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ABSTRACT

We present a study of metal-enriched halo gas traced by Mgt and C1v absorption at z < 2 in the MUSE Analysis of Gas
around Galaxies survey and the Quasar Sightline and Galaxy Evolution survey. Using these large and complete galaxy surveys
in quasar fields, we study the dependence of the metal distribution on galaxy properties and overdensities, out to physical
projected separations of 750 kpc. We find that the cool, low-ionization gas is significantly affected by the environment across
the full redshift range probed, with ~ 2 — 3 times more prevalent and stronger Mg 11 absorption in higher overdensity group
environments and in regions with greater overall stellar mass and star formation rates. Complementary to these results, we have
further investigated the more highly ionized gas as traced by C 1v absorption, and found that it is likely to be more extended than
the Mg 11 gas, with =2 times higher covering fraction at a given distance. We find that the strength and covering fraction of C 1v
absorption show less significant dependence on galaxy properties and environment than the Mg 1 absorption, but more massive
and star-forming galaxies nevertheless also show ~2 times higher incidence of C 1v absorption. The incidence of Mg and C1v
absorption within the virial radius shows a tentative increase with redshift, being higher by a factor of ~1.5 and ~4, respectively,
at z > 1. It is clear from our results that environmental processes have a significant impact on the distribution of metals around
galaxies and need to be fully accounted for when analyzing correlations between gaseous haloes and galaxy properties.

Key words: galaxies: groups: general — galaxies: haloes — quasars: absorption lines.

1 INTRODUCTION and it is not always possible to trivially disentangle the effects of
secular evolution and environment. In addition to internal processes
of feedback from stars and active galactic nuclei which can suppress
star formation and eject metals (e.g. Dekel & Silk 1986; Silk &
Rees 1998), external processes of gravitational interactions between
group or cluster members like tidal stripping, and hydrodynamic
* E-mail: rajeshwari.dutta@unimib.it interactions between galaxies and the hot intra-group/cluster medium

The formation and evolution of galaxies are shaped by both internal
and external processes. The extent to which the properties of galaxies
are determined by these processes can vary with time and population,
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like ram-pressure stripping can significantly affect the gas and star
formation in galaxies (e.g. Gunn & Gott 1972; Merritt 1983; Boselli
& Gavazzi 2006).

Several studies have investigated the statistical effects of the en-
vironment on galaxy properties using large samples of galaxies and
various techniques to describe the galaxy environment (see Muldrew
et al. 2012, for a comparison of methods), including Nth nearest
neighbour methods (Dressler 1980; Baldry et al. 2006), number of
galaxies in fixed or adaptive apertures (Hogg et al. 2003; Croton et al.
2005), adaptive smoothing (Scoville et al. 2007) and Voronoi tessel-
lation (Ebeling & Wiedenmann 1993). Such studies in general have
found that on top of internal processes, environmental effects regu-
late the star formation activity and morphology of galaxies, and that
the galaxy population progresses from less massive, bluer and star
forming spirals to more massive, redder and passive ellipticals with
increasing galaxy density (e.g. Dressler 1980; Balogh et al. 2004;
Kauffmann et al. 2004; Baldry et al. 2006; Peng et al. 2010; Wetzel
et al. 2012; Hirschmann et al. 2014; Balogh et al. 2016; Fossati et al.
2017; Lemaux et al. 2019; Old et al. 2020).

Most studies to date have focused on how the environmental pro-
cesses affect the properties of the galaxy rather than its interplay
with the ambient gaseous halo or the circumgalactic medium (CGM),
which is now established to be a crucial component of the galaxy
ecosystem (Tumlinson et al. 2017). The CGM mediates the gas flows
and the baryon and metal cycles in and around galaxies (see Péroux &
Howk 2020, for a review). Observations of the CGM can place strong
constraints on how gas accretes onto and is ejected from galaxies in
models of galaxy formation and evolution (e.g. Fumagalli et al. 2011;
Suresh et al. 2015; Turner et al. 2017; Oppenheimer et al. 2018; Stern
et al. 2018).

Absorption lines detected in the spectrum of a bright background
source like a quasar have been the most relied upon tool in the liter-
ature to probe the diffuse gas in the CGM. Different ionic transitions
have been used to trace different phases of the gas. For example, the
Mg 11 doublet lines have long been used to trace the cool (" ~ 104 K)
and low-ionization (ionization potential, [P = 15.0 eV) gas (e.g.
Lanzetta & Bowen 1990; Steidel & Sargent 1992; Churchill et al.
2000; Chen et al. 2010; Nielsen et al. 2013; Zhu & Ménard 2013;
Dutta et al. 2020), while the C v doublet lines on the other hand have
been used extensively to trace the potentially warmer (I ~ 107 K)
and high-ionization (IP = 64.5 €V) gas (e.g. Sargent et al. 1988; Chen
et al. 2001; Schaye et al. 2003; Cooksey et al. 2013; Bordoloi et al.
2014; Burchett et al. 2016).

Using samples of absorber-galaxy pairs, the distribution of the
multiphase gas around galaxies and its dependence on galaxy prop-
erties have been studied at z < 0.5 (e.g. Prochaska et al. 2011; Stocke
et al. 2013; Tumlinson et al. 2013; Werk et al. 2014; Liang & Chen
2014; Burchett et al. 2016; Prochaska et al. 2017; Chen et al. 2018;
Berg et al. 2019; Burchett et al. 2019; Wilde et al. 2021) and at z > 2
(e.g. Rudieetal. 2012; Turner et al. 2014, 2015; Fumagalli et al. 2015;
Bielby et al. 2017b; Rudie et al. 2019). Such studies have greatly in-
creased our knowledge of the CGM and found that both the neutral
hydrogen and metal absorbing gas show strong statistical correlation
with distance from galaxies, that the gas becomes progressively more
ionized with increasing distance from galaxies, and that the distribu-
tion and extent of the different gas phases can depend on mass and
star formation activity of the galaxies. However, most of the above
studies have been based upon imaging to pre-select galaxies at close
separation from quasars for spectroscopic follow-up. Consequently,
these studies were preferentially biased towards the more luminous
(more massive) galaxies, especially at high redshifts, and lacked a
complete census of their local galaxy environment. Furthermore,
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there have been relatively few studies of the galaxy-halo connection
in the intermediate redshift range (z ~ 0.5 — 2) due to observational
constraints. In order to obtain a holistic understanding of the co-
evolution of gas and galaxies from the cosmic noon (z ~ 1 — 2) to
the present, the galaxy-halo connection needs to be interpreted in the
context of the environment in which galaxies reside. Therefore, it is
imperative to bridge the gap between studies of galaxy environment
and gaseous haloes.

There have been few studies that have looked at the CGM in the
context of the local environment, particularly focusing on the warm-
hot gas phase in small samples probing cluster/group environments
(Tejos et al. 2016; Stocke et al. 2014; Pointon et al. 2017; Burchett
et al. 2016, 2018). Further, there have been studies of the cool gas
traced by Mg 11 absorption in individual groups and clusters (Whiting
et al. 2006; Lopez et al. 2008; Kacprzak et al. 2010; Gauthier 2013).
Recently, with the advent of wide-field optical integral field unit (IFU)
spectrographs like the Multi Unit Spectroscopic Explorer (MUSE;
Bacon et al. 2010) on the Very Large Telescope (VLT), there have
been several identifications of groups associated with cool gas as
traced by Mg 1 absorption (Bielby et al. 2017a; Péroux et al. 2017;
Fumagalli et al. 2017; Péroux et al. 2019; Chen et al. 2019; Fossati
et al. 2019b; Hamanowicz et al. 2020; Dutta et al. 2020). With a
more complete identification of the small-scale galaxy environment
and the galaxy population down to a fixed flux limit across the entire
field of view, such studies suggest that environmental interactions
play a role in enhancing the cross-section of Mg absorbing gas
around galaxies in groups (Fossati et al. 2019b; Dutta et al. 2020).

Hubble Space Telescope (HST) near-infrared (NIR) grism obser-
vations can complement optical IFU observations in constructing un-
biased (without pre-selection) flux-limited samples of galaxies over
a large area. For example, Bielby et al. (2019) studied the association
of O v1 absorbing gas with galaxies at z < 1.4 using such a grism
survey. Initial results from complete and deep galaxy surveys using
IFU and grism observations around quasars with high quality spectra
have shown that neutral hydrogen and metal absorption can arise in
a variety of galaxy environments (Bielby et al. 2019; Fossati et al.
2019b; Lofthouse et al. 2020; Chen et al. 2020a; Bielby et al. 2020;
Lundgren et al. 2021; Muzahid et al. 2021; Beckett et al. 2021).

In this work, we study gaseous haloes up to z ~ 2 with a systematic
focus on the galaxy environment, taking advantage of the large and
complete galaxy surveys that are becoming available now in quasar
fields. In particular, we use data from two large, independent surveys
- the MUSE Analysis of Gas around Galaxies (MAGG; Lofthouse
et al. 2020; Dutta et al. 2020; Fossati et al. 2021) survey and the
Quasar Sightline and Galaxy Evolution (QSAGE; Bielby et al. 2019;
Stott et al. 2020) survey. The structure of this paper is as follows.
First in Section 2, we describe the galaxy and absorption line sam-
ples from MAGG and QSAGE used in this work. Then, in Section 3,
we study the distribution of Mg 11 and C 1v absorption around galax-
ies and groups in MAGG and QSAGE. Next, we provide a more
statistical definition of the galaxy environment and investigate the
dependence of Mg 11 and C1v absorption on galaxy overdensities in
these large surveys in Section 4. Finally, we discuss and summarize
our results in Section 5. We adopt a Planck 15 cosmology with H
=67.7kms~! Mpc~! and Qyp = 0.307 throughout this work (Planck
Collaboration et al. 2016). The distances are given in proper units
unless we use the prefix "c" before the unit, in which case it refers to
co-moving distance.



Table 1. Overview of the QSAGE and MAGG survey data used in this work.
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QSAGE MAGG
No. of quasar fields 12 28
Galaxy data HST WFC3, MUSE? MUSE
Quasar spectra COS, STIS, UVES, HIRES UVES, HIRES, MIKE, ESI, X-SHOOTER
Redshift range studied in this work 0.1-2.2 0.8-1.5
Maximum impact parameter at z = 1 ~ 750 kpc ~ 350kpc
90% continuum completeness limit F140W =~ 26 mag r ~ 26.3 mag
90% emission flux completeness limit ~2x 1077 ergs™! cm™2® ~3x 1078 ergs~!em2 ¢
90% stellar mass limit at z = 1 ~5x 108 Mg ~4x10° Mg
90% (unobscured) SFR limit at z = 1 ~ 0.5Mgyr~! 4 ~0.1Mgyr~! ¢
90% WME™ sensitivity limit ~0.03A ~0.03A

90% WECV sensitivity limit
Description of data

~0.1A(z<1),~003A(z>1) _
Bielby et al. (2019), Stott et al. (2020)

Lofthouse et al. (2020), Dutta et al. (2020)

2 MUSE data are available for 8 of the 12 fields in QSAGE P based on WFC3 grism spectra © based on MUSE spectra ¢ based on H a © based on [O 11

2 GALAXY AND ABSORPTION LINE DATA

An overview of the galaxy and absorption line data from the QSAGE
and MAGG surveys that are used in this work is provided in Ta-
ble 1. A table listing the properties of the galaxies and the associated
absorption is provided in the online Supporting Information. In the
following sections we describe the data and the parameters derived
from them for our analysis.

2.1 QSAGE galaxy survey

The QSAGE survey is based on 96 orbits of HST Wide-Field Camera
3 (WFC3) observations centred on 12 quasar fields, with 8 orbits per
field (HST Cycle 24 Large Program 14594; PIs: R. Bielby, J. P. Stott).
The WFC3 observations consist of NIR imaging using the F140W
and the F160W filters and spectroscopy using the G141 grism. The
description of the WFC3 data reduction is presented in Bielby et al.
(2019, sections 2.1 and 2.2) and Stott et al. (2020, sections 2.1).
The F140W images of the 12 quasar fields are shown in figure 10
of Stott et al. (2020), and examples of the WFC3 grism spectra are
shown in figure 3 of Bielby et al. (2019). The QSAGE NIR imaging
data are 90% complete down to F140W = 26 mag, as inferred from
the number counts of continuum-detected sources as a function of
F140W magnitude. We estimate the stellar mass completeness limit
following Marchesini et al. (2009). In brief, we use the 3D-HST
photometric catalog in the Hubble Ultra Deep Field (HUDF; Skelton
et al. 2014), which consists of 33 orbits in F140W, and we scale the
stellar masses of the HUDF galaxies as if they were at the F140W
completeness limit of our sample. The upper 90 percentile of this
distribution can be taken as the 90% stellar mass limit of our sample,
which is ~ 108 Mg and ~ 10° Mg, for old and red galaxies at z ~ 0.5
and z ~ 1.5, respectively.

In addition to the WFC3 data, eight of the fields have optical IFU
observation from the MUSE/VLT, from our own programs (94.B-
0304 - PI: R. Bielby; 1100.A-0528 - PI: M. Fumagalli; 103.A-0389
- PI: R. Bielby), or from the archive (95.A-0200, 96.A-0222, 97.A-
0089, 99.A-0159 - PI: J. Schaye; 96.A-0303 - PI: C. Peroux). The
MUSE data were reduced following the description provided in sec-
tion 2.3 of Bielby et al. (2019). Being assembled from different
programs, the MUSE data are heterogeneous in terms of integration
time and observing conditions. The on-source exposure times range
from 1 to 5 h, and the seeing varies from 0.6 to 1.2 arcsec.

All the fields have supporting optical (g, 7, i, z) imaging data from
VLT FOcal Reducer/low dispersion Spectrograph 2 (FORS2; Ap-

penzeller et al. 1998), William Herschel Telescope (WHT) auxiliary-
port camera (ACAM; Benn et al. 2008), Liverpool Telescope (LT)
Infrared-Optical: Optical (I0:0) instrument (Steele et al. 2004), and
the Canada—France-Hawaii Telescope Legacy Survey (CFHTLS)
Wide survey (Cuillandre et al. 2012). These imaging data are obtained
from a combination of our own and archival programs (W13BNS,
PI: R. Crain; W14AN16, PI: R. Crain; W17AP6, PI: R. Bielby;
101.A-0815, PI: Bielby). The 80% completeness estimates based
on simulated point and disk-like sources placed in the images are
r ~ 247 - 26.2 mag and r ~ 24.3 — 25.9 mag, respectively. For
details of the optical imaging data reduction and properties we refer
to section 2.4 of Bielby et al. (2019) and Bielby et al., in prep.

The source catalog was generated based on the F140W stacked
image using SExTRACTOR (Bertin & Arnouts 1996). The 1D spectra
from both the WFC3 grism data and the MUSE cubes were extracted
using the catalog and segmentation maps produced by SEXTRACTOR
(see section 2.1.1 of Bielby et al. 2019). The redshifts of the sources
identified in MUSE data were derived based on the 1D spectra and
spectral template fitting using marz (Hinton et al. 2016). A quality
flag was assigned to each redshift based on the categorization given
in section 2.3.2 of Bielby et al. (2019). In this work, we use only the
sources with quality flag 3 and 4 (about 66% of all the sources), i.e.
sources with a single high signal-to-noise ratio (S/N) emission line
with some low S/N features or multiple low S/N emission lines (flag
3), and sources with multiple high S/N emission and/or absorption
lines (flag 4).

The redshift identification of all the WFC3 sources was carried
out using a line fitting algorithm and visual inspection as explained
in section 2.2 of Stott et al. (2020). The sources were further given
a quality flag from 1 to 4, going from poor to good quality spectra.
About 74% of the sources with redshifts have quality flag 3 and 4,
i.e. with S/N of spectra >3 and >10, respectively. The full QSAGE
source catalogue with redshifts will be released in Bielby et al., in
prep. For the purpose of this work, we redid the redshift identification
of the WFC3 sources, with quality flag 3 and 4 and with redshifts
less than that of the quasar, using MARzZ, to have a uniform redshift
identification across the full sample used here. We visually inspected
each spectrum and checked the reliability of the redshift identifica-
tions. The new redshifts are consistent with the ones in the original
catalogue within an average scatter of ~500kms~!.

The WEFC3 grism spectra are low-resolution (R ~ 130), with a
nominal velocity uncertainty of ~1000km s~ at the median redshift
of the galaxy sample, z = 1 (Momcheva et al. 2016), while the
MUSE spectra have better velocity accuracy (= 50 km s~latz=1).

MNRAS 000, 1-26 (2021)
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Comparing the redshifts obtained from WFC3 grism and MUSE
spectra for the subset of sources which have both, we find that in
practice the velocity uncertainty of the grism redshifts is closer to
~ 500kms~! at z = 1. Hence, we adopt this as the uncertainty in the
redshifts of the WFC3 sources.

Next, we derived the stellar mass and star formation rate (SFR) of
the sources using the Monte Carlo Spectro-Photometric Fitter (mc-
spF; Fossati et al. 2018). We follow the procedure described in Fossati
et al. (2019b) and Dutta et al. (2020). In brief, we use stellar pop-
ulation models from Bruzual & Charlot (2003) at solar metallicity,
nebular emission lines from the models of Byler et al. (2018) and the
initial mass function (IMF) from Chabrier (2003). mc-sprF then fits
the NIR and optical photometry, and also jointly fits the MUSE spec-
tra whenever available. We correct for Galactic extinction following
Schlafly & Finkbeiner (2011) and the Fitzpatrick (1999) extinction
curve. In this work, we focus on the galaxies that are intervening, i.e.
with redshifts less than zggo — (1+2gs0) %5000 km s™!/c, and those
with F140W magnitude below the 90% completeness limit (26 mag).
This sample spans the redshift range, z = 0.1-2.2, stellar mass range,
M, ~ 4x 106 —2x 101! Mg, and SFR range ~ 0.001 —400 Mgyr~!.
The median redshift, stellar mass and SFR of this sample are 1.0,
2x10°Mg and 1.5 Moyr_l, respectively. The overall uncertainty
in the logarithm of stellar mass is typically between 0.1 and 0.2 dex
(Mendel et al. 2014). The halo mass is estimated from the stellar mass
of the galaxies following the relation of Moster et al. (2013), and we
adopt the radius within which the average mass density is 200 times
the mean matter density of the Universe (Rog) as the virial radius
(Ry). Fig. 1 shows the distributions of the redshift, impact parameter,
stellar mass and SFR of the QSAGE galaxies with coverage of Mg 11
absorption lines in the quasar spectra.

Note that over the redshift range z = 0.6 — 1.6, we can estimate the
SFR using the H o fluxes measured from the grism spectra, while at
lower redshifts we can use the H a or [O 11] fluxes measured from the
MUSE spectra whenever available. Overall, the SFR derived from
the emission lines and that obtained from mc-spr follow each other
(scatter of ~0.4 dex). However, given that the H @ fluxes measured
from the grism spectra are blended with contributions from [N11]
and that the [O 11] fluxes are affected by extinction, we adopt the SFR
estimated by mc-spF for the whole sample for the sake of uniformity
in the analysis here. We explore the effect of using the SFR based on
emission lines on our results in Appendix A. We find that the choice
of indicator does not affect the results significantly.

2.2 QSAGE quasar spectra

The twelve quasars (zgso = 1.2-2.4) in the QSAGE survey were
all selected to have HST Space Telescope Imaging Spectrograph
(STIS; Kimble et al. 1998; Woodgate et al. 1998; Riley et al. 2018)
archival spectra (see for example figure 9 of Bielby et al. 2019). We
supplemented these with HST Cosmic Origins Spectrograph (COS;
Osterman et al. 2011; Green et al. 2012) Far-Ultraviolet (FUV) and
Near-Ultraviolet (NUV) spectra for four quasars, and high-resolution
optical spectra for ten quasars. The details of the archival quasar
spectra are listed in Table 2.

The UV spectra were retrieved from the Mikulski Archive for
Space Telescopes (MAST). The STIS spectra were obtained using
the E230M echelle spectrograph (R = 30000). The COS spectra were
obtained as part of the COS Absorption Survey of Baryon Harbors
(CASBaH; Tripp et al. 2011; Burchett et al. 2019; Prochaska et al.
2019; Haislmaier et al. 2021), using the FUV G130M and G160M
gratings (R = 12000-20000), and the NUV G185M and/or G225M
gratings (R = 16000-24000). The STIS and COS spectra were reduced
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using the caLsTis and caLcos pipelines, respectively. The STIS data
were reduced using the method described in Tripp et al. (2001) and
Bielby et al. (2019). The final STIS spectra were obtained from
weighted co-addition of the overlapping regions of adjacent orders
and of the individual exposures. The pipeline-reduced COS FUV 1D
spectra were aligned and co-added using the IDL code! developed
by Danforth et al. (2010). The individual exposures were weighted
by the integration time while co-adding. The COS FUV spectra
are highly over-sampled, so we binned by three pixels to obtain
the final spectra. The COS NUV spectra were reduced following
the procedure given in Haislmaier et al. (2021). A smaller, 9-pixel,
box was used to extract the spectra rather than the default pipeline
extraction aperture, resulting in a small flux loss but improvement
in the spectral S/N. All the spectra were normalized with the quasar
continuum obtained by fitting a smooth spline to the absorption-
free regions. The overlapping regions of the STIS and the COS
NUYV spectra were co-added with inverse variance weighting after
interpolating to a common wavelength array.

The optical high-resolution spectra (R ~ 40000) of the quasars
were obtained using the High Resolution Echelle Spectrometer
(HIRES; Vogt et al. 1994) at Keck or the Ultraviolet and Visual
Echelle Spectrograph (UVES; Dekker et al. 2000) at the VLT. The
reduced and continuum normalized HIRES 1D spectra were ob-
tained from the Keck Observatory Database of Ionized Absorption
toward Quasars (KODIAQ; O’Meara et al. 2015, 2017). In all but one
case, the reduced and continuum-normalized UVES 1D spectra were
obtained from the Spectral Quasar Absorption Database (SQUAD;
Murphy et al. 2019). For the quasar J012017+213346, we obtained
the pipeline calibrated UVES spectrum from the European South-
ern Observatory (ESO) archive. The individual reduced spectra were
converted into the heliocentric vacuum frame, and combined into a
single spectrum by interpolating to a common wavelength array and
weighting each pixel by the inverse variance using custom codes. The
continuum normalization was carried out by fitting a smooth spline
to the spectrum.

We conducted a blind search for Mg 11 and C 1v absorption lines in
the quasar spectra. We restricted our search up to 5000 kms™! blue-
ward of the quasar emission redshift to avoid any absorption arising
from the quasar proximity zone. We visually inspected the spectra
to identify the Mg 1 112796, 2803 lines and the C1v 111548, 1550
lines based on the doublet structure of the absorption profiles. We
verified that the identified lines are not interloping absorption lines at
other redshifts by checking that the equivalent width ratio for the un-
saturated lines are approximately consistent with the expected value
of ~2:1, within the measurement uncertainty. Further, we checked
for other common absorption lines such as Lya, Fe 1 and Si1v at the
redshift of the Mg and C1v systems, whenever covered, to verify
the line identification, though we do not require this to be a necessary
criterion.

We define absorption clumps arising within £500kms™! of the
line centroid as belonging to the same system. This value has been
typically used in the literature to define absorption systems identified
in high resolution quasar spectra, and is likely to encompass all the
velocity components arising within the velocity dispersion of haloes
of individual galaxies and small groups (e.g. Churchill et al. 2000;
Hasan et al. 2020; Dutta et al. 2020). The redshift of the system is
estimated as the optical depth weighted median redshift, where the
flux is set to the error value for saturated pixels. We identified in

! https://casa.colorado.edu/~danforth/science/cos/
costools
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Table 2. Details of the QSAGE archival quasar spectra used in this work: (1) quasar name, (2) quasar redshift from WFC3 data (see for details Stott et al. 2020),
(3) instrument name, (4) proposal ID of the HST/ESO programme or the database from which the spectrum is obtained, (5) wavelength range of the spectrum,

(6) velocity dispersion per pixel, (7) typical S/N per pixel of the spectrum, measured around 1400—-1500 A, 1900-2000 A, 2600—2700 A, and 4000-5000 A, in

case of COS-FUV, COS-NUYV, STIS, and UVES/HIRES, respectively.

Quasar 2QS0 Instrument  Programme/  Wavelength Velocity S/N
Database Range Dispersion
A) (kms™1)
@ &) 3 “ () © Q)
J0120174213346  1.5041 STIS 8673 2278-3072 49 9
UVES 185.A-0745 3060-6681 0.9 41
J023507-040205 1.4428 COS-FUV 11741 1152-1800 7.4 10
COS-NUV 13846 1800-2404 5.6 3
STIS 8673 2278-3072 49 6
UVES SQUAD 3301-9466 2.5 10
JO51707-441055  1.7332 STIS 8288 2303-3072 49 11
UVES SQUAD 3051-10428 1.3 215
J075054+425219  1.9151 STIS 9040 2135-2941 49 6
HIRES KODIAQ 3043-4876 2.5 48
JO813314254503  1.5103 STIS 9040 2135-2941 49 4
UVES SQUAD 3048-6652 2.5 136
J101956+274401  1.9298 STIS 9186 2277-3071 49 2
J112442-170517  2.4181 STIS 9885 2200-3072 49 2
UVES SQUAD 3060-10429 1.5 160
J113007-144927  1.1896 STIS 9173 2278-3072 49 4
UVES SQUAD 3047-6808 2.5 71
J143748-014710  1.3061  COS-FUV 11741 1152-1800 74 20
COS-NUV 13846 1800-2112 5.6 4
STIS 13846 1985-2781 4.4 7
HIRES KODIAQ 3034-5881 1.3 35
J152424+095829  1.3266  COS-FUV 11741 1152-1800 7.2 12
COS-NUV 13846 1800-2112 5.7 4
STIS 13846 1985-2782 4.5 7
HIRES KODIAQ 3053-5878 13 19
J163201+373750  1.4787  COS-FUV 11741 1152-1800 74 14
COS-NUV 13846 1800-2404 53 3
STIS 8673 2278-3072 49 7
HIRES KODIAQ 3023-5878 1.3 27
J163429+703132  1.3319 STIS 7292 2277-3071 49 17

total 28 Mg systems across z = 0.1 — 1.3, and 123 C1v systems
across z ~ 0.1 — 2.4. In this work, we characterize the absorption
strength using equivalent width measurements, and we defer esti-
mation of the physical properties of the gas using column density
measurements to a future work. We measured the rest-frame equiv-
alent width by integrating the spectra over the observed absorption
profile of the stronger transition of the doublet. The equivalent widths

of the Mg 11 systems (WivIg II) range between 0.004 A to 2.3 A, with
a median value of 0.1 A. For C1v, the equivalent widths (WrC vy
range between 0.002 A and 1 A, with median WETV = 0.14 A. We
determine the sensitivity to detect absorption lines by estimating the
3¢ upper limits on the rest-frame equivalent widths over 100 km s7!
after masking out strong contaminating absorption lines. Based on

the 90t percentilf of this distribution, we estimate the lelg ™ sen-
sitivity as ~0.03 A over the full redshift range probed. The overall
WEIV gensitivity is ~0.1 A which is dominated by measurements
based on the UV spectra at z < 1. The WEIV sensitivity is ~0.03 A
at z > 1, where the measurements are based on the more sensitive

optical spectra.

2.3 MAGG data

The MAGG survey is primarily based upon MUSE/VLT observations
of 28 fields, that are centred on quasars at zgso = 3.2-4.5. The
MUSE data are primarily from program ID: 197.A-0384 (PI: M.
Fumagalli) with the addition of some fields from a guaranteed time
observation programme (PI: J. Schaye; Muzahid et al. 2021). A
detailed description of the reduction procedure of the MUSE data
is presented in section 3.2 of Lofthouse et al. (2020) and the details
are tabulated in their table 1. Examples of the MUSE images and
spectra can be seen in figures 7 and 10 of Lofthouse et al. (2020)
and figures 4 and 7 of Dutta et al. (2020). The MUSE data are 90%
complete for continuum detections down to an r band magnitude
of ~26.3 (section 5.1.1. of Lofthouse et al. 2020). These data are
complemented by high-resolution (R = 20000-50000) spectra of the
background quasars obtained with UVES at the VLT, HIRES at Keck,
or the Magellan Inamori Kyocera Echelle (MIKE; Bernstein et al.
2003) at the Magellan Clay telescope, and medium resolution (R ~
4000-10000) spectra obtained with X-SHOOTER (Vernetetal. 2011)
at the VLT or Echellette Spectrograph and Imager (ESI; Sheinis et al.
2002) at Keck. Details of the reduction and properties of the archival
quasar spectra are presented in section 3.1 and table 2 of Lofthouse
et al. (2020).

The Mg absorption line and galaxy samples from the MAGG
survey used in this work are described in detail in sections 2.1 and 2.2

MNRAS 000, 1-26 (2021)
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Figure 1. Comparison of the properties of the QSAGE and MAGG galaxies
with coverage of associated Mg 11 absorption. The histograms show the dis-
tribution of redshift, impact parameter, stellar mass and SFR for the QSAGE
(purple) and MAGG (orange) galaxies. The median values are marked by solid
and dashed vertical lines for the QSAGE and MAGG samples, respectively.
The QSAGE survey increases the sample size by more than a factor of three
and extends the analysis to lower redshifts and higher impact parameters.

of Dutta et al. (2020), respectively. We use a sample of 218 galaxies
at 0.8 < z < 1.5 that are detected based on their continuum emission
and [O 1] line emission in MUSE, and for which the Mg 11 absorption
properties can be reliably measured from the quasar spectra. The
survey does not exclude passive galaxies that can be identified via
absorption lines, with a limiting stellar mass of 4 x 10° Mg for an
old and red galaxy at z ~ 1, although we note that emission line
galaxies are more easily identified in MUSE data. The lower redshift
limit in the MAGG Mgu sample is set by the quasar Lya forest,
which hinders reliable line identification. We have updated here the
sample of continuum-detected galaxies used in Dutta et al. (2020)
with four new galaxies for which we could estimate upper limits on
the Mg 11 equivalent width following a re-assessment of the spectra.
We do not include here the 14 galaxies identified purely based on
[O 11] line emission in the MUSE data, around the redshifts of known
Mg 11 absorption systems, to have a blind galaxy sample which is
consistent with the QSAGE sample.

The physical properties of the galaxies like stellar mass and SFR
are estimated from the MUSE photometry and spectra, corrected for
Galactic extinction, using the code Mc-spF as described in Section 2.1.
The MAGG Mg sample consists of 27 systems at 0.8 < z < 1.5

with lelg 1~0016-3.234 (see for an example figure 2 of Dutta

et al. 2020). The 90 percentile of the distribution of 30~ upper limits

of lelg T is ~0.03 A (see figure 1 of Dutta et al. 2020). The line
identification and measurement of absorption properties are carried
out in the same way as described in Section 2.2 for the QSAGE
sample. In Fig. 1, we compare the properties of the MAGG and
QSAGE galaxy samples for which we can study the corresponding
Mg 11 absorption. Recall that the MAGG and QSAGE samples are
independent, i.e. there is no overlap in fields between the two surveys.
The QSAGE survey increases the size of the sample available to study
Mg 11-galaxy correlation by more than a factor of three. Further, the
QSAGE sample extends the analysis to lower redshifts and higher
impact parameters, and also enables study of C 1v-galaxy correlation
atz < 2.

MNRAS 000, 1-26 (2021)

2.4 Group identification

To identify groups in the QSAGE and MAGG galaxy samples, we
run a Friends-of-Friends (FoF) algorithm (Knobel et al. 2009, 2012;
Diener et al. 2013). Note that we use the term "group"” here to refer
to an association of two or more galaxies, without any specification
on the group halo mass, and these structures may not necessarily be
virialized. The FoF method links galaxies into structures by finding
all the galaxies that are connected within linking lengths in transverse
physical distance (Ar) and redshift space (Av). We use Ar = 500 kpc
and Av = 500kms~! to link the galaxies together into groups (e.g.
Knobel et al. 2009; Diener et al. 2013). Recall that we find the
average uncertainty in redshifts measured from WFC3 grism spectra,
on comparison with MUSE spectra, to be ~500kms~! (Section 2.1),
and our choice of Av is based on this. We also experimented with
group identification using Av = 700 km s~ and 1000kms~!, and Ar
= 400kpc, and found that the results presented in this work do not
change significantly. The groups identified by FoF range from galaxy
pairs to groups with 33 members, with a median halo mass of My,
~ 5 x 101! M. To derive the halo mass of the groups, we use the
stellar mass of the most massive galaxy in each group (adopted as
the central galaxy; see Yang et al. 2008) and the redshift-dependent
stellar-to-halo mass relation of Moster et al. (2013).

The top left panel of Fig. 2 shows the distribution of stellar mass
as a function of redshift of the galaxies, color-coded by whether they
belong to a group (blue) or not (red) at the depth of our observations.
About 43% of the galaxies are determined to belong to groups. The
bottom left panel shows the fraction of galaxies in groups as a func-
tion of redshift for all the galaxies and for the galaxies below and
above median stellar mass 2 x 10° M. The group fraction declines
slightly with increasing redshift (=~ 48% group fraction at z < 1
compared to = 40% at z > 1), which could be due to the increasing
limiting stellar mass of the observations with redshift. Further, the
group fraction increases slightly with increasing stellar mass, with
overall ~ 46% of the more massive galaxies being in groups com-
pared to ~ 41% of the less massive galaxies. The right panel of Fig. 2
compares the properties of the single galaxies with those of all the
groups galaxies and the most massive galaxies in each group. The
group galaxies have similar distributions of redshift, stellar mass and
SFR as the single galaxies, but they tend to be at smaller impact
parameters on average. When it comes to the most massive galaxies
in groups, they tend to have higher median values of stellar mass and
SFR compared to the single galaxies.

We point out the caveat that the group identification is subject to
the field-of-view (FoV) and limiting stellar mass of the observations.
It is likely that some of the galaxy members of the groups at high
impact parameters are outside the FoV, and that galaxies near the
edge of the FoV, which are classified as single, may actually be part
of groups. We might also be missing passive galaxies that belong to
groups due to limitations of the redshift identification, which is more
complete for emission line galaxies. Since the definition of a group
depends on the depth and completeness of the galaxy sample, it is not
trivial to quantitatively compare the group fraction estimated in our
relatively deep galaxy data to that found in studies in the literature
with different observational parameters. However, we mention here
the groups fractions estimated in the literature for different galaxy
samples for reference. At low redshift (z < 0.2), Eke et al. (2004)
found that ~ 55% of galaxies in the 2dFGRS survey are in groups of
at least two members using FoF algorithm. Similarly, Tempel et al.
(2012) estimated that ~ 46% galaxies are in groups of two or more
members at z < 0.2, using a FoF group catalog based on Sloan
Digital Sky Survey (SDSS). In the zCOSMOS 20k group catalog,
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Figure 2. Left: The stellar mass of the galaxies in QSAGE and MAGG as a function of redshift is shown in the top panel. Galaxies identified in groups are
shown as blue points and single galaxies are shown as red points. The typical uncertainty on the stellar mass estimates is shown in the top left corner of the
plot. The errors on the redshifts are less than the size of the symbols. The bottom panel shows the fraction of galaxies that are in groups as a function of
redshift. The black solid line is for all galaxies, while the orange dashed and purple dotted lines are for galaxies with stellar mass below and above 2 x 10° M,
respectively. Overall 43% of the galaxies are identified to be in groups, and the group fraction decreases slightly with increasing redshift and decreasing stellar
mass. Right: Comparison of the properties (redshift, impact parameter, stellar mass, SFR) of single and group galaxies. The red, blue and black histograms show
the distributions for single galaxies, all group galaxies and the most massive group galaxies, respectively. The solid, dashed and dotted lines mark the median
properties of the single, all group and most massive group galaxies, respectively. The group and single galaxies have similar distributions of redshift, stellar
mass and SFR, while group galaxies have smaller impact parameters on average.

the fraction of galaxies in groups of two or more members, based
on FoF algorithm, is found to be =~ 30 — 40% at z < 0.6, and this
drops to < 10% at z = 1 (Knobel et al. 2012). On the other hand, in
the DEEP2 survey, using the Voronoi-Delaunay method, Gerke et al.
(2012) estimated a group fraction of ~ 14% over z ~ 0.7 — 1.5. The
higher fraction of galaxies in groups that we find at z > 1 could be
due to the relatively greater depth of our observations, which enable
us to identify groups down to My ~ 10! Mo, as well as due to
different methods used to link galaxies into groups in the literature.

3 CORRELATION OF METAL ABSORBERS AND
GALAXIES

Leveraging the larger sample afforded by QSAGE, we can extend
the investigation of the gas-galaxy connection presented in Dutta
et al. (2020) using MAGG data alone to lower redshifts and the more
highly ionized gas phase traced by C1v. We follow a galaxy-centric
approach in this work. We do not place any constraint on the impact
parameter, i.e. we consider the full FoV of MUSE (up to ~0.5 arcmin
or ~250kpc at z = 1) and HST/WFC3 (up to ~1.5 arcmin or =750 kpc
at z = 1). We associate an absorption system to a galaxy if its redshift
falls within £500kms~! (the average redshift uncertainty of the
WEFC3 sources) of the galaxy redshift. In case there is no associated
absorption in the above line-of-sight (LoS) velocity window, we place
a 30 upper limit on the rest-frame equivalent width per 100 km s7!
after masking any contaminating strong absorption lines in the quasar
spectra. We checked that our results do not change significantly if
we use a LoS velocity window of +1000km s~!. We expect that the
effect of the redshift uncertainty of WFC3 sources on the results
will be within the statistical uncertainties. The LoS velocity window
used here is similar to values adopted in the literature to associate
absorbers with galaxies (e.g. Tumlinson et al. 2013; Burchett et al.
2016; Chen et al. 2018; Dutta et al. 2020). We note that based on the
EAGLE cosmological simulations, Ho et al. (2020) have found that a

LoS velocity cut of £500 km s~ !, as used here, at an impact parameter
of 100 kpc around galaxies with stellar masses of 109-9-5 M, (similar
to the median M, of our sample) at z ~ 0.3 will select detectable
Mg gas (log N[Mg n/cm™2] > 11.5) that lies beyond the virial
radius ~80% of the time.

We focus on the cool, metal-enriched, low-ionization gas phase as
traced by Mg absorption, and the more highly ionized gas phase
as traced by C1v absorption. For the analysis of the Mg i-galaxy
connection, we use the combined sample of MAGG and QSAGE,
while in the case of C 1v, we use only the QSAGE sample. Note that in
the case of MAGG, the Ly« forest makes it difficult to reliably identify
C1v absorption at z < 2 in the quasar spectra. First, in Section 3.1, we
examine the dependence of the Mg 11 and C1v equivalent width and
covering fraction on galaxy properties. The covering fraction here is
defined as the ratio of the number of galaxies that show absorption
above a certain equivalent width limit to the total number of galaxies
with sensitivity to detect absorption above this limit (see e.g. Dutta
et al. 2020). Then we move to a group-centric approach and compare
the metal distribution in groups and single galaxies in Section 3.2. We
further investigate the absorber-galaxy connection using the angular
cross-correlation function in Section 3.3.

3.1 Dependence of metal absorption on galaxy properties

The anti-correlation between the Mg equivalent width, lelg H,
and the galaxy impact parameter, R, is a well-established relation in
the literature (e.g. Lanzetta & Bowen 1990; Chen et al. 2010; Nielsen
etal. 2013). However, as pointed out in Dutta et al. (2020), recent IFU
galaxy surveys that are more flux complete and spatially uniform, are
beginning to identify multiple galaxies that can be associated with a
single Mg 11 system, and not just the brightest or closest ones. This
is leading to ambiguity in defining a galaxy-absorber pair and larger
scatter in the equivalent width-impact parameter plane of Mg

This is reflected in Fig. 3, which shows the lelg " versus impact
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Figure 3. Rest-frame equivalent width of Mg 11 absorption as a function of
galaxy impact parameter. Galaxies with detection of Mg 1 absorption from
the MAGG survey are shown as squares, while those from the QSAGE survey
are shown as circles. Non-detections, represented by 3o upper limits, are
shown as arrows of different types as indicated in the figure legend. Galaxies
in groups are marked in blue and single galaxies are marked in red. Note
that all the galaxies in each group are associated with the same WMg " The
galaxy with smallest impact parameter in a group in case of Mg 11 detection
is marked by an outer black circle/square. The best-fit log-linear relation
between W}\/Ign and impact parameter of closest galaxies is given at the
top of the plot and plotted using a solid line (10 uncertainty with dotted
lines). The average Wl\/lg " declines with increasing impact parameter when
considering the closest galaxies, although there is a considerable scatter in
the relation.

parameter relation for the systems in MAGG and QSAGE. The points
are color-coded as blue for galaxies identified to be in groups based

. . M -
on FoF and red for single galaxies. The W €™ shows a declining
trend with increasing R, which is more pronounced when restricting
to the closest galaxies in a group. We fit a linear relation between

log W?/Ig " and R of the closest galaxies in the combined MAGG and
QSAGE sample using a Bayesian method that accounts for the upper
limits (see for details Chen et al. 2010; Rubin et al. 2018; Dutta et al.
2020). The best fit is plotted in Fig. 3. This fit is consistent within the
1o uncertainties with the fit obtained by Dutta et al. (2020) using only
the MAGG sample at z ~ 1, although we obtain a slightly shallower
fit now due to the detection of galaxies at larger impact parameters
enabled by the larger FoV of the QSAGE HST observations.

We first look at the dependence of the cool gas distribution, as
traced by Mg 11 absorption, on various galaxy properties. In Fig. 4,

we show the dependence of W?/Ig " and Mg 11 covering fraction (f)
on the galaxy redshift, stellar mass, SFR and specific SFR (sSFR
= SFR/M.). To study the correlation with the galaxy properties, we
perform the Generalized Kendall’s non-parametric rank correlation
test, which accounts for upper limits (see Brown et al. 1974; Isobe
et al. 1986, for details). We give the Kendall’s 7 correlation, k, and
the probability of no correlation, p-, on top of each plot. Note that
a small value of p indicates significant correlation. We estimate the

1o uncertainties on the correlation coefficients and p-values using
Mgu
bootstrappmg To estimate the covering fraction, we use a W, &
limit of 0.03 A, to which ~90% of the measurements are sensitive.

The covering fraction is shown as a function of the impact parameter

MNRAS 000, 1-26 (2021)

normalized by the virial radius. The relative trends are the same if
instead we plot it as a function of the impact parameter. In the case
of galaxies in groups, we have considered the most massive galaxy,
which we assume to be the central galaxy. We find that the trends
discussed below hold for the individual MAGG and QSAGE samples
as well, though at a lesser significance than for the combined sample.

The equivalent width of Mg 11 shows no strong trend with redshift,
but its covering fraction is ~1.5-2 higher at higher redshifts, i.e.
z > 1. This is consistent with the evolution in covering fraction of

strong absorbers (Wl\/lg TS A) over 0.4 < z < 1.3 found by Lan
(2020) based on SDSS data. Using MUSE observations, Schroetter
et al. (2021) have found a similar evolution over 1.0 < z < 1.5 for

W%\/Ig "> 0.8A. The dependence on redshift could also be related
to the dependence on stellar mass (see below), since the sample lacks
low-mass galaxies (M. < 1083 Mg) at higher redshifts (z > 1; see
Fig. 2). To check this, we estimated the covering fractions considering
only galaxies with stellar mass above 10° M, where the distribution
across redshifts is more consistent. We find that the average covering
fraction appears higher at z > 1, but this difference is not statistically
significant as the two are consistent within the 1o~ uncertainty.

Both the W?Ag " and f. exhibit a significant dependence on the
stellar mass and SFR, with the more massive and higher star forming
galaxies showing ~2 times stronger and more prevalent absorption,
even beyond the virial radius. Further, we find that these trends
are present in sub-samples at z < 1 and at z > 1, albeit at lower
significance (pr ~ 1072 — 10~%). Several studies in the literature,
based on different methodology including stacking and background
galaxy spectroscopy in addition to quasar spectroscopy, have reported
dependence of Mg 11 absorption properties on galaxy mass, color, and
SFR (e.g. Chen et al. 2010; Bordoloi et al. 2011; Nielsen et al. 2013;
Lan et al. 2014; Rubin et al. 2018). Compared with some of the above
studies, we find weaker dependence on the specific SFR. Since the
stellar mass and SFR of the galaxies in our sample are correlated, to
distinguish between the effects of the two, we divide the sample into
two sub-samples based on the median stellar mass of 3 X 10° Mo.

We find that the W%\/Ig " and f. do not show a significant dependence
on either SFR or sSFR in these sub-samples. This seems to imply
that the stellar mass or halo mass plays a more dominant role in
determining the cool gas distribution around galaxies, as also noted
by Dutta et al. (2020). However, we do note that the present sample
is dominated by star forming galaxies, lacking a significant fraction
of passive galaxies, with less than 10% of the galaxies having sSFR
< 10710 yr!

Now we move to the more highly ionized phase of the gas as
traced by C1v absorption in the QSAGE survey. Fig. 5 shows the
equivalent width of Crv, WEIV_ as a function of the galaxy impact
parameter. We follow the same color scheme as for Mg . We find
that in the case of C1v as well, a single absorption system can be
associated with multiple galaxies in a group out to large distances. On
average, the C1v equivalent width declines with increasing distance
from galaxies. As in the case of Mg, we fit a log-linear relation
between WF IV and impact parameter (see Fig. 5). The fit to the
C1v absorption is shallower than that to the Mg 11 absorption around
galaxies. This could imply that the C1v absorbing gas has a more
extended radial profile around galaxies than the Mg i1 absorbing gas.
This would support the picture of the low-ionization gas being more
centrally concentrated than the high-ionization gas phase. Note that
the shallower fit to the C1v absorption could also arise due to a lack
of strong upper limits on the equivalent width. The C1v upper limits
at z < 1 are estimated from the UV spectra, in contrast to the upper
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Figure 4. Dependence of Mg 11 absorption on galaxy properties [(a) redshift, (b) stellar mass, (c) SFR, (d) specific SFR] in the combined MAGG and QSAGE

sample. The top plot in each subset shows lel &1 a5 a function of the galaxy property. The symbols are the same as in Fig. 3, i.e. detections from MAGG
and QSAGE are shown as squares and circles, respectively, while the upper limits are shown as arrows. The symbols are color-coded by the galaxy impact
parameter. The median value of the galaxy property (z = 1.1, M, = 3 x 10° Mg, SFR = 1.9Mgyr~!, sSFR = 6 x 10710 yr~1) is marked by vertical dashed lines.

The Generalized Kendall’s k- and p, values for the correlation between W}/Ig " and the galaxy property are given on top of each plot (a smaller value of p-
indicates a more significant correlation). The bottom panel shows the cumulative covering fraction estimated for a sensitivity limit of 0.03 A as a function of
the impact parameter normalized by the virial radius for the sub-samples below (orange solid line) and above (purple dashed line) the median galaxy properties.

. . N . Mgu . . .
The error bars represent 1 o~ Wilson score confidence intervals. The most significant correlations of W €1 and covering fraction of Mg 11 are with stellar mass

and SFR.

limits for Mg 11 which are estimated from the more sensitive optical
spectra.

Most studies of galaxies associated with C1v absorption at z < 1
in the literature have been based on imaging and long/multi-slit
spectroscopy (e.g. Chen et al. 2001; Bordoloi et al. 2014; Liang
& Chen 2014; Burchett et al. 2016). All these studies report an
anti-correlation between C 1v equivalent width and impact parame-
ter. However, Burchett et al. (2016), using HST-COS observations
of C1v absorbers at z < 0.05 and galaxies in SDSS down to M.
~ 108 M, have also found C v absorption at large impact parame-
ters (=400 kpc). Based on MUSE observations, Muzahid et al. (2021)
have found no strong dependence of C1v absorption on transverse
distance over ~50-250 kpc around z = 3 Ly« emitters. In our sample,

we find that C 1v absorption can be present at large impact parameters
around galaxies, beyond their virial radii. At these large distances, it
becomes more difficult to discern whether and how the C 1v absorp-
tion is physically connected to the galaxies.

To try to address this connection, as done for Mg 11, we look at the
dependence of WrC IV and C1v covering fraction on galaxy properties
in Fig. 6. For the covering fraction analysis we use a WrC IV limit of
0.1A, based on the 90% sensitivity limit of the sample. Note that
at lower redshifts, i.e. z < 1, the C1v lines are detected in the UV
spectra as opposed to the optical spectra at higher redshifts. Due
to the higher S/N and resolution of the optical spectra, we are able
to probe to deeper WEIV at higher redshifts. The equivalent width
of C1v shows no strong redshift evolution. However, the covering
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Figure 5. Rest-frame equivalent width of C1v absorption versus the galaxy
impact parameter. Detections are shown as circles and 3o upper limits cor-
responding to non-detections are shown as arrows. Galaxies in groups are
shown in blue, while single galaxies are shown in red. The galaxy with the
smallest impact parameter in each group is marked by an outer black circle
in case of a C1v detection. The best log-linear fit between WF IV and im-
pact parameter of closest galaxies is plotted with a solid line, with the 10
uncertainty indicated by dotted lines. The fit is also given at the top of the
plot. The best fit between W}\/Ig ™ and impact parameter from Fig. 3 is shown
with a dashed line for comparison. The average WrC IV declines with increas-
ing impact parameter, but the relation is shallower than in the case of Mg1i,
implying a more extended distribution of C1v gas.

fraction of C1v is =4 higher at z > 1 within the virial radius, beyond
which there is no significant difference. The dependence of covering
fraction on redshift is similar when considering only the galaxies
with M, > 107 M. We note that Schroetter et al. (2021) have found
no significant evolution in C 1v covering fraction over z ~ 1.0 — 1.5
for WEIV >0.7 A using MUSE observations.

Similar to the Mg gas, the covering fraction of C1v gas shows
increasing trends with stellar mass and SFR (=1.5-2 times higher
f. around the more massive and star-forming galaxies). The C1v
equivalent width is only weakly dependent on the stellar mass and
SFR, and the dependence is much less significant than in the case
of Mg 1. The results are similar for the sub-samples at z < 1 and at
z > 1. There are comparatively few studies in the literature on the
association of C1v with galaxy properties, especially at z = 0.5 — 2,
as most of the studies are at 7 < 0.1 (Borthakur et al. 2013; Bordoloi
et al. 2014; Burchett et al. 2016) or at z > 2 (Adelberger et al. 2005;
Prochaska et al. 2014; Muzahid et al. 2021). Burchett et al. (2016)
have found that the C 1v equivalent width and covering fraction within
the virial radius are significantly higher for the more massive galaxies
with M, > 3 x 10° Mg, which agrees with our results. On the other
hand, Borthakur et al. (2013) and Bordoloi et al. (2014) have found
a tentative correlation between C1v equivalent width and specific
SFR. At z ~ 3, Muzahid et al. (2021) have not found a significant
dependence of the stacked C1v absorption around Ly« emitters on
their SFR. We do not find a dependence of C1v absorption on the
specific SFR in the QSAGE sample, with the caveat that there is a
dearth of passive galaxies with sSSFR < 10719 yr~!, Further, we find
no significant dependence of WrC IV and f. on either SFR or sSFR
when considering sub-samples above and below the median stellar
mass. Overall, the distribution of the more highly ionized gas phase
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around galaxies seems also to be determined primarily by the stellar
mass, although the strength of absorption from the gas phase traced
by C1v appears to be less tightly correlated to the properties of the
individual galaxies than the less ionized phase traced by Mg 1.

Recall that we have used different equivalent width limits of 0.03 A
and 0.1A for estimating the covering fractions of Mgm and C1v
gas, respectively, based on sensitivity of the quasar spectra, to make
optimal use of the available data. If instead we use a limit of 0.1A for
estimating the Mg 11 covering fraction, to match that used for C 1v, we
find that the trends discussed above and shown in Fig. 4 are valid at
similar significance levels. For the sake of clarity, we do not show the
covering fraction for different equivalent width limits in Figs. 4 and
6. However, as expected, we find that the covering fraction at a fixed
impact parameter decreases as we go for a higher cut in equivalent
width, i.e. the incidence of stronger absorbers at a given distance from
galaxies decreases. We note that the same equivalent width would
correspond to different gas densities for Mg and C1v because of
differences in oscillator strength, rest wavelength and relative solar
abundance. However, to empirically compare the distribution of the
different absorbing gas at the same sensitivity of the data, we look at
the covering fractions of Mg and C1v gas at the same equivalent
width limit. We find that the covering fraction profiles of C1v gas
are generally flatter than those of the Mg gas. While the average
covering fraction of Mg gas within two to four virial radii drops
below 10%, that of C 1v gas stays around 15-20%. This is in line with
the more extended distribution of C1v absorption around galaxies
compared to Mg 11 absorption hinted at by the equivalent width versus
impact parameter plots (see discussion above).

3.2 Dependence of metal absorption on environment

We have come to appreciate that the star formation activity and
morphology of galaxies depend on the local environment, with the
fraction of star-forming spiral galaxies decreasing from the field to
the cores of clusters, compensated by an opposite increase of passive
elliptical galaxies (e.g. Dressler 1980; Balogh et al. 2004; Kauffmann
et al. 2004; Baldry et al. 2006; Fossati et al. 2017). Similarly, it is
now becoming evident from recent studies that, in order to understand
what shapes the distribution of gas and metals around galaxies, the
galaxy environment needs to be taken into account in addition to
internal galaxy properties. In particular, there have been recent IFU
observations of group environment giving rise to Mg 11 absorption
(e.g. Bielby et al. 2017a; Péroux et al. 2019; Chen et al. 2019), and
studies have found evidence that the properties of the cool, low-
ionization gas in more overdense environments are different from
those seen in more isolated environments (e.g. Nielsen et al. 2018;
Fossati et al. 2019b; Dutta et al. 2020; Lundgren et al. 2021). Using
the MAGG sample, Dutta et al. (2020) found that the Mg 11 equivalent
width and covering fraction are higher around group galaxies than
around single galaxies. They argue that tidal interactions between
group members or ram pressure stripping by the intra-group medium
could be dislodging the metals from haloes of individual galaxies
and enhancing the overall strength and cross-section of cool gas in
denser environments. Such environmental interactions are analogous
to what have been seen in MUSE observations of extended H @ and
[O 1] emission around galaxies in groups and clusters at z < 0.5
(e.g. Fumagalli et al. 2014; Fossati et al. 2016, 2019a; Johnson et al.
2018; Chen et al. 2019).

The combined sample of MAGG and QSAGE is three times larger
and probes a wider galaxy parameter space (see Fig. 1), so in this
work we are able to not just test the results of Dutta et al. (2020)
but also to extend the scope of their analysis. Fig. 7 (left panels)



” ky = 0.03700% p, = 0.2970:4
1(] = L ]

VR i:..° . 600
= §a PR e oY
< CREL L T e .
> # VAR e B e 400
:'— 10724 g .Lu:@ RN L ; .
[ +
- i $ #yitt 200
H 4
PP gy
T T L T T
0.0 0.5 1.0 15 2.0
Zgal
0.75-
z<11
S04 [T —e-- 7> 11
£0.50 z>
Vi I
~ 0.257 + ---------- +
---------- .
0.00- . . . .
1 2 3 4
R/R,
(@)
k; = 0.08500%  p; = 0.01500%
1004 ° N °
¢ Ko/ e % 600
= ﬁ Ly 'fi L‘f"} &g
< 4, s BT ot
= + R NN R i N 400
O 102+ Pt SR R R
- ¢ o g 200
: 4 ¢ ¥
T T T T
1072 1071 100 10} 102
SFR (Mgyr™)
0.75 = :
SFR < 2.5 Mayr™
é 0.50 --e—- SFR > 2.5 Mgyr~!
~
Vi T +_
~ 0.25+ + ~~~~~~~~ 4
< 1| T T s—— -+
0.00 . . . .
1 2 3 4
R/R,
(©

Metals across galaxy overdensities 11
ke = 0.097001 pr = 0.01%0¢}
10°4 A .
$e ° o % N
_ . RERTREN, FHFEY W 600
o ! PR W s 4 =
& AR TR R AR T T O A 400 &
= 2 1072 ‘fp £ i ! =l
L Ty ¢ 200
4 $l¢ ¢¢ n
T T T T T
107 108 109 101 101
M, (My)
0.75
“ log (M,/[Mg]) < 9.5
é 0.50 --e-- log (M./[Mg]) > 9.5
= I .
A2 R e D S
= 0.257 + + --------- S ;
0.00 , , , :
1 2 3 4
R/Ry
(b)
, kr =-0.02200)  pr = 062133
] . & " e T 600
.- S MRl e _
g ' e e, ORI IS 400 &
= SRR b ¥ “J.o“u¢v (<)
o 0724 vy LAY AR [t
£ { L 200
4
L 4
T T T
101 10710 1079 1078
sSFR (yr~1)
0.75
. log (sSFR/[yr™]) <-9.1
& 0.504 --e-- log (sSFR/[yr™!]) > -9.1
|
~ 0.257

(d

Figure 6. Same as Fig. 4 but showing the dependence of C 1v absorption on galaxy properties in the QSAGE sample. The symbols are the same as in Fig. 5.
Here the covering fraction has been estimated for a sensitivity limit of 0.1 A. The covering fraction of C v tends to increase on average with redshift, stellar

mass and SFR.

compares the covering fraction of Mg gas in groups and single
galaxies. The top panel shows the covering fraction as a function
of impact parameter and the bottom panel shows it as a function
of impact parameter normalized by the virial radius. Here we have
considered the most massive galaxy in each group. The results are
similar when we consider instead the closest galaxy in a group, the
group geometric centre or the mass-weighted group centre. Group
galaxies show higher covering fraction of Mg 11 gas for both equiva-
lent width thresholds of 0.03 A and 0.1 A. Galaxies in groups show
twice the covering fraction of single galaxies within the virial radius,
and ~ 3 times the covering fraction of single galaxies within twice
the virial radius. This is consistent with the results of Nielsen et al.
(2018) and Dutta et al. (2020). Further, we divide the sample into
sub-samples based on the median redshift, stellar mass and SFR. The
difference in covering fraction of group and single galaxies tend to
be more prominent at low redshift (z < 1), and for more massive (M
>3x10° M) and more star-forming (SFR >1.9 M@yr_l) galaxies,
although the differences are consistent within the large uncertainties.
In Fig. 8, we show the covering fraction profiles for the low and

high redshift sub-samples, estimated for equivalent width threshold
of 0.1 A.

In Fig. 2, we have seen that the group galaxies in our sample have
lower impact parameters on average than the single galaxies, and that
the most massive galaxies in each group have higher average stellar
mass and SFR compared to the isolated ones. In Fig. 4, we have
shown that the Mg 11 equivalent width and covering fraction depend
on the stellar mass and SFR, and the Mg 11 covering fraction to a lesser
extent depends on the redshift. To check whether the difference we
find between groups and single galaxies is due to factors other than
the environment, we form a control sample of single galaxies. For
each of the most massive group galaxies, we select at random a single
galaxy from the sample that is within +50 kpc in impact parameter,
+0.3 dex in stellar mass and +0.3 in redshift. We repeat this process

1000 times and take the galaxy whose Wl\/Ig "is closest to the median
value of this matched sample. We are able to form a control sample
for ~95% of the group galaxies in this way. The properties of the
group and control samples are compared in Table 3. The distribution
of Mg equivalent widths in groups is different from that in the
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Figure 7. Covering fraction of Mg (left) and C1v (right) absorption as a function of impact parameter (top) and impact parameter normalised by the virial
radius (bottom), for most massive galaxies in groups in blue and single galaxies in red. The solid and dotted lines show the covering fraction estimated for a
sensitivity limit of 0.03 A and 0.1 A, respectively. Some of the points have been shifted slightly along the x-axis for the purpose of clarity. The error bars represent
10 Wilson score confidence intervals. Groups show ~ 2 —3 times higher covering fraction of Mg 11 than single galaxies at a given distance and sensitivity, while

their C 1v covering fractions are not significantly different.

control sample of single galaxies, with groups showing two times

higher Wi\/lg " on average. The covering fractions of the group and
control samples are compared at fixed normalized impact parameters
in Fig. 9. We find that group galaxies still show similarly enhanced
covering fractions compared to the control sample. The results are
similar when we compare the profiles at fixed impact parameters as
well. We further tried a more restrictive control sample, where we
select a single galaxy within +£25 kpc in impact parameter, +0.2 dex
in stellar mass and +0.2 in redshift of a group galaxy. We are able
to construct a control sample for ~70% of the group galaxies in this
way. Comparing to this more restrictive control sample, we find that

the distribution of W%\/Ig Tof group galaxies is no longer significantly
different (P = 0.1). However, the group galaxies show larger covering
fraction by a factor of two at a given radius compared to the more
restrictive control sample. The covering fraction of group galaxies
remains enhanced even if we go more for a stringent matching in
impact parameter, down to +10kpc, although the difference is no
longer statistically significant. Therefore, the difference in Mg 11 gas
covering fraction between group and single galaxies is most likely
due to environmental processes.

When it comes to C1v, there are only few studies that have looked
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Table 3. Comparison of different properties of the group and control samples
(matched within £50kpc in R, £0.3dex in M, and +0.3 in z) for Mgu
and C1v absorption. The table lists the maximum difference between the
cumulative distributions of the two samples (D), and the probability of the
two distributions arising from the same parent distribution (P) estimated
from a two-sided Kolmogorov—Smirnov test. The distributions of equivalent
widths of Mg 11 and C1v are different among the group and control samples.

Property Mgu Civ
D P D P
z 0.07 087 011 0.70
R 0.07 094 0.06 1.00

M. 0.10 065 011 0.72
SFR 008 086 017 0.19
W; 024 0.003 0.19 0.09

in detail at the galaxy environment around C 1v absorbers. Burchett
et al. (2016), based on number counts and group halo masses, find
a dearth of C1v absorption with a column density detection thresh-
old of N(C1v) = 3 x 1013cm™2 within R < 160 kpc in denser en-
vironments at z < 0.05, with no C1v absorption detected at My,
> 5 x 1012 Mg. Manuwal et al. (2021) similarly find no C1v ab-
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and single galaxies (red), estimated for a sensitivity limit of 0.1 A. The covering fraction profiles at z < 1.1 are shown in solid lines and those at z > 1.1
are shown in dashed lines. Some of the points have been shifted slightly along the x-axis for the purpose of clarity. The error bars represent 10~ Wilson score
confidence intervals. Groups show higher covering fraction of Mg at all redshifts probed here, while there is no clear trend in the case of C1v.
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Figure 9. Covering fraction of Mg 11 (left) and C 1v (right) absorption as a function of normalized impact parameter, for most massive galaxies in groups (blue)
and control sample (red) of single galaxies matched in impact parameter (+50 kpc), stellar mass (+0.3 dex) and redshift (+0.3). The solid and dotted lines
show the covering fraction estimated for a sensitivity limit of 0.03 A and 0.1 A, respectively. Some of the points have been shifted slightly along the x-axis for
the purpose of clarity. The error bars represent 10~ Wilson score confidence intervals. The covering fraction of Mg 11 remains elevated in groups even after
controlling for other galaxy parameters. There is no significant difference in covering fraction of C 1v between group and control samples.

sorption at N(C1v) < 3 x 10'3ecm™2 within 160 kpc of L > 0.13L*
galaxies at z < 0.05, which have 7 or more neighbouring galaxies in
SDSS within 1.5 Mpc and 1000 km s~!. The highest group halo mass
at which C1v absorption is detected in our sample is 3 x 1012 Mg
There are only two groups in the sample with My, > 1013 Mg, and
neither show associated C 1v absorption (WETV < 0.004 — 0.2 A).
This is consistent with the above literature results. We note however
that Muzahid et al. (2021) have found significantly stronger C 1v ab-
sorption around groups of multiple Lya emitters detected in MUSE
at z ~ 3, based on a stacking analysis.

Fig. 7 (right panels) shows the covering fraction of C 1v gas around
groups and single galaxies in the QSAGE sample for two different
equivalent width thresholds of 0.03 A and 0.1 A. The C1v covering
fraction at R <100kpc of group galaxies is two times higher than
that of single galaxies for WrC IV = 0.03 A, and consistent within

the uncertainties for WrC IV = 0.1 A. At larger impact parameters,
the C1v covering fraction around group galaxies is consistent within
the uncertainties with that around single galaxies. The covering frac-
tions around group and single galaxies are also consistent at a given
normalized impact parameter. We further look at the C 1v covering
fraction difference between group and single galaxies in sub-samples
based on low/high redshift, stellar mass and SFR. We do not find any
clear trends such as found in the case of Mg gas. Groups tend to
show higher covering fraction at low redshifts and at high stellar
mass, while the opposite trend is found at high redshifts and low
mass. The right panel of Fig. 8 compares the C 1v covering fractions
in the low and high redshift sub-samples.

Next, we construct a control sample of single galaxies, that are
matched in impact parameter (+50 kpc), stellar mass (+0.3 dex) and
redshift (+0.3) with those of the most massive galaxies in groups, as
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Figure 10. The absorber-galaxy angular cross-correlation estimates for Mg i1
(diamonds) and C1v systems (squares) along with the galaxy-galaxy auto-
correlation (circles). The solid, dashed and dotted lines are fits to the Mg 11-
galaxy, C 1v-galaxy and galaxy-galaxy correlation functions, respectively (see
Section 3.3 for details). The uncertainties on data points are from Poisson
statistics. The Mg 11-galaxy cross-correlation function is similar to the galaxy-
galaxy auto-correlation, while the C 1v-galaxy cross-correlation function has
a larger correlation length and shallower slope.

done in the case of Mg gas. The distributions of C1v equivalent
width in the group and control samples are slightly different (see
Table 3), with groups showing 1.5 times higher WEIV on average.
The C1v covering fractions of the group and control single galaxies
are consistent within the large uncertainties (right panel of Fig. 9).
The covering fraction and WrC IV distribution of group galaxies are
consistent with those of a more restrictive control sample (+25 kpc
in R, 0.2 dex in M, and +0.2 in 7). In general, the ionized gas traced
by C1v absorption appears to be less influenced by the galaxy en-
vironment than the low-ionization gas traced by Mg 11. Additionally,
at a given equivalent limit and distance from galaxy, the covering
fraction of C1v gas is ~2 times higher compared to that of Mg 11 gas
for both group and single galaxies, consistent with what we found in
Section 3.1.

3.3 Cross-correlation of metals and galaxies

Motivated by the dependence of the metal distribution, particularly
Mg gas, on the galaxy environment, and to further compare the
distributions of Mg 11 and C 1v gas around galaxies, we next examine
the absorber-galaxy cross-correlation function. Several studies have
investigated the large-scale (up to 210 h~! cMpc) cross-correlation
between metal absorbers and galaxies, e.g. Mg absorbers and lu-
minous red galaxies at z = 0.5 (Bouché et al. 2006; Gauthier et al.
2009; Lundgren et al. 2009), C 1v absorbers and Lyman break galax-
ies at z =~ 2.5 (Adelberger et al. 2005; Crighton et al. 2011; Turner
et al. 2014), C1v absorbers and quasars at z ~ 2 (Prochaska et al.
2014), O v1 absorbers and galaxies at z < 1 (Prochaska et al. 2019).
Here we look at the small-scale clustering (up to 1h~!' cMpc) of
galaxies with Mgu and C1v absorbers in our sample. Due to the
relatively small angular scales probed by our observations, we do not
attempt to interpret the absorber correlation length in the framework
of bias models, rather we qualitatively compare the cross-correlation
of Mg 11 and C1v absorbers with galaxies.
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The absorber-galaxy cross-correlation function, which is an esti-
mate of the clustering properties of galaxies with absorbers, is defined
as the excess conditional probability of finding a galaxy within a vol-
ume dV at a position r given that there is an absorber at position 71,
P(ra|r1)dV = Po[1+&(r)]dV, where r = |r| — rp| and PodV is the
probability of finding a galaxy at an average place in the Universe.
The three-dimensional cross-correlation function is usually assumed
to take a power-law form, £(r) = (r/rg) 7Y, where rg is the comoving
distance at which the local number density of galaxies is twice that
in an average place in the Universe, and 7 is the slope parameter.

However, the three-dimensional correlation function, &(r), is diffi-
cult to directly measure in practice, and we compute here instead the
projected angular cross-correlation function, w, (R), within a veloc-
ity window around the absorbers (see Davis & Peebles 1983; Trainor
& Steidel 2012). To estimate the correlation function, we count the
number of galaxies within a velocity window of +1000 km s~! (based
on the WFC3 redshift uncertainty) around the absorber redshifts and
within projected circular annuli centred on the quasars. We then
compare this with the average number of galaxies expected in each
of these volumes based on the volume density of galaxies at that
redshift in the full survey. To obtain this, we fit a smooth third order
polynomial to the volume density of galaxies as a function of redshift
in the MAGG and QSAGE surveys.

Following Trainor & Steidel (2012), we parameterize the correla-
tion function in the following form:

wp(R) = (ro/R)Y x 2F1(1/2,7/2,3/2, -5/ R?)

where R is the 2D projected comoving separation between the ab-
sorbers and galaxies, o F is the Gaussian hypergeometric function
and z is the half-width of the redshift window. We show the absorber-
galaxy cross-correlation functions along with the best-fit relations in
Fig. 10. The uncertainties on the measurements are estimated from
Poisson statistics and the uncertainties on the fit parameters are ob-
tained from bootstrap resampling with repetitions. We find a positive
correlation for both Mg 11 and C1v absorbers, indicating significant
clustering of galaxies around the absorbers at small-scales. Based
on the fits to the absorber-galaxy correlation functions, we obtain
for Mgz rg = 4.3t21'3 h~!eMpc, y = 2.2+0.4, and for C1v: rg
= 7.73'% h~!' cMpc, y = 18i%i We further estimate the galaxy-
galaxy auto-correlation function by centering the circular annuli on
the galaxies instead of the quasars, and obtain rg = 4.6t%'i h~! cMpc
andy =2.3+0.1. The Mg 11 correlation length and slope are similar to
that of the galaxy auto-correlation function, while the C 1v correlation
length is larger. We tested that the above parameters do not change
beyond the uncertainties if we exclude the measurement in the inner-
most radial bin from the fit. We note that here we have considered
absorption clumps arising within £500 km s~ of the peak absorption
as a single absorption system. The way the absorbers are classified
into systems could have an effect on the cross-correlation function,
and may explain the difference we see between the absorber-galaxy
and galaxy-galaxy correlation measurements at R < 0.3h™! cMpc.
We can compare with studies of the angular correlation function
for different types of galaxies in the literature. The form of the Mg 11-
luminous red galaxy cross-correlation function is found to be similar
to that of the luminous red galaxy auto-correlation function over
scales ~1-10h~! cMpc at z <1 (Bouché et al. 2006; Gauthier et al.
2009; Lundgren et al. 2009). Adelberger et al. (2005) measured the
correlation function between C1v and Lyman break galaxies at z =
2.5 and found a correlation length of ro = 4+0.6 h~! cMpc for a fixed
y of 1.6 and N(C1v) > 3x 10'2cm™2 at scales <5h~! cMpc, similar
to the galaxy auto-correlation length in their study, implying that C 1v
absorbers and galaxies reside in similar structures. Prochaska et al.



(2014) measured the C 1v-quasar cross-correlation function at z =~ 2
and obtained rq = 7.5f21'§1 h~!cMpc and y = 1.7t%'12, inferring that
the C1v gas traces massive (1012 M) haloes. Bielby et al. (2014),
from a wide area (2.4 degz) galaxy survey, estimated the galaxy auto-
correlation length to be o = 3.9+0.3h~! cMpc and y = 1.90+0.04 at
z=1.1 for galaxies in the similar stellar mass range as in our sample.
These values are similar to the correlation lengths and slopes we find
for Mg n1-galaxy and galaxy-galaxy correlation in our sample.

We note that the fit to the Mg 11 correlation function has a slightly
steeper slope than that to the C1v correlation function. This could
tie in with the results obtained in the previous sections which sup-
port a more centrally-peaked distribution of the low-ionization gas
traced by Mg 11 compared to the high-ionization gas traced by C1v.
On the other hand, the clustering scale length is larger in case of C 1v
absorbers compared to Mg 11. Although we note that the ry and y mea-
surements for Mg 11 and C1v are consistent within the uncertainties.
If we fix the y parameter in the fit to the Mg correlation function
to be 1.8, as found for the C1v correlation function, the r( value for
Mg 11 absorbers increases to 6.6+0.6 h™! cMpc. However in this case
the fit is poor and underestimates the observations at the inner radii.
Similarly, if we fix y = 2.2 in the fit to the C1v correlation function,
ro decreases to 5.0+0.3 h~! cMpc, but the fit overestimates the ob-
servations at the inner radii. Hence, if we fix the slope to be the same
for both Mg 11 and C1v, the correlation length for both will be simi-
lar. However, the observations are more consistent with a shallower
slope and a larger correlation length for C1v absorbers. We point
out that the estimates at present are dominated by large uncertainties
and the small number of absorber-galaxy pairs prevents us from re-
liably studying the dependence of the cross-correlation function on
redshift, galaxy properties and absorber strength. Larger samples of
absorber-galaxy pairs are required to confirm these clustering trends
on small-scales and in different sub-samples of galaxies.

4 LINKING METALS AND GALAXY OVERDENSITY

While the degree to which the galaxy environment affects the differ-
ent gas phases in the halo may differ, it is becoming clear from wide-
field, complete galaxy surveys that one-to-one association of galaxies
and absorption systems is not always straightforward. Rather, this is
subject to the sensitivity and impact parameter probed by the galaxy
survey, the physical search window used for cross-matching galaxies
and absorption lines, and the definition of group/isolated galaxies.
In the above analysis, we have used physical linking lengths to iden-
tify groups using the Friends-of-Friends algorithm independent of
galaxy stellar mass, and we have included galaxy pairs under groups.
Groups can be alternatively identified via various other algorithms
as well, including adaptive matched filters, halo-based group finders,
overdensities in position and color spaces and the Voronoi-Delaunay
Method (e.g. Gerke et al. 2005; Miller et al. 2005; Yang et al. 2005;
Gal 2006). Furthermore, the choice of which galaxy in a group to
consider for absorber correlation also needs to be made in these kinds
of studies.

Using large samples of hydrogen and metal absorption lines in
quasar spectra at z > 2, several studies have modeled the gaseous
halo or the absorption component in a "continuous" and statisti-
cal manner with the pixel optical depth method (Rakic et al. 2012;
Turner et al. 2014; Chen et al. 2020b). Now that we have sufficiently
large galaxy samples available in quasar fields, we can describe the
galaxy component in "continuous" terms as well using local densi-
ties. This way, we can address the galaxy environment and gaseous
halo connection in a complementary and statistical manner, which
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also overcomes some of the limitations of galaxy-absorber associa-
tion mentioned above.

There are several methods of quantifying the galaxy environment
(Muldrew et al. 2012; Haas et al. 2012), with the two most common
ones being the number of galaxies within fixed or adaptive apertures
(Hogg et al. 2003; Croton et al. 2005) and the distance to the Nth
nearest neighbour (Dressler 1980; Baldry et al. 2006). The number
density within a fixed aperture method has been found to be more
sensitive to high mass overdensities, better represent the actual 3D
overdensity and be less affected by viewing angle and redshift (Shat-
tow et al. 2013). Here we apply the method of estimating galaxy
overdensity within a fixed aperture to the MAGG and QSAGE sam-
ples.

We first estimate the number of galaxies within fixed cylin-
drical volumes, with the projected circular area centred on the
quasar in each field. We use Kernel Density Estimation (KDE)
to better represent the underlying probability distribution of the
galaxy redshifts. Along each quasar line-of-sight (LoS) up to
2gso — (1 + zQso)*5000 km s™1/c, we perform one-dimensional
KDE to obtain the probability density function of the galaxy number
counts within a certain projected radius (depending on the survey and
redshift range as detailed below). We use a Gaussian kernel and the
Improved Sheather-Jones algorithm (Sheather & Jones 1991; Wand
& Jones 1995; Botev et al. 2010) to select the bandwidth. Then by
integrating this 1D KDE, we estimate the number density in equal
physical volumes along the quasar LoS, defined by the radius and a
LoS rest-frame velocity of v = £1000kms~!. Note that we divide
the survey volume into equal physical volumes in this way in order
to characterize the local galaxy environment around the sightline in
a continuous manner and cross-match the galaxy densities with the
absorption properties. In case there are fewer than ten galaxies along
a quasar LoS within the redshift range and radius considered, we di-
rectly count the number of galaxies within the volumes. We similarly
estimate the stellar mass, SFR and sSFR densities in these volumes
by integrating the weighted KDE.

To check the robustness of the galaxy densities estimated in the
above way, we performed various tests including using a different
kernel and bandwidth for KDE, a different LoS velocity window for
the volumes, a different way of partitioning the LoS into volumes,
and directly counting galaxies in volumes instead of using KDE. The
galaxy densities estimated through different ways correlate with each
other, and we find that overall the results discussed in this section do
not change significantly. A more detailed discussion on these tests
and their effect on the results is given in Appendix B.

Once we have the galaxy densities, we estimate the overdensity
relative to the field density as 6 = (p — Pgeld(2))/Pfield (z)- Since we
have large and complete galaxy surveys at hand, we estimate the field
density from the respective surveys, MAGG and QSAGE, themselves.
To obtain the average number density of galaxies at a given redshift
in a survey, we compute the volume density of galaxies in that whole
survey and parameterize its redshift dependence with a smooth third
order polynomial. In this work, we use the term overdensity to refer
to the logarithmic density contrast defined as log(1 + &), where the
logarithm is to the base 10.

Finally, to associate the galaxy overdensities with the absorption,
we search for Mg 1/C 1v absorption lines within 6v = +1000 km s~
of each cylindrical volume in which we estimate the overdensity
along the quasar LoS. We take the total equivalent width of all the
absorption components found within this év. If no absorption is
present in a volume, we estimate a 30~ upper limit on the rest-frame
equivalent width for a linewidth of 100 km s_l, based on the noise
in the quasar spectra in that region, after masking out any strong
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Figure 11. Rest-frame equivalent width of Mg 11 as a function of the galaxy number (a), stellar mass (b), SFR (c), and sSFR (d) overdensity over 0.9 < z < 1.6
within a radius of 240kpc in the combined MAGG and QSAGE sample. In case of Mg detection, the lel €1 heasurements are shown as stars, while the
30 upper limits are shown as downward arrows in the case of non-detections. Data from the MAGG sample are shown as red stars/arrows, and those from
the QSAGE sample are shown in blue. The detections are color-coded by the average galaxy impact parameter. The average uncertainty in the overdensity

. e . . Mg 1t . .
measurements from Poisson statistics is shown at the top left of plot (a). Results from correlation analysis between W, €1 and the overdensity are given at the
top of each plot, where a small value of p- indicates significant correlation. To the bottom of the plots, the incidence or detection rate of Mg 11 absorption is

shown for each quartile of the respective overdensity, for Wlw gl sensitivity limits of 0.03 A (solid black line) and 0.1 A (dashed grey lines). The uncertainties

. . . Mg - . . . L
on the detection rates are 10~ Wilson score confidence intervals. W, €™ and incidence of Mg 11 show increasing trends with overdensities in number, stellar

mass and SFR of galaxies over 0.9 < z < 1.6.

contaminating lines. Note that the choice of ¢v is motivated by the
redshift uncertainties of the WFC3 grism sources. Different v values
of +£500kms~! and £700kms~! were tried and found not to have
significant effect on the results (see Appendix B).

We determine the radius of the fixed volumes in which to esti-
mate the overdensities based on the optimal compromise between
the maximum physical FoV accessible over the entire redshift range
considered and the maximum number of absorption systems that can
be associated with the overdensities. For the MAGG and QSAGE
combined Mg 11 sample over the redshift range 0.9 < z < 1.6, we
consider a radius of 240 kpc to make full use of the MUSE FoV. For
the analysis based only on the QSAGE sample, we consider a radius
of 200kpc up to z = 1, and 600 kpc beyond that to get the full FoV
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of WFC3. We restrict ourselves to redshifts < 1.6, beyond which the
H « emission line falls out of the wavelength coverage of the WFC3
grism, and the [O 111] and/or the [O 11] emission line is used instead for
redshift identification. This way we ensure that the average number
density varies as a smooth function of redshift.

4.1 Dependence of Mg 11 absorption on overdensity

Over the redshift range 0.9 < z < 1.6, we use the combined sample
of MAGG and QSAGE to study the connection of Mg 11 absorbing gas
and galaxy overdensities. While the two galaxy surveys have different
observing conditions and strategies, we find that the trends discussed
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Figure 12. Rest-frame equivalent width (top) and incidence (bottom) of Mg as a function of the galaxy stellar mass (a) and SFR (b) overdensity over
0.9 < z < 1.6 within a radius of 240 kpc in the combined MAGG and QSAGE sample. The plots are same as in panels (b) and (c) of Fig. 11, except that here

.. . . . - . Mgu - .
the overdensities have been estimated in volumes centred on galaxy redshifts. The positive correlations of W . & and Mg 11 incidence with stellar mass and
SFR overdensities around galaxies underlines the connection between the strongest and most prevalent Mg 11 absorption and regions of greater overall stellar

mass and star formation activity.

here are also valid for the individual samples, and they become more
significant when the two samples are combined due to the larger size.
Here we first present the results from the combined sample. Then we
move to the results based on the QSAGE sample alone, which makes
it possible to extend the analysis to lower redshifts.

In Fig. 11, we show the dependence of Mg 11 equivalent width as
a function of the galaxy number, mass, SFR and sSFR overdensities
in the combined MAGG and QSAGE sample for 0.9 < z < 1.6,
considering a radius of 240kpc. The k and p, values from the

Generalized Kendall’s correlation test between Wiv[ €™ and the re-
spective overdensities are provided in the plots, along with their 1o
uncertainties from bootstrap analysis. We also plot the detection rate
or incidence of Mg 11 absorption as a function of the overdensity. The
trends in incidence are similar for the two different sensitivity limits

of lelg "'~ 0.03A and 0.1 A. We estimate the incidence in each
25™ percentile of the overdensities. The general trends of incidence
also hold if we instead estimate the incidence in fixed overdensity

bins.

The average equivalent width of Mg 11 increases with the number
overdensity, i.e. relatively more of the strongest Mg 11 absorbers tend
to arise in the most overdense regions in our sample. The prevalence
of Mg absorbers increases with the overdensity, with *15% inci-

dence above overdensities of 0.5 for lelg '~ 0.03 A. This ties in
with our results from Section 3.2, that galaxies in group environments
give rise to stronger and more prevalent Mg 11 absorption. Note that in
two cases, Mg 11 absorption is detected but no galaxy is detected in the
given volume [i.e., they are plotted as arising in underdense regions
with log(1 + &) < 0]. For one of them, we detect associated galaxies
beyond the aperture of 240 kpc considered here. We note that there
could be additional galaxies associated with these absorbers within
the considered volume that lie below the sensitivity limit of the data,
or just below the quasar point spread function (PSF; <10kpc), where
residual quasar emission after PSF subtraction limits our ability to
securely identify galaxies. We estimate an average 30 limit on flux
<3x1077 erg s~ em™2 around +100kms~! of the expected loca-

tion of [O11] emission in the MUSE spectra of the quasars, which
corresponds to unobscured SFR <1 Mpyr~! at z = 1.2.

Besides the number density, Mg 11 equivalent width and incidence
exhibit increasing trends with the mass and SFR overdensities as
well. Mg 11 absorption is most prevalent at the highest mass and SFR
overdensities, with incidences of ~25% above overdensities of 0.5
for Wivl €1~ 0.03 A. Since the stellar mass and SFR are themselves
correlated, it is hard to disentangle the dependence of the absorption
properties on these two quantities. However, there is no significant
dependence of Mg 11 absorption and incidence on sSFR overdensities.
Based on this and the results in Section 3.1, we infer that the stellar
mass could be the dominant factor behind the SFR dependence.

We note that the uncertainties in the overdensity measurements
are large due to small number statistics, and that there is a wide scat-

ter in W?Ag " across two orders of magnitude of overdensity, with
the correlations mainly driven by the relative lack of upper limits at
overdensities greater than 1. However, the above analysis does point
towards a scenario where strong Mg 11 absorption preferentially re-
sides not just in the most overdense regions, but those comprising the
most massive and star-forming galaxies. To investigate this further,
we repeat the above analysis but instead of estimating the overdensi-
ties in all volumes along the quasar LoS, we restrict the analysis to
volumes centred on the galaxy redshifts. Fig. 12 shows the depen-

dence of W%\/Ig " and Mg 11 incidence on the stellar mass and SFR
overdensities estimated this way. Both the Mgu equivalent width
and incidence show strong increasing trends with the mass and SFR
overdensities around galaxies. The incidence of Mg 11 absorption be-

comes ~60% and ~45% (for lelg T =003 A) for mass and SFR
overdensities greater than 1, respectively. We do not find any de-
pendence on the sSFR overdensities in this case. We note that the
overdensities estimated in this way are not independent when there
are multiple galaxies in an overdense region and will be biased high.
Nevertheless, this analysis reinforces the connection between the
strongest and most prevalent Mg 11 absorption and the highest mass

and SFR overdensities.
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Figure 13. Same as in Fig. 11, showing the dependence of lelg " and Mg 11 incidence on galaxy overdensity over 0.1 < z < 1 within a radius of 200 kpc in

the QSAGE sample. Wyg " and incidence of Mg 11 show increasing trends with overdensities in number, stellar mass, SFR and sSFR of galaxies at z < 1.

Next, we extend our study to lower redshifts using the QSAGE
sample. Specifically, we probe the galaxy overdensities over the red-
shift range 0.1 < z < 1, considering a radius of 200 kpc. Fig. 13
shows the dependence of Mg equivalent width and incidence on
the various overdensities at these redshifts. We again find that the
strongest Mg 11 absorbers are found in the most overdense regions,
with the average strength of the absorption increasing with increasing
overdensity. As noted above for z > 1, there are fewer non-detections
at overdensities greater than 1 at z < 1 as well. However, we note
that the highest overdensity (log(1 + §) ~ 2.5) in this case does not
show detectable Mg 11 absorption. This overdensity comprises of 22
galaxies at z ~ 0.5, and is further identified by the FoF algorithm
(see Section 2.1) as belonging to a large group of 33 galaxies with
a velocity dispersion of ~700kms~!. The lack of strong Mg ab-
sorption could be due to several reasons including a lack of cool gas
in this group (e.g. Lopez et al. 2008) or the LoS probing only a tiny
portion of a patchy region. In general though, the more overdense
regions have a higher detection rate of Mg absorption (~10% at

overdensities greater than 0.5 for WMg =003 A). The increasing
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trend in incidence with overdensities also holds true when we use a
limit of 0.1 A.

Further, W%\/Ig " and Mg tincidence are positively correlated with
the stellar mass, SFR and sSFR overdensities. The dependence of
Mg 11 absorption on sSFR overdensities is weaker than that on the

mass and SFR overdensities. The incidence of Mg absorption is
~10% for mass and SFR overdensities greater than 0.5 for WMg 1
= 0.03 A. We also find a strong dependence on the mass and SFR

overdensities when we estimate the overdensities around galaxy red-

shifts as done above for z > 1. Overall, the trends of wi\/lg " with
the number, mass and SFR overdensities are similar at z > 1 and at
z < 1. However, we note that the detection rates of Mg 11 absorption
atlog(1+46) = 0.5 -1 tend to be ~1.5-2 times higher at z > 1. This
is consistent with the higher covering fraction of Mg gas found at
z > 1 (see Fig. 4).
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Figure 14. Rest-frame equivalent width of C1v as a function of the galaxy number (a), stellar mass (b), SFR (c), and sSFR (d) overdensity over 0.1 < z < 1
within a radius of 200 kpc in the QSAGE sample. The symbols are the same as in Fig. 11. The bottom panels show the incidence of C1v absorption as a function

of the respective overdensity for a WCIV

sensitivity limit of 0.1 A. The uncertainties on the detection rates are 1o~ Wilson score confidence intervals.

WrC v

and incidence of C1v show increasing trends with overdensities in number and stellar mass of galaxies at z < 1.

4.2 Dependence of C1v absorption on overdensity

Now we look at the connection of C1v absorption with galaxy
overdensity using the QSAGE sample in two redshift ranges: at
0.1 < z < 1 within a radius of 200kpc, and at 1 < z < 1.6 within a
radius of 600 kpc. First, in Fig. 14 we show the dependence of C1v
equivalent width and incidence on the galaxy number, mass, SFR
and sSFR overdensities at z < 1. We estimate the incidence for a
sensitivity limit of WF IV = 0.1 A. Note that we lack more stringent
upper limits at z < 1 to cut at a lower limit of 0.03 A. On average, the
equivalent width of C1v increases with the number overdensity. The
detection rate of C1v absorption also increases with the overdensity,
with incidence of ~25% at overdensities greater than 0.5. Note that
the increasing trend of incidence with overdensity is not dependent
on the choice of binning and holds if we estimate the incidence in
fixed bins of overdensities instead of in equal quartiles.

The highest overdensities lack detectable C 1v absorption, although
the WrC IV upper limits in these cases are also relatively high (x0.2-

0.3 A). Note that the highest overdensity here is the same as the
one discussed in Section 4.1, arising in a large group of galaxies at

~ 0.5. Recall that in Section 3.2 we had not found a significant
difference in C1v absorption properties between group and single
galaxies. Based on the analysis here, there appears to be a tendency
for regions with overdensity ~1 to give rise to stronger and more
prevalent C 1v absorption. However, we need to include more highly
overdense [log(1 + &) > 1] regions in the sample to be able to say
anything definitive about the C 1v absorption at the highest overden-
sities.

In addition to the number overdensity, the C1v equivalent width
also increases with the stellar mass overdensity. However, there is
no strong dependence of WrC IV on either the SFR or sSFR overden-
sities. The incidence of C1v absorption shows an increasing trend
with mass and SFR overdensities, but no apparent trend with sSFR
overdensities. The results based on the overdensity analysis here are
in general consistent with what we found in Section 3.1, where the
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Figure 15. Same as in Fig. 14, showing the dependence of WrC IV and C1v incidence on galaxy overdensity over 1 < z < 1.6 within a radius of 600 kpc in the
QSAGE sample. The bottom panels show the incidence of C v absorption as a function of the respective overdensity for sensitivity limits of 0.03 A (black solid
lines) and 0.1 A (grey dashed lines). WrC IV and incidence of C 1v show increasing trends with overdensities in number, stellar mass and SFR of galaxies over

l1<z<l1.6.

dependence of C1v absorption on stellar mass was found to be the
strongest.

Comparing with the results for Mg 11 in Section 4.1, the dependen-
cies of Mg 11 absorption on the different overdensities are found to be
stronger than those of C1v absorption at z < 1. On the other hand,
at a fixed overdensity and equivalent width cut-off of 0.1 A, the inci-
dence of C1v absorption is found to be ~2 times higher than that of
Mg 11 absorption. As discussed in Section 3, this could imply a more
extended distribution of the high-ionization gas as traced by C1v
absorption than the low-ionization gas as traced by Mg 11 absorption.

Next, we study the dependence of C 1v absorption on galaxy over-
densities at z > 1in Fig. 15. For this, taking advantage of the full FoV
of WFC3, we estimate overdensities for a radius of 600 kpc. We are
also able to estimate the incidence for two different sensitivity limits
of WrC IV = 0.03 A and 0.1 A. The average equivalent width of C v
increases with increasing stellar mass and SFR overdensities and to
a lesser extent with the number and sSFR overdensities. The inci-
dence of C1v absorption also shows an increasing trend with all the
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overdensities for the WETV cut-off of 0.03 A, with ~30% incidence
above overdensities of 0.5, although the trend is less prominent for
the WEIV cut-off of 0.1 A. We find similar dependencies of WETV
and C1v incidence on the overdensities when we restrict to volumes
around the galaxies.

Note that due to the larger area considered here, the values of
overdensities and incidence cannot be directly compared to the ones
in Fig. 14 at z < 1. Therefore, it is not possible to definitely establish
whether the differences found in the dependence of C 1v absorption
on overdensities at z > 1 compared to z < 1, like stronger depen-
dence on SFR overdensity, are due to redshift evolution or due to the
larger area considered. If we restrict to the same radius of 200 kpc as
done for the z < 1 analysis, the sample size reduces by a factor of 10.
We do not find any significant dependence of WrC IV and incidence
on the overdensities in this case. However, due to the small sample
size, it is difficult to determine at present whether there is any sig-
nificant redshift evolution in the dependence of C1v absorption on
overdensities.



5 DISCUSSION AND CONCLUSIONS

We first summarize the MAGG and QSAGE survey data used in this
study and present the key results from this study in Section 5.1. Then
we discuss our results in the context of relevant results from the
literature in Section 5.2. Finally, we discuss one of the key results of
this study, i.e. the dependence of cool gas on the galaxy environment,
in Section 5.3.

5.1 Summary of results

We have presented a study of the correlation between low- and high-
ionization metal-enriched gaseous haloes traced by Mg and C1v
absorption, respectively, and galaxy properties and environment char-
acterized by overdensities at z < 2. We have utilized two large galaxy
surveys in quasar fields, MAGG (Lofthouse et al. 2020; Dutta et al.
2020; Fossati et al. 2021) and QSAGE (Bielby et al. 2019; Stott et al.
2020), for this study. MAGG, a MUSE optical IFU survey with FoV
of ~ 1 x 1arcmin? in 28 2Qso ~3-4 quasar fields, and QSAGE,
an HST NIR grism survey with FoV of = 1.5 x 1.5 arcmin? in 12
zQso ~1-2 quasar fields (8 of which have MUSE observations), are
both "blind" (i.e. without any pre-selection), flux-limited galaxy sur-
veys. The 90% completeness limit of the MAGG r-band data and the
QSAGE F140W band data is ~ 26 mag.

Using these deep and complete galaxy surveys, we are able to
study the gas-galaxy connection over a wide parameter space — over
stellar masses of 10712 Mg and up to z ~ 2 and impact parame-
ters of 750kpc (see Fig. 1). Thanks to the wide survey areas and
large spectroscopic galaxy samples (=750), we are additionally able
to identify denser structures like groups using a Friends-of-Friends
algorithm (see Fig. 2) as well as define the local environment in a
continuous and statistical manner using galaxy overdensities in fixed
apertures. To study the multi-phase gaseous haloes, we make use of
Mg 11 absorption lines identified blindly over 0.8 < z < 1.5 in high-
resolution optical spectra of quasars in the MAGG survey, and Mg 11
and C1v absorption lines identified blindly over 0.1 < z < 2 in high-
resolution optical and medium-resolution UV spectra of quasars in
the QSAGE survey. Combining the properties of the gaseous haloes
(equivalent width, covering fraction/incidence) and galaxies (red-
shift, stellar mass, SFR, sSFR), we have investigated the connection
between metal-enriched gas and galaxy environment using differ-
ent approaches — by directly correlating absorption with galaxy and
group properties, and by correlating absorption with galaxy overden-
sities. We summarize here the main results of this paper.

(1) Dependence of Mg absorption on galaxy properties: Using
the combined MAGG and QSAGE sample, we find that Mg 11 equiv-
alent width and covering fraction are negatively correlated with dis-
tance from galaxies (Fig. 3) and positively correlated with stellar
mass and SFR of galaxies (Fig. 4). These results are corroborated

by the correlation of lelg " and Mg 11 incidence with overdensities
of stellar mass and SFR (Figs. 11, 12, 13). However, we find weaker
dependence of Mg 11 absorption on the specific SFR. Further, lelg .
and Mg 11 covering fraction do not show significant dependence on
either SFR or sSFR in the sub-samples at low and high stellar mass.

(ii) Dependence of C1v absorption on galaxy properties: In the
QSAGE sample, the C 1v covering fraction shows an increasing trend
with stellar mass and SFR (Fig. 6). The incidence of C1v gas also
tends to be higher in regions of higher mass and SFR overdensities
(Figs. 14, 15). The dependence of C1v equivalent width on stellar
mass and SFR is weaker than in the case of Mgi. C1v equivalent
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width and incidence do not show strong dependence on the sSFR,
similar to what we find for Mg i1 gas.

(iii) Comparison of low- and high-ionization gas distribution: The
relation of equivalent width of C1v with impact parameter is shal-
lower than that of Mg gas (Fig. 5). Further, the covering fraction
of C1v is ~2 times higher on average than that of Mg, at a given
distance and equivalent width sensitivity (Fig. 7). The correlation
length of C1v is higher than that of Mg 11, based on cross-correlation
analysis with galaxies, although consistent within the large uncertain-
ties (Fig. 10). On the basis of all the above results, the distribution of
high-ionization C 1v gas is likely to be more extended around galaxies
compared to the low-ionization Mg 11 gas.

(iv) Dependence of distribution of metals on redshift: We do not
find any dependence of the average Mg 11 and C 1v equivalent widths
(including upper limits) on redshift. However, the covering fraction
of Mg and C1v gas tend to be higher at z > 1 compared to at
z < 1, by a factor of ~1.5 and =4, respectively, within the virial
radius (Figs. 4, 6). The incidence of Mg 11 gas at a given overdensity
also tends to be higher at z > 1, while for C1v gas it is difficult to
directly compare the dependence on overdensity atz < 1 andatz > 1
in the current sample.

(v) Dependence of Mg 11 absorption on galaxy environment: The
Mg 11 gas distribution around galaxies in groups (associations of two
or more galaxies identified by FoF) is found to be different than that
around single galaxies. Group galaxies are found to exhibit ~2-3
times higher Mg 11 covering fraction at a given radius compared to
single galaxies at all redshifts (Figs. 7, 8). Furthermore, the covering
fraction and equivalent width of Mg gas are found to be similarly
enhanced around group galaxies compared to a control sample of
isolated galaxies that is matched in impact parameter, stellar mass and

redshift (Fig. 9). This is supported by the correlation of Wi\/lg " with
number overdensity of galaxies. Mg 11 absorption is more prevalent
at the highest overdensities, with comparatively fewer non-detections
at overdensities greater than 1 (Figs. 11, 13).

(vi) Dependence of C1v absorption on galaxy environment: The
covering fraction of C1v gas within impact parameter of 100 kpc
of group galaxies is two times higher compared to that of single
galaxies, albeit only at 1o~ significance (Fig. 7). There is no significant
difference in the average C1v covering fraction within larger radii
between group and single galaxies. Furthermore, the C1v equivalent
width and covering fraction around group galaxies are consistent
with those around a control sample of single galaxies (Fig. 9). The
WF IV and C 1v incidence show an increasing trend with the number
overdensity of galaxies up to overdensities of ~1 (Figs. 14, 15).

5.2 Comparison with the literature

As summarized in the previous section, we have found various con-
nections between the metal-enriched halo gas as traced by Mg 1 and
C1v absorption, and the galaxy properties, redshift and environment.
Here we compare our results with those obtained by similar studies
in the literature.

(i) Connection between metal-enriched halo gas and galaxy prop-
erties: Similar dependencies of the cool, low-ionization gas, traced
by Mg 11 absorption, on galaxy distance, mass and SFR as found in
this study have been reported in the literature (e.g. Chen et al. 2010;
Bordoloi et al. 2011; Nielsen et al. 2013; Lan et al. 2014; Prochaska
et al. 2014; Rubin et al. 2018; Dutta et al. 2020). However, unlike
some studies in the literature (e.g. Bordoloi et al. 2011; Lan et al.
2014), we find weaker dependence of Mg 11 absorption on the spe-
cific SFR. Based on this and the lack of significant dependence on
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either SFR or sSFR in sub-samples at low and high stellar mass,
we hypothesize that the dependence of Mg 11 absorption on SFR is
mainly driven by the correlation between SFR and stellar mass, and
that the stellar or halo mass is more likely to determine the distri-
bution of Mg 11 absorbing gas, although this needs to be verified by
including larger number of passive galaxies in the sample. Our re-
sult that the covering fraction of C1v increases with stellar mass and
SFR is consistent with the results of C1v-galaxy studies at z < 0.1,
which find more prevalent C 1v absorption around more massive and
star-forming galaxies (Bordoloi et al. 2014; Burchett et al. 2016).
On the other hand, the lack of strong dependence of C1v equivalent
width and incidence on the sSFR is contrary to what has been found
in a few studies (Borthakur et al. 2013; Bordoloi et al. 2014), but is
similar to what we find for Mg 11 gas. Hence, the stellar or halo mass
could be the driving factor behind the distribution of C 1v gas as well.

(i1) Distribution of multi-phase halo gas: Based on the radial pro-
files of equivalent widths and covering fractions, and angular cross-
correlation functions, the distribution of the high-ionization C 1v gas
is inferred to be more extended around galaxies compared to the low-
ionization Mg 11 gas. Studies using both observations and simulations
have found that the distribution of the low-ionization gas tends to drop
off more quickly with impact parameter than the high-ionization gas,
and that the gaseous haloes become more highly ionized with in-
creasing distance from galaxies (e.g. Ford et al. 2013; Liang & Chen
2014; Werk et al. 2014; Oppenheimer & Davé 2008). Our results are
qualitatively consistent with this. This could point towards a simple
picture of the low-ionization, denser gas being embedded in the more
extended, diffuse high-ionization gas around galaxies. Alternatively,
the C1v absorption could be arising in interfaces between a hotter,
more volume-filling phase and the low-ionization, cool gas phase.

(iii) Redshift evolution of metals around galaxies: We are able
to trace the evolution of metal-enriched halo gas from intermediate
to low redshifts, over a period where the cosmic star formation rate
density declines dramatically (z = 0 — 2). Lan (2020) reported a
significant redshift evolution of the covering fraction of strong Mg 11

absorbers (W%vIg T A) up to z = 1.3 (see also Schroetter et al.
2021), similar to the SFR evolution of galaxies, but have not detected

any evolution for the weaker absorbers (lelg S| A). The tentative
increase in covering fractions of Mg and C1v at z > 1 found in this
work, though not statistically significant at present, could be due to
various factors such as galaxies having higher SFR on average at high
redshift and populating gaseous haloes with larger amount of metals
or redshift evolution in the ionizing background or gas density.

(iv) Connection between metal-enriched halo gas and galaxy en-
vironment: The higher equivalent width and covering fraction of
Mg 11 gas around group galaxies, and the positive correlation between
equivalent width and incidence of Mg 11 and galaxy overdensity, point
towards significant influence of the local environment on the distri-
bution of cool, low-ionization gas in haloes. This is in agreement
with the results of other recent studies that have looked at Mg 1 ab-
sorption in group environments (Nielsen et al. 2018; Fossati et al.
2019b; Dutta et al. 2020; Lundgren et al. 2021). When it comes to
C1v gas, Burchett et al. (2016) report a dearth of C rv absorption in
the inner halo of galaxies with My, > 5 X 1012 Mg at z < 0.1 (see
also Manuwal et al. 2021). We do not detect C1v absorption in the
most massive haloes in our sample, but find an increasing trend of
equivalent width and incidence of C1v with overdensity. However,
we lack a sufficient number of overdense structures to conclusively
check the dependence of C1v absorption on the highest overdensi-
ties. We discuss the implications of the environmental dependence
of the multi-phase halo gas in the next section.
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5.3 Environmental dependence of metals in gaseous haloes

We have shown that the galaxy environment significantly influences
the distribution of cool, metal-enriched, low-ionization gas around
galaxies. It has been proposed that gravitational and hydrodynamic
interactions could be the reason behind the observed enhancement
in Mg equivalent width and cross-section in denser environments
(Fossati et al. 2019b; Dutta et al. 2020). The enhanced absorption
could also be related to the higher gas density in these rich envi-
ronments, which in turn could be related to the higher halo mass or
galaxy-galaxy dynamics. Using cosmological magnetohydrodynam-
ical simulations, Nelson et al. (2021) found that the extent of the
Mg 1t emission around galaxies with M > 10'9 Mgincreases with
the local galaxy overdensities, due to the contributions of additional
cool gas within and stripped from nearby satellites. It is likely that
several processes acting in tandem affect the distribution of the cool
gas around galaxies residing in overdense regions. The relative con-
tributions of these processes to the boosting of Mg strength and
cross-section are also likely to evolve with redshift. Recall that the
difference in cool gas properties with galaxy environment is seen
across all redshifts at z < 2, with slightly more prominent difference
arising at z < 1. The difference is also driven by the more massive
(M, > 10° M) galaxies, which are more likely to be part of rich
groups. By controlling for the redshift, stellar mass and impact pa-
rameter, we find that the Mg 11 cross-section is boosted around group
galaxies compared to single galaxies. This implies that environmen-
tal processes, acting over and above secular processes, are likely to
impact the distribution of the cool gas phase.

One of the most common environmental mechanisms affecting the
neutral gas morphology at z ~ 0 is ram pressure stripping, which is
predicted to become more important at low redshifts and can act at
large distances as well (Marasco et al. 2016; Zinger et al. 2018). The
cool gas in the overdense regions in our sample can be stripped from
the individual galaxy haloes by the intra-group medium. There are
several examples of such stripping at z < 0.5 (e.g. Fumagalli et al.
2014; Fossati et al. 2016; Poggianti et al. 2017; Johnson et al. 2018),
and of observations which suggest such stripping even at higher
redshifts (e.g. Elmegreen & Elmegreen 2010; Rauch et al. 2014).
However, it needs to be determined whether the intra-group medium
we probe is dense enough for ram pressure stripping to be effective.
On the other hand, tidal interactions are believed to be more effective
in the halo mass range probed here (My < 1014 Mo), especially
at smaller separations between galaxies (Boselli & Gavazzi 2006).
In the local Universe, there are several examples of gravitational
interactions perturbing the neutral and ionized gas around galaxies
in groups (e.g. Yun et al. 1994; Mihos et al. 2012; Fossati et al.
2019a).

At z < 0.2, about 40-60% of galaxies are identified to be in
groups of two or more galaxies based on FoF and Voronoi-Delaunay
techniques (Eke et al. 2004; Tempel et al. 2012), while this fraction
is ~ 10— 15% at z ~ 1 (Knobel et al. 2009, 2012; Gerke et al. 2012).
Note, however, that the completeness limit of the galaxy surveys
varies with redshift. In the sample studied here, we find that on an
average ~43% of the galaxies reside in "groups" of two or more
galaxies. Compared with clusters, the group environment is more
conducive to galaxy mergers due to the small velocity dispersion
in groups. Mergers are found to occur more frequently at higher
redshifts, with a merger fraction of 25% at z ~ 1.4 for galaxies
with M, ~ 10°71Mg (Conselice et al. 2008; Conselice 2014).
Hence, mergers and interactions could be playing a dominant role
in disturbing the cool gas around galaxies in the overdense regions,
especially at z > 1. Indeed, in the local Universe, tidal interactions



between pairs of dwarf galaxies (M. < 1010 M) have been found
to move a large amount of neutral gas to their outskirts, with > 50%
of the total gas mass found beyond the extent of their stellar discs
(Pearson et al. 2016).

When it comes to the more highly ionized gas around galaxies, the
influence of the environment is found to be less pronounced. We find
a trend for the C 1v equivalent width and cross-section to increase up
to overdensities of 1 and halo masses of 10!3 M, beyond which we
do not detect C1v absorption. The C1v gas could be getting shock-
heated to C v in the more massive haloes. It needs to be confirmed
with samples containing more massive structures whether the most
overdense regions lack C 1v absorbing gas. At z = 0, the mass fraction
of baryons in the CGM and the covering fractions of C 1v and O v1 gas
around galaxies with M, ~ 1010-2-10.7\f  are predicted to decline
with increasing mass of their central super-massive black holes in
the EAGLE simulations (Davies et al. 2020; Oppenheimer et al. 2020).
The galaxies with the more massive black holes at a fixed halo
mass are further found to be in higher-density environments in these
studies. On the other hand, Muzahid et al. (2021) have found a strong
environmental dependence of Civ gas, with significantly stronger
C1v absorption found around groups of multiple Lya emitters at
z ~ 3. Thus the effect of environment on the C1v gas could be
evolving with redshift, and this will be investigated further using a
sample of C1v absorption systems and Lya emitters at z ~ 3 — 4 in
the MAGG survey (Galbiati et al., in prep.).

At z < 1, Burchett et al. (2018) report a dearth of warm-hot gas
(1070 K) as traced by O viand broad Lye absorption in galaxy clus-
ters, which could be attributed to environmental quenching. Pointon
et al. (2017) find smaller equivalent width and slightly smaller cov-
ering fraction of O vr absorption in groups compared to isolated
galaxies, suggesting that the warm gas is getting more highly ionized
in group environments (see also Bielby et al. 2019). The above results
are based on a handful of systems (<10) and need to be confirmed
with larger samples spanning wider properties. However, combined
with the results presented in this work, the emerging picture is that
not only do properties of the gaseous haloes depend on the galaxy
environment, different phases of the gas get transformed differently
by environmental processes. Estimating and modeling the physical
properties of gas across galaxy overdensities will provide further
insights into the various environmental processes at play.
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APPENDIX A: STAR FORMATION RATE FROM
EMISSION LINES

The results presented in this paper are based on SFRs derived from
fitting stellar population synthesis (SPS) models to the optical/NIR
imaging and spectroscopy (see Section 2.1). Here we estimate the
effect of using SFRs estimated from the nebular emission lines on the
results. To estimate the emission line-based SFR, we first correct the
H a and [O 1] luminosities for dust attenuation using the visual ex-
tinction (Ay) estimated by mc-spr and the extinction law of Calzetti
et al. (2000), which includes a 2.27 attenuation factor to account for
the extra extinction in young (<10 Myr) stars. The SFR is then es-
timated from the dust-corrected H @ luminosity following Kennicutt
(1998), after accounting for a factor of 1.7 (Zahid et al. 2012) to
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Figure A1. Dependence of Mg 11 absorption on emission line-based SFR. Left: Dependence of W}wg " (top) and radial profile of Mg 11 covering fraction (bottom)
on the SFR in the combined MAGG and QSAGE sample. The symbols are the same as in Fig. 4. Centre: Dependence of lelg 1 (top) and Mg 11 incidence

(bottom) on the SFR overdensity over 0.9 < z < 1.6 within a radius of 240 kpc in the combined MAGG and QSAGE sample. Right: Dependence of W,

Mgt

(top) and Mg 11 incidence (bottom) on the SFR overdensity over 0.1 < z < 1 within a radius of 200 kpc in the QSAGE sample. Symbols in the centre and right
plots are the same as in Fig. 11. The trends of absorption properties with emission line-based SFR are similar to the ones reported with SPS-based SFR in the

main paper.

convert from the Salpeter (1955) IMF to the Chabrier (2003) IMF.
If H @ is not covered, we use [O 11] luminosity and the relation from
Kewley et al. (2004). Note that we correct the H a fluxes, measured
using WFC3 grism spectra, for contamination by the [N 11] line using
a stellar mass and redshift dependent correction factor following the
parameterization given in Faisst et al. (2018). The SPS-based SFRs
and emission line-based SFRs follow each other in general, with an
average scatter of ~0.4 dex. We find that the trends regarding SFR
and sSFR reported in the paper hold when using the emission line-
based SFRs as well. We show for example some of the plots which
look at the dependence of Mg 11 absorption on SFR in Fig. A1, using
now the emission line-based SFRs. The results are similar to the ones
reported in the main paper using SPS-based SFRs. The results are
similar in the case of C 1v absorption as well. Thus, the exact method
of estimating the SFR does not appear to have a significant effect on
the results.

APPENDIX B: TESTS ON OVERDENSITY ESTIMATES

The results presented in the paper on connecting metals with galaxy
overdensities are based on estimating the galaxy densities using 1D
KDE with a Gaussian kernel and bandwidth selected by the Im-
proved Sheather-Jones algorithm, and splitting the quasar LoS into
equal volumes with a velocity window of v = +1000 km s71. We ex-
perimented with different kernels such as Boxcar and Epanechnikov,
and different bandwidth selection algorithms such as Silverman’s rule
(Silverman 1986) and Scott’s rule (Scott 1992). These were not found
to have a significant effect on the final results. We also estimated the
galaxy densities by directly counting galaxies in the volumes instead
of using the KDE. The dependence of equivalent width and inci-
dence on the overdensities becomes slightly stronger in this case as
we do not include the volumes where there are no galaxies present.
Further, to check the robustness of the way we define the volumes
and that the densities do not depend on the starting point along the
quasar LoS, we offset the start of the LoS by 250km s~!, 500 km s~
and 750kms~!. We additionally use different velocity windows of
§v = +500kms~! and +700 kms™! to define the volumes and asso-
ciate metal absorption lines. These changes in the way the volumes
are defined do not have a significant effect on the results. We illustrate
the effect of some of the above changes on the dependence of Mg 1t
equivalent width and incidence on the stellar mass overdensities in
the combined MAGG and QSAGE sample over 0.9 < z < 1.6 in
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Fig. B1. Overall, we find that the results presented in the paper for
both Mg 11 and C1v absorption are valid for different changes made
to the method of estimating overdensities.

This paper has been typeset from a TEX/IATEX file prepared by the author.
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Figure B1. Illustration of the effect of different changes in the method of estimating overdensities on the results. Dependence of lelg 1 (top) and Mg 11 incidence
(bottom) on the stellar mass overdensities in the combined MAGG and QSAGE sample over 0.9 < z < 1.6. The symbols and color-coding are the same as in
panel (b) of Fig. 11. We make the following changes in estimating overdensities from panels (a) to (f): use box kernel in KDE, Silverman’s rule for bandwidth
selection in KDE, directly count the galaxies in volumes, offset the splitting up of the LoS into volumes by 250 km s~ and 500 kms™!, and use a Lo$S velocity
window of 6v = +500kms~! to define the volumes and associate metal absorption lines. The overall trends of equivalent width and incidence with overdensities
are similar for different changes in the method of estimating overdensities.
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