zG1 = 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 5.4). 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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nonsaturated transitions (e.g., Si II, Al II, Fe II), and the higher
ions were tied to each other (e.g., C IV, Si IV, O IV).

To derive column densities of saturated transitions (e.g., C II,
O I, Al 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 Al 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 Nlog and b to vary (unless the absorption was
saturated). Once again, we checked the errors and residuals to
ensure a good fit statistic χ2/DOF∼ 1.

We use the Nlog H I catalog from 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−1), and (2) allowed for Lyβ to fall on the
detector. In practice, we froze H I to R12ʼs best-fit zR12, bR12,
and Nlog R12 for G1, and we used literature values for N1.
R12ʼs H I catalogs were also useful in fitting transitions that

were contaminated with Lyα/Lyβ absorption such as O VI
λλ1031, 1037. The H I catalog allowed us to remove Lyβ
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 Lyα contamination and
unresolved components, so we quote lower limits on these
column densities Nlog . 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.24 More importantly, the H I-removed

Figure 9. N1ʼs CGM absorption centered at its systemic redshift zN1 = 3.1509. The lines and colors are the same as Figure B3.

24 Most absorbers with Nlog 14.5H I  are well fit.
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spectrum would have made our results dependent on R12ʼs
modeling. This would add an unnecessary source of uncertainty
because most transitions have little to no contamination.

In Figures 8 and 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 8 show representative H I and
Fe-peak metal transitions for G1. The HIRES spectral coverage
allows measurements of Lyα through Lyζ giving strong
constraints on b and Nlog H I. The Fe-peak transitions have a
simple structure that is fit well with two or three components.
The systems only span ±50 km s−1. We use these elements to
estimate dust depletion in Section 4.2.3.

The bottom four panels of Figure 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 G1 (Δv∼−8 km s−1), but
there is still weak metal absorption out to velocities exceeding
∼−500 km s−1. This high-velocity absorption has the same
structure as intermediate- and high-ionization ions and is
discussed in Section 5.4 (Figure B4).

In Figure 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 zsys,N1 by ∼7 km s−1, but the
dominant metal absorption complex appears to be blueshifted
by ∼−100 km s −1. The low ions span a velocity range of
∼−200−+100 km s−1 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 −1 spread over ∼100 km s −1. C IV
and Si IV share no common components with the low ions.

4.2.2. 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 4.2.1.
In Table 6, we report the total column summed over

±1000 km s−1 from the systemic velocity for the given ions.
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 Nlog HI gas making metallicity determina-
tion nontrivial (e.g., F. S. Zahedy et al. 2021).
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 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 nonsaturated transition
(Si II λ1808). 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 z∼ 2–3 galaxies has been
noted before by R19.
The total column density and kinematic structure of the

components add more evidence that the z∼ 2–3 CGM (within
Rvir) 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),

Table 6
CGM Absorption Column Density

Galaxy zsys Dtran
( )Nlog XS ( )cm 2- a,b

(pkpc)
H I C II N I O I Al II Si II S II Cr II Mn II Fe II Ni II Zn II Al III C IV Si IV O VI

G1 2.4313 20.8 20.40 L 14.70 >16.72 >13.91 15.31 14.73 12.82 12.26 14.45 13.25 12.07 13.26 14.74 14.03 >15.39
N1 3.1509 19.3 20.00 >15.55 >13.99 >16.05 13.33 14.56 L L >12.57 14.28 L L L 13.90 13.59 L

Notes.
a Column density summed over ±1000 km s−1.
b Typical uncertainty of 0.1–0.2 dex.

Table 7
Component Structure

Galaxy No.a,b

H I C II O I Al II Si II Fe II Al III C IV Si IV O VI

G1 9 L 19 29 9c 20c 10 31 23 29
N1 1 9 10 6 L 6 L 3 3 L

Notes.
a Total number of single Voigt components required for the composite fit.
b N I, S II, Cr II, Ni II, and Zn II have �3 components and are omitted from this table.
c Does not include saturated components.
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and column densities exceeding 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 Rvir at z∼ 2−3 CGM.

4.2.3. 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−1 to estimate the extent of the DLA self-shielding.
For N1, we the location of the strongest Fe II component
(v∼ –150 km s −1 ) and Mn II (50 km s−1 ) −150–50 km s−1 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 (G. B. Field & G. Steig-
man 1971; G. Steigman et al. 1971). We sum the metal
columns, normalize by the H I column, then normalize by solar
values (M. Asplund et al. 2009), and report the values in
Table 8. For ions where the main components are saturated, we
quote lower limits on the metallicity.

The α-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.

The top row of Figure 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., Type Ia supernova, hereafter SNe Ia; K. Nomoto
et al. 1997; G. Vladilo 1998; M. Pettini et al. 2000; C. Konst-
antopoulou et al. 2022). We place an upper limit on Mn for N1
due to the weakness of the line and difficulty locating the
continuum. The [α/Fe] ratios show α-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.

4.2.4. Dust Depletion

It is well known within the literature that DLAs experience
dust depletion analogous to that seen in the MW ISM (e.g.,
F. Calura et al. 2003; G. Vladilo et al. 2006; P. Khare et al.
2007; E. B. Jenkins 2009; A. De Cia et al. 2016, hereafter D16;
A. De Cia et al. 2018; C. Péroux & J. C. Howk 2020;
C. Konstantopoulou et al. 2022; T. Ramburuth-Hurt et al.
2023). 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 δd
can be used to correct metallicity and place limits on the
amount of dust (e.g., AV 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 4.2.3). In practice, this meant setting all Fe peak
elements' abundances to match that of [Zn/H]. We then
computed the dust depleted ratios [X/Fe]d= [X/(Fe-δZn)]
where δZn is the difference between [Zn/H] and [Fe/H]. The
equivalent expression is [X/Fe]d= [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 (DC16;

A. De Cia et al. 2018) and later improved by C. Konstantopo-
ulou 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 δd= 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
A. 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 K. 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

Table 8
CGM Metallicitya

Galaxy [C/H] [N/H] [O/H] [Al/H] [Si/H] [S/H] [Cr/H] [Mn/H] [Fe/H] [Ni/H] [Zn/H]
(NCII) (NNI) (NOI) (NAlII) (NSiII) (NSII) (NCrII) (NMnII) (NFeII) (NNiII) (NZnII)

G1a L −1.49 >−0.85 >−1.11 −0.73 −0.79 −1.22 −1.50 −1.39 −1.35 −0.89
(L) (14.74) (16.24) (13.74) (15.18) (14.73) (12.82) (12.33) (14.51) (13.27) (12.07)

N1b >−0.92 >−1.84 >−0.72 −1.12 −0.92 L L <–0.86 −1.22 L L
(15.51) (13.99) (15.97) (13.33) (14.59) (L) (L) (12.57) (14.28) (L) (L)

Notes.
a Column density of the gas self-shielded by the G1 DLA: ±50 km s−1.
b Column density of the gas self-shielded by the N1 DLA: −150−100 km s−1.
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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]Zn=−
0.89± 0.1, [Fe/H]DC16=− 0.76± 0.15. We use the depletion
corrections from DC16 because its predicted values were
consistent with our empirical approach, and because it allows
us to estimate depletion for N1, which has no detection of Zn.
C. 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 N1ʼs dust depletion
correction, which is small (δd= 0.05 dex).

The bottom row of Figure 10 shows 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 M. Rafelski et al. 2012) at G1ʼs
and N1ʼs redshift; and gray squares show the median

abundance ratios of one of the largest samples of very metal-
poor (VMP; [Fe/H]� 2) DLAs compiled by E. H. Nuñez et al.
(2022). The CGM metallicities for both G1 and N1 are
comparable to that of the DLA mean metallicity at their
redshifts (we discuss this more in Section 4.2.5). 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 δd= 0.6 dex for
G1). The [α/Fe] abundance patterns (lower middle plot) show
a striking difference: G1ʼs CGM [α/Fe] is solar and consistent
across the three α tracers, and N1ʼs CGM shows
α-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.

Figure 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 A. De Cia et al. (2016). The left column shows Fe-peak abundance; the middle
column panel shows [α/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 M. Rafelski et al. (2012; references therein); the gray squares show the median abundance ratios for very
metal-poor DLAs compiled by E. H. Nuñez et al. (2022).

21

The Astrophysical Journal, 976:41 (37pp), 2024 November 20 Nuñez et al.



Altogether, G1ʼs 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.
Interestingly, G1 has not been recently enriched, as evidenced
by its solar [α/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).

N1ʼs CGM has a low-moderate metallicity with C, odd-
element, and [α/Fe] abundance ratios consistent with VMP
DLAs. This suggests that it was recently enriched by CCSNe.

4.2.5. 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]d = [M/H]). We
discuss dust depletion in Section 5.3. 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 N1DLAz3.

N1DLAz3 has previously been found to have
Nlog 20.00 0.1H I =  at zabs = 3.153 (δvISM< 60 km s−1),

[Fe/H]=−1.4± 0.1 (W. L. W. Sargent et al. 1989; L. Lu et al.
1997, 1998). 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 M. 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 N1ʼs redshift yields Z(z= 3.1509)
=−1.34± 0.5 making N1DLAz3 comparable to the mean
metallicity at its redshift ([Fe/H]d∼ –1.1± 0.1). Even though
the mean relation is not a physical model and the scatter is
large, it is interesting that N1DLAz3 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 N1DLAz3 ( Nlog 20.0H I = ) is at
the boundary between sub-DLAs ( N19 log 20.3;H I < also
known as super Lyman limit systems or SLLS) and DLAs
( Nlog 20.3H I  ). It would therefore be useful to compare it to
a survey of sub-DLAs. The KODIAQ-Z (N. Lehner et al. 2022)
and HD-LLS surveys (J. X. Prochaska et al. 2015; M. Fumag-
alli et al. 2016) analyzed the metallicity distribution of a large
number of H I absorbers with Nlog H I = 14.6–20.3. Among
their many findings was an increase in metallicity with NH I

from sub-DLA to DLA, which is consistent with our findings
for N1DLAz3 and G1DLAz2, although there is large scatter in
these relations (Δ[M/H]> 0.5). Additionally, the authors
found that the median/mean (standard deviation) metallicity
of sub-DLAs is <Z>SLLS= –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.

T. A. M. Berg et al. (2015a) analyzed a large sample of
metal-rich DLAs that we will compare with G1DLAz2. Almost
half of their sample had Nlog 21H I > meaning G1DLAz2 is on
the low end of the distribution ( Nlog 20.4H I = ). The
median metallicity of their sample is [M/H] ∼ 0.7, which is
comparable to the metallicity of G1DLAz2 ([Fe/H]d=−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.
G1DLAz2 was recently studied in detail by N22. Their

absorption analysis was based on a component by component
(“cloud-by-cloud”) multiphase Bayesian modeling 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 conditions of the gas associated with low Nlog HI gas
( ( )Nlog cm 19HI

2 <- 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 4.2.3).
Nonetheless, their analyses present an opportunity for us to
compare our flexible “by hand” method with their statistically
robust method.
One of the most straightforward 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 Ly α/β,/
γ, Fe IIλ2344, and C IV λλ 1548,1550 shows that the fits are
comparable in terms of fit statistics and the kinematic structure
(see Figure 4 in N22). However, a visual comparison of Si IV
λλ 1393,1402 shows that we were able to obtain a better fit.
When comparing the derived total column densities of Si IV,
though, we obtain similar columns: ( )Nlog cmSiIV

2
This work

- =
( )N14.04 0.05, log cm 14.12 0.01SiIV

2
N22 = - . Indeed,

for almost all of the column densities that we have in common
(H I, Si II, 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 N. Grevesse et al. 2010) or additional unseen neutral
components superimposed on the O I complex.
Finally, they find a total NH I weighted metallicity of
( )Z Zlog = –0.68, and find a wide distribution of metallicties

per cloud from effectively pristine gas (logZ/Ze<−2) to
supersolar metallicity gas (logZ/Ze> 0). We infer a similar
dust-corrected metallicity [Fe/H]d=−0.75 and find compo-
nents that may have high metallicities (see Section 5.4).
This comparison with N22 has shown that the flexible fitting

method we use is quantitatively and qualitatively comparable to
their statistical method.

5. Insights into the Galaxy-scale Baryon Cycle at z ∼ 2−3

Here, we compare the CGM and ISM analyses presented in
Sections 3 and 4 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, Lyα emitting star-forming galaxy at

zsys= 2.4312. From the KCWI cube, we found it possesses a
Lyα halo that extends to more than 5 times its continuum size
(28 kpc), has a simple velocity distribution that peaks at
vLyα=+271 km s−1 , and appears to have small objects that
are connected to its Lyα halo, G1-E and G1-S. From the
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MOSFIRE spectra and SEDs, we found that its stellar
mass ( ( )M Mlog 9.9=* ), gas-phase oxygen abundance
12 + ( )log O H 8.39= ), gas-phase N/O ( ( )log N O 1.51= - ),
SFR (SFR = 6–15 Me), ionization parameter ( Ulog =

3.0 2.5- - - ), and dust extinction (AV= 0.21) are all typical of
z∼ 2.3 star-forming galaxies. From the HIRES spectrum, we
found that G1ʼs CGM (as probed by DLA absorption) has a high
occurrence of metal absorption across many ionization states with
large column densities, its CGM is kinematically complex
(requiring more than 10 components to fit the absorption; has
metal absorption across Δv∼ 1000 km s−1 ), has a moderate–high
metallicity ([Fe/H]=−0.76, dust corrected) with an abundance
pattern that seems to deviate from solar, and has moderate dust
depletion (δd= 0.6 dex) inferred from line-of-sight (LOS)
extinction.

N1 is a lower-mass star-forming galaxy at zsys= 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
possesses a complex Lyα halo with three components that
extends to more than 50 times its continuum size (100 kpc); the
main components is double peaked with velocities at
vLyα,b=−439 km s−1 and vLyα,r=+171 km s−1, and appears
to include small objects that are connected to its Lyα halo,
HU4 and HU6. 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
( ( ) –M Mlog 8.7 9.2=* ), low gas-phase oxygen abundance
( ( )12 log O H 7.82+ = ), moderate SFR (SFR > 10 Me),
strong Lyα (FLyα= 12.5× 10−17 ergs−1 cm−2) and strong
[O III] (F[O III] = 14.1× 10−17ergs−1cm−2), and a large
fesc,Lyα= 29%. From the HIRES spectrum, we found that
N1ʼs CGM has metallic absorption with high column densities
across multiple stages of ionization, it is kinematically complex
(requiring more than six components to fit the absorption), has
metal absorption across hundreds of kilometers per second, has
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 (δd= 0.05 dex).

5.1. Potential Satellites of G1 and N1

We define a galaxy group as two or more galaxies of
comparable mass (ΔM∼ 50%) with projected distances
smaller than the z∼ 2–3 galaxy autocorrelation length

( )r 6.0 0.5GG
0 =  Mpc (P. J. E. Peebles 1980). The virial
radii of the two galaxies are informed by previous KBSS
studies and range from Rvir,G1∼ 80–90 kpc for G1 (based on
the clustering of KBSS L* galaxies with Mh∼ 1012Me,
assuming a Navarro–Frenk–White (NFW) dark matter halo
profile; R. F. Trainor & C. C. Steidel 2012; R19), and
Rvir,N1∼ 60–70 kpc based on the virial radius determined for
the median stellar mass M*∼ 109Me (implied Mh∼ 1011.5) of
z∼ 2 low-mass EELGs (D. K. 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 toward Q2343 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 1), but only G1-E appears
to be associated with a continuum source. Both objects appear
in Lyα narrowband images (irrespective of QSO subtraction
technique) centered around z∼ zLyα,G1 (Figure 7). We argue
that they are lower mass than G1 based on their photometry and
Lyα fluxes. Specifically, their rest-frame optical photometry
(HST-IR/F160W; QSO-subtracted) is small (compared to G1
mG1,F160W= 23.37± 0.2), mG1−E,F160W= 25.90± 0.2, and
mG1−S,F160W> 25.96, and their Lyα fluxes are also small
compared to G1, FG1−E/FG1∼ 0.11, and FG1−S/FG1∼ 0.15
(see Table 3). Both galaxies may be resonantly scattering the
Lyα from G1ʼs halo because their spaxels connect/overlap in
the pseudonarrowband 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.
In Figure 11, we compare the kinematics of G1-E and G1-S to

explore their potential effects on the dynamics (and perhaps
abundances) measured in the DLA. We measure zLyα,G1−E
= 2.4335± 0.0008 (ΔvLyα,G1−E= 201± 72 km s−1) and
zG1−S,Lyα= 2.4359± 0.0008 (Δvsys= 410± 72 km s−1). Non-
resonant transitions would provide more reliable redshifts, but
applying the typical zLyα− zsys velocity offset to the galaxies
(ΔvLyα=− 235± 101 km s−1; R. F. Trainor et al. 2015;
C. C. Steidel et al. 2018) gives ΔvG1−E, sys=− 34± 72 km s−1

and ΔvG1−S,sys= 175−±72 km s−1. Their estimated systemic
velocities coincide with metal absorption in the HIRES spectrum
between –100 − +200 km s −1 making it possible that they could
be contributing to the absorption.
N1ʼs Lyα halo appears to have three distinct kinematic

components (see Figure 7). Interestingly, each component is
coincident with continuum source(s) in the HST/702W image
(Figure 1): the redshifted component with N1; the intermediate
component with HU6 (E of N1); and the blueshifted
component with HU4 (and perhaps even more uncataloged
continuum sources; NW of N1).
In Figure 11, we compare the Lyα kinematics of N1, HU4,

HU6, and the DLA at the bottom of the figure. The components
have velocities that are similar to N1ʼs 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
( )M Mlog 11.7vir = at 20 kpc (R. F. Trainor & C. C. Stei-

del 2012; R19): vesc∼ 450 km s −1 (when assuming an NFW
profile). This velocity is an upper limit for N1 because it is low
stellar mass ( –Mlog 8.7 9.2~* ) compared to more massive
KBSS star-forming galaxies. Due to the complexities of Lyα
radiative transfer, it is difficult to determine whether these Lyα
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 σ∼ 50–100 km s−1. Additionally,
we showed in previous sections that the dominant emission
mechanism of Lyα in N1 is not collisional excitation given its
low Lyα/Hα.
Both HU4 and HU6s 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.
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The objects are likely lower mass than N1, considering their
small Lyα fluxes (FHU4,Lyα/FN1,Lyα= (2.88± 0.1)%),
FHU6,Lyα/FN1,Lyα= (9.2± 0.1)%, and fainter F702W magni-
tudes: mHU6= 25.65± 0.3 and mHU4= 25.85± 0.3, compared
to mN1= 24.45± 0.3.

Altogether, the combination of the HST images, KCWI,
MOSFIRE, and HIRES spectra suggests that the new objects
discovered toward G1 and N1 are likely satellites. 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 photometry. The KCWI spatial and
velocity maps showed that the objects have small Lyα fluxes
(F< 0.1FLyα) and velocities consistent with G1 and N1,
although, 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 Lyα halo based on
their low Lyα/Hα and their Lyα 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 Lyα
emission velocities are much larger than the absorption velocity
range; for G1, the satellites have similar velocities to strong
metal absorption in its CGM and may affect the kinematics and
abundances.

5.2. 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 nucleo-
synthesis and are liberated via supernovae (SNe; CCSNe and
SNe Ia) 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 3.2.2, we calculated ISM
bulk metallicity using strong line calibrations, and in
Section 4.2.3, 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 versus
explosive nuclesynthesis, αproduction, thermonuclear explo-
sions), 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 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 L. S. Pilyugin et al. (2012), a sample of metal-rich ([M/
H]>−1.0) high-z DLAs compiled by T. A. M. Berg et al.
(2015a), moderate-low-metallicity ([M/H]<−1.6) high-z
DLAs compiled by M. Pettini et al. (2008), and VMP ([M/
H]<−2) DLAs compiled by R. Cooke et al. (2011b).
Unfortunately, [N II] was not accessible for N1ʼs 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 α-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., M. Pettini et al.
1995; M. Centurión et al. 2003; M. Pettini et al. 2002, 2008;
T. Zafar et al. 2014a). Indeed, we can see that neither the high-,
moderate-, or low-metallicity DLA samples populate the
secondary nitrogen rise. G1ʼs ISM gas is in the “secondary
nitrogen” rise where more delayed enriching events have
commenced (e.g., winds from AGB stars, P. Marigo 2001).
This shows that the ISM of G1 is more chemically 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 this sightline) were
ejected earlier in G1ʼs 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 SNe Ia)
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 (ZISM-ZCGM> 0) seen in

G1 is common in other galaxy–QSO studies (e.g., H.-
W. Chen 2005; C. Peroux et al. 2011; A. J. Battisti et al. 2012;
J. X. Prochaska et al. 2007a; M. A. Berg et al. 2023) 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
noninstantaneous mixing, one would expect most sightlines
to show ZISM? ZCGM with some sightlines (or components)
being metal rich.
N1 shows a flat metallicity gradient (ZISM-ZCGM∼ 0), i.e., it

has similar O abundance in both its CGM and ISM. This is not
common (but see, e.g., C. Peroux et al. 2011; P. 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. But its 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, N1ʼs
stellar mass is small, its SED is blue, and its sSFR is high, all of

Figure 11. Lyα 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 Lyα red-peak velocity (Section 4.1,
3.1), black outlined markers are the systemic velocity (Section 2.2, 3.2), and
blue outlined markers show blue peak velocity, all with respect to zsys (nebular
emission) of G1 and N1. Each marker is labeled in the center of the figure.
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which point to a young stellar population with an ongoing/
recent starburst (Figures 4 and 6).

There are a few ways that one could explain N1ʼs 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 Lyα kinematics
(vHU5∼ –500 km s−1 ) and tapered morphology that narrows
away from near N1, but is inconsistent with the DLA
absorption velocities (vDLA∼ –200 − +150 km s−1 ) and lack
of velocity gradient. (3) The satellites of N1 (HU4 and HU6)
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 Lyα from the satellites do not
fully support this interpretation because neither of the satellites
are at velocities with DLA absorption (vDLA∼ –200 – +150
km s−1 ). (4) N1 ejected very metal-rich (supersolar) 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., C.-A. Faucher-Giguère &
S. P. Oh 2023), but it is possible to drive such high-metallicity
winds (C. L. Martin et al. 2002; D. K. Strickland &
T. M. Heckman 2009; J. Chisholm et al. 2018).
Altogether, we were able to see that the ISM–CGM

metallicities between the galaxies were very different. G1ʼs
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.

5.3. 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., A. Pontzen & M. Pettini 2009;
C. Ledoux et al. 2015; A. De Cia et al. 2018; C. Péroux &
J. C. Howk 2020; C. Konstantopoulou et al. 2023) using DLAs,
but the explicit connection to singular galaxies is not common
(but see, e.g., G. C. Rudie et al. 2017; E. Boettcher et al. 2021).
We quantify the amount of dust in the ISM in Section 3.2.1

using the Balmer decrement (F(Hα)/F(Hβ)), then again in
Section 3.3 from the best-fit SED parameters. We calculated
CGM dust depletion corrections δd in Section 4.2.4 using the
empirical scaling relations from DC16. We convert the CGM
depletion corrections to extinction by scaling the galactic AV to
NH I conversion by metallicity (Equation (8) from DC16):

( )[ ]
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where DTM is the dust to metal ratio equal to
( ) ( )dtm1 10 Gald- d where dtm(Gal)=0.98 (the dust-to-metal
ratio of the Milky Way; A. De Cia et al. 2013), and δd
is the depletion correction derived in Section 4.2.3;

( )( )
0.45 10 mag cmA

N H I Gal

21 2V = ´ - - (D. Watson 2011) is

the galactic conversion from H I column to extinction; N(H I) is
the linear neutral hydrogen column density; and [M/H] is the
metallicity, which we equate to the dust-corrected iron
abundance [Fe/H]d (see Section 4.2.3).
In Figure 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 (5)).
We do not have a nebular extinction for N1 because Hα was
accessible from the ground. We compare the extinction to that
of a typical DLA from the large samples analyzed by D16,
T. Ramburuth-Hurt et al. (2023), C. Konstantopoulou et al.
(2023), the average extinction of a sample of dusty DLAs
(AV 0.2; K. E. Heintz et al. 2018), and a very dusty DLA
(J1056+1208; C. 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 LOS extinction in
the CGM (light blue filled symbols).

Figure 12. Comparison of gas-phase N/O as a function of oxygen abundance
in G1ʼs (star) and N1ʼs (plus) CGM (light blue filled; Section 4.2.3) and ISM
(red filled; Section 3.2.2) gas. This is the first time this explicit comparison has
been made at this z (to our knowledge) and shows that G1ʼs CGM is less
chemically evolved than its ISM, and that N1ʼs ISM and CGM are comparable
in oxygen abundance. An effective average of the KBSS-MOSFIRE sample is
plotted as a green circle (KBSS-LM1; C. C. Steidel et al. 2016); pink squares
show metal-rich DLAs compiled by T. A. M. Berg et al. (2015a); light green
squares are moderate–low-metallicity DLAs compiled by M. Pettini et al.
(2008) where the pentagons show points where S was converted to O assuming
(O/S)e = 1.57, M. Asplund et al. 2009); gray squares show very metal-poor
DLAs compiled by R. Cooke et al. (2011b); gray points show nearby HII
regions in SDSS galaxies from L. S. 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 M. Pettini et al. (2008); and dashed
yellow lines show solar values from M. Asplund et al. (2009). References:
Metal-rich compilation by T. A. M. Berg et al. (2015a), S. Lopez et al. (1999),
J. X. Prochaska & A. M. Wolfe (1999), J. X. Prochaska et al. (2001b),
J. X. Prochaska et al. (2001a), M. Dessauges-Zavadsky et al. (2006), M. Des-
sauges-Zavadsky et al. (2007), T. A. M. Berg et al. (2013), T. A. M. Berg et al.
(2015b), S. Lopez et al. (2002), M. Centurión et al. (2003), P. Petitjean et al.
(2008), J. X. Prochaska et al. (2002), R. Dutta et al. (2014), C. Ledoux et al.
(1998), P. Erni et al. (2006), M. Pettini et al. (2008), S. Lopez & S. L. Ellison
(2003), R. Srianand et al. (2005), P. Noterdaeme et al. (2012), R. Srianand et al.
(2012), R. B. C. Henry & J. X. Prochaska (2007), J. X. Prochaska et al. (2003),
J. X. Prochaska et al. (2007b), C. Ledoux et al. (2006), P. Noterdaeme et al.
(2008), L. Lu et al. (1996), T. Zafar et al. (2014b), S. A. Levshakov et al.
(2002), and M. Dessauges-Zavadsky et al. (2001). Moderate–low-metallicity
compilation by M. Pettini et al. (2008), M. Dessauges-Zavadsky et al. (2004),
S. L. Ellison & S. Lopez (2001), P. Petitjean et al. (2008), S. Lopez &
S. L. Ellison (2003), M. Centurión et al. (2003), R. B. C. Henry & J. X. Proc-
haska (2007), M. Dessauges-Zavadsky et al. (2006), L. Lu et al. (1998),
M. Pettini et al. (2002), C. Ledoux et al. (2006), S. Lopez et al. (2002), and
V. D’Odorico et al. (2002); very metal-poor compilation by R. Cooke et al.
(2011b), R. Cooke et al. (2011a), B. E. Penprase et al. (2010), M. Pettini et al.
(2008), P. Molaro et al. (2000), P. Petitjean et al. (2008), S. L. Ellison et al.
(2010), M. Dessauges-Zavadsky et al. (2001), R. Srianand et al. (2010),
J. M. O’Meara et al. (2006), and J. X. Prochaska & A. M. Wolfe (2002).
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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 AV 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., M. Otsuki & H. Hirashita 2024). There
could be a few ways in which the depletion pattern 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 LOS extinction is more than 10
times smaller in the CGM as compared to the galactic H II
regions.

5.4. Unbound Gas in the CGM

In Figure 14, we show all best-fit intermediate- and high-
ionization metal transitions, 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 G1ʼs CGM have radial velocities
vr 500 km s−1 relative to the systemic redshift. These
velocities are lower limits on the true (3D) 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 velocity of a typical KBSS L* star-
forming galaxy vesc∼ 500 km s−1 at b∼ 20 kpc and
Mh∼ 1012Me, assuming an NFW dark matter halo profile
(R. F. Trainor & C. C. Steidel 2012; R19). 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−1, which is well below its likely escape velocity
vesc, N1∼ 400 km s−1 (Mh∼ 1011.5Me), so we can conclude
only that there is no unambiguously unbound gas and do not
discuss it in this section (R19; D. K. Erb et al. 2023). 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−1, which
we refer to as “Complex500,” and the other near
v∼ –750 km s−1, which we refer to as “Complex750.”

Complex500 (magenta dashed–dotted lines) is seen across all
ionization states observed in the HIRES spectra, including neutral
(H I, O I, N I), low (C II, Al II, Si II), low-intermediate (C III, Al III,
Si III), intermediate (C IV, Si IV), and high (OVI) ionization metal
species. The ions share the same kinematic structure even though
they differ significantly in their column densities. For example,

( )Nlog cmH I
2- =15.86± 0.1, ( )Nlog cmAl II

2- =11.65± 0.1,
( )Nlog cmSi IV

2- =12.43± 0.2, ( )Nlog cmC IV
2- =13.58± 0.2,

and ( )Nlog cm 14.82 0.2O VI
2 = - (found by summing over

∼−550 − −450 km s−1). We can see that the low-ion metal
columns (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 Rvir 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' gravitational potential. This suggests
that Complex500 is more typical of the z∼ 2 CGM compared to
the v∼ 0 km s−1 absorbers that are self-shielded by the DLA that
allow for much larger columns of low-ionization gas.
Complex750 (brown dashed–dotted lines) is seen only in H I

(two components), C IV (five components), and O VI (three
components) spread between −800 and −700 km s−1. They are
the fastest moving absorbers detected in G1ʼs CGM.
Their column densities are more comparable to each other

(in contrast to Complex500). Specifically, ( )Nlog cmH I
2 =-

14.89 0.1 , ( )Nlog cm 13.61 0.1C IV
2 = - , and Nlog cmO VI

2 =-

13.40 0.1 . Their ratios are ( )N Nlog 1.28 0.2C IV H I = -  ,
( )N Nlog 1.49 0.2O VI H I = -  , and ( )N Nlog 0.21 0.2C IV O VI =  .

The strongest component of Complex750 is found at v∼
766 km s−1.
These two complexes are associated with low Nlog H I 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 supersolar, 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 enhance-

ment of H I, C IV, 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 suggest that unbound absorbers were
usually associated with low Nlog H I (K. L. Adelberger et al.
2003; R. A. Simcoe et al. 2006; M. L. Turner et al. 2014, 2015;
C. T. Pratt et al. 2018; R19). Indeed, enhanced O VI absorption
(and C IV) has been found to favor a scenario where the ions
arise from metal-rich (Z>− 0.1) hot (T> 105 K) gas
(R. A. Simcoe et al. 2004, 2006; M. L. 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 superwinds are known to
have velocities of vwinds∼ 200 – >1000 km s−1 from z= 0− 1
(T. M. Heckman et al. 1990, 2015; N. Z. 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 and 104Myr 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.

6. Discussion and Caveats

6.1. 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
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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 nonresonant nebular emission and the
best-fit DLA HI component for both G1 and N1 is
|Δv|< 10 km s−1 . 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 (R12;
J. K. Werk et al. 2014; J.-K. Krogager et al. 2017).

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 noninstantaneous mixing for
G1. However, N1ʼs 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 HU6, or the satellite galaxies are driving
outflows that are enriching the DLA.

An interesting argument against a galactic origin of the DLA
gas toward G1 is related to its metal abundance pattern. After
accounting for dust depletion, we found that the DLA has
moderate-metallicity [Fe/H]d=− 0.76 but has no α-enhance-
ment ([α/Fe]∼ 0), suggesting that it has not seen recent
enrichment from galactic outflows dominated by CCSNe like
that seen in VMP DLAs ([α/Fe]∼ 0.5). These two points seem
to contradict G1ʼs apparent ability to drive galaxy-scale
outflows, deduced from the instantaneous SFR (and SFRSED),
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 G1's
abundance pattern deviates from solar values.
Finally, it is possible that the DLA 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 Lyα emission on top of the
QSO other than emission directly associated with the
galaxies. Our 3σ detection limit corresponds to an SB of
SB 1.5 10 erg s cm arcsec19 1 2 2´ - - - - . Unfortunately, our
QSO subtraction technique 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 Nlog H I.
Altogether, it is reasonable to interpret the DLAs as the

CGM of the galaxies due to the small CGM–ISM velocity
offset (<10 km s−1), small impact parameters (b< 21 kpc, well
within Rvir), 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).

6.2. 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.
J.-K. 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.,
J. P. U. Fynbo et al. 2008, 2011). Similarly, a very recent
survey was conducted by G. A. Oyarzún et al. (2024) who
searched for Lyα emission of metal-rich DLA hosts using
KCWI. This sample was unique because of the inclusion of
galaxies with CO detections associated with DLAs. Both
studies report a galaxy detection rate (Lyα and/or CO
detection) close to ∼50%, well above the typical blind
detection rate of ∼10%−15% (i.e., no metal selection), adding
more evidence that metal-rich DLAs are more likely to have
detectable host galaxies (J. -K. Krogager et al. 2017; M. Fum-
agalli et al. 2015). 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

DLAs was comparable to that of G1 ( ( )Nlog 20.6H I ~ ); the
impact parameters spanned b= 0–70 kpc, the majority (4/6) of
which being b< 12 kpc, which is about 1.5×smaller than G1

Figure 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 “Hα/Hβ,” (see Section 3.2.1),
(2) the best-fit SED models as “SED” (see Section 3.3), and (3) from the CGM
as “CGM” (see Section 4.2.4). We show typical DLA dust extinction as a blue
horizontal dashed line from A. De Cia et al. (2016) and C. Konstantopoulou
et al. (2023), average dusty DLA extinction (K. E. Heintz et al. 2018), and a
very dusty DLA that was analyzed by C. Konstantopoulou et al. (2024). We
use RV = 3.1 (J. A. Cardelli et al. 1989).
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and N1; and the Lyα fluxes ranged from 0.5–17 ×
10−17 ergs−1 cm−2, comparable with the fluxes we measured
for N1 and G1 (3, 13 × 10−17 ergs−1 cm−2).

The MUSE Analysis of Gas Around Galaxies (MAGG;
E. K. Lofthouse et al. 2020) survey and the MUSE Quasar-field
Blind Emitters Survey (MUSEQuBES; S. 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 Lyα
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−1 of a mix of
LLS, sub-DLAs, and DLAs ( ( )Nlog cm 16.5H I

2 >- ) 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 kpc versus
bMAGG,median∼ 165−200 kpc). Second, it is associated with a
(sub-)DLA whereas the majority of the MAGG LAEs are
associated with LLSs. Third, N1 was a continuum-selected
galaxy as opposed to the Lyα selection from MUSEQuBES
and MAGG.
MAGG has found more than 120 LAEs, but only six

(confident) detections are found at b< 50 kpc, whereas
MUSQuBES discovered 96 LAEs, five 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)

Figure 14. G1ʼs intermediate- and high-ionization metal CGM absorption and and best-fit Voigt profiles centered at zG1 = 2.4312. The magenta dashed–dotted lines
shows a metal absorption complex at v ∼ −750 km s−1, and brown dashed–dotted lines show metal absorption at v ∼ −500 km s−1. The lines and colors are the same
as Figure 8.
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LAEs are found at b> 100 kpc. Although seemingly uncom-
mon, there have been discoveries of z∼ 3 DLA host galaxies
(see, e.g., M. Fumagalli et al. 2017).

Finally, we compare N1 to dwarf-galaxy CGM studies given
its lower mass M*∼ 109Me. MUSEQuBES probes a lower
stellar mass (M*∼ 108.6Me) and lower Lyα luminosity
(LLyα∼ 1042 erg s−1) than N1. Among some of their findings
is an excess of H I and C IV at LOS (radial) velocities
v< 500 km s−1 ; they measure a range of ( )Nlog CIV cm 2-

~ 11.4–14.3, placing N1 at the high end of their distribution
( ( )Nlog CIV cm N

2
1=- 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 5.4).

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 (S. D. Johnson et al. 2017; Z. Qu &
J. N. Bregman 2022; Y. Zheng et al. 2024; but see R. 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, although 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.

7. Summary and Conclusions

We have presented the design and first results from the new
KBSS-InCLOSE survey, which focuses on the InCLOSE
galaxies at z∼ 2–3. KBSS-InCLOSE allows us to connect
galaxy properties (e.g., stellar mass, ISM metallicity) with the
physical conditions (e.g., kinematics, metallicity) of the inner
CGM 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 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), G1 (z = 2.4312; a typical
z∼ 2 star-forming galaxy) and N1 (z= 3.1509; a lower-mass
LBG with strong, extended nebular emission that makes it
analogous 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.

We summarize our main findings below:

1. KCWI 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 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. N1’s CGM has a comparable
metallicity to its ISM (Δ[O/H]CGM−ISM∼ 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 LOS dust extinction is an order of
magnitude less than the ISM for both galaxies suggesting
there is little dust in their CGM.

4. G1ʼs 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 ∼20−100Myr 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−1; there are low to moderate levels of
dust depletion (δd= 0.6 dex for G1; δd= 0.05 dex for
N1) ratios; and G1 has a puzzling abundance pattern
(chemically evolved by some ratios [α/Fe] ∼ 0 but
chemically young in others [N/Fe] ∼ –0.8) that may
deviate significantly from solar, and N1 has an abundance
pattern typical of chemically young absorbers.

6. Lyα SB and velocity maps (KCWI) revealed that G1 has
a single-peaked Lyα profile (vred=+271 km s−1 ), an
extended Lyα halo (s∼ 28 kpc), and has two Lyα
satellite galaxies in proximity to it. N1 has a double-
peaked Lyα profile (vb∼−420 km s−1, vr∼ 171 km
s−1), strong Lyα emission (EWLyα∼−40 Å), a very
extended Lyα halo (s∼ 100 kpc), and has Lyα emitting
satellite galaxies near it.

7. Rest-optical spectra (MOSFIRE) and SED modeling of the
galaxies revealed that G1 is a typical z= 2−3 star-forming
galaxy in terms of its stellar mass ( logM M G1 =*9.9 0.1, ), SFR (SFR=6–15 Me), dust extinction
(AV= 0.21), ionization parameter ( Ulog 2.7~ - ), and
Lyα escape fraction ( fesc,Lyα,G1= 6%). N1 is a lower-mass
( –logM M 8.7 9.2 0.1,G1 = 

*
), young (t* = 30–50

Myr), relatively low dust (AV∼ 0.1) star-forming galaxy
with strong nebular emission (Lyα, [O III]), and high Lyα
escape fraction ( fesc,Lyα,N1= 30%) putting in the tail end of
the z∼ 3 LBG population, and reminiscent of z∼ 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 in the CGM, 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
versus nonthermally 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 2.1.3.
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 A1 that the radius

of the extraction aperture does not affect absorption line
strength or centroid, emission line strength 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.
In Figure A2, we show the effects of steps (3) and (4) from

the KCWI cube spectral subtraction (i.e., QSO Lyα halo
subtraction; Section 2.1.3) on the extracted spectra of galaxies
G1 and 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 Lyα peak is
reduced by more than 50% while the rest of the spectrum is
unaffected.

Figure A1. Extracted rest-FUV Keck/KCWI spectra as a function of extraction aperture size (used in the QSO subtraction input). Lyα 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%.
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Figure A2. 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 Lyα
halo+QSO continuum removal). Bottom panels: zoom-in showing the QSO Lyα halo removal.
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Appendix B
Complete Voigt Profile Fitting Results

In Figures B1–B4, we show the all of the best-fit Voigt
profiles to G1's CGM absorption.

Figure B1. G1ʼs H I CGM absorption fits from R12 centered at zG1 = 2.4312. The lines and colors are the same as Figure 8.
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Figure B2. G1ʼs Fe-peak element CGM absorption and best-fit Voigt profiles centered at zG1 = 2.4312. The lines and colors are the same as Figure 8.
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Figure B3. G1ʼs 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 8.
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