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Abstract

The bimodal absorption system imaging campaign (BASIC) aims to characterize the galaxy environments of a
sample of 36 H I-selected partial Lyman limit systems (pLLSs) and Lyman limit systems (LLSs) in 23 QSO fields
at z< 1. These pLLSs/LLSs provide a unique sample of absorbers with unbiased and well-constrained
metallicities, allowing us to explore the origins of metal-rich and low-metallicity circumgalactic medium (CGM) at
z < 1. Here we present Keck/KCWI and Very Large Telescope/ MUSE observations of 11 of these QSO fields (19
pLLSs) that we combine with Hubble Space Telescope/Advanced Camera for Surveys imaging to identify and
characterize the absorber-associated galaxies at 0.16 <z < 0.84. We find 23 unique absorber-associated galaxies,
with an average of one associated galaxy per absorber. For seven absorbers, all with <10% solar metallicities, we
find no associated galaxies with log M, = 9.0 within p/R;; and |Av|/vese < 1.5 with respect to the absorber. We
do not find any strong correlations between the metallicities or HI column densities of the gas and most of the
galaxy properties, except for the stellar mass of the galaxies: the low-metallicity ([X/H] < —1.4) systems have a
probability of 0.39791¢ for having a host galaxy with logM, > 9.0 within p/Ryir < 1.5, while the higher
metallicity absorbers have a probability of 0.787019. This implies metal-enriched pLLSs/LLSs at z<1 are
typically associated with the CGM of galaxies with log M, > 9.0, whereas low-metallicity pLLSs/LLSs are found
in more diverse locations, with one population arising in the CGM of galaxies and another more broadly distributed
in overdense regions of the universe. Using absorbers not associated with galaxies, we estimate the unweighted
geometric mean metallicity of the intergalactic medium to be [X/H] < —2.1 at z <1, which is lower than
previously estimated.

Unified Astronomy Thesaurus concepts: Circumgalactic medium (1879); Galaxy spectroscopy (2171); Intergalactic
medium (813); Lyman limit systems (981); Metallicity (1031); Quasar absorption line spectroscopy (1317)

1. Introduction

The circumgalactic medium (CGM) is the interface between the
interstellar medium (ISM) and the intergalactic medium (IGM).
As such, the gas that flows into and out of the CGM has the
potential to shape the evolution of the galaxy and possibly reflects
this evolution. If the gas can cool and fall onto the galaxy, then it
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can be used to form new stars, but if the galaxy is unable to refuel
from the CGM, then the current supply of ISM gas will quickly be
used up (e.g., Maller & Bullock 2004; Tacconi et al. 2010).
Whether or not a galaxy can accrete new gas is crucial in
determining its evolutionary state (star forming or quiescent).
Therefore, characterizing and comparing the flows around
different types of galaxies and galaxy environments are critical
to understanding the evolutionary path of a galaxy.

In the low-redshift universe, surveys using the Cosmic
Origins Spectrograph (COS) and exquisite imaging capabilities
on the Hubble Space Telescope (HST), large-scale surveys of
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galaxies (e.g., SDSS; York et al. 2000), and large ground-based
telescopes—especially those with integral-field unit (IFU)
instruments—have all contributed to transforming our knowl-
edge of the CGM in recent years. When using QSO absorption-
line spectroscopy to characterize the gaseous surroundings of
galaxies, three main sample selections have been employed: (1)
absorbers are preselected based on their properties such as the
presence of a specific ion like O VI, C1v, MgIl, or HI (e.g.,
Steidel & Dickinson 1992; Nielsen et al. 2013; Schroetter et al.
2016, 2019; Zabl et al. 2019; Lofthouse et al. 2020; Lundgren
et al. 2021; Wendt et al. 2021); (2) galaxies are preselected
based on some of their properties (e.g., mass or luminosity) at
some distances from observable QSOs, and then the absorbers
in the QSO spectra at similar redshift are characterized (e.g.,
Bowen et al. 1995, 2002; Chen et al. 2010; Tumlinson et al.
2011; Bordoloi et al. 2014; Werk et al. 2014; Borthakur et al.
2016; Heckman et al. 2017; Ho et al. 2017; Johnson et al. 2017;
Keeney et al. 2017; Berg et al. 2018; 2019; Chen et al. 2018;
Pointon et al. 2019; Lehner et al. 2020); and (3) fields are
preselected to have UV-bright QSOs, and the galaxies are
surveyed to some magnitude limit without knowledge of the
absorbers observed in the QSO spectra (e.g., Cooksey et al.
2008; Prochaska et al. 2011, 2019; Johnson et al. 2013; Tejos
et al. 2014; Burchett et al. 2016, 2019; Bielby et al. 2019; Chen
et al. 2020; Muzahid et al. 2021).

These different sample selections all have pros and cons and
are complementary. CGM surveys based on field selection are
less subject to galaxy or absorber biases (although there can be
subtle effects due to intervening absorbers if using UV
brightness as a basis for selection). Unfortunately, these
surveys are typically not large enough to have a representative
sample of massive galaxies, and the observations may also be
too shallow to be sensitive to dwarf galaxies (but see, e.g.,
Johnson et al. 2017; Chen et al. 2020). However, completeness
and depth are becoming less of an issue with deep IFU
observations. Galaxy selection has the particular advantage of
providing statistical samples of some galaxy types in a redshift
range that would otherwise be difficult to get from a blind
survey (e.g., massive luminous red galaxies, hereafter LRGs;
Chen et al. 2018; Berg et al. 2019; or galaxies hosting an active
galactic nucleus, AGN; Berg et al. 2018). Similarly, absorber
selection is particularly useful for assembling statistically
useful samples of some specific types of absorbers (e.g., strong
Mg 1I- or HI-selected absorbers), which are rarer.”

In this paper, we present the first results from our absorber-
selected survey: the bimodal absorption system imaging campaign
(BASIC). With BASIC, we aim to characterize the galaxy
environments associated with a sample of 36 HI-selected
absorbers detected toward 23 background QSOs. The
absorbers have a column density range of 16.0<
logN(H1) < 19.0 [cm 2], a redshift range of 0.1 <z <1,
with the average z,,; =0.47, and display a metallicity range of
—3 <[X/H] <0.2' This sample is mostly drawn from Lehner
et al. (2013, hereafter L13) with updated N(HI) measurements

20 While these sample selections have different limitations and advantages, we
emphasize that clearly defining the way a sample is selected is critical to
understanding any possible biases or limitations in absorber-galaxy surveys.
For example, in the context of galaxy-centric surveys, some types of galaxies or
environments (e.g., the IGM) can be missed. Some CGM properties may also
only be connected to certain types of galaxies. Similarly, a metal selection in
absorber-centric surveys can be inherently metallicity-biased.

2l Here we use the traditional square-bracket notation [X/H]=
log Nx /Ny — log(X/H)e, where X is an a-element, unless otherwise stated.
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and metallicity estimates from the COS CGM Compendium
(CCC; Lehner et al. 2018, 2019; Wotta et al. 2019). The
absorbers within this HI column density range are known as
partial Lyman limit systems (pLLSs, 16.0 <
logNHT1) < 17.2) and Lyman limit systems (LLSs, 17.2 <
logN(H1) < 19.0). At z<1, the baryon overdensity
b=p/(Qpp.)) of these types of absorbers is of order
10°-10% (Wotta et al. 2016), in line with the overdensities of
gaseous galaxy halos observed in simulations and calculated
analytically (Schaye 2001). In cosmological simulations, these
absorbers correspond to cold (T ~ 10* K) dense gas clumps and
can represent new or recycled fuel for star formation
(Oppenheimer et al. 2010; van de Voort et al. 2012; Faucher-
Giguere et al. 2016; Hafen et al. 2019). The metallicity of the
absorbers can help distinguish between possible origins (van de
Voort & Schaye 2012; Hafen et al. 2017; Suresh et al. 2019).

Owing to the HI-selection, HI column density range, and
sensitivity of the COS data that were used to analyze these
absorbers, there is no metallicity bias in our sample (i.e., both
high- and low-metallicity gas can be discovered if it is present).
The HI column densities of the pLLSs and LLSs in our sample
are also all very well constrained (with typical errors
<0.05-0.1dex, L13; Lehner et al. 2018), limiting the
uncertainty in the ionization modeling used to estimate the
metallicity. As shown in CCC (Lehner et al. 2018, 2019; Wotta
et al. 2019), this type of absorber selection has revealed a
population of pLLSs and LLSs at z < 1 that have a remarkably
wide range of metallicities not observed in higher HI column
density absorbers (see also Ribaudo et al. 2011; Tripp et al.
2011; L13; Wotta et al. 2016).*> Absorbers with
logN(HTI) > 19.0 at z <1 have metallicities mostly in the
range —1.4 <[X/H] <0 (L13; Lehner et al. 2019; Wotta et al.
2019; and see also, e.g., Battisti et al. 2012; Rafelski et al.
2012; Som et al. 2015; Quiret et al. 2016). In contrast, over the
same redshift interval, absorbers with 15.1 <logNH1) <
18.0 exhibit a wide range of metallicities from [X/H] < —3 to
supersolar at [X/H] >0, and 40%-50% of these absorbers
have metallicities of [X/H] < —1.4 (Lehner et al. 2019; Wotta
et al. 2019). Perhaps even more surprising is that ~20% of the
pLLSs/LLSs at z <1 have metallicities of [X/H]< —2,
implying this gas had little or no additional chemical
enrichment over ~6 Gyr when compared with comparable
higher-redshift absorbers (Fumagalli et al. 2016; Lehner et al.
2016). In cosmological zoom simulations, LLS/pLLS gas
around galaxies with <1% solar metallicity at low redshift is
typically found flowing into galaxies from the IGM (Hafen
et al. 2017). Therefore, the plausible source for these low-
metallicity absorbers that have not been processed recently in
galaxies is the IGM. On the other hand, metal-enriched
absorbers can have many origins including galaxy outflows,
AGN outflows, tidal stripping from satellites, or recycled
inflowing material from ancient outflows.

The discovery of this wide range of metallicity in pLLSs and
LLSs (as well as lower N(HT) absorbers) at z < 1 has raised a
key question: what types of galaxies and environments house
these different absorbers? BASIC aims to directly answer this
question by identifying and characterizing the galaxies
associated with a sample of pLLSs and LLSs that exhibit a
wide range of metallicities. In this first paper in the series, we
focus on 11 QSO fields (19 absorbers) for which we have

22 Similar properties are also observed at higher redshifts (e.g., Fumagalli et al.
2016; Lehner et al. 2016, 2022).
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Table 1
Field Information

QSO Field J2000 Name Zem Telescope/Instrument Integration
HE0153—4520 JO15513.20—450611.9 0.451 VLT/MUSE 7200
PHL1377 J023507.38—040205.6 1.437 VLT/MUSE 10800
PKS0405—123 J040748.42—121136.3 0.572 VLT/MUSE 35100
HE0439—-5254 J044011.90—524818.0 1.053 VLT/MUSE 9000
PKS0552—640 J055224.49—640210.7 0.680 VLT/MUSE 7200
HE1003+4-0149 J100535.25+-013445.5 1.080 VLT/MUSE 7200
PG1338+416 J134100.784-412314.0 1.217 Keck/KCWI 1100
J1419+4207 J141910.204+-420746.9 0.874 Keck/KCWI 900
J1435+3604 J143511.534+-360437.2 0.429 Keck/KCWI 900
PG1522+101 J152424.584-095829.7 1.328 VLT/MUSE 7200
J1619+3342 J161916.54+-334238.4 0.471 Keck /KCWI 900, 1200*

Notes. The QSO names in the first column are taken from L13. The second column lists the QSO names as reported in the COS CGM Compendium (Lehner et al.
2018, 2019; Wotta et al. 2019). In the last column, we list the average integration for each pointing in seconds.

 This field was observed twice with different integration times.

obtained IFU observations using the Keck Cosmic Web Imager
(KCWI) on the Keck II telescope and the Multi Unit
Spectroscopic Explorer (MUSE) on the Very Large Telescope
(VLT), and HST imaging with the Advanced Camera for
Surveys (ACS). Due to our ability to more completely identify
associated galaxies in these fields in a magnitude-limited
manner, we will use them to estimate the fraction of associated
galaxies we may be missing in the other fields where we only
have long-slit spectroscopic observations in Paper II.

This paper is organized as follows. In Section 2, we provide
more details on the absorber selection for the survey. In
Section 3, we describe the ground- and space-based observa-
tions of the fields. Section 4 lays out the methods we use to
derive the associated galaxy properties, and in Section 5, we
present a summary of the associated galaxy properties. In
Section 6, we discuss the implications of our results and
compare them to other surveys and models. A summary of our
main results is listed in Section 7. Throughout this paper, we
adopt the cosmology from Planck Collaboration et al. (2016),
notably Ho=67.7 kms 'Mpc™', Q,.(z=0)=0.309, and
Qa(z=0)=0.691. We report air wavelength for lines with
A>3000A. All distances are in units of proper kiloparsecs.
Metallicities are reported relative to the solar abundance from
Asplund et al. (2009).

2. Description of the H I-selected Absorber Sample
2.1. Sample Selection

For the present paper, we focus on 19 absorbers observed
toward 11 QSOs for which we have IFU observations of the
fields in addition to HST imaging. We list the QSO fields in our
BASIC-IFU sample in Table 1, which were selected as follows.
The sample of galaxy fields probed by BASIC is based on
an HI-selected sample of absorbers that have 16.0 <
logNMHTI) < 19.0 (i.e., they are pLLSs and LLSs). These
absorbers were found blindly in UV QSO spectra that were
obtained for other scientific reasons. Therefore, these absorbers
are not preselected based on knowledge of their metal content
or their galaxy environment.

Our sample of pLLSs/LLSs at z <1 is originally drawn
from L13, but with the updated absorber search from Lehner
et al. (2018) used for CCC. CCC is an archival H I-selected
absorption-line study of 261 new absorbers at z <1 with

15.0 < logN(HT1) < 19.0 found in QSO UV spectra, along
with stronger absorbers compiled from the literature (see
references therein). This updated search resulted in five more
pLLSs found along the L.13 sightlines. For our BASIC survey,
we have removed one of the original L.13 fields (PG1216+069)
due to the presence of several bright foreground stars that
impaired reliable galaxy identification. We included the
HE10034-0149 field in its place, which has four H I-selected
absorbers instead of one toward PG1216+069.>* We also do
not include the TON153 sightline in this sample due to the
selection of that system on previously identified Mgl
absorption (Kacprzak et al. 2012; L13). All of the QSOs were
observed with HST/COS using the G130M and/or G160M
grating (R ~ 17,000). In total, the BASIC survey comprises 36
pLLS and LLS absorbers in 23 QSO fields.

2.2. Metallicity of the Absorbers

We do not reestimate the column densities or metallicities
((X/H] = log Nx /Ny — log(X/H)e) used in this work, but it
is useful to remind the reader about the key points and
caveats of the CCC analysis (Lehner et al. 2018, 2019; Wotta
et al. 2019). The column densities were estimated in
individual components on the basis that they could be
resolved in several ionic transitions and in the H T absorption
at the HST/COS G130M and G160M resolution. The HI
and metal-line column densities were also estimated over the
same velocity interval defined by the velocity width of the
weak, typically unsaturated H1 Lyman series transition. The
latter is critical because the strength of the metal and HI
absorption, and hence ionization or metallicity, may
drastically change with velocity as demonstrated by Lehner
et al. (2019; see also Kacprzak et al. 2019; Zahedy et al.
2019; Haislmaier et al. 2021).

As empirically shown by Lehner et al. (2018), all of the
pLLSs and LLSs (and specifically the absorbers in BASIC) are
predominantly ionized with x(HII) > 90%. Therefore, large
ionization corrections are required to determine the metallicity
of the absorbers. The good correspondence between the
velocities at the peak optical depths of the HI and of the ions
used to determine the metallicity suggests they are cospatial

3 The number of absorbers along this sightline was a factor in its selection to
maximize the efficiency of the IFU observations.
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and motivates the use of a single-phase ionization model for
estimating ionization corrections (but see, e.g., Marra et al.
2022). A Bayesian formalism and Markov Chain Monte Carlo
(MCMC) techniques with grids of photoionization models were
used to determine the ionization corrections necessary to derive
gas-phase metal abundances (Lehner et al. 2019; Wotta et al.
2019). The photoionization models were constructed using
Cloudy (version C13.02; see Ferland et al. 2013), assuming a
uniform slab geometry in thermal and ionization equilibrium,
with the slab illuminated by a Haardt-Madau EUV background
(EUVB) radiation field from quasars and galaxies (Haardt &
Madau 1996, 2012). HMOS (as implemented in Cloudy) was
adopted as the fiducial radiation field for CCC, and hence
BASIC. To derive the metallicities, low to intermediate ions
that fit a single-phase photoionization model are used, and the
metallicities are based on «-elements (e.g., O, Si, Mg) and
carbon (where C/a was allowed to vary in the models).
Typically all low and intermediate ions available for an
absorber are used in the models, allowing the model to find the
best-fit metallicity encompassing multiple a-element ion
column densities. Lehner et al. (2019) details when and why
certain ions are not used in the modeling and how this affects
the metallicity values.

It is important to consider how the need for large ionization
corrections impacts the metallicities of the absorbers. All of the
errors reported for the metallicities in this paper are based on
the 68% confidence intervals (CI) from the Bayesian MCMC
analysis exploring the full ionization parameter range (N(H 1),
z, metallicity, density, and C/«) summarized in Table 3 of
Wotta et al. (2019), assuming the HM05 EUVB; this accounts
for the statistical errors. An important systematic error results
from the uncertainty in the EUVB. As explored in detail in
Wotta et al. (2019, see in particular their Figures 9-10 and
Table 7) and Haislmaier et al. (2021), adopting a different
EUVB can systematically change the metallicities. For
example, the difference between Haardt & Madau (2012)
and HMOS5 leads to an average systematic increase in the
metallicity of +40.38+0.17 dex for the pLLSs and
+0.16 £ 0.12 dex for LLSs at z <1 (see Gibson et al. 2022
for the explanation of this behavior). Another systematic can be
introduced if the gas is assumed to have multiple phases (Howk
et al. 2009). Considering the three absorbers studied in detail
by Haislmaier et al. (2021) that are in common with CCC,
when multiphase effects are accounted for in the metallicity
calculation, the overall agreement is well within 0.2 dex. We do
not report the systematic error from the EUVB that often can
dominate the error budget in the figures or tables in this paper
because it would be directly related to the assumed EUVB
of HMO5 adopted in CCC. However, we emphasize that the
metallicity is still accurate enough to separate low-metallicity
absorbers from metal-enriched absorbers (see below for
absorber definitions). These systematic errors are comparable
to the uncertainties in chemical abundances determined from
emission lines in galaxy spectra (see Section 4.1.3).

The metallicities and H I column densities of the BASIC-IFU
sample are summarized in Table 2. All 19 absorbers are pLLSs,
and the sample includes eight low-metallicity absorbers and 11
metal-enriched absorbers. In this paper, we define an absorber
of 4% solar metallicity or below as a low-metallicity system
([X/H] < —1.4) and above 4% solar metallicity as a metal-
enriched system. The dividing value is chosen such that 95% of
the metallicity probability distribution function (PDF) of the
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Figure 1. Absorber metallicity vs. log N (H 1) for the CCC sample at z < 1. The
open circles display the median values of the metallicity posterior PDFs, while
the upward-pointing triangles and downward-pointing triangles (lower and
upper limits) represent the 10th and 90th percentiles, respectively. (Error bars
are not shown for clarity; all absorber metallicities are from Lehner et al. 2019.)
The BASIC absorbers are highlighted in gray (long-slit observations) and green
(IFU observations and the focus of this paper) symbols. The dashed and dotted
lines show solar and 4% solar metallicity, respectively. The vertical error bars
represent the 68% confidence interval. The absorber labels are strong Lyo
forest systems (SLFSs), partial Lyman limit systems (pLLSs), Lyman limit
systems (LLSs), super Lyman limit systems (SLLSs), and damped Lyo
absorbers (DLAS).

Table 2
Absorber Information

QSO Field Zabs log N (H1) [X/H]*
HE0153—4520 0.225958 16.71 £ 0.07 —1.06, —0.99, —0.91
PHL1377 0.322464 16.07 + 0.01 —2.94, —2.43, —191
PHL1377 0.738890 16.67 £+ 0.01 —1.30, —1.26, —1.22
PKS0405—123 0.167160 16.45 + 0.05 —0.32, —0.29, —0.25
HE0439—5254 0.614962 16.20 £+ 0.01 —-0.29, —0.27, —0.25
PKS0552—-640 0.345149 17.02 £ 0.03 —3.39, —2.83, —2.33
HE1003+4-0149 0.418522 16.89 + 0.04 —1.14, —1.08, —1.02
HE1003+-0149 0.836989 16.52 + 0.02 —1.59, —1.51, —1.41
HE1003+4-0149 0.837390 16.36 + 0.02 —2.37, =2.19, —2.05
HE1003+-0149 0.839400 16.13 £ 0.01 <—4.59,<-3.11, <—1.74
PG1338+416 0.348827 16.34 £+ 0.01 —-0.77, —0.74, —0.72
J1419+4207 0.288976 16.35 £ 0.05 —0.64, —0.53, —0.34
J1419+4207 0.425592 16.17 £+ 0.05 —1.58, —1.38, —1.18
J1435+3604 0.372981 16.68 + 0.05 —2.14, —1.98, —1.82
J1435+3604 0.387594 16.18 + 0.06 —1.23, —1.12, —1.01
PG1522+101 0.518500 16.22 £ 0.02 —0.69, —0.66, —0.63
PG1522+101 0.728885 16.63 + 0.05 —2.97, —2.92, —2.87
J1619+3342 0.269400 16.59 + 0.03 -2.11, —1.99, —1.80
J1619+3342 0.470800 16.64 + 0.02 —1.37, —1.34, —1.31

Notes. The above values are taken from CCC (Lehner et al. 2018, 2019).
? The lower and upper bounds for each quantity represent the 68% CI for
detections and the 80% CI for the upper limit.

damped Ly« absorbers (DLAs, log N (H1) > 20.3) reported in
CCC (Lehner et al. 2018, 2019; Wotta et al. 2019) is above this
value.”* In Figure 1, we compare the BASIC absorbers (long-
slit in gray and IFU in green) with the entirety of the CCC
absorbers. In this figure, the median values (circles) of the

24 Absorbers with [X/H] < —1.4 were defined in CCC as very metal-poor
absorbers.
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Figure 2. Posterior metallicity PDF of the full BASIC absorber sample and the
BASIC-IFU subsample. The region extending to low metallicities displays the
contribution of the one upper limit to the distribution (see the text for more
details; the original metallicity PDFs are from Lehner et al. 2019).

metallicity posterior PDFs are shown with 68% confidence
errors, except for lower limits (upward-pointing triangles) and
upper limits (downward-pointing triangles), where the values
represent the 10th and 90th percentiles, respectively. The full
posterior metallicity distribution function (MDF) for the
combined BASIC sample is shown in Figure 2, and the
redshift distribution of the absorbers is plotted in Figure 3. The
lack of a clear bimodal MDF arises from the combination of (1)
using the combined PDFs of the absorbers (instead of their
mean or median metallicities), and (2) having a large sample of
absorbers in BASIC at z < 0.5 (for the BASIC-IFU sample 12/
19 absorbers are at z < 0.5). As shown by Lehner et al. (2019),
the bimodal MDF is only strongly present at 0.5 <z <1,
becoming unimodal at smaller redshifts (see their Figure 12).
We ran a dip test on both the BASIC and BASIC-IFU samples
using the median metallicity values, but the results were
inconclusive.

3. Observations

In this section, we detail the observations taken for the
BASIC-IFU fields. We also describe the data reduction,
spectral extraction, and galaxy identification processes.

3.1. HST Imaging

By definition, all of the 23 BASIC fields have HST imaging.
Fourteen of the fields are drawn from our Cycle 23 ACS
imaging program (PID 14269, PI: Lehner); the remaining nine
have archival imaging (WFPC2 PIDs 5099, 5143, 5849, 6303;
WEC3 PID 11598; or ACS PIDs 9418, 13024). The archival
observations were retrieved from the Mikulski Archive for
Space Telescope (MAST). The data were reduced using the
standard HST reduction pipeline (AstroDrizzle version
2.1.3, STScl Development Team 2012). The individual
dithered images were flagged for bad pixels, corrected for
geometric distortion, registered to a common origin, cleaned
for cosmic rays, and combined using drizzle. All 11 fields in
the BASIC-IFU sample have Cycle 23 or archival) ACS
imaging with the F814W filter. The ACS images have a field of
view (FOV) of 202" x 202" and reach a 5o limiting magnitude
of AB(F841W) = 25.6 mag for those taken in Cycle23. In

Berg et al.

10

I BASIC

Im BASIC-IFU

Frequency

0.2 0.4 0.6 0.8 1.0
Zabs

Figure 3. Distribution of absorber redshifts for the BASIC survey and the
BASIC-IFU subsample (redshifts are adopted from CCC in Lehner et al. 2018).

966

Figure 4. HST/ACS image with outline of VLT/MUSE pointing for the field
of HE0153—4520. North is up, and east is to the left. The QSO is marked with
the red cross, stars are indicated with magenta circles, and the white dashed
circle has a radius of 200 kpc at the redshift of the absorber. The black box
designates the MUSE FOV. The candidate galaxy of the absorber is marked by
the green circle and labeled with the SE#.

Figure 4, we show an example HST image of one of the fields
with an outline of the IFU pointing. The remaining field images
are provided in Appendix A. All the HST imaging data used in
this paper can be found in MAST: 10.17909 /zw9p-mg69.

We employed Source Extractor (hereafter SE; Bertin
& Arnouts 1996) version 2.19.5 to identify objects in the fields
to compare to the IFU observations and to measure the galaxy
photometry in AB magnitudes. We used a detection threshold
of 3.00 above the background for source identification. The
archival ACS fields have excess cosmic rays along the detector
chip boundary that are not wholly removed. SE labels these
objects as stars, so they are easily removed in the resulting
catalog.

3.2. VLT/MUSE IFU Spectroscopy

Seven of the fields (see Table 1) were observed with the
Multi-Unit Spectroscopic Explorer (MUSE; Bacon et al.


https://doi.org/10.17909/zw9p-mg69
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2006, 2010) on the VLT. These observations were taken as part
of the MUSE Quasar-field Blind Emitter Survey (Muzahid
et al. 2020, 2021) program (PID: 094.A-0131, PI: J. Schaye).
MUSE is an integral-field spectrograph with wavelength
coverage from 4650 to 9300 A and a spectral resolution of
R =2000-4000. The observations were taken in wide field
mode, resulting in a 1’ x 1’ FOV with a pixel scale of 072.

Exposures were taken in increments of 900 s, with dithering
and position angle offsets applied to smooth the tiling pattern
of the combined cubes. The observations vary in depth: six of
the cubes have exposures of 2-3 hr, while PKS0405—123 has a
much longer exposure of 9.75 hr. The observations were
reduced using the standard MUSE reduction pipeline version
1.6 (Weilbacher et al. 2020), with additional post-processing
using tools from the CubExtractor package (CubEx
version 1.5, Cantalupo et al. 2019; S. Cantalupo et al. 2023,
in preparation) to coadd the individual MUSE exposures. This
additional step improves the flat-fielding and sky subtraction
(Marino et al. 2018).

We created whitelight and narrowband images of the cubes
using PyMUSE® (Pessa et al. 2020). Due to the redshifts of the
associated absorbers and the wavelength coverage of MUSE,
we created narrowband images centered on restframe [O II]
AA3726,3728, HB, [O1I] AM958,5006, and Ha for our
absorbers (though not all fields cover the [O1I] doublet or
Ha at the redshift of the absorber). These narrowband images
(created by summing the data within £15 A of line center) were
solely used for quick identification of potential galaxies at our
redshifts of interest, not for spectral extraction. We note there
were no occurrences of any sources only seen in the
narrowband images. We used SE to identify all of the objects
with a detection threshold of 6.0¢ above the background in the
whitelight images to compare to the HST observations by eye.
(The HST and MUSE observations reach similar magnitude
depths, except for the much deeper PKS0405—123 cube.) We
used this limit in an effort to mitigate erroneous edge effect
detections. For HE0153—4520 and HE1003+0149, we low-
ered the threshold to 4.00 due to the prevalence of small,
lower-magnitude objects in these fields. Since PKS0405—123
is a much deeper cube, we also changed the DEBLEND_MIN-
CONT parameter to 0.0001 following Lofthouse et al. (2020).
We use and report the HST object positions instead of the
MUSE object positions throughout the paper because of its
higher resolution.

We used PyMUSE to extract the spectra of the galaxies
identified with SE in the whitelight image. Specifically, we
transformed the SE catalog into a ds9 (Smithsonian Astro-
physical Observatory 2000) region file and extracted the
spectra within the defined elliptical regions, using the white-
light-weighted mean method of extraction without any
smoothing. The flux within the region is multiplied by the
weights, summed, and normalized to match the total integrated
flux (Pessa et al. 2020). The error is treated in the same way.
We extracted all nonstellar sources in the fields. Stars were
identified in the HST images as having the SE parameter
CLASS_STAR > 0.2. All potential stellar object spectra were
checked using QFitsView?® (Ott 2012) to make sure we did
not remove any galaxies from the sample. The field of
PKS0552—640 lies toward the Large Magellanic Cloud, so

% hitps: //github.com/ismaelpessa/PyMUSE
26 https: //www.mpe.mpg.de /~ott/dpuser/fitsview.html
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there is a large number of stellar contaminants. For this field,
we extracted all objects identified with SE and examined the
spectra by eye to remove stars from the sample.

The associated galaxies of the pLLS in the PKS0405-123
field lie outside of the MUSE FOV. For these two objects, we
make use of the Du Pont/WFCCD (Weymann et al. 2001)
spectrum reported in Prochaska et al. (2006)*” and the
Magellan Baade/IMACS (Dressler et al. 2011) spectrum from
Johnson et al. (2013; S. D. Johnson 2020, private communica-
tion). We found no other associated galaxy candidates within
the MUSE field.

3.3. Keck/KCWI IFU Spectroscopy

The other four fields (see Table 1) were observed with
KCWI (Morrissey et al. 2018) on the Keck II Telescope. All of
the observations were taken with the large IFU slicer and the
BL grating. This configuration resulted in an FOV 33" x 20”4,
a wavelength coverage from 3500 to 5600A, a spectral
resolution of R=900, and a pixel scale of 1”35. For the
observations of J1419+4207, J1619+3342, and PG1338+416,
the blue filter was removed to extend the wavelength coverage
to 5750 A. This was done to cover the [O1] AAN3726,3728
doublet of any galaxies associated with the higher-redshift
absorbers. Removing the filter causes unequal wavelength
coverage for each slice at the red end; the total throughput does
not change significantly when entering this extended wave-
length region. The [OII] AA3726,3728 doublet is the primary
emission line we use for galaxy identification for these
observations because of the instrument wavelength coverage
and redshifts of the absorbers.

Due to the smaller FOV of KCWI, we tiled the pointings
around the QSO within roughly 200 kpc at the redshift of the
lowest-redshift absorber for a given sightline. In Appendix A,
we provide images detailing the KCWI pointings on the HST
image of each field. For PG1338+416 we were only able to
acquire one pointing, so we chose a section of sky with the
highest galaxy density. For J1619+3342 we prioritized
sections of the sky with higher galaxy density in our pointings.
We note this approach could bias our observations in these two
fields because we are not evenly sampling dense and under-
dense regions of the sky. However, in the MUSE observations
that have full field coverage, the emission always corresponded
to an identifiable galaxy in the HST image.

The data were reduced using KDERP?® (Morrissey et al.
2018) version 1.1.0, except for data from the J1619+43342
field, which were reduced with version 1.2.0. These versions of
KDERP do not transform the observations from the geocentric
to the heliocentric frame, so we azgplied heliocentric-corrections
to the cubes after the reduction.

Composite images of the field pointings were created using
Montage version 6.0 (Berriman et al. 2007). We aligned the
composite images to the HST images using the QSOs as
reference points (for PG13384+416 we used the brightest
galaxy in the pointing) to aid in galaxy identification. We
created whitelight and narrowband images centered on the
[O1] AN3726,3728 doublet at the redshift of the absorbers
from the composite images. We used SE to identify all of the

%7 hitp:/ /www.ucolick.org /~xavier/ WECCDOVI/
2 hitps: //github.com/Keck-DataReductionPipelines /KcwiDRP

2 There are now two python-based KCWI pipelines; KDERP is no longer
supported.
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http://www.ucolick.org/~xavier/WFCCDOVI/
https://github.com/Keck-DataReductionPipelines/KcwiDRP
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objects with a detection threshold of 3.5 above the back-
ground in the whitelight and [OII] narrowband images to
compare to the HST observations. Since the resolution of the
KCWI whitelight images is much lower than that of the HST
images, we use and report the HST object positions instead of
the KCWI object positions throughout this paper.

We extracted the spectra of all galaxies detected by SE in the
whitelight and [O 1] narrowband images. The [OII] narrow-
band images help us identify star-forming galaxies at the
redshift of the absorbers, while the whitelight images help us
identify the galaxies without strong emission. We used the
Python package kcwitools® to perform a boxcar extraction
within a rectangular region of the cube files. We identified stars
in the HST images as described above.

4. Galaxy Properties

This section details the different methods used for the
characterization of the associated galaxies in each field. We
describe the properties derived from the IFU observations in
Section 4.1, the properties derived from the HST imaging in
Section 4.2, and other additional properties in Section 4.3. We
detail how we assess detection limits for each field in
Section 4.4. Our associated galaxy sample selection criteria
are presented in Section 4.5.

4.1. Properties from the IFU Observations
4.1.1. Redshift

Once we have extracted the spectra for all of the galaxies of
interest in a field, we determine their redshifts to identify which
galaxies are associated with the absorbers. We use the code
REDROCK”! created by the DESI collaboration to determine
galaxy redshifts via spectral template fitting. REDROCK returns
the three best-fit models and redshifts for a QSO, galaxy, and
stellar template, ranking the nine results by the model’s x?
value when compared with the data. The redshift errors are of
order o, ~ 1075-10~*. See Bolton et al. (2012), Ross et al.
(2020) for more information.

We review the results of each object and assign a redshift
flag of [0, 1, 3, 4] indicating our confidence in the redshift
results.’” Our flag assignments are modeled after those used in
Wilde et al. (2021). A galaxy receives a flag of O if the
spectrum has too low of a signal-to-noise ratio (S/N) to be
useful (=1 per pixel without a discernible continuum). A flag
of 1 indicates the spectrum has no emission or absorption lines
even though the S/N is sufficient to identify any lines. If there
is one emission or absorption line in the spectrum, the galaxy is
assigned a flag of 3. This flag is also set if the galaxy
continuum is well matched by the template continuum without
any lines (for MUSE spectra only). When there are multiple
lines in the spectrum, we assign a flag of 4 indicating a high
confidence in the results. In a very few instances we determine
the redshifts by hand. This happens when there are blended
sources, or REDROCK does not identify a line in the spectrum.
Due to the low S/N of some of our spectra, REDROCK
occasionally picks up on spurious features in the spectra (e.g.,
poorly subtracted sky lines) and misidentifies a line.

30 https://github.com/pypeit/kcwitools
31 https: / /github.com/desihub /redrock
2 We purposefully skip setting a flag of 2 for the ease of separating the data.
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As we are focusing on the [O II] A\3726,3728 doublet in the
KCWI observations, it is important to understand if we are
identifying this line correctly in our spectra because we do not
resolve the doublet. The REDROCK results consistently label
the emission line we see in the spectra as either [O11], Hel
A3187, or HQ. For the template models that identify the line as
Hg, the width of the model line is too narrow compared to the
emission line in the galaxy spectrum. Additionally, the
wavelength coverage of KCWI is such that either HZ would
be seen along with the [O III] A\4958 line or it would be seen
along with the [O IT] doublet. The [O II] doublet is the only line
that would appear prominently and by itself over the redshift
range of the KCWI spectrum.

REDROCK also identifies single emission lines as He 1 A3187
in some of the best-fit galaxy results, although we consider this
unlikely. It is not possible to identify Call H & K (or the HS,
H9, and H10 lines) in the spectrum unless the S/N in the region
redward of [O1I] is >5. As a consequence of this, in some fits,
REDROCK favors Hel over [O1I] in the absence of these
absorption lines. However, the emission we see is often strong.
In the REDROCK templates where these lines are seen in
emission, the [OII] doublet is 16 to >100x stronger than the
He1 line. We search the literature for galaxy spectra covering
both of these lines and find no reported cases where [OII]
AA3726,3728 /He 1 A3187 < 10 (Rose et al. 2011; Florian et al.
2021). Additionally, in MUSE spectra where both lines are
covered, we do not see the Hel A3187 line in any case.
Therefore, we are confident that the emission line we see in the
single-line KCWI spectra is [O II] A\3726,3728.

A final possibility for a singular emission line is Lya. For the
KCWI observations, this places the objects at z=z3-3.5.
REDROCK does not label these lines as Lya because the galaxy
templates are limited to z < 1.7. When observing a Ly« emitter
(LAE), a decrement in the flux is usually observed around the
Lyc line and blueward. Although the S/N of the KCWI spectra
are low, we do not see any such decrement in the continuum.
We can also inspect the galaxy morphology. LAEs exhibit
circular morphology in imaging (Wisotzki et al. 2016; Ouchi
et al. 2020). We have several objects that are circular in
appearance, and a few galaxies that are extended objects (see
Appendix A). In MUSE observations of LAEs at z= 3.3,
Muzahid et al. (2021) notes their Lya lines exhibit an
asymmetric profile with a prominent red wing. We do not see
any such profiles in our spectra. Taken all together, we can rule
out this singular line as Lya.

In the instances where we need to determine the redshift of a
galaxy by hand, we model the [O II] emission line and use a
fitter to determine the central redshift. We model the continuum
around the line as a Chebyshev polynomial of degree three and
use a linear least squares fitter to fit the spectrum. For the
doublet, we model each line as a Gaussian using an initial
redshift guess to set the mean wavelength. We fit the lines and
continuum simultaneously, tying the redshifts and widths of the
two lirlles. The redshift errors are of order 10™* (i.e., ~30-100
kms™ ).

4.1.2. Star Formation Rate

We calculate the star formation rates (SFRs) for the
associated galaxies in the KCWI fields using the [O1]
AN3726,3728 doublet. We derive line fluxes and errors from
Gaussian fits as described in Section 4.1.1 with redshifts fixed
to the values from REDROCK.


https://github.com/pypeit/kcwitools
https://github.com/desihub/redrock
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For the MUSE associated galaxies, we also use the [OII]
AA3726,3728 doublet to derive SFRs because it is covered in
the associated galaxy spectra in all but two cases. We use the
Hg line instead for the other two associated galaxies. The
stellar continuum is well defined for the MUSE associated
galaxies, so we fit and remove it using pPXF (Cappellari &
Emsellem 2004; Vazdekis et al. 2010; Cappellari 2017) prior to
measuring the line fluxes and errors as described above.”* We
have a larger spectral range for the MUSE associated galaxies,
so we simultaneously fit all emission lines in the spectra with
tied redshifts and ratios (when linked by simple atomic
physics). We calculate the line luminosities from fluxes with
luminosity distances derived from the REDROCK redshifts for
our chosen cosmology.

We treat the associated galaxies in the PKS0405—123 field
differently. For the WFCCD spectrum, we proceed as with the
MUSE associated galaxies, but we also add a correction to the
line fluxes because the entire galaxy is not covered by the slit.
We determine the magnitude of the associated galaxy in the
rest-frame band nearest to the emission line (using Bessel V, R,
or [) and compare it to the magnitude we derive in that filter
from the spectrum. Using this magnitude ratio, we determine
the percentage of flux we are missing to bring the integrated
spectral fluxes in alignment with the associated galaxy apparent
magnitudes. The IMACS spectrum is not flux-calibrated.
Therefore, we measure line equivalent widths and convert to
line luminosities using the absolute magnitude of the associated
galaxy in the rest-frame band closest to the emission line (using
Bessel B, V, or R). To account for any gas emission we might
be missing in the equivalent width measurement, we apply a
correction to the line luminosities by comparing the ratio of the
line fluxes measured in the stellar continuum-subtracted
spectrum with those in the original spectrum. The line
luminosity errors are determined from carrying the equivalent
width errors through these calculations.

To calculate the SFRs, we use the calibrations between line
luminosity and SFR given in Moustakas et al. (2006) for HG
and [O 1] (their Tables 1 and 2), adopting the median percentile
of the relations (Psp). The Moustakas et al. (2006) calibrations
depend on the galaxy’s B-band luminosity (Vega). We infer
this luminosity from the estimated Vega B-band absolute
magnitude derived from the kcorrect code (V4_3)34 of
Blanton & Roweis (2007). This code calculates spectral energy
distribution fits using the Bruzual & Charlot (2003) spectral
templates assuming the initial mass function (IMF) of Chabrier
(2003) to assess the k-corrections and mass-to-light ratios of
galaxies. As input, we use the HST F814W apparent
magnitudes calculated from the SE (i.e., MAG_AUTO and
MAGERR_AUTO), corrected for Milky Way extinction. The
extinction corrections are calculated using gdpyc™ with the
high-resolution Schlegel et al. (1998) dust map and the Schlafly
& Finkbeiner (2011) filter conversion factors. We do not
correct for internal reddening because the Moustakas et al.
(20006) relations are not corrected either, which partly leads to
their luminosity dependence. We run kcorrect with the
F814W apparent magnitudes and then project the derived

33 We do not remove the stellar continuum for the KCWI spectra because the
[O 11] line is not subject to stellar absorption, and the wavelength coverage does
not extend to other lines where we would need to take this into account.

3 Available through http: //keorrect.org or https://github.com/blanton144/
kcorrect.

» https://github.com/ruizca/gdpyc
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spectra into the Vega B bandpass. We choose the SFR
calibration by matching the closest B-band magnitude listed in
the tables to those we derive.

4.1.3. Metallicity

We can derive galaxy metallicities for the MUSE associated
emission-line galaxies. All of these spectra have H3 and [O I11]
A5006 coverage, so we use the O3 metallicity relation of Curti
et al. (2017) with a slight correction reported in Howk et al.
(2018) Table 3. Due to the proximity of these lines in
wavelength, a dust correction is unnecessary. We utilize the
pyMCZ?® code of Bianco et al. (2016) to calculate metallicities
and errors. pyMCZ uses a Monte Carlo sampling of the input
emission-line intensity distributions to calculate the posterior
distribution functions of the oxygen abundances (¢(O) = 12 +
log(O/H)) and their uncertainties. This code is open source, so
we add the Curti et al. (2017) abundance scales. We sample the
input line intensities 4000 times assuming a normal distribution
with central values and dispersions given by the measurements.
As noted in Howk et al. (2018), the Curti et al. (2017) O3 scale
has a dispersion of 0.178 dex between the strong emission-line
technique and the direct technique. In light of this, we add the
statistical errors reported from pyMCZ and this dispersion value
in quadrature as an estimate of the total metallicity error. In this
paper, we report the galaxy metallicities relative to the solar
abundance as [O/H] using the Asplund et al. (2009) solar
oxygen abundance value of log(O/H), = 8.69.

4.2. Properties from the HST/ACS Imaging

We calculate the impact parameter (the proper distance
between the galaxy and absorber, p) using the associated
galaxy coordinates determined with the SE from the HST
imaging, and the QSO coordinates taken from the Hubble
Legacy Archive. Using the associated galaxy redshift deter-
mined with REDROCK, we then convert this value to physical
kiloparsecs with our chosen cosmology.

Although we have HST/ACS imaging for all of the BASIC-
IFU fields, we are unable to determine the physical morphology
for most of the associated galaxies due to their small size or
high redshifts. Instead, we use the spectral morphology to
classify our associated galaxies as absorption-line-dominated or
emission-line-dominated and utilize the imaging to constrain
the galaxy orientation and inclination.

To investigate the azimuthal angle dependence on absorber
metallicity, we use GALFIT version 3 (Peng et al. 2002, 2010)
to characterize the components of the associated galaxies. For
the input point-spread function, we use a 2D Gaussian.”’ We fit
a bulge and disk component to the associated galaxy using
Sérsic profiles. In a few instances, only a bulge component is fit
to the associated galaxy. The residual of the fit is inspected by
eye. Only one associated galaxy and one cut candidate galaxy
give poor fits; we do not include these in the orientation
analysis. One of these galaxies is very small, spanning only
four pixels, and the other appears to be a face-on spiral for
which the orientation calculation is ambiguous (no clear axis
can be identified; see Figure A9).

We use the position angle determined from the fits to
calculate the azimuthal angle between the associated galaxy

36 https://github.com/nyusngroup/pyMCZ
A more in depth decomposition should use a function closer to the HST
point-spread function, but this is adequate for our measurements.
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disk and QSO. For nearly circular galaxies, the position angle
error can be greater than 10°. We remove three associated
galaxies and two cut candidate galaxies from the orientation
analysis due to their large uncertainty. The typical uncertainties
are 1°-2°. With the galaxy position angle and the coordinates
of the associated galaxy and QSO, we calculate the azimuthal
angle where ® = 0° is along the galaxy minor axis (pole), and
® =90° is along the major axis (disk).

The galaxy inclination is also determined using GALFIT, as
described above. We do not remove any other associated or cut
candidate galaxies from this analysis except for the two that
give poor fits. Using the computed axis ratio, we simply use the
standard equation cosi = 1 — ¢, where i is the inclination, and
e=1-— g is the ellipticity (b and a are the best-fit semiminor
and semimajor axes, respectively). An inclination of 0° is a
face-on galaxy, and an inclination of 90° is an edge-on galaxy.
Errors for the inclination are 5°-10°.

4.3. Additional Properties

To derive stellar masses for the associated galaxies, we
supplement the HST F814W magnitudes with additional
photometry from surveys hosted on NOIRLab’s Astro Data
Lab.*® Specifically, we use these catalogs: Legacy Survey data
release 8 (g, r, z, W1, W2 filters; Dey et al. 2019), NOIRLab
Source Catalog data release 2 (g, r, i, z filters; Nidever et al.
2018, 2021), Two Micron All Sky Survey (2MASS) point-
source catalog (J, H, K, filters; Skrutskie et al. 2006), and
unWISE (W1, W2 filters; Schlafly et al. 2019). The NOIRLab
Source Catalog also includes photometry in the Y and VR
bands, but we do not use those filters for this analysis. All but
three of the associated galaxies and three of the cut candidate
galaxies are covered in these surveys. We also have two
associated galaxies that are blended with other objects, so we
do not use the photometry from these catalogs. Of those that are
detected, each associated galaxy is covered in at least four
bands.

We primarily use the Legacy Survey photometry, deferring to
the NOIRLab Source Catalog for fields not covered by the Legacy
Survey. We correct the unWISE and 2MASS magnitudes to AB
magnitudes, and note that a Milky Way extinction correction is
already accounted for in the Legacy Survey and NOIRLab Source
Catalog. This correction is unnecessary for the unWISE and
2MASS values. We use kcorrect (described in Section 4.1.2)
with at least four AB magnitudes as input to determine the stellar
mass (M,) for each associated galaxy. The masses are output in
units of M k', which we correct to our chosen cosmology. The
errors on these masses are at least 0.3 dex (Conroy 2013).

For four of the other six galaxies not covered by the above
surveys, we determine the galaxy magnitudes using Ugpec, &, 7,
and i imaging from the Large Binocular Cameras (LBC) on the
Large Binocular Telescope (LBT). We use SE to extract the
magnitudes with the published zero-points®” and correct for the
airmass of the observations, color offsets, and Milky Way
extinction (see Section 4.1.2). We use kcorrect, as
described above, to calculate the stellar masses using at least
four bands.

The other two galaxies were undetected in more than one
band of the LBC imaging. To derive more accurate stellar
masses, we use synphot (STScl Development Team 2018) to

3 hitps: //datalab.noirlab.edu
3 https: / /sites.google.com/a/Ibto.org /Ibc/phase-ii-guidelines /sensitivities
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calculate synthetic magnitudes in the r and i bands. We also
apply this analysis to one of the blended galaxies whose
spectrum is not contaminated by neighboring objects. The
synthetic magnitudes are corrected for Milky Way extinction,
and we assign a conservative error of 0.5 mag. We use
kcorrect to calculate the stellar masses and note only three
bands are used for these estimates.

The final galaxy spectrum is blended with a lower-redshift
galaxy (though both can be seen in the HST image), so we
cannot determine accurate synthetic magnitudes. We instead use
a mass-to-light ratio (M/L) to determine the stellar mass.
Portinari et al. (2004) constructed chemo-photometric models of
spiral galaxy disks with varying IMFs to explore the M/L ratio
variations in the rest-frame 7 band. They report total M/L; ratios
calculated with different IMFs in their Table 7, broken down by
spiral morphological type. The associated galaxy has an
emission-line-dominated spectrum, so we infer a spiral morph-
ology. We cannot distinguish between the spiral morphological
types for the associated galaxy, so instead we take the average of
their three M/L; values for Sa/Sab, Sb, and Sbc/Sc using the
Chabrier (2003) IMF, giving an M/L;=1.61 M./L.. We
convert the HST F814W magnitude to absolute I-band
magnitude using kcorrect, calculate the /-band luminosity,
and apply the M/L; ratio to determine the stellar mass.

The halo masses (M) of the associated galaxies are
calculated using the stellar mass—halo mass (SMHM) relation
from Rodriguez-Puebla et al. (2017), as described in Berg et al.
(2019). In brief, we use their Equation (66) to determine the
mean halo mass given a stellar mass (logM; (M,)). This
SMHM relation takes into account the asymmetric scatter and
covers a wide range in masses, allowing for consistent
treatment of dwarfs to high-mass galaxies. We note that all
of our halo masses are within the minimum and maximum
bounds where this relation can be trusted at these redshifts
(their Table 3). Additionally, the 1o confidence intervals for the
values of log M, over the probed range in log M} are below
0.05 for the redshifts covered by our associated galaxies as
shown in their Figure 6. When applying this equation, we
assume each associated galaxy to be a central. As such, we
estimate the satellite fraction of our associated galaxy sample to
be 0.27 from the satellite fraction distribution shown in Figure
4 of Wechsler & Tinker (2018) for our average associated
galaxy stellar mass of log M, = 10.1 M.

We define the virial radius of the associated galaxy as
Ryir = Ronp, which is the radius where the enclosed average density
is equal to 200 times the critical density of the universe at the
redshift of the associated galaxy, Ry = (3M,/ (47rApC))1/ 3,
where A =200, and p, is the critical density of the universe. We
simply refer to this scale as R,; throughout the paper.

The escape velocity, ves, of the halo is calculated as the
circular velocity at Ry; assuming a Navarro—Frenk—White
potential (Navarro et al. 1996, 1997). For the halo concentra-
tion parameter, we use the relations derived in Dutton &
Maccio (2014). We use the parameterizations for quantities
calculated with respect to 200p. to match our calculations.
Specifically, we use their Equation (7) with the redshift
evolution fit parameters given in their Equations (10) and (11).

4.4. Detection Limits

Each field in our sample has been observed to a different
depth (see Table 1), so we do not have a uniform detection
limit for our observations. To understand the limits of our


https://datalab.noirlab.edu
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Figure 5. Fraction of extracted HST sources with redshifts in the MUSE fields
vs. the F814W magnitude. The dashed vertical lines show the 90%
completeness limits for the distributions. We average the results of five fields
with 2-3 hr exposures, leaving out PKS0552—640. This field is filled with
foreground stars, which makes pure galaxy identifications difficult in the HST
image.

survey, we start with determining the redshift completeness of
sources in the HST images. We simply determine how many of
the HST sources (cleaned of stars, spikes, and cosmic rays)
identified with SE are also identified in the MUSE whitelight
images and have confident redshifts. In a handful of cases,
there are galaxies close to the QSO that are identified in the
HST image, but lie in the QSO glow in the MUSE whitelight
images. We have extracted these objects by hand and checked
that they are not at the redshifts of interest for this survey.
Figure 5 displays the results for the MUSE fields, with the
dashed vertical lines marking the 90% F814W magnitude
completeness limits. We average the results of five fields with
2-3 hr exposures, but we plot the PKS0552-640 field by itself
due to the plethora of foreground stars in the field. Without
spectroscopy of higher spatial resolution, we are not confident
that we have been able to fully clean the SE catalog for the
HST image. The redshift completeness distribution for
PKS0405—-123 (9.75 hr exposure) drops quickly below
~60% because many objects in this deep MUSE observation
are not detected in the HST image. We do not determine the
redshift completeness for the KCWI fields because the
observations are of lower S/N and integration time, resulting
in many of the objects in the fields without reliable redshifts.
This would biases the redshift completeness results toward only
bright galaxies in the fields.

Next, we turn to the IFU observations to understand the
completeness of our source identifications. For these calcula-
tions, we utilize the codebase written by M. Fumagalli
available on GitHub*’ (see also Lofthouse et al. 2020). We
start by injecting simulated continuum sources with an
exponential profile and constant flux across all wavelengths
into the whitelight images and then run SE to determine the
fraction of recovered injected sources. For the MUSE fields, we
inject 100 sources with an FWHM of 5 pixels and scale length
of 1 pixel for 5000 iterations. Figure 6 displays the results of
these continuum source injections. The dashed vertical lines

40 https://github.com/mifumagalli/mypython/blob/master/ifu/muse_
mocks.py
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Figure 6. Fraction of simulated continuum sources detected vs. magnitude for
the MUSE fields. The dashed vertical lines show the 90% completeness limits
for the distributions. We average the results of all six fields with 2-3 hr
exposures.
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Figure 7. Fraction of simulated continuum sources detected vs. magnitude for
the KCWI fields. The dashed vertical lines show the 90% completeness limits
for the distributions. We average the results for J1419+4207 and J1435+3604
because they have the same number of observations and exposure times. The
J1619+3342_1 results are from the 900 s exposures, and the J1619+3342_2
results are from the 1200 s exposures.

mark the 90% completeness limits of the distributions in AB
magnitudes. We have again averaged the fields with 2-3 hr
exposures. Given the smaller FOV of the KCWI observations,
we inject 10 continuum sources per FOV with an FWHM of 1
pixel and scale length of 1.5 pixels. The number of iterations
varies from 2000 to 10,000 depending on how many FOVs
cover the field (we average the individual results together per
field). We display the KCWI results in Figure 7. We average
the results for J14194-4207 and J1435+3604 because they
have the same number of FOVs and exposure times. We also
separate the J1619+4-3342 results for the observations at
different exposure times.

Since we utilized [O 1] narrowband images for source
identification in the KCWI observations, we also inject
emission-line sources into the cubes, create whitelight images,
and then run SE to determine the fraction of recovered injected
emission-line sources in the images. We are only interested in
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Figure 8. Fraction of simulated emission-line sources detected vs. flux for the KCWI fields. The dashed and dotted vertical lines show the 90% completeness limits for
the distributions. The left panel displays the results for the lowest-redshift absorber along the line of sight, and the right panel displays the results for the highest-
redshift absorber along the line of sight. The J1619+4-3342_1 results are from the 900 s exposures, and the J1619+4-3342_2 results are from the 1200 s exposures.

detections at the wavelengths of interest, so we cut the cubes
down to within +15 A of the [O 11] line at the absorber redshift.
The emission-line sources have a Gaussian profile in the
spectral direction with an FWHM of 8 pixels and an
exponential profile in the spatial direction. The number of
sources, FWHM, scale length, and iterations are the same as
with the continuum source injections. Figure 8 displays the
results of the emission-line source injections. The dashed and
dotted vertical lines mark the 90% completeness limits of the
distributions in flux. Almost all of the KCWI sightlines have
two absorbers, so we plot the lower-redshift absorbers in the
left panel and the higher-redshift absorbers in the right panel
for clarity. To better understand these 90% flux completeness
limits, we calculate the corresponding 90% SFR and stellar
mass completeness values (see below) and report them in
Table 3.

Finally, we estimate the 30 SFR and stellar mass upper limits
in each field that we have been able to detect down to for
associated galaxy identification at the redshift of each absorber.
We extract a region of background (identical to the regions
used for the galaxies) and measure the dispersion in the residual
flux at the appropriate wavelengths as an estimate of the lo
uncertainty. Our line flux limits are given at the 30 level, which
we convert to SFRs as described above. To determine the
appropriate SFR calibration, we adopt the average Vega B-
band magnitude of —19.43 from the most common probable
host galaxies (see below) in our sample between stellar masses
of logM, = 9.0 to 10.0.

From the limiting SFRs, we calculate an equivalent stellar
mass from the SFR—-M, parameterization derived in Schreiber
et al. (2015). We use their Equation (9), which takes redshift
into account. By using this conversion, we are inherently
assuming the galaxy to be star forming. If it were a passive
galaxy, the stellar mass limits would be higher. However, we
argue it is unlikely that a massive, quiescent galaxy within the
IFU FOVs would be missed by SE, given that these galaxies
tend to be quite luminous. It is possible we are missing redder,
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Table 3
KCWI 90% Flux Limits

QSO Field Zabs [O 11] Flux SFR log M,

rgs™ em™®) (Mg yrh) [M.]
PG1338+416 0.348827 5.50 x 10716 3.80 9.9
1141944207 0.288976 5.10 x 1071© 2.28 9.7
7141944207 0.425592 3.57 x 10710 3.94 9.9
7143543604 0.372981 442 x 10716 3.57 9.8
J143543604 0.387594 422 x 10716 3.73 9.9
J1619+3342_1 0.269400 6.47 x 10716 2.46 9.7
J1619+3342_1 0.470800 6.75 x 10716 9.46 10.2
J1619+3342_2 0.269400 4.14 x 1071° 1.58 9.5
J1619+3342_2 0.470800 5.38 x 10716 7.55 10.1

Note. We take the 90% flux completeness levels for each sightline and treat
them as an [O 1] flux to calculate a corresponding 90% SFR and logM,
completeness level at the absorber redshift. The J1619+3342_1 results are
from the 900 s exposures, and the J1619+3342_2 results are from the 1200 s
exposures.

low-mass galaxies in the fields. The lowest mass absorption-
line-dominated associated galaxy we detect is at log M, =9.6.
If we take this as our upper limit for the stellar mass limits, it
would not change our finding of low-metallicity absorbers not
associated with the halos of ~L* galaxies, but the possibility of
the absorbers being associated with lower-mass galaxies below
our detection limits instead of overdense regions of the
universe would become more likely (see the following sections
for more details). The 30 SFR and stellar mass limits we
calculate for each absorber are summarized in Table 4.

4.5. Galaxy Selection Criteria and Group Environments

When determining if a galaxy in the field could be
associated with an absorber, we take into account the velocity
offset (JAv|) between the absorber and the galaxy redshifts,
the normalized impact parameter (p/R,;,), and the normalized
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Table 4
Field Detection Limits
QSO Field Zabs SFR log M, FOV
M yrh) [M.] (kpe)

HE0153—4520 0.225958 0.01 7.3 224 x 224
PHL1377 0.322464 0.02 7.6 290 x 290
PHL1377 0.738890 0.08 8.1 451 x 451
PKS0405—123 0.167160 0.01 7.5 177 x 177
HE0439—5254 0.614962 0.02 7.5 418 x 418
PKS0552—-640 0.345149 0.29 8.8 303 x 303
HE100340149 0.418522 0.05 8.0 341 x 341
HE1003+4-0149 0.836989 0.14 8.3 470 x 470
HE1003+0149 0.837390 0.22 8.5 470 x 470
HE1003+4-0149 0.839400 0.13 8.2 471 x 471
PG1338+416 0.348827 0.58 9.1 168 x 104
J1419+4207 0.288976 0.51 9.0 148 x 91
J1419+4207 0.425592 0.87 9.2 190 x 117
J1435+3604 0.372981 0.38 8.9 175 x 108
J1435+3604 0.387594 0.38 8.9 179 x 111
PG1522+101 0.518500 0.01 6.9 385 x 385
PG1522+101 0.728885 0.02 7.5 448 x 448
J1619+3342 0.269400 0.12 8.4 141 x 87
J1619+3342 0.470800 0.36 8.8 201 x 124

Note. The SFR and logM, values are the 30 limits calculated from the
background residual flux. We assume the galaxy to be star forming when
determining the stellar mass limits. The final column displays the dimensions
of one instrument field of view at the redshift of the absorber.

velocity offset (JAv|/vese). The details of these parameters are
described below. The velocity offset between a galaxy and
absorber is calculated using the standard
AV = c(Zgal = Zabs) /(1 + zups). The absorber redshifts come
from CCC (Lehner et al. 2018). We make an initial list of
candidates within |Av| < 1000 km's~" of the absorber redshift
and characterize them as described above. We use this
conservative velocity cut to ensure any potentially associated
galaxies are retained in case the absorbers are part of an
outflow or housed within a high-mass halo. We then instate a
second cut based on the proximity of the absorber in distance
and velocity space to the candidate galaxy. Recent results
have characterized the extent of the CGM around M31
(Lehner et al. 2020) and an ensemble of galaxies covering a
similar mass range to our sample (Wilde et al. 2021). Both of
these surveys show the CGM can extend farther than the virial
radius of a galaxy, R;. Additionally, the majority of the
absorbers identified in the COS-Halos survey (Tumlinson
et al. 2013) fall within v, for their given halo (see their
Figure 10). With these results in mind, we keep candidate
galaxies with p/Ry;; < 1.5 and |Av|/vese < 1.5 relative to the
absorber for our final sample. We refer to these objects as
associated galaxies throughout the paper. We are again
applying a conservative cut so that we have an accurate
picture of the available galaxies in the fields that could
potentially be associated with the absorbers. This second cut
removes 14 candidate galaxies from the total sample (see
Appendix A for the list of cut galaxies).

As other galaxy-absorber surveys have shown (e.g.,
Burchett et al. 2016; Chen et al. 2019, 2020; Manuwal et al.
2019; Hamanowicz et al. 2020), it is possible for multiple
galaxies to be associated with an absorber. For the proximate
absorber along J1619+3342, we have clear evidence that the
associated galaxies are within the QSO galaxy group, but the

12

Berg et al.

distinction of a galaxy group is much harder to determine
when only two or three associated galaxies are detected. We
note that a galaxy survey out to 5 Mpc in the field of HE1003
40149 for the absorbers at z~0.837 has recently been
conducted by Narayanan et al. (2021). They find 21 other
galaxies in the field within £1000 kms~' of the absorbers.
The CASBaH program (Haislmaier et al. 2021, and references
therein) includes the PHL1377, PG1338+416, and PG1522
+101 fields, where they have taken spectra of galaxies within
10 comoving Mpc of the QSO down to a median
log M, ~ 10.1 (Prochaska et al. 2019). We search the DR1
database®' for galaxy matches within #1000 kms ™' of our
absorber redshifts, but do not find any close matches. No
galaxies are identified for the PG1338+416 absorber or the
PG1522+101 z,s = 0.728885 absorber, two galaxies with
p > 2400 kpc are identified for the PHL1377 z,,, = 0.322464
absorber, one galaxy with p > 3000 kpc is identified for the
PHL1377 z4s = 0.738890 absorber, and 13 galaxies with
p>T00kpc are identified for the PGI522+101 zups
= 0.518500 absorber. Given the number of galaxies located
around the PG1522+101 sightline and near to the absorber
redshift, this absorber could potentially be in a galaxy group as
well. We also search within the Hectospec catalog (J. Burchett
2018, private communication) for galaxy matches within
+1000 kms~' for the absorbers along the J1619+3342
sightline. Four galaxies with p > 400 kpc are identified for the
Zabs = 0.470800 absorber, and 26 galaxies with p > 200 kpc are
identified for the z,,s = 0.269400 absorber. The closest galaxy
(~0.6L") lies just outside of the 200kpc region marked in
Figure A4 on the left side. Using this value, we determine it
would not meet the selection criteria listed above. Instead this
absorber seems to be located on the edge of a galaxy group. For
the remaining fields, it is possible they show a similar excess of
galaxies at the redshifts of the absorbers, although we have not
undertaken observations to confirm this.

In the following sections, we report all galaxies that are
associated with an absorber (i.e., those that meet the two
requirements stated above) and designate the most probable
host galaxy (MPG) for an absorber. This is done by
determining which associated galaxy has the value of
MPG = min(y/(p/Rvir)? + (|AV|/vesc)?) out of all of the
associated galaxies for that absorber. In the case of the QSO
galaxy group, we do not label the QSO host galaxy as the MPG
because it is unclear if this absorber is actually associated with
the QSO host galaxy.

5. The Galaxy Properties of the H I-selected Absorbers

The H1 selection of our absorbers and their well-character-
ized metallicities allow us to investigate the origins of these
absorbers. The metal-enriched absorbers may have a higher
likelihood of being associated with galaxies. The low-
metallicity systems could be associated with the IGM or the
CGM. (Systems with [X/H] < —2 imply no redshift evolution
in their metal content since z = 2-3, since a majority of the
MDF for pLLSs/LLSs lies below this value at these redshifts;
Lehner et al. 2016, 2019, 2022.) Here we present the galaxy
associations we find for each absorber and an overview of the
associated galaxy sample characteristics. There are no apparent
correlations between the absorber column densities and host
galaxy properties discussed in this section.

41 Available through https://specdb.readthedocs.io/en/latest/casbah.html.
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Table 5
Associated Galaxy Information
SE# p |Av| log M, log M, Ry Vese Mgiaw SFR log sSFR [O/H]* i i MPG*
(kpc) (kms™" Mo] M) (kpc) (kms™") (mag) [Me yr '] o h (deg) (deg)
HE0439—5254, 2,5 = 0.614962, log N (H1) = 16.20 & 0.01, [X/H] = —0.27 + 0.02
1009 131 2+7 9.8 11.6 126 224 -19.8 0.68 £ 0.03 -9.98 0.00 £ 0.18 6.6 +3.9 44 0
1083 48 27+1 9.4 11.4 108 192 —20.0 4.68 4+ 0.03 —8.75 —0.07+0.18 485+ 1.4 68 1
1309 108 49 + 1 9.5 11.5 112 199 —20.0 6.95 +0.05 —8.67 —0.14 £ 0.18 67.5+0.3 81 0
PKS0405—123, 2,5 = 0.167160, log N (H1) = 16.45 & 0.05, [X/H] = —0.29 + 0.04
1822 117 51410 10.3 11.9 183 248 —222 1.69 + 0.23 —10.10 0.01 £0.18 158+ 1.6 46 1
3207 101 5143 8.5 10.9 87 115 —18.7 0.73 £ 0.06 —8.63 —0.13+0.18 73.140.6 66 0
J141944207, z,p = 0.288976, log N (H1) = 16.35 & 0.05, [X/H] = —0.53*3-1}
1003 54 99 + 23 9.8 11.6 135 195 —19.8 0.37 £ 0.04 —10.19 77.6+0.3 80 1
1163 110 145 +23 8.7 11.0 90 128 —16.1 0.03 £ 0.01 —10.22 44 0
PG1522+101, zps = 0.518500, log N (H1) = 16.22 £ 0.02, [X/H] = —0.66 + 0.03
1077¢ 171 39 + 39 10.0 11.7 139 232 —19.1 <0.03 —11.47 6.7+24 53 1
1151 182 310 +£2 99 11.7 136 227 —19.9 1.53 +0.03 —9.72 —0.01 £0.18 83.5+1.9 64 0
PG1338+416, 245 = 0.348827, log N (H1) = 16.34 = 0.01, [X/H] = —0.74 + 0.02
1118 95 96 +7 9.9 11.6 138 207 —20.1 3.04 £ 0.07 —9.37 104+ 1.2 61 1
HE0153—4520, 2,5 = 0.225958, log N (H1) = 16.71 & 0.07, [X/H] = —0.99 %+ 0.07
966 88 100 + 1 10.3 11.9 183 256 —222 0.04 +0.03 —11.75 83.14+04 47 1
HE1003+0149, z,s = 0.418522, log N (H1) = 16.89 & 0.04, [X/H] = —1.08 + 0.06
974 125 554 +0.4 9.0 11.2 100 156 —18.7 0.65 £ 0.01 —9.20 —0.31+0.18 76.0 + 2.4 65 1
1143543604, z,ps = 0.387594, log N (H1) = 16.18 + 0.06, [X/H] = —1.12 + 0.11
1060° 116 20 + 65 9.7 11.6 133 204 —20.0 0.60 £ 0.12 —9.95 712 £0.3 80 1
PHL1377, zyps = 0.738890, log N (H1) = 16.67 £ 0.01, [X/H] = —1.26 & 0.04
<8.1 <0.08
1161943342, z,p, = 0.470800, log N (H1) = 16.64 + 0.02, [X/H] = —1.34 4 0.03
903" 0 163 £ 71 11.7 13.8 723 1237 —24.9 73.83 + 1.01 —9.82 28 0
946 74 574+ 14 10.9 12.5 260 430 —21.2 12.16 + 0.48 —9.78 14540.1 81 1
1006 49 204 + 20 9.4 11.4 112 180 —20.0 1.13+0.16 —9.30 22 0
1028 51 41 420 10.2 11.8 157 256 —19.5 0.46 £ 0.05 —10.53 4734176 38 0
1137 140 82 + 122 9.5 11.5 119 192 —19.4 0.13 £ 0.05 —10.41 61.8+2.3 61 0
1179 92 12246 9.8 11.6 133 216 —~19.6 6.13 £0.14 —9.02 73.1+£73 40 0
1180 62 285+ 18 10.7 12.3 217 356 —20.8 1.73 +£0.23 —10.44 83+ 1.1 58 0

J1419+4207, z,ps = 0.425592, logN (H1) = 16.17 £ 0.05, [X/H] = —1.38 £ 0.20

<92

<0.87
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Table 5

(Continued)
SE# 14 |Av| log M, log Mh Rvir Vesc MF814W SFR 10g sSFR [O/H]:l o ib MPG®
(kpc) (kms™") M) M) (kpc) (kms™") (mag) M yr '] orH (deg) (deg)

HE1003+0149, z,,s = 0.836989, log N (H1) = 16.52 + 0.02, [X/H] = —1.51 £ 0.09

1001# 157 171 +2 10.4 12.0 155 321 —18.8 1.03 £0.03 —10.39 —0.16 £0.19 569 +4.1 59 1

HE100340149, 2,5 = 0.839400, log N (H 1) = 16.13 £+ 0.01, [X/H] < — 1.74

<82 <0.13

J14354-3604, 7, = 0.372981, log N (H1) = 16.68 + 0.05, [X/H] = —1.987517

<89 <0.38

J161943342, 7, = 0.269400, log N (H1) = 16.59 =+ 0.03, [X/H] = —1.997%18

<84 <0.12

HE1003+0149, 745 = 0.837390, log N (H1) = 16.36 + 0.02, [X/H] = —2.19*313

1001# 157 23742 10.4 12.0 155 321 —18.8 1.03 £0.03 —10.39 —0.16 £ 0.19 569 +4.1 59 1

PHLI1377, zyps = 0.322464, logN (H1) = 16.07 + 0.01, [X/H] = —2.43%0:3

<7.6 <0.02

PKS0552—640, 7, = 0.345149, log N (H 1) = 17.02 £ 0.03, [X/H] = —2.83703

5939 138 310 + 4 10.3 11.9 167 251 —-20.5 0.07 + 0.01 —11.40 582+ 0.2 65 0
6264 84 276 £7 9.6 11.5 126 188 —19.4 <0.01 —11.61 24 0
783344 78 76 £2 9.2 113 108 161 —183 0.031 £ 0.003 —10.72 —0.214318 1

PG1522+101, zps = 0.728885, logN (H1) = 16.63 £ 0.05, [X/H] = —2.92 £ 0.05

<15 <0.02

Notes. The above absorber column density and metallicity values are taken from the COS CGM Compendium (Lehner et al. 2018, 2019). The error bars on the median absorber and galaxy metallicity represent the 68%
confidence interval. The galaxy associated with the HE10034-0149 absorbers at z,,s = 0.836989, and z,,; = 0.837390 is the same. We list the stellar mass and SFR 3¢ limits for absorbers without associated galaxies.
Two other associated galaxies at p > 200 kpc have been identified for the HE1003+0149 absorber at z,,, = 0.418522 (S. D. Johnson 2022, private communication).

? The galaxy metallicity reported here is [O/H] = €(O) —8.69.

® The inclination values have errors around 5°—10°.

¢ The most probable host galaxy is designated by the lowest value of \/(p/Rvir)z + (AV|/vese)? .

9 The stellar mass of this galaxy was calculated using synthetic magnitudes.

€ The stellar mass of this galaxy was calculated using an M/L ratio.

T The redshift for this QSO is reported in Hewett & Wild (2010). The characteristics for this galaxy are uncertain.

€ This mass estimate is in conflict with the value reported in Narayanan et al. (2021) and is likely due to the differences in the assumed star formation history. We independently ran kcorrect and eazy-py (Brammer
et al. 2008, https://github.com/gbrammer/eazy-py) with photometry from the Hyper Suprime-Cam Subaru Strategic Program Data Release 3 (Aihara et al. 2022) and obtained a mass estimate of log M, = 9.8, and
log M, = 9.9, respectively. Our measurement is consistent within the expected errors using this method.
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Figure 9. Number of associated galaxies identified per absorber in the IFU
observations. The bars are colored by the absorber metallicity. The color bar
extends only to —2.0 to keep the bar symmetric around —1.0 dex, but we
include all absorbers below this value in the dark blue coloring. The absorber
with seven associated galaxies is a proximate absorber toward J1619+3342
found in the QSO galaxy group; all the others are intervening absorbers. The
absorbers with no associated galaxy detections all have [X/H] < —1.

5.1. Galaxy Association

Absorbers in the pLLS and LLS column density regimes
represent baryon overdensities around 6 = p/(,p.) ~ 10 -10°
at z <1 (see Schaye 2001; Wotta et al. 2016). These overlap
the typical overdensities of gaseous galaxy halos seen in
simulations (e.g., Wiersma et al. 2009, 2011). Additionally,
there are strong correlations between these absorbers and
gaseous galaxy halos (e.g., Lanzetta et al. 1995; Prochaska
etal. 2011; Tejos et al. 2014). A principle goal of our work is to
investigate whether there are differences in the galaxies that are
associated with low-metallicity and metal-enriched absorbers.

After instating our two cuts to the full galaxy sample in all
11 fields (JAv| < 1000 km s~ ' and keeping galaxies with p/R.;.
and |Av|/vese < 1.5 with respect to the absorber; see
Section 4.5), we are left with a total of 23 unique galaxies
associated with our 19 absorbers (all pLLSs). The derived
properties for the associated galaxies of all the absorbers are
reported in Table 5, and the galaxy location information is in
Table A2. Additionally, we report the derived properties for the
14 cut candidate galaxies in Table Al for the interested reader.
Due to the small offsets in the redshifts of the absorbers along
the HE1003+-0149 sightline, the same galaxy is associated with
the absorbers at z,,s = 0.836989, and z,,; = 0.837390. Addi-
tionally, the host of the QSO J1619+3342 is included as an
associated galaxy for the proximate absorber found in the QSO
galaxy group. This brings the full sample to 25 associated
galaxies. We note that the properties of the host of the QSO
J16194-3342 have large uncertainties (including its precise
velocity); for this reason, we do not include the QSO host as a
candidate for association with this absorber.

In Figure 9, we display the frequency distribution of the
number of associated galaxies per absorber. We do not identify
any associated galaxies for seven of the 19 absorbers. When
galaxies meeting our criteria are detected, we find on average
one galaxy that can be associated with an absorber. The
absorber with seven associated galaxies is the proximate
absorber toward J1619+4-3342 located in the QSO galaxy
group, with the QSO host included in this count.
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There is no clear correlation between the absorber metallicity
and the number of associated galaxies. However, there is a
metallicity distinction: all of the absorbers with no associated
galaxy detections have [X/H] < —1. The absorbers without
associated galaxies are along the sightlines J1419+4207 at
Zabs = 0.425592; J1435+4-3604 at z,p, = 0.372981; J1619+-3342
at  Zmps = 0.269400; HEI1003+0149 at  zy,s = 0.839400;
PHL1377 at zu,s=0.322464, and z,,s=0.738890; and
PG1522+101 at z,,,=0.728885. The first three of these
systems are in KCWI fields, while the last four are in MUSE
fields. With the IFU observations, we attempted to reach field
coverage to a radius of p < 200 kpc centered on the QSO at the
redshifts of the absorbers. In some fields (and depending on the
redshift of the absorber), we were successful, while in others
we did not uniformly sample this range. In Table 4, we list the
dimensions for one instrument FOV at the redshift of the
absorber, and in Appendix A, we display the IFU pointings on
the HST/ACS images of the fields with circles of radius
200 kpc at the absorber redshifts. For the HE1003+0149
absorber, the PG1522+101 absorber, and the higher-redshift
PHL1377 absorber, our observations cover this area comple-
tely. With the pointings of J14194-4207 and J1435+4-3604, we
estimate our coverage to be 90% and 85%, respectively. There
are a few galaxies that fall outside of our KCWI pointings, but
the majority of the remaining area is empty space in HST
imagery. The low-redshift absorber along the PHL1377
sightline has 65% coverage of this area because this radius
extends farther than the MUSE FOV. However, if we look at
the sections of the sky that are not covered, only the northern
arc has a substantial number of galaxies that were not observed.
For J1619+4-3342, we have <50% coverage of this area at the
redshift of the absorber. Although there are portions of this
field where we do not see any galaxies, there are still several in
the field that have not been ruled out as an associated galaxy for
the absorber.

In addition to the distances covered by the observations, we
also need to take into account the depth of the observations. All
of the MUSE fields were observed for at least 2 hr, if not
longer. The HE1003+0149 and PG15224-101 fields were
observed for 2 hr, while the PHL1377 field was observed for 3
hr. It is then quite surprising that with the field coverage and
depth of these observations no associated galaxies were
detected for the four absorbers found along these sightlines.
(See Appendix A for a full description of the pointings and
Table 1 for the observing times.)

To quantify the limits of our observations, we determine
SFR and stellar mass upper limits for all of the fields as
discussed in Section 4.4 and summarized in Table 4. These
field limits are very constraining for the absorbers without
associated galaxies, reaching stellar mass limits of
log M, < 9.2 for star-forming galaxies. Outside of the absorber
at Z,ps = 0.269400 toward J16194-3342, it seems unlikely more
observations within 200 kpc would yield detectable associated
galaxies with logM, 2 9.0 due to the field limits and field
coverage already achieved by our current observations.
However, there are certainly dwarf galaxies below our
detection limits that could be associated with the absorbers
(Rahmati & Schaye 2014), or there could be large-scale
structures beyond 200 kpc (see Section 4.5). Additionally, there
may be galaxies associated with the absorbers that lie outside of
the observed area, as in the case of the associated galaxies for
the PKS0405—123 absorber. If an absorber is associated with a
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Figure 10. Absorber H I column density vs. associated galaxy normalized impact parameter and normalized velocity offset. The velocity offset is normalized by the
escape velocity of each associated galaxy halo calculated at R;.. Multiple associated galaxies for an absorber are connected with gray lines, and the most probable host
(the associated galaxy with the lowest value of \/ (p/Ruit)* + (|AV|/Vese)?) is designated with a filled diamond. We include the candidate galaxies (x symbols) that
were cut from the final associated galaxy sample for having p/Ryi, or |Av|/vese > 1.5, so the reader can see where they lie in relation to the associated galaxies. The
vertical dashed line marks this value on both plots.
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Figure 11. Absorber metallicity vs. associated galaxy normalized impact parameter and normalized velocity offset with associated galaxy spectral morphology. The
velocity offset is normalized by the escape velocity of each associated galaxy halo calculated at R,;,. Multiple associated galaxies for an absorber are connected with
gray lines, and the most probable host (the associated galaxy with the lowest value of \/ (0/Ryir)? + (|AV]/vese)?) is designated with a filled diamond. The dashed and
dotted horizontal lines display solar and 4% solar metallicity, respectively. An associated galaxy is denoted as star forming if the spectrum is emission-line dominated,
and it is denoted as passive if the spectrum is absorption-line dominated. We include the candidate galaxies (x symbols) that were cut from the final associated galaxy
sample for having p/Ry;; or |Av|/vese > 1.5, so the reader can see where they lie in relation to the associated galaxies. The vertical dashed line marks this value on both
plots.

higher-mass halo, the virial radius of the galaxy would extend within Ry and v from the absorber. We find no significant
to much larger distances than 200 kpc, and even an L* galaxy correlation between the absorber metallicity and the galaxy
could be missed with our observations at lower redshift where normalized impact parameter.
the absorber would be associated with the outer halo. We color-code the data points in Figure 11 based on each
In Figures 10 and 11, we show the full associated galaxy galaxy’s spectral classification. If the spectrum is emission-line
sample in distance and velocity space with respect to the absorber dominated, we label it as star forming, and if the spectrum is
column density and metallicity. We connect the galaxy data points absorption-line dominated, we label it as passive. The majority
that are associated with the same absorber, and we mark the MPG of the associated galaxy sample is star forming, but we have a
for the absorber as defined in Section 4.5. On these plots, we few detections of passive galaxies. We find that when passive
include the candidate galaxies that were removed from the sample galaxies are the most probable host, they are associated with a
in our second cut (x symbols). The majority of the MPGs is well metal-enriched absorber.
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Figure 12. Distribution of SFR vs. stellar mass for our associated galaxy
sample compared with the general SDSS sample. We plot the SFR and stellar
mass limits for the absorbers without associated galaxies from Table 4. The
contours are made using the MPA-JHU catalogs of the galaxies in SDSS DR7
with z< 0.7 (Kauffmann et al. 2003; Brinchmann et al. 2004; Salim
et al. 2007). The majority of the absorber-associated galaxies have
logM, < 10.5 M.

5.2. Absorber Properties and Galaxy Stellar Mass

In Figure 12, we show the SFR versus stellar mass of our
associated galaxy sample compared to the galaxies in SDSS
DR7 with z < 0.7 whose properties are derived and reported in
the Max Planck for Astrophysics—Johns Hopkins University
(MPA-JHU) catalogs (Kauffmann et al. 2003; Brinchmann
et al. 2004; Salim et al. 2007). We include the absorbers with
no associated galaxy detections on this plot using the field
limits from Table 4. No high-mass galaxies (logM, > 11 M)
are associated with our absorbers.

Figure 13 displays the absorber metallicity versus the host
galaxy stellar mass with the points color-coded by the normalized
impact parameter, p/R;. Here, and in the following sections, we
only consider the MPGs in the figure. (In Appendix B, we display
the same figures as in the main text with the entire candidate
galaxy sample.) We see a difference in the stellar mass values of
the hosts between the low-metallicity and metal-enriched
absorbers, with the low-metallicity absorbers generally showing
no host galaxies. In contrast, the metal-enriched system hosts span
a broad range of stellar masses with log M, > 9.0. This wide
range in stellar masses may be reflecting the diversity in possible
origins for the metal-enriched absorbers.

We investigate the possibility of a correlation by running an
Anderson—-Darling two-sample test and a Kendall tau test with
censored data (using pymccorrelation,* Isobe et al. 1986;
Privon et al. 2020) on the host galaxy and limit stellar mass
values. Both test results are statistically significant with p-
values of 0.01. Using a binomial distribution with the posterior
distribution described by a beta function (Cameron 2011), we
estimate the likelihood of identifying a host galaxy with
log M, > 9.0 for the metal-enriched absorbers to be 0.78"519
(9/11 absorbers), while for the low-metallicity absorbers it is
0.39701¢ (3/8 absorbers). The error bars represent the 68%
confidence interval. The low-metallicity systems are rarely
found to be associated with L* galaxies (a conclusion also

2 hitps: //github.com/privong/pymccorrelation
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Figure 13. Absorber metallicity vs. host galaxy stellar mass. The dashed and
dotted horizontal lines display solar and 4% solar metallicity, respectively.
Only the most probable host galaxies are plotted for clarity. The points are
colored by the galaxy normalized impact parameter. We plot the stellar mass
limits for the absorbers without associated galaxies from Table 4. The two
points connected with a vertical bar are the same galaxy that is associated with
two absorbers along the HE1003+-0149 sightline. The metal-enriched absorber
hosts span a broad range in stellar mass, while we have few host galaxies
identified for the low-metallicity absorbers.

advanced by Prochaska et al. 2017 based on the lack of low-
metallicity absorbers found around COS-Halos ~L* galaxies at
p <160 kpe). We find no significant correlation between the
absorber metallicity and galaxy stellar mass.

In addition to the stellar mass discrepancies, there is also a
difference in the distribution of impact parameters. The low-
metallicity systems are rarely found within the halo of an
associated galaxy. Only 1/8 of the low-metallicity absorbers is
found within p < Ry, of an associated galaxy, whereas 7/11 of
the metal-enriched systems are found within p < R,;.. (Similar
fractions are obtained when considering absorbers found within
p < 150kpe.) We calculate the likelihood of identifying an
absorber within R,;, using the binomial distribution as above to
be 0.18013 for the low-metallicity absorbers and 0.62313 for
the metal-enriched absorbers. This result strongly suggests
these low-metallicity absorbers are associated with overdense
regions of the universe (p/p ~ 10-10?) instead of with galaxy
halos (p/p ~ 10>-103). (See Figure 6 of Oppenheimer &
Davé 2006 for more information.) This result also suggests
outflows have enriched the halos of log M, > 9.0 galaxies, and/
or there has been efficient mixing of incoming low-metallicity
gas with the ambient halo gas. However, this sample is small,
and the “cold accretion” absorber identified in Ribaudo et al.
(2011) provides a counter example to efficient mixing.

5.3. Absorber Properties and Galaxy Orientation and
Inclination

We show the azimuthal angle (orientation) and inclination of
the host galaxies with respect to the absorber metallicity in
Figures 14 and 15. Only one host galaxy is not included on
these plots due to poor resultant fits. For the azimuthal angle,
we see an overdensity of points close to both the major and
minor axes of the host galaxies for the metal-enriched systems.
The major axis is aligned with the disk of a galaxy (when
present), while the minor axis is aligned with the pole of the
galaxy. Given the metallicities of these systems, the absorbers
found along the disk could represent new material or recycling
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Figure 14. Absorber metallicity vs. host galaxy azimuthal angle. The azimuthal
angle is measured between the QSO and host galaxy relative to the galaxy
major axis. Lower azimuthal angle values are located around the galaxy pole
where outflows are expected, while higher azimuthal angles are located around
the disk where inflows are expected. The dashed and dotted horizontal lines
display solar and 4% solar metallicity, respectively. Only the most probable
host galaxies are plotted for clarity. The points are colored by the host galaxy
normalized impact parameter. The two points connected with a vertical bar are
the same galaxy that is associated with two absorbers along the HE1003+0149
sightline. We include a histogram of the azimuthal angle in the top panel. One
host galaxy is not included on this plot due to poor fitting. The metal-enriched
systems are found around the pole and disk.
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Figure 15. Absorber metallicity vs. host galaxy inclination angle. Lower
inclination angle values indicate a face-on galaxy, while higher inclination
angles indicate an edge-on galaxy. The dashed and dotted horizontal lines
display solar and 4% solar metallicity, respectively. Only the most probable
host galaxies are plotted for clarity. The points are colored by the galaxy
normalized impact parameter. The two points connected with a vertical bar are
the same galaxy that is associated with two absorbers along the HE1003+4-0149
sightline. We include a histogram of the inclination angle in the top panel. The
typical inclination error bar is shown in the upper left of the plot. One host
galaxy is not included on this plot due to poor fitting. The majority of the host
galaxies tend to be more edge-on.

material being reaccreted onto the disk. For the low-metallicity
systems, it is hard to interpret these results due to the large
distances between the absorbers and host galaxies, although
they are aligned closer to the disks than the poles of the
galaxies. Using a two-sample Kolmogorov—Smirnov test
comparing the distributions of the metal-enriched absorbers
above and below 45°, we reject the null hypothesis that they are
drawn from the same distribution due to a p-value of 0.02. We
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Figure 16. Absorber metallicity vs. host galaxy metallicity. The dashed and
dotted horizontal lines display solar and 4% solar metallicity, respectively. The
gray line shows the one-to-one correspondence between the two metallicities.
Only the most probable host galaxies are plotted for clarity. The points are
colored by the galaxy normalized impact parameter. The two points connected
with a vertical bar are the same galaxy that is associated with two absorbers
along the HE10034-0149 sightline. The host galaxy metallicity is calculated
using the O3 relation from Curti et al. (2017). The oxygen abundances are
given relative to the solar abundance from Asplund et al. (2009). We are unable
to calculate the galaxy metallicity for six of the host galaxies due to the
wavelength range of the spectra. The metal-rich absorbers do not trace recent
outflows because they are located below the gray line.

also compare the absorbers around the poles (<22°5) and disks
(>67°5) to those at intermediate angles and cannot reject the
null hypothesis to greater than 56%. When the full sample is
compared to a thousand random draws from a Gaussian
distribution repeated 100 times, we cannot reject the null
hypothesis to greater than 74% (the median p-value of the 100
comparisons). Taken all together, we see a difference in the
metal-enriched absorbers orientation distributions, but the full
sample is similar to a random distribution.

Other surveys have also identified clusterings of absorbers
along the disks or poles of galaxies. Several surveys have used
Mgl equivalent widths (e.g., Bordoloi et al. 2011; Bouché
et al. 2012; Kacprzak et al. 2012) and concluded the gas is
partaking in inflows around the disk and outflows at the poles.
Ho et al. (2017) and Martin et al. (2019) have determined that
Mg 1I absorbers at low orientation angles are corotating with
the galaxy disks, a clear signature of inflows. However, we note
that the above surveys include sightlines at smaller impact
parameters (p < 50 kpc) than those observed in our survey.
Pointon et al. (2019) classified their absorbers with respect to
metallicity and found similar results to our distribution, with no
trend in galaxy orientation with absorber metallicity when
considering the pLLS/LLS column density range and an
excess of absorbers around the pole and disk of the galaxies.
This survey covers an impact parameter distribution closer to
our survey, although they still have several sightlines within
p < 50 kpc. Additionally, Péroux et al. (2020) investigated this
azimuthal dependence using the IlustrisTNGS50 (Nelson et al.
2019; Pillepich et al. 2019) and EAGLE (Schaye et al. 2015)
simulations and found a clear signal of inflows and outflows
along separate axes for galaxies of 8.5 < logM, < 10.5,
atz < 1.

We find no evidence for a correlation between the host
galaxy inclination angle and the absorber metallicity in our
sample. We do not have host galaxies with low inclination
angles (face-on galaxies), and the majority of our host galaxies
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have i > 45°.*> We note these angles are uncertain and have
errors of +5°-10°.

5.4. Absorber Properties and Galaxy Metallicity

We are only able to calculate a metallicity for half of the host
galaxies due to wavelength coverage or the absence of
emission lines in the spectrum. We display the absorber
metallicity versus the host galaxy metallicity in Figure 16. It is
immediately apparent that we see no correlation in host galaxy
metallicity with the absorber metallicity. However, the absence
of a correlation could be due to the paucity of galaxy
metallicities. All of the host galaxies are metal-rich and close
to the solar value. Even though the absorber metallicities span
over 3 dex, the host galaxy metallicities are all within 0.4 dex
of each other. Nearly all of the absorber metallicities are >1.0
dex lower than their host galaxy metallicities, indicating a trend
for metallicity to decrease steeply when moving from the stellar
disk into the halo. This clearly signifies that the absorbers are
not part of any active, unmixed outflows in these galaxies,
although they could have formed from an ancient outflow.

6. Discussion
6.1. Preamble

With BASIC, we use a sample of pLLSs and LLSs at low
redshift largely drawn from the initial survey by L13, which
showed for the first time that low-metallicity ([X/H] < —1.4)
absorbers are, surprisingly, an important population at z < 1. As
part of this initial survey, L.13 gathered galaxy information from
the literature. They found six metal-enriched absorbers, all with
associated galaxies within 34—127 kpc and |Av| < 50 km s and
four out of five low-metallicity absorbers with galaxies within
37-104kpc and |Av|=0-354 kms '; for the remaining low-
metallicity absorber, no >0.3L" galaxy was found. L13 noted
larger |Av]| values in the low-metallicity absorber sample, but they
did not appreciate that some of the low-metallicity absorbers may
be more loosely connected to galaxies. Among these five low-
metallicity absorbers, only three would fit our criteria of p/Ry;
and |Av|/vese < 1.5, ie., 60% + 20% of the L13 low-metallicity
absorbers are found in the CGM of a galaxy, while 100% (6/6) of
the metal-enriched absorbers are within the CGM of a galaxy.
Obviously the literature’s galaxy information available to L.13
represented an inhomogeneous sample with different depth and
completeness, but there was a hint already that low-metallicity
absorbers may have different origins.

Combining IFU observations and HST/ACS imaging, we
have now increased the L13 sample by a factor ~2, and
importantly, the galaxy survey is more homogeneous with a
much better understanding of the galaxy completeness level.
We have identified and characterized a sample of 23 galaxies
associated with 19 pLLSs at z < 1 in 11 QSO fields, spanning a
wide range in absorber metallicities. For seven absorbers with
[X/H] < —1, we are unable to identify any associated galaxies
with log M, 2 9.0 within our criteria. We find a distinction in
the stellar mass and impact parameter distributions between the
low-metallicity and metal-enriched absorber counterpart
galaxies: the low-metallicity absorbers have a probability of
0.39731¢ to be found at p/Ryir < 1.5 of galaxies, with

43 This result is expected due to the smaller amount of solid angle subtended
when the galaxy is face-on.
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logM, > 9.0, while the metal-enriched absorbers have a
probability of 0.78+019.

In Figure 17, we update Figure 9 of L13, showing the
projected distances between absorbers and their counterpart
galaxies over a range of HI column densities from pLLSs to
DLAs. We plot the closest galaxy in p identified in the field for
the absorbers in Hamanowicz et al. (2020), the CUBS survey
(Chen et al. 2020; Cooper et al. 2021), and those compiled
in L13 (see references therein) along with the MPGs identified
for our BASIC-IFU sample.** As noted by L13 (but now with a
factor ~2 larger number of galaxy-absorber pairs), there is a
clear decrease of the impact parameter with increasing N(HT).
All the galaxies associated with DLAs are found within 15 kpc,
while most of the SLLSs are projected within 50 kpc of
galaxies. With distances of 50 kpc or less, the higher column
density absorbers are typically located well within R,;, of their
host galaxy. On the other hand, the galaxies associated with
pLLSs span a much broader range in impact parameter. A
similar trend is found in the COS-Halos survey (see Figure 4 in
Prochaska et al. 2017), albeit with a sample that extends to
somewhat lower HI column densities.

In Figure 17, we also differentiate absorbers based on our
dividing metallicity at [X/H] = —1.4 (the 95% confidence limit
of the MDF of the DLAs identified in CCC; see Lehner et al.
2019; Wotta et al. 2019; with lower metallicities being rare
(S5%) for these column densities). While for DLAs (by
definition) and SLLSs it is not surprising that we do not see
more low-metallicity absorbers, it is striking that for pLLSs and
LLSs this figure is dominated by metal-enriched absorbers.
Only 20% of the pLLSs and LLSs in Figure 17 have [X/
H] < —1.4 despite the fact that about 50% of this absorber
population has metallicities [X/H] < —1.4 (Lehner et al. 2019;
Wotta et al. 2019). This is consistent with the result presented
here: metal-enriched pLLSs and LLSs are nearly systematically
found in the CGM of galaxies, while only about half of the
low-metallicity pLLSs and LLSs population is directly
associated with galaxies. Below, we discuss the possible
origins of these absorbers, the implications of our results, and
compare our results to other CGM surveys.

6.2. Origins of the Metal-enriched Absorbers

In the majority of cases, we are able to identify an MPG for the
metal-enriched absorbers. We see a broad range in the host galaxy
stellar masses of 9.0 < logM, < 11.0. We also find the metal-
enriched absorbers are preferentially located along the pole or disk
of the associated galaxy. The expected origins of these absorbers
are stellar or AGN outflows, tidally stripped material from satellite
galaxies, or recycling inflowing material from an ancient outflow.
The absorbers located along the disk of their host galaxy may be
participating in a recycling inflow, while those along the pole of
the galaxy may be indicative of outflowing material. However, we
emphasize that, due to the large offsets between the absorbers and
host galaxy metallicities, these absorbers cannot be part of any
active, unmixed outflows. Tidal stripping could also be a plausible
origin for some of these absorbers, especially given that some
absorbers have multiple associated galaxies and the possibility of
lower-mass dwarf galaxies below our detection limits. The
efficient mixing of incoming low-metallicity gas with the ambient

4 We do not include the absorbers identified in Kulkarni et al. (2022) on this
plot due to the p-based survey design.
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Figure 17. Absorber H I column density vs. galaxy impact parameter for the
closest host galaxy identified in the field or the most probable host galaxy for
the BASIC-IFU sample. We include the H I absorbers studied in Hamanowicz
et al. (2020), the CUBS survey (Chen et al. 2020; Cooper et al. 2021), and
those compiled in L13 (see references therein). We have recalculated the
impact parameters using our cosmology and differentiated the absorbers based
on their metallicity. The galaxies associated with pLLSs and LLSs tend to be
located farther away from the absorber than galaxies associated with denser
absorbers. Few low-metallicity absorbers have had an associated galaxy
identified.

halo gas could also be occurring in these halos to form these
absorbers.

The host galaxy -characteristics of the metal-enriched
absorbers are similar to those found in Hafen et al. (2017)
who studied the CGM of pLLS and LLS host galaxies at z < 1
using the cosmological hydrodynamical zoom-in FIRE simula-
tions (Hopkins et al. 2014). In these simulations of halos with
log M}, =~ 9-13, the majority of the metal-enriched absorbers
originate in outflowing or recycling material within halos of
10 < log M, < 12. The metal-enriched absorbers are mostly
found within the CGM of a galaxy.

6.3. Origins of the Low-metallicity Absorbers

Host galaxies for the low-metallicity absorbers are not as
frequently identified as for the metal-enriched absorbers: only
40% =+ 15% of the low-metallicity absorbers in our sample have a
host galaxy within p/R.;- < 1.5 (in these cases, their stellar masses
are logM, ~ 9.2 or logM, ~ 10.4), while for 60% of the
absorbers no galaxy was found. We note there are also a few
examples in the literature of galaxies with detections of low-
metallicity pLLSs and LLSs in the CGM. In the first metallicity
survey of pLLSs and LLSs at z < 1, L13 reported four out five low-
metallicity absorbers with galaxies within R,; (none of these are
part of the IFU sample presented here; see also Prochaska et al.
2011; Ribaudo et al. 2011; Kacprzak et al. 2012; Thom et al. 2012).
The only low-metallicity absorber at that time with no associated
galaxy was reported by Cooksey et al. (2008). More recently, other
studies have also identified low-metallicity absorbers associated
with galaxies, such as, e.g., Norris et al. (2021) for a galaxy with
logM, ~ 10.3, and Zahedy et al. (2021) for a galaxy with
log M, ~ 10.4 (see Section 6.5 for more details). Considering the
pLLSs and LLSs with accurately measured N(H I), Kacprzak et al.
(2019) have identified two low-metallicity pLLSs within <O0.5R;
of galaxies with log M, = 9.8—10.0. There are also two detections
in the much higher-mass halos of LRGs (Berg et al. 2019;

20

Berg et al.

Chen et al. 2019), but these galaxies have an extremely large CGM
(i.e., Ryy) relative to the BASIC-IFU sample. These absorbers
identified within the CGM have too low metallicities for them to
originate from ancient outflows, recent outflows, or tidally stripped
material. These low-metallicity absorbers must instead be material
newly accreted into the CGM of the galaxies, possibly from IGM
filaments (see also, e.g., Ribaudo et al. 2011; Norris et al. 2021).
However, it is possible some of these detections are not within the
CGM given that a gas velocity cut can include material far from
galaxy halos along the line of sight (see Ho et al. 2021 for more
details).

On the other hand, the other 60% of pLLSs with [X/H] < —1.4
cannot be located directly in the CGM because no galaxy is found
within <1.5R,;, of these absorbers. However, there could be
associated galaxies that fall outside of the observing area or dwarf
galaxies below our detection limits, although we have placed
stringent limits for the stellar mass of any potential dwarf host
galaxies. These absorbers are instead likely found in overdense
regions of the universe (p/p ~ 10-102). Although these
absorbers could be stripped gas from extremely metal-poor dwarf
galaxies, these galaxies are most likely too rare (Izotov et al. 2018)
and hence unlikely to make an important contribution to the origin
of the low-metallicity absorbers. These absorbers are, however,
reminiscent of the strong H I, extremely metal-poor LLSs found in
high-resolution cosmological simulations of the IGM by
Mandelker et al. (2019, 2021) at z~ 3-5. These high-resolution
simulations show that the IGM can be clustered in small-scale,
dense-cloud structures that are not observed in lower-resolution
simulations (Mandelker et al. 2021). In these simulations, the
metallicity of this denser gas is [X/H] < —3, at z~~3, but
according to the metallicity evolution of these absorbers (Lehner
et al. 2022), the metallicity of such structures is expected to
increase at lower redshift. Future high-resolution simulations
should shed light on the possibility of such dense IGM structures
being common at z < 1.

When investigating the metallicity distribution for pLLSs
and LLSs in the CGM of galaxy halos at z < 1 using the FIRE
simulations, Hafen et al. (2017) were unable to reproduce the
amount of low-metallicity gas seen in CCC within their halos.
With our new results, the reason could be that these low-
metallicity systems are typically located outside of the CGM of
log M, > 9.0 galaxies. We note that Rahmati & Oppenheimer
(2018), using the EAGLE simulation, were able to reproduce
the fractions of low-metallicity and metal-enriched pLLSs
within galaxy halos at z <1, but the absorbers in these
simulations exhibit a much stronger redshift evolution in
metallicity than those observed (Lehner et al. 2019).

6.4. Implications for the Metallicity of the IGM

The low-metallicity absorbers, especially those without
associated galaxies, provide a constraint on the metallicity of
the IGM at low redshift because we expect metallicity to
decrease toward lower overdensities (Schaye et al. 2003). A
tentative observational range of the IGM metallicity at z < 0.4
is —1.7 <[X/H] < —1.4 (Shull et al. 2014), where the lower
bound is estimated from the Ly forest, and the upper bound is
estimated from the IGM warm-hot ionized medium using
HST/COS observations.*’ While this range is narrow, there are

4 Manuwal et al. (2021) offers another IGM metallicity value of [X/
H]~ —2.7 at < 0.16 using CIV absorbers. This value is closer to our
metallicity estimate.
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large uncertainties on both the lower and upper bounds because
these absorbers were selected based on their metal content, and
it is unclear how they can be truly differentiated as IGM or
CGM absorbers. Taken at face value, this metallicity range is in
the higher range of the low-metallicity absorbers in our sample
and the CCC survey (Lehner et al. 2019; Wotta et al. 2019).

Using the low-metallicity absorbers without associated
galaxies in our sample, we estimate the unweighted geometric
mean metallicity of these dense regions of the universe to be
[X/H] =~ —2.1 for z < 1. We note that these absorbers span a
broad range in redshift, but little evolution in the absorber
metallicity at these values is expected over this redshift range
(Lehner et al. 2019). Our metallicity estimate for overdense
regions is lower than the range estimated in Shull et al. (2014),
but it is similar to the SLFSs in CCC detected down to
logN(H1) =~ 15.2 with the lowest metallicities in the range of
—3<[X/H] < —2.1 (see also Figure 1). The difference
between the metallicities derived in CCC and those in Shull
et al. (2014) likely arises from several factors: (1) there is an
inherent bias when estimating the metallicity when absorbers
are selected based on their metal content as was done in Shull
et al. (2014); (2) as discussed above and in Shull et al. (2014),
there is a large uncertainty in separating the metal contributions
of the CGM and IGM; (3) the limited S/N available for the
COS spectra is another bias against fully sampling the low-
metallicity range, especially for IGM absorbers that have by
definition logN(H1) < 15.2 (see Lehner et al. 2018, 2019).
The latter is also confirmed with simulated spectra of IGM
absorbers (Davé et al. 2010; Oppenheimer et al. 2012).

Turning to cosmological simulations, Oppenheimer & Davé
(2006) show that the enrichment of the IGM from galaxy winds
at z = 1.5 is in the range —3 < [X/H] < —1.5, which is found
mostly within the large-scale filamentary structure (see their
Figure 6). Wiersma et al. (2011) also investigated the cosmic
metal distribution in the IGM using the OWLS suite of
simulations (Schaye et al. 2010) and found for the diffuse IGM
[X/H] =~ — 2 at z =0, which is consistent with our metallicity
estimate. Rahmati et al. (2016) calculated the column density
distribution functions and cosmic densities for several metal
ions using the EAGLE simulation from z = 0-6. Their cosmic
metal ion densities are generally a factor 2-3 lower than those
derived in Shull et al. (2014). Future low-redshift simulations,
especially high-resolution simulations of the IGM like those
presented in Mandelker et al. (2019, 2021), will provide
additional insight about the enrichment of the CGM and IGM
and the presence or absence of the pLLSs and LLSs in the
spectra of QSOs at z < 1.

6.5. Comparison to Other Low-z Surveys
6.5.1. The COS-Halos Survey

We now compare our results to three other low-z CGM
absorber surveys.*® The COS-Halos survey (Tumlinson et al.
2013) is a galaxy-selected survey comprising 44 star-forming
and quiescent galaxies (logM, = 9.5-11.5) at z~0.2 with
sightlines probing to 160 kpc (0.75 R,;, for their mean halo).
These L* galaxies have well-constrained properties (Werk et al.
2012). A wide range of HI absorbers are associated with these
galaxies (including SLFSs, SLLSs, and DLAs), and they

46 We do not compare our results to the COS-Dwarfs survey (Bordoloi et al.
2014) because they are unable to estimate the metallicity of the detected
absorbers.
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identified 19 pLLSs and LLSs. Although they find low-
metallicity gas around galaxies in both of their subsamples, it is
rare compared to the frequency of low-metallicity absorbers
found in CCC (Prochaska et al. 2017; Lehner et al. 2019). In
Prochaska et al. (2017), they conjectured that such low-
metallicity gas (with [X/H]<—1.4) is most likely not
associated with L* galaxies, although redshift evolution could
also play a role in the lack of low-metallicity absorbers. Lehner
et al. (2019) compared the CCC and COS-Halos results over a
similar redshift interval and found the metallicity distributions
are more comparable, but there was still a lack of very low-
metallicity absorbers in COS-Halos. They interpreted this result
as pointing to a different origin for these absorbers.

In Figure 18, we plot the absorber metallicity versus galaxy
stellar mass for our absorber host galaxies and those from the
COS-Halos survey that are associated with pLLSs and LLSs.
All of the COS-Halos points on this figure are within 0.5R.;,
and the absorber metallicities are taken from CCC. When
comparing the two samples, it becomes clear why we see this
discrepancy: the COS-Halos survey did not probe galaxies with
logM, < 9.5 M, nor larger impact parameters, thus missing
the lowest-metallicity gas present in our sample. Therefore,
rather than a large redshift evolution in the metallicities,
Figure 18 strongly points to a different environment (lower-
mass galaxies and overdense regions of the universe) that COS-
Halos did not probe owing to the galaxy selection for their
sample. We note there are a few detections in the COS-Halos
survey of low-metallicity gas close to the galaxy that provide
other examples of inefficient mixing in galaxy halos.

6.5.2. Multiphase Galaxy Halos Survey

The Multiphase Galaxy Halos survey from Pointon et al.
(2019) and Kacprzak et al. (2019) is another galaxy-selected
survey comprising 47 L* galaxies (10.8 < logM, < 12.5) at
7~ 0.3 with sightlines probing to 203 kpc (1.2 Ry; for their
mean halo). These galaxies are selected to be isolated with no
other neighboring galaxies within 100kpc or |Av| < 500
kms ™! of their redshift. They also detect a wide range of H1
absorbers around their galaxies, but the N(HI) values for the
absorbers are often quite uncertain (leading to uncertain
metallicities). Several of the HI column densities can only be
confined to a range of values (all equally likely), and about half
of the HI column densities exhibit errors >0.1 dex.

Within the pLLS/LLS column density range, they identified
eight low-metallicity absorbers, with four of these systems
spanning a log N (H1) range of >1.5dex. (In this count, we
only include the absorbers with a log N(H 1) range spanning
between the pLLS/LLS column density ranges and those
absorbers with metallicity error bars that clearly establish that
they have low metallicity.) These absorbers are within
0.2-0.7R,;; of their host galaxies. This sample also probes a
larger redshift range than the COS-Halos survey, although it is
still smaller than our range of z < 1. Since their sample appears
to be galaxy selected, by definition they find detections of low-
metallicity absorbers only within the CGM of galaxies.

6.5.3. The CUBS Survey

The CUBS survey presented in Chen et al. (2020) is a field-
selected survey comprising 15 QSO fields with deep ground-
based galaxy data to study the CGM and IGM at z < 1. They
have identified four pLLSs/LLSs in the QSO spectra and
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Figure 18. Absorber metallicity vs. host galaxy stellar mass for the BASIC-
IFU and COS-Halos samples (Werk et al. 2012; Prochaska et al. 2017). The
dashed and dotted horizontal lines display solar and 4% solar metallicity,
respectively. Only the most probable host galaxies are plotted for clarity. The
points are colored by the galaxy normalized impact parameter. We plot the
stellar mass limits for the absorbers without associated galaxies from Table 4.
The two points connected with a vertical bar are the same galaxy that is
associated with two absorbers along the HE10034-0149 sightline. We include
only the COS-Halos galaxies associated with pLLSs/LLSs. The COS-Halos
sample is split by sSFR, where log sSFR > —11 is the star-forming sample
represented with stars, and the quiescent sample is represented with pentagons.
All of the COS-Halos data points are within p/R;; < 0.5, and the metallicities
are taken from CCC. The COS-Halos survey did not detect the lowest-
metallicity gas found in CCC because those systems are either associated with
lower-mass galaxies or located at larger distances in galaxy halos than the
survey probed.

characterized the absorber metallicities in Zahedy et al. (2021)
and the associated galaxies in Chen et al. (2020).

Only one of the four absorbers exhibits low-metallicity gas
in the optically thick component (log N (H1) > 17.0), and it is
found in the halo of an ~L* galaxy at 0.4R,;, and z ~ 0.4. The
other three systems are associated with a pair of interacting
dwarf galaxies, a galaxy group, and a massive star-forming
galaxy. Two more metal-enriched pLLSs are characterized in
Cooper et al. (2021) and are associated with an ~L* galaxy and
an overdensity of galaxies, respectively. The metal-enriched
absorbers in our survey also show diverse galaxy environments
and origins, such as in the halos of ~L* star-forming and
passive galaxies, within a QSO galaxy group, and near an
overdensity of galaxies (see Table 5 and Section 4.5).

6.6. Comparison to High-z Surveys

At higher redshifts, the KODIAQ-Z survey characterizes H I
absorbers with logN(H1) > 14.5 at z=>2 (Lehner et al
2016, 2022). This survey covers a similar HI column density
regime as CCC, but thanks to the higher S/N of the High
Resolution Echelle Spectrometer (HIRES) spectra taken on the
Keck I telescope, they are able to explore even lower N(HT)
absorbers. They find that from 2.2 < 7 < 3.6 to z < 1 there is an
overall increase of the metallicity of the gas probed by a factor
~8, which applies to all HI column density ranges. They show
that low-metallicity absorbers (i.e., those with metallicities that
are below the 95% confidence limit of the MDF of the DLAs)
have a similar fraction at low and high redshifts, and that the
high-z low-metallicity absorbers have a similar metallicity
range as observed in the IGM at those redshifts. The latter
provides support to our argument in Section 6.4 that the low-
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metallicity pLLSs have a metallicity distribution that is
representative of the IGM metallicity.

At z~2-3, Rudie et al. (2012) identified numerous
absorbers (12.0 < logN(H1) < 21.0) around Lyman break
galaxies, with about half of the absorbers at log N (H1) > 15.5
found in the CGM of galaxies (defined within p < 300 kpc, and
|Av| <300 kms ' of the galaxy redshift). The galaxy
environment of pLLSs and LLSs is, however, still very poorly
known at high z, but several surveys are underway using in
particular VLT/MUSE and Keck/KCWI. The few cases of
galaxy counterpart searches for LLSs at z>2 show some
interesting trends. Fumagalli et al. (2016) searched for the
associated galaxies of two pristine LLSs with [X/H] < —3.3
using MUSE observations. No associated galaxies were
detected for one system, while five LAEs were found at a
similar redshift to the other absorber. Their interpretation of
these results is that the first absorber is most likely located in
the IGM, while the other absorber is located in a gaseous
filament feeding one or more of the detected galaxies. In the
first results for the MUSE analysis of gas around galaxies
(MAGG) survey designed specifically to characterize the
galaxy environments of ~50 LLSs at 7~ 3—4 using MUSE,
Lofthouse et al. (2020) found three LAEs near the redshift of an
LLS with [X/H] = —3.41 +0.26 (Crighton et al. 2016). The
authors also interpret the absorber as located within a gaseous
filament possibly accreting onto one of the nearby galaxies.
The latest MAGG results (the characterized environments of 61
absorbers) in Lofthouse et al. (2023) similarly show that LLSs
at these high redshifts are either located in regions close to
galaxies (3—4 R;,) or likely in filaments of the IGM. Although
it is outside of the LLS column density range, we also note the
detection of an SLLS (19.0 < logN(H1) < 20.3) with [X/
H]=—-1.89£0.11 in the halo of a star-forming galaxy, at
z = 2.44 (Crighton et al. 2013). Although these results are still
developing and larger samples will be needed, the wide range
of environments (IGM, CGM, intragroup) found for these low-
metallicity absorbers at high redshift is striking, especially in
light of the BASIC-IFU findings presented here. It will be
intriguing to see more results from the MAGG survey and other
future surveys characterizing the environments of strong HI
absorbers at z > 2.

7. Summary and Concluding Remarks

In this paper, we introduce the BASIC survey where we are
investigating the galaxy environments of low-metallicity and
metal-enriched gas with a sample of 36 pLLSs and LLSs in 23
QSO fields at z < 1. This first paper focuses on 19 pLLSs in 11
QSO fields that have been observed with the Keck/KCWI and
VLT/MUSE IFUs. Combined with HST/ACS imaging, we
have identified and characterized a sample of 23 unique
galaxies associated with this absorber subset. Our main results
are as follows:

1. We detect one associated galaxy per absorber on average
that meets our selection criteria of being within
|Av| < 1000 kms ™" of the absorber redshift and within
p/Ryir and |Av|/vese < 1.5. We are unable to detect any
associated galaxies with logM, 2 9.0 for seven absor-
bers ([X/H] < —1) using these criteria. Six of these
absorbers have excellent field coverage to ~200 kpc at
the absorber redshift, while the final absorber has <50%
coverage of this area.
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2. We find a strong dependence of host galaxy stellar mass
on absorber metallicity. The metal-enriched absorbers
([X/H] > —1.4) are associated with galaxies spanning a
range of stellar masses with 9.0 < logM, < 11.0, while
the low-metallicity absorbers ([X/H] < —1.4) often have
no associated galaxy. The metal-enriched absorbers have
a probability of 0.78319 of being associated with a
log M, > 9.0 galaxy, while the low-metallicity absorbers
have a probability of 0.3970-1$. We do not find any strong
correlations between the absorber metallicity and the host
galaxy properties of spectral morphology, orientation,
inclination, or metallicity.

3. The majority of the metal-enriched absorbers ([X/
H] > —1.4) are found preferentially along the major and
minor axes of their host galaxy. This may be indicative of
outflowing and recycling material for the absorber
origins, respectively. The large discrepancy between the
absorber metallicity and the galaxy metallicity suggests
that these absorbers are not from recent outflows. The
absorbers could also originate as tidally stripped material
given some have several associated galaxies and the
possibility of dwarf galaxies below our detection limits.
The metal-enriched absorbers are associated with galaxy
halos.

4. The low-metallicity absorbers ([X/H] < —1.4) show two
populations: those associated with galaxy halos and those
located in overdense regions of the universe (p/p ~ 10
—102), not within the CGM. The absorbers within the
CGM of a galaxy must be newly accreted material
because of their low metallicity, while the other absorbers
could be gas originating from the IGM. The low-
metallicity absorbers frequently observed in our HI-
selected survey were likely not regularly detected in
previous galaxy-selected absorption-line surveys because
of their mass and impact parameter range selections.

5. We estimate the unweighted geometric mean IGM
metallicity at z< 1 to be [X/H] < —2.1 using the low-
metallicity absorbers without associated galaxies. This is
substantially lower than previously estimated, but con-
sistent with some cosmological simulations of the IGM at
similar redshift.

Although a large amount of low-metallicity, high-density gas
has been detected at z < 1, it appears that roughly half of it lies
in overdense regions of the universe rather than within the
CGM. However, new questions about the enrichment level of
the low-redshift IGM and the formation of such low-metallicity
systems must be explored. To improve our statistical assess-
ment of the breakdown of these two populations, more
observational studies seeking the galaxy hosts of low-
metallicity pLLSs and LLSs are necessary to complete our
understanding of how often they are associated with galaxy
halos versus overdense regions of the universe. Additional
high-resolution simulation work on characterizing the structure
of the IGM is also needed to understand how these low-
metallicity absorbers form and move toward galaxy halos. In
the next paper in this series, we will continue working toward
understanding the metal enrichment of overdensities and
galaxy halos at low redshift by identifying and characterizing
the galaxies associated with the other half of the BASIC
absorbers that have been observed with long-slit spectroscopy.
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Appendix A
KCWI and MUSE IFU Observations

In this appendix, we list the information for the cut candidate
galaxies in Table A1l and the galaxy location information for all
candidate galaxies in Table A2. We display the rest of the HST
images with the IFU pointings and identified candidate galaxies
in Figures A1-A10.

47 (https: //github.com/desihub /redrock)

8 (https://github.com/ruizca/gdpyc)

49 (https://github.com/pypeit/kewitools)

30 (hups: //datalab.noirlab.edu)

51 (https://github.com/privong /pymccorrelation)


https://github.com/desihub/redrock
https://github.com/ruizca/gdpyc
https://github.com/pypeit/kcwitools
https://datalab.noirlab.edu
https://github.com/privong/pymccorrelation

THE ASTROPHYSICAL JOURNAL, 944:101 (31pp), 2023 February 10 Berg et al.

Table Al
Cut Candidate Galaxy Information
SE# p |Av| ] logM,  logM, Ruir Vesc Mpgiaw SFR ] logsSFR [O/H]* i) ®
kpe)  (kms™) (Mc] [Me] (kpe)  (kms™') (mag) (Mg yr] orh (deg) (deg)

HE1003+0149, z,,s = 0.418522, log N (H1) = 16.89 + 0.04, [X/H] = —1.08 £ 0.06

997 126 21141 8.7 11.1 91 140 —17.5 0.09 £+ 0.01 -9.76 —0.312043 824 +26 73

J14354-3604, z,s = 0.387594, log N (H1) = 16.18 + 0.06, [X/H] = —1.12 £ 0.11

1063 197 109 £ 22 9.3 11.4 115 175 —-17.9 0.21 £0.02 —10.02 52420 69

T1419+4207, z4s = 0.425592, log N(H 1) = 16.17 & 0.05, [X/H] = —1.38 = 0.20

1066 78 664 19 9.6 11.5 124 196 -19.4 0.69 £ 0.04 -9.75 422405 61

HE1003+0149, z,s = 0.836989, log N (H1) = 16.52 + 0.02, [X/H] = —1.51 £ 0.09

1206 279 70 £ 8 10.1 118 131 271 207  1267+£037  —898 0.08 £ 0.18
1229 189 103£2 9.3 114 97 199 176  020£003  —10.04 ~0.06+34 6623+£001 52

HE10034-0149, z,,s = 0.839400, logN (H1) = 16.13 + 0.01, [X/H] < — 1.74

1001 157 564+2 10.4 12.0 155 321 188  1.03+£003  —1039  —0.16+019  569+4.1 59
1206 279 463 +8 10.1 11.8 131 271 207 12.67+£037  —898 0.08 £ 0.18
1229 189 495+2 93 114 97 199 176  020+£003  —10.04 —0.061042 66.23 + 0.01 52

1143543604, 7., = 0.372981, log N (H1) = 16.68 =+ 0.05, [X/H] = —1.98*%12

955 194 48 4 44 9.1 113 104 157 -17.7 0.16 + 0.02 -9.94 . 35

1042 172 273+ 4 9.1 112 102 154 —-19.2 1.69 4+ 0.04 -8.87 80.8 + 0.8 72
HE1003+0149, z,s = 0.837390, log N (H1) = 16.36 = 0.02, [X/H] = —2.197)-2

1206 279 135+ 8 10.1 11.8 131 271 —20.7 1267 40.37 —8.98 0.08 +0.18

1229¢ 189 168 +2 9.3 11.4 97 199 —~17.6 0.20 £ 0.03 —10.04 —0.06734¢ 66.23 £ 0.01 52
PKS0552—640, z,,s = 0.345149, log N (H1) = 17.02 £ 0.03, [X/H] = —2.83733

6085 142 394 + 1 9.4 11.4 115 171 —19.1 0.09 + 0.01 —~10.45 0.09 +0.18 69.5 +2.3 47
PG1522+101, z,ps = 0.728885, log N (H1) = 16.63 & 0.05, [X/H] = —2.92 + 0.05

934 176 23+1 9.7 11.6 115 220 -20.5 7.02 £ 0.05 -8.82 ~0.16 £ 0.18 172+ 1.7 61

Notes. The above absorber column density and metallicity values are taken from the COS CGM Compendium (Lehner et al. 2018, 2019). The error bars on the median
absorber and galaxy metallicity represent the 68% confidence interval. The candidate galaxies of the HE1003+0149 absorbers at z,,s = 0.836989, z,,s = 0.837390,
and Zz,,s = 0.839400 are the same.

4 The galaxy metallicity reported here is [0/H] = €(0) —8.69.

The inclination values have errors around 5°-10°.
© The stellar mass of this galaxy was calculated using synthetic magnitudes.

This mass estimate is in conflict with the value reported in Narayanan et al. (2021) and is likely due to the differences in the assumed star formation history. We
independently ran kcorrect and eazy-py (Brammer et al. 2008, https://github.com/gbrammer/eazy-py) with photometry from the Hyper Suprime-Cam Subaru
Strategic Program Data Release 3 (Aihara et al. 2022) and obtained a mass estimate of log M, = 9.8, and log M, = 9.9, respectively. Our measurement is consistent
within the expected errors using this method.
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Table A2
Galaxy Location

QSO SE# R.A. Decl. Zgal
HEO0153-4520 966 01:55:12.88 —45:06:34.94 0.225549
PKS0405-123 3207 04:07:48.31 —12:11:02.35 0.16696
PKS0405-123 1822 04:07:51.15 —12:11:37.46 0.16696
HE0439-5254 1309 04:40:10.52 —52:48:10.81 0.614700
HE0439-5254 1083 04:40:12.74 —52:48:20.26 0.614818
HE0439-5254 1009 04:40:13.96 —52:48:10.15 0.61508
PKS0552-640 6085 05:52:20.30 —64:02:05.19 0.343382
PKS0552-640 6264 05:52:22.96 —64:02:24.04 0.34391
PKS0552-640 5939 05:52:23.14 —64:02:36.68 0.34376
PKS0552-640 78334 05:52:26.66 —64:02:17.29 0.34481
HE1003+4-0149 974 10:05:34.01 +01:34:57.24 0.418784
HE1003+-0149 997 10:05:34.12 +01:35:00.11 0.417522
HE10034-0149 1001 10:05:34.19 +01:34:57.91 0.83594
HE1003+-0149 1229 10:05:36.76 +01:34:53.65 0.83636
HE1003+4-0149 1206 10:05:37.26 +01:34:26.65 0.83656
PG1338+416 1118 13:41:01.39 +41:22:56.66 0.34926
J1419+-4207 1003 14:19:10.96 +42:07:55.67 0.2894
J1419+4-4207 1066 14:19:11.41 +42:07:47.82 0.42875
J1419+4207 1163 14:19:12.21 +42:07:36.77 0.2896
J14354-3604 1060 14:35:13.01 +36:04:25.67 0.3875
J1435+4-3604 1042 14:35:14.01 +36:04:25.23 0.37423
1143543604 1063 14:35:14.16 +36:04:19.99 0.3881
J1435+-3604 955 14:35:14.54 +36:04:37.93 0.3732
PG1522+101 1151 15:24:22.90 +09:58:15.57 0.52007
PG1522+101 934 15:24:26.14 +09:58:33.11 0.728752
PG1522+101 1077 15:24:26.16 +09:58:17.63 0.5187
J1619+3342 1006 16:19:15.95 +33:42:35.11 0.4718
J1619+4-3342 946 16:19:16.03 +33:42:48.72 0.47052
J1619+-3342 1028 16:19:16.10 +33:42:32.04 0.4710
J1619+-3342 903 16:19:16.54 +33:42:38.36 0.47160
J1619+3342 1180 16:19:17.26 +33:42:33.35 0.47220
J1619+4-3342 1179 16:19:17.69 +33:42:33.86 0.47140
J1619+-3342 1137 16:19:18.38 +33:42:35.78 0.4704

Note. The candidate galaxies of the HE1003+0149 absorbers at z,;,, = 0.836989, z,,s = 0.837390, and z,,s = 0.839400 are the same, so we only include them once in
this table. The redshift significance comes from the REDROCK errors. These values are reported as errors on |Av| in Tables 5 and Al.
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L)
1

1118

Figure Al. HST/ACS image with outline of Keck/KCWI pointing for the
field of PG1338+416. North is up, and east is to the left. The QSO is marked
with the red cross, stars are indicated with magenta circles, and the white
dashed circle has a radius of 200 kpc at the redshift of the absorber. The black
box designates the KCWI FOV. The candidate galaxy of the absorber is
marked by the green circle and labeled with the SE#.

-
-

1066

i

1163

Figure A2. Same as Figure Al, but for the field of J114194-4207. The candidate
galaxies of the lowest-redshift absorber are marked by the green circles and
labeled with their SE#. The candidate galaxy of the higher-redshift absorber is
marked by the red circle and labeled with the SE#.

1060

Figure A3. Same as Figure Al, but for the field of J14354+3604. The white
dashed circle has a radius of 200 kpc at z = 0.38. The candidate galaxies of the
lowest-redshift absorber are marked by the green circles and labeled with their
SE#. The candidate galaxies of the higher-redshift absorber are marked by the
red circles and labeled with their SE#. Galaxy 1060 is blended with a lower-
redshift galaxy.
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1137

Figure A4. Same as Figure Al, but for the field of J1619+3342. The candidate
galaxies of the high-redshift absorber are marked by the green circles and
labeled with their SE#. The high-redshift absorber is a proximate absorber
located in the QSO galaxy group. No candidate galaxies were found for the
lower-redshift absorber. The black pointings were observed for 900 s. The red
pointings were observed for 1200 s.

-y

LS

Figure A5. HST/ACS image with outline of VLT/MUSE pointing for the
field of PHL1377. North is up, and east is to the left. The QSO is marked with
the red cross, stars are indicated with magenta circles, and the white dashed
circles have a radius of 200 kpc at the redshifts of the absorbers. The black box
designates the MUSE FOV. No candidate galaxies were found for either
absorber.
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1822

3207

Figure A6. Same as Figure AS, but for the field of PKS0405—123. No
candidate galaxies were found in the MUSE FOV, but the candidate galaxies
for this absorber have been previously identified in Spinrad et al. (1993),
Prochaska et al. (2006), Chen & Mulchaey (2009), Savage et al. (2010), and
Johnson et al. (2013).

-
-

SRSl

Figure A7. Same as Figure AS, but for the field of HE0439—5254. The
candidate galaxies of the absorber are marked by the green circles and labeled
with their SE#.
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Figure A8. Same as Figure A5, but for the field of PKS0552—640. Most of the
objects in this field are stars, so we do not mark them individually. The
candidate galaxies of the absorber are marked by the green circles and labeled
with their SE#.
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Figure A9. Same as Figure A5, but for the field of HE10034-0149. The white
dashed circles have a radius of 200 kpc at the redshift of the low-redshift
absorber and at z = 0.837 to represent the three high-redshift absorbers. The
candidate galaxies of the low-redshift absorber are marked by the green circles
and labeled with their SE#. The candidate galaxies of the three high-redshift
absorbers are marked by the red circles and labeled with their SE#.

934

gL E A g

1151

i
1

Figure A10. Same as Figure A5, but for the field of PG1522+101. The
candidate galaxies of the low-redshift absorber are marked by the green circles
and labeled with their SE#. The candidate galaxy of the higher-redshift
absorber is marked by the red circle and labeled with the SE#.
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Appendix B
Galaxy Characteristics for the Entire Candidate Sample

Here we duplicate the galaxy property plots in the main
paper and include the entire candidate galaxy sample in

Figure All.
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Figure A11. Absorber metallicity vs. galaxy stellar mass (top left; compare to Figure 13), absorber metallicity vs. galaxy metallicity (top right; compare to Figure 16),
absorber metallicity vs. galaxy azimuthal angle (bottom left; compare to Figure 14), and absorber metallicity vs. galaxy inclination angle (bottom right; compare to
Figure 15) for the full candidate galaxy sample. See the main text for a description of the figures.
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