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ABSTRACT

We present a detailed study of cool, neutral gas traced by Ly« around 4595 z < 0.5 galaxies using stacks of background quasar
spectra. The galaxies are selected from our MUSEQuBES low-z survey along with data from the literature. These galaxies, with
a median stellar mass of log,,(M,/Mg) =10.0, are probed by 184 background quasars giving rise to 5054 quasar-galaxy pairs.
The median impact parameter is b = 1.5 pMpc (median b/R,;; = 10.4) with 204 (419) quasar-galaxy pairs probing b/Ry; <
1(2). We find excess absorption out to at least ~15R,;; transverse distance and ~+600 km s~! along the line of sight. We show
that the median stacked profile for the full sample, dominated by the pairs with b > Ry;;, can be explained by a galaxy-absorber
two-point correlation function with ry = 7.6 pMpc and y = —1.57. There are strong indications that the inner regions (SRyi;)
of the rest equivalent width profile are better explained by a log-linear (or a Gaussian) relation, whereas the outer regions are
well described by a power-law, consistent with galaxy-absorber large-scale clustering. Using a sub-sample of 339 galaxies (442
quasar-galaxy pairs, median b/R,;; = 1.6) with star formation rate measurements, we find that the Ly« absorption is significantly
stronger for star-forming galaxies compared to passive galaxies, but only within the virial radius. The Ly« absorption at b ~ Ry;;

for a redshift-controlled sample peaks at M, ~ 10° Mo (Mpaio ~ 10! Mp).
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1 INTRODUCTION

It is now well established that the luminous parts of galaxies are
surrounded by a large reservoir of low-density, diffuse gas called
the circumgalactic medium (CGM). The CGM serves as a bridge
between galaxies and the intergalactic medium (IGM). However,
there is no consensus on the actual extent of this medium surrounding
galaxies.

Absorption line spectroscopy of bright background sources such
as quasars paved the way to study these elusive media, which are
otherwise difficult to detect in emission. The advancement of sensi-
tive space-based detectors such as the Cosmic Origin Spectrograph
(COS) onboard the Hubble Space Telescope (HST) has drastically
increased our ability to study the diffuse gas around galaxies over the
last two decades. Several surveys have established the connections
between the CGM and many key galaxy properties using absorption
line spectroscopy of background quasars (e.g. Tumlinson, Peeples
& Werk 2017; Péroux & Howk 2020). Alongside the rapidly accu-
mulating data from galaxy surveys to probe the CGM, the advent of
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new physical prescriptions for gas flows with new numerical methods
and faster computers continues to pose fundamental questions about
galaxy formation and evolution. Theoretical studies indeed suggest
that the distribution of gas and metals surrounding galaxies is
intricately linked to processes such as gas accretion, galactic winds,
mergers, and stripping that dictate galactic evolution (e.g. Rahmati
et al. 2016; van de Voort et al. 2019; Oppenheimer et al. 2020;
Appleby et al. 2022; Mitchell & Schaye 2022). It is thus crucial to
map the distributions of diffuse matter surrounding galaxies with
a range of galaxy properties [e.g. stellar mass (M,.), star formation
rate (SFR), specific-SFR (sSFR)] to gain insight into such physical
processes.

The semi-empirical relation between the stellar mass to halo
mass ratio (M,/My,,) as a function of My,, shows a peak at My,
~ 102 My, suggesting that these haloes are most efficient in
converting baryons into stars (e.g. Conroy, Wechsler & Kravtsov
2006; Behroozi, Wechsler & Conroy 2013; Behroozi et al. 2019). It
is not well understood why haloes of a certain mass have higher star
formation efficiencies (SFE). Energy and momentum feedback due
to supernovae (SNe) and active galactic nuclei (AGNs) is thought to
suppress the SFE for the low-mass and high-mass haloes, respectively
(see e.g. Bower et al. 2006; Somerville et al. 2008; Crain et al. 2015).
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Theoretical models suggest two distinct modes of gas accretion
depending on the halo mass: (a) ‘hot mode’ for galaxies with Mj,o
> 10'2 Mg, and (b) ‘cold mode’ for galaxies with My, < 10'2 Mg
(see e.g. Keres et al. 2005; van de Voort et al. 2011). The haloes of
masses ~10'2 M, benefits from both the modes. Thus, the higher
SFE for these haloes may be related to the gas accretion process.
It is therefore essential to probe how the cool, neutral gas reservoir
surrounding galaxies changes as a function of stellar/halo mass.

The connection between galaxies and the cool, neutral gas sur-
rounding them has long been a subject of research, both observational
and theoretical. Chen et al. (2005) first observed a morphology
dependent galaxy-Lyo absorber cross-correlation function. They
found that the cross-correlation function between Lyo absorbers
(with column density N(HI) > 10" cm™2) and absorption-line
dominated galaxies within a projected distance of 1A~' Mpc is
significantly lower compared to emission-line dominated galaxies
(see also Chen & Mulchaey 2009). On the other hand, later CGM
surveys such as COS-Haloes did not find any significant difference in
the H 1 content [rest-frame equivalent width (REW or W,) and column
density (V)] around star-forming and passive galaxies on CGM scales
(typically within 0.5R.;;; see e.g. Thom et al. 2012; Tumlinson et al.
2013). Although a small fraction of the passive galaxies in their
sample did not exhibit any detectable Ly« absorption, overall the
detected Lya absorption was similar around the star-forming and
passive galaxies.

Earlier, Chen et al. (1998, 2001) noted that the W,-profile of
Ly absorption around galaxies depends on the K-band and B-
band luminosities (proxies for the M, and recent SFR, respectively).
Combining the observational data from the COS-Haloes and COS-
Dwarf (Bordoloi et al. 2014) surveys, Borthakur et al. (2016) found
a strong anticorrelation between Lya W, and sSFR. Additionally,
they reported similar exponential scale lengths of the Lya W,-profile
for passive and star-forming galaxies. The larger dispersion in the
radial distribution seen for passive galaxies has been interpreted as an
indication of patchiness in their CGM. A positive correlation between
Lya W, and stellar mass was reported by Bordoloi et al. (2018). More
recently, Wilde et al. (2021) presented the Lyo covering fraction- and
column density-profiles for three different bins of stellar mass. The
covering fraction profiles were found to be very different for the
high-mass (M, > 10°° M) and low-mass (M, < 10°2 M) galaxies
in their sample. The Ly« covering fraction is as high as ~90% within
Ry for the high-mass subsample, but gradually declines to only ~20
per cent at b/R;; & 6. The covering fraction for the low-mass sub-
sample, on the other hand, remains roughly constant at ~40 per cent
all the way out to ~6R,;;.

Although the CGM is thought to play a crucial role in driving
galaxy evolution, there is no consensus on the extent of the CGM
around galaxies. It is generally thought that the CGM extends out
to the virial radius of a galaxy (Tumlinson, Peeples & Werk 2017).
However, Wilde et al. (2021) recently argued that the CGM traced
by neutral hydrogen extends beyond the virial radius (see also
Wilde et al. 2023). In the study by Prochaska et al. (2011), the
detection rate and W, of Ly« absorbers are found to be correlated
with galaxies out to at least 1 pMpc, far beyond the virialized
haloes of the galaxies. They, however, suggested that the weak Lyo
absorbers arising at large impact parameters (b) may be unrelated
to the gaseous haloes around galaxies, and may be tracing the
large-scale environments in which the galaxies are embedded. Tejos
et al. (2014) studied the galaxy—Lyo absorption correlation function
and found that it is significantly different from the galaxy—galaxy
autocorrelation function, and the difference is primarily driven by
‘weak” H1 absorbers (N(HI) < 10'* cm~2 ). They concluded that

MNRAS 528, 3745-3766 (2024)

> 50 per cent of weak absorbers are not correlated with galaxies,
and hence, galaxies and these absorbers may not trace the same
underlying dark matter distribution. Wakker et al. (2015) used the
Lya absorption to study nearby galaxy filaments using HST/COS
spectra of 24 background AGN. They observed a trend of increasing
Lya equivalent width and line width with decreasing filament impact
parameter. The Lya absorption detection rate is ~80 per cent within
500 pkpc (proper kpc) of galaxy filaments, but no absorption is
seen at 2 pMpc. A study with a statistically significant number of
quasar—galaxy pairs with a wide range of impact parameters, such
as the one presented here, is essential to probe the inner and outer
regions of galaxy haloes simultaneously. This, in turn, allows one to
investigate the extent of the so-called CGM.

In order to build a statistically significant sample of background
quasar—foreground galaxy pairs, we compiled data from several
low-z CGM surveys in the literature along with our own data
obtained from the MUSE Quasar-fields Blind Emitters Survey
(MUSEQuBES). MUSEQUuBES is a dual MUSE program with 16
quasar fields to study the CGM of low-z galaxies and 8 quasar fields to
study the gaseous environments of high-z Lyo emitters (see Muzahid
et al. 2020, 2021). Integral field spectroscopy (IFS) with MUSE
allows us to search for galaxies, particularly the continuum-faint
ones, around background quasars more efficiently than with multi-
object spectroscopy (MOS) and conventional long-slit spectroscopy.
On the flip-side, MUSE has a relatively small (1 x 1 arcmin?) field of
view (FoV) compared to a typical MOS spectrograph. Consequently,
the probability of finding massive galaxies in the MUSE FoV is
small, as they are rare. Therefore, combining IFS and MOS/long-slit
observations of quasar fields provides an optimal way to probe the
CGM and large-scale structures around galaxies with a wide range
of stellar masses simultaneously.

Although MUSE can detect pure line emitters without any de-
tectable continuum, we restricted our analysis to the continuum-
detected galaxies in order to be able to estimate their stellar (halo)
mass. Our deep observations with MUSE (2-10 h of exposure time
per field) enable us to obtain a galaxy sample of relatively low-mass
(median M, ~ 10® My) compared to the existing CGM surveys in
the literature. The MUSEQuBES galaxies along with the archival
galaxy samples allow us to explore the uncharted territory of the
CGM around low-mass, intermediate redshift galaxies (see orange
points in Fig. 1).

Instead of the usual practice of identifying individual absorption
features in quasar spectra and associating them with foreground
galaxies, we used the spectral stacking method to map the HI
gas, traced by the Ly« absorption, in the CGM. The stack of Ly«
absorption at the rest-frame of galaxies provides statistical inference
on the mean or median HI absorption around the galaxies without
any prior knowledge regarding individual absorption systems. Al-
though the presence of saturated absorbers complicates the possible
inference of physical quantities such as column density, the strength
of the absorption can be easily determined from the W, (see e.g.
Steidel et al. 2010). Recently, Ho, Martin & Schaye (2021) showed
that the common approach of galaxy-absorber association based on
LOS velocity cuts (e.g. 300 km s~ or 500 km s~!') suffers
from projection effects, which are more prominent at larger impact
parameters. Spectral stacking enables us to be agnostic about the
individual galaxy-absorber associations. Further, stacking a large
galaxy sample can significantly improve the spectral signal-to-noise
ratio (S/N). Stacking, however, erases the kinematic information
of individual absorbers, which provides important insights on gas
flow processes in galaxies (e.g. Bouché et al. 2013; Muzahid
et al. 2015).
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Figure 1. Top left and top right: Impact parameter (b) and normalized impact parameter (b/Ry;;) plotted against redshift for the 5054 quasar-galaxy pairs used
in this work. The horizontal black dashed lines represent the median b and b/Ry;, for the complete sample. Bottom-left: Stellar mass plotted against redshift
of the 4595 galaxies. The black dashed lines indicate the median log;y,(M,/Mg) and z. Bottom-right: SFR plotted against stellar mass for the subsample of
339 galaxies with SFR measurements. The downward arrows indicate upper limits. The black solid line and the shaded region represent the star-forming main
sequence relation obtained by Boogaard et al. (2018; at z = 0.1) and its 1o spread. The data points in all of these panels are colour-coded by the survey from
which a given galaxy (or a quasar-galaxy pair) is drawn. Noted that Keeney et al. (2018) and Johnson, Chen & Mulchaey (2015) did not report SFRs. It is
worthwhile to note that the MUSEQuUBES data points (orange circles) make up for the uncharted territory of the parameter space covered by the previous CGM
surveys (low-mass and higher redshift) and increase the low-mass galaxy sample size significantly.

The connections between neutral gas and galaxies have been
studied for high-z galaxies as well (e.g. Steidel et al. 2010; Muzahid
et al. 2021; Lofthouse et al. 2023). Rakic et al. (2012) produced 2D
Lya optical depth maps as a function of impact parameter and LOS
velocity separation for z &~ 2.3 star-forming galaxies. Such maps
show a clear evidence for redshift-space distortion along the LOS
direction which cannot be fully attributed to redshift errors (Turner
etal.2014). Moreover, comparing with the EAGLE simulation (Schaye
et al. 2015), Turner et al. (2017) found that infalling gas can account
for the redshift-space distortion observed in the optical depth maps.
Kinematic information in such maps are a useful tool to understand
gas flow processes in galaxies (e.g. Chen et al. 2020). Here, we
present Ly« optical depth maps for the first time for low-z galaxies.

This paper is organized as follows. Section 2 summarizes the data
sample used in this work. In Section 3, we provide the absorption
data analysis. Section 4 presents the results of this work. Section 5

presents a discussion of the main results of our analysis followed by
a summary in Section 6. Throughout this paper, we adopt a ACDM
cosmology with Qy = 0.3, Q5 = 0.7, and Hy = 70 km s~' Mpc~!.

2 DATA

2.1 Galaxy sample from the MUSEQuBES survey

The low-z part of the MUSEQuBES survey targeted 16 z =~ 0.5-1.5
UV-bright quasar fields using VLT/MUSE. The MUSE observations
were conducted between September 2014 and April 2017 (ESO
programmes 094.A-0131, 095.A-0200, 096.A-0222, 097.A-0089,
and 099.A-0159; PI: Schaye), with a total exposure time of 62.75 h.
The quasars were selected solely based on the availability of high S/N
FUYV spectra obtained with HST/COS. HST and MUSE observation
details of these 16 quasar fields are tabulated in Table 1. Each MUSE
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Table 1. Overview of the 16 MUSEQuBES fields. From left to right, the columns show the quasar name, right ascension (J2000), declination (J2000), redshift,
V band magnitude, exposure time (fexp) for the COS/G130M grating, S/N per resolution element at A = 1250 A, exposure time for the COS/G160M grating,
SIN per resolution element at 2 = 1650 A, HST programme ID of the COS observations, exposure time for the MUSE observations, and the effective seeing

measured in MUSE cubes at A = 7000 A.

QSO RA Dec 2QS0 my G130M G160M PID MUSE observations
Seeing
(J2000) (J2000) fexp (h) SIN fexp (h) SIN fexp (h)  (arcsec)
HE 0435-5304 04:36:50.8 —52:58:49 0.425 16.4 2.3 14.5 2.5 5.8 11520 2 0.97
HE 0153-4520 01:55:13.2 —45:06:12 0.451 15.2 1.5 28.6 1.6 17.2 11541 2 0.78
RXS J02282-4057 02:28:15.2 —40:57:16 0.494 14.3 1.9 414 2.2 21.6 11541 8 0.56
PKS 0405-12 04:07:48.5 —12:11:36 0.574 14.9 6.7 87.1 3.1 34.7 11508, 11541 9.75 0.72
HE 0238-1904 02:40:32.6 —18:51:51 0.631 15.0 4.0 32.6 2.1 20.6 11541, 12505 10 0.76
3C 57 02:01:57.1 —11:32:34 0.669 16.4 3.0 29.1 24 13.9 12038 2 0.70
PKS 0552-640 05:52:24.6 —64:02:11 0.680 15.0 2.6 30.8 2.3 20.1 11692 2 0.77
PB 6291 01:10:16.3 —02:18:51 0.956 17.6 5.9 13.3 5.9 7.9 11585 2 1.20
Q 0107-0235 01:10:13.2 —02:19:53 0.958 17.8 7.8 14.8 12.3 11.0 11585 2 1.07
HE 0439-5254 04:40:11.9 —52:48:18 1.053 16.1 2.3 19.9 2.5 8.8 11520 2 0.70
HE 100340149 10:05:35.2 +01:34:44 1.078 16.9 3.1 11.0 6.2 9.6 12264 2 0.90
TEX 0206-048 02:09:30.8 —04:38:27 1.128 17.2 3.9 16.6¢ 7.8 13.9 12264 8 0.70
Q 1354+048 13:57:26.2 +04:35:41 1.234 17.2 3.9 16.9 7.8 6.9 12264 2 0.56
Q 1435-0134 14:37:48.2 —01:47:11 1.310 15.8 6.2 35.3 9.5 23.8 11741 5 0.54
PG 1522+101 15:24:24.5 +09:58:30 1.324 16.2 4.6 25.0 6.4 18.1 11741 2 0.59
PKS 0232-04 02:35:07.2 —04:02:05 1.438 16.5 44 19.4 6.3 13.1 11741 2 0.83

This is the S/N at A = 1350A. Due to a Lyman limit system at z = 0.390, there is no flux at A < 1280 A.

observation block of 1 h was split into 4 x 900 s exposures, which
were rotated by 90° and offset by a small ~1-5 arcsec shift from
each other. The data reduction is performed using the standard MUSE
data reduction pipeline (v1.2; Weilbacher et al. 2020), adopting the
default (recommended) set of parameters. A few additional reduction
procedures using the CUBEX package (Cantalupo et al. 2018) were
carried out to improve flat-fielding and sky-subtraction using the
CUBEFIX and CUBESHARP routines, respectively. The procedure is
detailed in Borisova et al. (2016), and more recently in Muzahid
et al. (2021).

The effective seeing per field, corresponding to the full width at
half-maximum (FWHM) of a 2D Gaussian profile fitted to a point
source at A = 7000 A in the reduced and combined data cube, varies
between 0.54 and 1.20 arcsec, but is typically 0.7—0.8 arcsec (see
Table 1). With the MUSE FoV (FoV) of 1 x 1 arcmin® centred on
the quasar, we are able to observe a region of 480 pkpc x 480 pkpc
around the QSO at z &~ 1 (110 pkpc x 110 pkpc at z &~ 0.1). The field
is spatially sampled by a grid of 0.2 x 0.2 arcsec? pixels. All MUSE
observations were carried out using the standard wavelength range
of 4750-9350 A, sampled by 1.25 A spectral pixels. The resolving
power ranges from R &~ 1800 at A = 5000 A to R ~ 3500 at A =
9000 A, corresponding to a FWHM of 167 km s~! to 86 km s/,
respectively.

The details of galaxy identifications and galaxy property measure-
ments will be presented in a future work. Here, we briefly outline
the main steps. First, we run the SOURCE EXTRACTOR (SExtractor;
Bertin & Arnouts 1996) on the MUSE white-light images using a
detection threshold of 1o per pixel (DETECT_-TRESH = 1) and
requiring a minimum number of neighbouring pixels above the
threshold of 3 (DETECT_MINAREA = 3). The 1D spectra of the
continuum-detected objects, extracted from the MUSE cubes using
the SExtractor-generated segmentation maps, are then inspected by
a modified version of MARZ (Hinton et al. 2016) to determine their
redshifts based on the spectral features. The redshifts are further
refined using a modified version of the code PLATEFIT (Brinchmann
et al. 2004) by fitting Gaussian profiles to the available emission
and absorption line features. Note that the wavelengths in the MUSE
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data cubes are given in air. We applied appropriate corrections while
determining the galaxy redshifts.

The Ha or [O11] (when He is not covered or not detected at >30)
line fluxes returned by PLATEFIT are used to estimate the SFRs of the
galaxies using the relation from Kennicutt (1998) or from Kewley,
Geller & Jansen (2004, for O 11 luminosities) adjusted for the Chabrier
(2003) initial mass function. The Ha emission-line flux is corrected
for dust extinction using the flux ratio of Ho and HB lines. By
comparing Ho/HB to its intrinsic value of 2.85, corresponding to
Case B recombination at a temperature of 7 ~ 10* K and electron
densities of 7, ~ 10?—10* cm™ (Osterbrock & Ferland 2006), we
derive a correction for the He flux, assuming a Cardelli, Clayton
& Mathis (1989) reddening curve. For galaxies with Hoe coverage
beyond the MUSE spectra, we use Hf to calculate the SFR, under
the condition that we can correct the line flux for dust extinction
using the HB/Hy ratio. We require that both H8 and Hy be detected
with S/N > 3. We then convert the corrected HB flux into the Ho flux
to obtain the SFR, making use of the known intrinsic ratio between
the Ho and Hp fluxes. Dust correction is not performed for galaxies
with O 11 based SFR measurements.

The stellar masses of galaxies are estimated using stellar popula-
tion synthesis (SPS) code FAST (Kriek et al. 2009), which fits SPS
templates to a set of photometric flux values. Owing to the lack
of ancillary photometric data of the quasar fields in our sample,
we constructed 11 pseudo-filters with a width of 400 A each
and spanning the wavelength range from 4800 to 9200 A, after
masking the prominent emission lines. We calculated the filter flux
by convolving the 1D galaxy spectrum— the same one as used for the
redshift determination with MARZ— with a boxcar function centered
at A = 5000, 5400,... A. The halo mass and virial radius, defined
as the mass and radius of a spherical region within which the mean
mass density is 200 times the critical density of the universe, are
estimated from stellar mass and redshift measurements of galaxies
using the abundance-matching relation from Moster, Naab & White
(2013)

In total, we have 475 galaxies detected in the 16 MUSE fields.
Note that these are galaxies detected 3000 km s~ blueward of the
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corresponding quasar redshifts. The galaxies have redshifts ranging
from 0.05 to 1.4, and stellar masses and SFRs ranging from 10%°
to 108 Mg and 1073 to 10>7 Mg yr~! with the median values of
10%° Mg and 107°7 Mg, yr~!, respectively. The galaxies have impact
parameters from the corresponding background quasars in the range
10-320 pkpc with a median value of 150 pkpc (median b/Ry; = 1.7).

2.2 Galaxy sample from the literature

Besides the MUSEQuUBES galaxies, we combined galaxy samples
from six different CGM surveys from the literature; namely COS-
Haloes (Tumlinson et al. 2013), Liang & Chen (2014), COS-Dwarf
(Bordoloi et al. 2014), COS-Gass (Borthakur et al. 2015), Johnson,
Chen & Mulchaey (2015) (hereafter Johnson+-15), and Keeney et al.
(2018) (hereafter Keeney+18). Brief summaries of these surveys
are presented in Appendices A1-A6. Before merging the galaxy
catalogs, we confirmed that a given galaxy observed in different
surveys was not counted multiple times. To eliminate repetition,
we ensured that there are no two galaxies within 1 arcsec spatially
and within 500 km s~! along LOS distance with each other. In
cases of multiple occurrences, we count them only once (60 such
cases). This provided us with a large sample of ~9000 galaxies. A
significant fraction of galaxies in this sample come from Keeney+-18.
The redshift and stellar mass distributions of the galaxies in the
combined sample are shown in Fig. Al.

2.3 Quasar spectra and continuum fitting

Galaxies from the MUSEQuBES survey were detected in 16 fields
centered on 16 UV-bright quasars. As mentioned earlier, these
quasars were chosen solely based on their FUV brightness and the
availability of high S/N COS spectra. The COS spectra of the quasars
that are part of the six studies from the literature are also available
in the HST public archive. In total, we obtained 190 COS spectra in
reduced form from the HST Spectroscopic Legacy Archive (Peeples
etal. 2017). COS has a resolving power of R =~ 18 000 (FWHM ~18
kms™!).

Among the 190 quasars, 135 are observed with both the G130M
and G160M gratings covering 1150-1800 A. The remaining 55
quasars are observed with the G130M grating only, which has a
spectral coverage of 1150-1450 A. The G130M and G160M grating
spectra of a given quasar are spliced together at the wavelength where
the average S/N per pixel becomes equal (typically around 1424 A).
The quasar redshifts range from 0.03 to 1.88 with a median of 0.43.

These 190 quasar spectra have a wide range of S/N, with some
quasars having S/N as low (high) as 1-2 (85-90) per resolution
element. The median S/N per resolution element in the G130M for
the 190 spectra is 2210, computed around 1250 A. The median S/N
for the G160M grating is ~7, computed near 1650 A. Note that
we did not impose any S/N cut while selecting the quasars. This is
because only 19 (39) spectra have S/N < 5 in the G130M (G160M)
grating, covering redshifted Ly« absorption for only 72 (25) galaxies.
We verified that excluding these low-S/N spectra does not have a
significant effect on our results.

We performed continuum fitting for all of these 190 spectra using
a custom-made, semi-automated PYTHON routine which finds the
absorption-free regions in a spectrum in an automated way. First,
each spectrum is divided into several chunks and fluxes are sigma
clipped with an upper bound of 50¢ (to take into account the emission
lines as well). The lower bounds of sigma clipping are varied between
2.5,2.1,1.6,and 1.3 ¢ for regions with median S/N (per pixel) of > 10,
3 — 10, 2 — 3, and <2, respectively. These numbers were chosen
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after many trials on randomly selected spectra from our sample and
by visually inspecting the quality of the continuum model. Next,
we increased the chunk size (or decreased the number of chunks)
in iterations and repeated the clippings, until the number of clipped
pixels converges, or the number of chunks is reduced to 2, whichever
happens first. Then, we used spline fitting for the absorption-free
pixels to estimate the continuum. The number of ‘knots’ around
the known emission lines of Lya C1v N vand O VI are increased (if
present in the spectra) to take care of larger curvatures.

2.4 Quasar-galaxy pairs

Using the 190 quasars in the background of ~9000 galaxies we
constructed quasar-galaxy pairs using the following two conditions:
(1) The projected distance of a galaxy from the corresponding quasar
sightline, b < 3000 pkpc. (2) The line of sight (LOS) separation
of a galaxy from the background quasar is >2000 km s~!. The
large impact parameter cut-off of 3000 pkpc was chosen to sample
the large-scale environments of the galaxies. The limiting LOS
separation of 2000 km s~! from the quasar was chosen to avoid the
quasar’s proximity zones and associated absorbers arising from the
quasars (e.g. Muzahid et al. 2013). Using these criteria, we obtained a
total of 6020 quasar—galaxy pairs with 5310 unique galaxies. Some of
the galaxies in this work are probed by multiple quasars. For example,
the COS-GASS and COS-Dwarf surveys are restricted to impact
parameters of 250 and 150 pkpc, respectively. However, a fraction
of these galaxies is also probed by quasars at a transverse distance
of &1 pMpc. These provide us with more skewers at larger impact
parameters, and hence are included in our studies (see blue squares
and red crosses at &1 pMpc in top-left panel of Fig. 1). We obtained
the redshift, stellar mass, virial radius, and SFR (when available)
for all the galaxies from the literature, except for the MUSEQuBES
galaxies. There are only 634 galaxies, constituting 882 quasar—galaxy
pairs, for which SFRs are known (including upper limits).

Note that the redshifted Ly absorption cannot be observed with
COS for all of these galaxies as the spectral coverage of COS allows a
maximum observable redshift of 0.48 (0.19) for Ly« for the G160M
(G130M) grating. Below, we describe our scheme to obtain the
galaxies contributing to the Lyo stacks.

First, we masked the following regions of the COS spectra:

(i) 1212-1220 A - to exclude the geocoronal Ly« emission and
Galactic Ly« absorption.

(i1) 1301-1307 A —to exclude the geocoronal [O1] emission.

(iii) All wavelengths below the Lyman limit (rest-frame 912 A)
when a Lyman limit system (LLS; log,, N(HD)/cm™2 > 17.2) is
present.

(iv) £0.5 A around known strong Galactic absorption lines (e.g.
N1, Siln). At this point, we note that while 0.5 A does not exclude
all high-velocity clouds, we verified that a broader mask of £1.0 A
does not change any of our conclusions.

The only galaxies for which the redshifted Lya wavelengths
(0.05 A) fall within the spectral coverage of the corresponding
quasar spectra are considered here. The above conditions led to a
total of 5054 galaxy—quasar pairs, with 184 background quasars
probing 4595 foreground galaxies. The subsample of galaxies with
measured SFR (including upper limits) is reduced to 339 probed by
157 background quasars, giving rise to a total of 442 quasar—galaxy
pairs. We note here that a significant fraction (152/442) of them are
arising from our MUSEQuBES survey. The SFR is measured (not a
limit) for 289 galaxies, constituting 389 galaxy—quasar pairs.

MNRAS 528, 3745-3766 (2024)

$20Z YoJe\ /Z UO Jasn B0001g OUB(Il 1P BUSISAIUN AQ G297 /S //SY/€/2/82S/3101Ue/Selu/wod dno-olwapeoe//:sdny woJl papeojumoq



3750  S. Dutta et al.

Table 2. Correlation between galaxy properties.

Prop-1 Prop-2 rd
Full sample MUSEQuBES
z b 0.24 0.52
Z b/Ryir —-0.13 0.31
z M, 0.48 0.27
b M, 0.25 0.29

@ Spearman rank correlation coefficient. The p-values are <1010 for all
cases.

2.5 Properties of the galaxies contributing to Ly« stacks

In Fig. 1, we plot the different galaxy properties against one another.
The top-left and top-right panels show the impact parameter and
normalized impact parameter (b/R,;,) of different quasar-galaxy pairs
plotted against the redshift of the galaxies. The bottom-left panel
shows the stellar mass of the galaxies plotted against redshift. The
bottom-right panel shows the SFR of the sub-sample of galaxies
plotted against stellar mass. The different markers indicate the studies
from which the galaxies are drawn. The median (68 per cent range)
b and b/R;; for the 5054 quasar—galaxy pairs used in this study are
1.5 pMpc (0.5-2.5 pMpc) and 10.4 (3.8-17), respectively. There are
204 (419) quasar—galaxy pairs having b/R;; < 1 (< 2). The median
(68 per cent range) log,,(M../Mg) and z for the 4595 unique galaxies
are 10 (9.1-10.6) and 0.13 (0.07-0.19), respectively.

The presence of correlations between different galaxy properties
is clearly visible in Fig. 1, particularly between the stellar mass and
redshift. The Spearman rank correlation test results are summarized
in Table 2 for the full sample and the MUSEQuBES galaxies
separately. The redshift and stellar mass are more tightly correlated
for the full sample (r; = 0.48) as compared to the MUSEQuBES
galaxies (r; = 0.27). This is due to the fact that most of the galaxy
surveys in the literature are magnitude limited.

For the MUSEQuBES survey, the FoV of MUSE sets the upper
limit on the impact parameter at a given redshift, which in turn leads
to a tight correlation between redshift and impact parameter for the
MUSEQUBES galaxies (r; = 0.52). However, the combination of
different surveys eliminates this strong correlation for the full sample
(rs=0.24). The mild anticorrelation seen between normalized impact
parameter and redshift is a direct consequence of choosing a fixed
upper bound on the impact parameter (b, = 3 pMpc).! At this
point, we emphasize that the galaxies observed in MUSEQuBES
survey (orange circles) populate a region of parameter space (most
prominent in z — M, plot of Fig. 1) that previous CGM surveys did
not cover.

The distributions of individual galaxy properties (SFR, redshift,
stellar mass, impact parameter, and normalized impact parameter
from left to right) are shown in Fig. 2. The distributions corresponding
to the complete sample are shown in blue, while the subsample with
SFR measurements is shown in red. Among the surveys from the
literature used in this work, Keeney+18 and Johnson+15 did not
report SFRs for their galaxies. The SFR of the subsample with the
rest of the 339 galaxies varies from 10782 — 1 Mg yr~! (68 per cent)
with a median of 0.1 Mg, yr~'. 2 The range and median redshift for
the galaxy subsample with SFR measurements are consistent with the

ISince the galaxies at higher redshifts tend to have higher stellar masses (and
hence higher halo masses and larger virial radii), b/Ry;; values decrease with
redshift, leading to the observed anti-correlation.

2The upper limits on the SFR are regarded as measured values for the median
and 68 per cent measurements.
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full galaxy sample. The median stellar mass of the galaxy subsample
with SFR measurements (log;,(M./Mg) = 9.3) is lower than for the
full sample (log,,(M,/Mg) = 10.0). The typical impact parameter
of this subsample is also lower than for the full sample (median b ~
160 pkpc or b/R.i; &~ 1.6 compared to ~ 1.5 pMpc or b/R;; =~ 10.4
for the full sample).

3 ABSORPTION DATA ANALYSIS

We study the distribution of neutral hydrogen around the galaxies
in our sample by analysing the Lyo absorption signal. Instead of
fitting individual Lyo absorption lines associated with each galaxy,
a statistical approach is adopted. We stack the quasar spectra after
shifting them to the rest frames of the corresponding foreground
galaxies. Here, we focus on the median-stacked Lya absorption.
However, we verified that mean-stacked Lyo absorption produces
consistent conclusions. Spectral stacking is an efficient technique to
statistically study the CGM without having to go through rigorous
absorption line analysis such as identification, deblending, and profile
fitting of individual lines. This method has been successfully used to
analyse CGM absorption signals in previous studies (see e.g. Steidel
et al. 2010; Rakic et al. 2012; Turner et al. 2014; Chen et al. 2020;
Mugzahid et al. 2021).

3.1 Analysis with rest-frame equivalent width

To obtain the stacked spectra, each normalized quasar spectrum is
shifted to the rest frames of each of the foreground galaxies with b <3
pMpc. The median stacked spectrum is then generated by calculating
the median flux in line-of-sight velocity bins of 40 km s~!. We have
verified that our results are insensitive to the bin size. We have
not applied any weighting for the stack, all the galaxy—quasar pairs
are treated equally because they provide different and independent
probes of the CGM.

To briefly summarize our analysis procedure: (a) we first fit
a global continuum to each quasar spectrum and normalize the
spectrum by this continuum (see Section 2.3). (b) For every fore-
ground galaxy, we select a region of £1500 km s~! around the
galaxy’s redshifted Lyo wavelength of the normalized spectrum of
the corresponding background quasar. (c) We obtain the median
normalized flux in 40 km s~! wide velocity bins for a set of quasar—
galaxy pairs. This is referred to as the observed median stacked flux
profile.

(d) Next, a local pseudo-continuum is estimated and subtracted
out from the observed median stacked spectra to account for the
suppression of the overall continuum below unity due to uncorrelated
absorbers. The median flux within a LOS velocity window of 2000
km s~! for a stack of random redshifts is used to determine the
pseudo-continuum (see Section 4 for details). The offset of the
observed pseudo-continuum from unity is added to the median
stacked spectra to obtain the continuum-subtracted median stacked
spectra.

Finally, (e) the Lyo W,s are measured from direct integration
of this continuum-subtracted median stacked spectra using LOS
velocity windows of £300 km s7! (W, 300) and £500 km s~! (W}, 500)
from the line center. These velocity windows are commonly used in
the literature. The errors on W, measurements are obtained from
1000 bootstrap realizations of the galaxy sample.> We confirmed

3Each bootstrap realization produces a stack of m quasar-galaxy pairs from a
sample of m quasar-galaxy pairs, but with replacement.
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Figure 2. (a) SFR, (b) redshift, (c) stellar mass, (d) impact parameter, and (e) normalized impact parameter probability density distribution functions for the
4595 galaxies (339 with SFR measurements) in our complete sample. The galaxies with SFR measurements (including upper limits) are shown in red.

that convergence is reached in bootstrap distribution for =200
realizations.

3.2 Analysis with pixel optical depth

Owing to the large dynamic range compared to the normalized flux,
the pixel optical depth (7) is another useful quantity that has been
used to study the connections between galaxies and gas around them
(e.g. Rakic et al. 2012; Turner et al. 2014). We obtained pixel optical
depth from the continuum normalized flux F as

T = —In(F) 1

We set a flag value of T = 107 for F > 1. For heavily saturated
pixels with F <0 or F' < AF where AF is the error in flux, we set the
flag value to T = 10*. The flag values are chosen arbitrarily small and
large to ensure that they do not affect the measured median. Similar
to our analysis with flux stacking, we masked the aforementioned
spectral regions before obtaining the optical depths.

To produce 2D optical depth maps, we stack the Lya optical
depth of the absorption associated with galaxies in bins of impact
parameter (transverse distance from galaxies) the same way we do as
flux stacking. Instead of integrating the median stacked flux profile
over the LOS velocity to obtain REW, the median optical depth is
colour-coded as a function of LOS Hubble distance along the y-
axis (by converting the LOS velocity to a distance assuming pure
Hubble flow at the median redshift of the sample) and transverse
distance along the x-axis. These optical depth plots retain information
about Ly absorption along the LOS direction along with the trans-
verse direction, thus providing insight into the average kinematics
of Lya absorption of a galaxy sample alongside the absorption
strength.

4 RESULTS

The red (blue) absorption profile in the left-hand panel of Fig. 3 shows
the median (mean) stacked normalized flux for Ly« as a function of
LOS velocity for all galaxies in our sample. The pseudo-continua
of the mean and median stacked spectra are lower than the actual
continuum level, which is unity for individual normalized spectra.
Random absorbers with uniform velocity distribution with respect to
a galaxy redshift cannot produce any coherent absorption line. They
will only suppress the overall continuum below unity, leading to a
pseudo-continuum.

In order to model the pseudo-continua, we determined the median
and mean Lyo flux around random redshifts. The random redshifts
are chosen from a uniform distribution between the lowest and

highest galaxy redshifts in each quasar field. The number of random
redshifts is kept the same as the number of galaxies in each field.* The
average of median (mean) flux within LOS velocity of +2000 km s~
is used as the median (mean) pseudo-continuum. The 68 per cent
confidence intervals of the median/mean flux, shown by the grey-
shaded regions, are calculated from 1000 bootstrap realizations of
the complete sample.

The observed flux profiles are conventionally normalized by the
pseudo-continua before measuring the W,s (see e.g. Steidel et al.
2010; Prochaska et al. 2013). Instead of normalizing by the pseudo-
continuum, we integrate the observed median stacked flux spectrum
over the velocity window of £300 km s~! (£500 kms~") and subtract
out the contribution stemming from the pseudo-continuum within
the same velocity window to obtain the W,s. This ensures that the
W, values do not depend on the pseudo-continuum level, which is
determined by stochastic absorption. We found that due to the small
values of flux decrement, owing to the lower density of the low-z Ly«
forest, the conventional choice of continuum normalization and our
adopted choice of continuum subtraction produce consistent results.

The observed W, 30p and W, sy for the median stack for the full
sample are 0.051700% A and 0.06170003 A, respectively. For the
mean stack, W, 300 and W, sp0 are 0.12070%05 A and 0.1497000¢
A, respectively. The quoted errors on the W,s are obtained from
the 68 per cent confidence intervals of the W, distribution of
1000 bootstrap realizations. The measured W,s indicate that Ly
absorption is detected around our galaxy sample with > 99 per cent
confidence interval for both the median and mean stacks, yet the
absorption strength is very weak. The significant difference between
the mean and median stack is due to skewed flux distribution. This
difference is discussed in detail in Muzahid et al. (2021). Unlike their
work, the distribution of pixel flux remains left-skewed for a velocity
window of 100 km s~!, giving rise to a higher median flux value
for both the pseudo-continuum and absorption centroid compared to
the mean, resulting in a smaller W,. For all the subsequent analyses,
we used the median stacked spectra.

In the right-hand panel of Fig. 3, we show the 2D median optical
depth map for the complete sample. At the low-optical depth end, the
colour scale saturates to a dark-blue colour that represents the median
Lya optical depth of random regions (median Ly« optical depth

4As an alternate approach, we obtained random redshifts 4-10000—20000
km s~! away from each galaxy redshift in each field to ensure that
the distributions of galaxy redshifts and random redshifts are the same
statistically. There is a negligible difference between the pseudo-continua
obtained for these two different cases (< 0.03 per cent). We stick to the
former approach to obtain pseudo-continua for our entire analysis.
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Figure 3. Left: The median (red) and mean (blue) stacked Lya absorption profile for the full sample in bins of 40 km s~!. The mean and median pseudo-continua,
shown by the blue and red dashed lines respectively, are obtained from stacks of random redshifts. The shaded regions indicate 68 per cent confidence intervals
of the mean and median flux distributions obtained from 1000 bootstrap realizations of the complete sample. Right: Median Ly« optical depth around galaxies
as a function of impact parameter and (absolute) LOS Hubble distance (left y-axis) and LOS velocity (right y-axis). The first bin is confined within 0.1p.m.pc,
onwards the bin size is 0.17 and 0.29 dex for LOS distance and impact parameter, respectively. The map has been smoothed with a Gaussian kernel with standard
deviation of half of the bin size. The minimum of the optical depth colour scale is set to the value obtained for the stack around random redshifts. The elongation
of the signal along the LOS direction indicates the presence of redshift space distortions.

within +2000 km s~' of 4595 random redshifts). A more detailed
analysis of the optical depth map is presented in Section 4.2. An
excess in optical depth compared to random regions is clearly evident
out to ~8 pMpc LOS Hubble distance (600 km s~! assuming pure
Hubble flow at the median redshift of 0.1), consistent with the width
of the median stacked flux in the left-hand panel. The elongation of
the excess optical depth along the LOS direction is the manifestation
of redshift space distortion.

4.1 Ly« rest frame equivalent width profile

One of our primary goals is to measure the HT Ly equivalent width
profile to understand how the cool, neutral gas is distributed in
and around galaxies. With this motivation, we divided the impact
parameter range of our sample (6-3000 pkpc) into seven bins
and produced stacks of Ly absorption. In order to sample both
the inner and outer regions of the CGM, the first two bins are
confined within 6-50 and 50-100 pkpc, respectively. The remaining
b range is divided into 5 logarithmic bins. The rest-frame Lyo
equivalent widths measured from the median stacked spectra are
plotted against the median of the impact parameter bins in the left-
hand panel of Fig. 4. The red points denote W, 5oy and the blue points
denote W, 30. The error bars along the y-axis represent 68 per cent
confidence intervals of the median W, distribution obtained from
1000 bootstrap realizations. The error bars along the x-axis represent
68 per cent confidence intervals of the impact parameter distri-
bution in each bin. The median stellar mass and redshift of each
impact parameter bin are indicated by the legends at the bottom of
the plots.

We have a large dynamic range in stellar mass for our galaxy
sample. Empirical studies at low redshift as well as theoretical
models have shown that the halo mass, as well as the halo size,
increases with the stellar mass of galaxy. We, therefore, generated
stacked Lyw equivalent width profiles as a function of normalized
impact parameter (b/Ry;; see the right-hand panel of Fig. 4). Instead
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of dividing the whole b/R,;. range in logarithmic bins, we created
three bins for b/R.;; < 1 with roughly equal number of galaxies in
each, and divided the remaining b/R,; range (upto 25 Ry;) in four
logarithmic bins. The median stellar mass of each bin are indicated in
the legends.

The median Lya W, shows a monotonic decline with both the
impact parameter and normalized impact parameter. We find that a
single power-law can adequately describe the data points. The best-
fitting power-law relations are:

W, s00 = (0.117 £ 0.005)A x (b/400 pkpc) 075004
W,.300 = (0.106 £ 0.004)A x (b/400 pkpc) 079003 )

and

W,.500 = (0.26 = 0.01)A x (b/Ry;) 7700
W00 = (0.25 £ 0.0DA x (b/Ry;p)~*$00%., 3)

A fixed pivot near the middle of the impact parameter distribution at
400 pkpc is used for the W,-profile as a function of the impact param-
eter to reduce the correlation of errors in slope and normalization. No
such pivot is needed for the normalized impact parameter because
logio(b/Ryi;) = 0 is near the middle of the b/R,;. distribution. Note
that the power law indices in equations (2) and (3) are consistent
with each other within 1o, and that an excess Ly« absorption around
galaxy redshifts is detected with > 99 per cent confidence interval
out to &2 pMpc (or equivalently ~15R,;,) in the transverse direction.

Although a single power-law can adequately explain the W,-
profile, it is to be noted that the second point in the left-hand panel of
Fig. 4 is barely consistent with the model. In Section 5.1, we revisit
the W,-profile for the full sample where we explored the possibility
of a power-law + log-linear (or Gaussian) model for the profile. All
the measurements related to the W,-profiles presented in this work
are given as ‘online only’ tables (see Appendix B).
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Figure 4. Median Ly rest equivalent width as a function of physical impact parameter (left) and normalized impact parameter (right). The red and blue points
denote rest equivalent widths calculated within velocity windows of 500 km s~! and £300 km s~!, respectively, and are plotted against the median b (b/Ryir)
of each bin. The error bar on the equivalent width is the 68 per cent confidence interval obtained from 1000 bootstrap samples. The error on b (b/Ry;;) represents
the 68 per cent percentile of the b (b/Ry;;) distribution in each bin. The median stellar masses and redshifts in each bin are listed in the legends with different
markers at the bottom of the plots. The solid blue and red lines in both these plots are the best-fitting power-laws to the blue and red data points, respectively.
These best-fitting single component power-law relations are provided in the plots.

4.1.1 Variation with redshift

The galaxies contributing to the Ly stack span a redshift range
of 0.01 — 0.48, corresponding to ~5 Gyr of cosmic time. Since
this is almost 35 per cent of the age of the universe, it is inter-
esting to investigate whether the Lya W, sopo-profile evolves with
time.

Fig. 5 shows the redshift evolution of the median Lya W, soo-
profile. First, we split the galaxy sample into three tertiles of the
redshift distribution, indicated by the blue (low-z, median z = 0.05),
black (intermediate-z, median z = 0.12), and red (high-z, median z
= 0.18) colours. Each subsample is then further divided into four
bins of impact parameters and normalized impact parameters. The
first two normalized impact parameter bins are within the virial
radius with roughly equal number of galaxies in each. The last
two bins outside the virial radius are logarithmic with a bin size
of 1.0, 0.8, and 0.7 dex for the low-, intermediate-, and high-mass
galaxies, respectively (see the left-hand panel of Fig. 5). For the
impact parameter, the first bin extends to 100 pkpc. The rest of the
impact parameter range is divided into four logarithmic bins with
a bin size of ~0.5 dex for all three mass bins (right-hand panel
of Fig. 5). The median W, sop measured from the stacked spectra
are plotted against the median values for b/R,;; and b in each bin.
Median stellar masses of each bin are listed in the legends below
the plot.

In the left-hand panel of Fig. 5, the low-z points appear to lie
beneath the intermediate- and high-z points for b < R.;. This trend
is reversed for b/R,;; > 1, where the low-z points lie well above the
other points. A similar trend is also seen in the right-hand panel of
the figure, with the W, spo-profile for the low-z sample showing a
shallower slope compared to the intermediate- and high-z samples.
This is supported by the best-fitting power-law relations indicated in
the plots. The power-law indices for the intermediate- and high-z bins
are consistent with each other in both the left-hand and right-hand
panels. However, the low-z sample shows a significantly different
(shallower) power-law slope. We point out that except for the second
b/R,;; bin, the median stellar mass of the low-z sample is almost
an order of magnitude lower compared to the high-z sample. This

is not unexpected, since we already noticed a strong trend between
redshift and stellar mass in Section 2.5 (see Table 2). As such, the
low-z subsample has pre-dominantly low-mass galaxies and that
may be one of the reasons for the apparent difference. Further, the
environment of these galaxies can give rise to the apparent redshift
evolution. To mitigate the effects of this apparent redshift evolution,
we control the redshift for further analysis whenever necessary.

4.1.2 Variation with stellar mass

The galaxies in our sample span a large range in stellar mass.
The dependence of Lya absorption strength on stellar mass at
a given (normalized) impact parameter can shed light on the
structural variation and self-similarity of the CGM. In order to
investigate the possible mass dependence of the Lya W, sop-profile,
we proceed with a similar binning procedure as described in
Section 4.1.1.

Fig. 6 shows the dependence of the Lya W, sop-profile on stellar
mass as a function of b/R.;; and b in the left-hand and right-hand pan-
els, respectively. The blue, black, and red colours represent, respec-
tively, the low- (median log,,(M./Mg) =8.8), intermediate- (me-
dian log,,(M./Mg) =9.8), and high-mass (median log,,(M,/Mg)
=10.5) galaxy samples. In the left-hand panel of Fig. 6, the low-mass
points are consistently above the intermediate- and high-mass points
for b > R, indicating stronger Ly absorption around low-mass
galaxies outside the virial radii. However, no clear trend is seen for
b < Ry Overall, the Lya W, so-profile is significantly shallower
for the low-mass sample (slope =—0.55 £ 0.07) compared to the
intermediate-mass (slope =—0.77 £ 0.07) and high-mass (slope
=—0.89 % 0.06) samples.

In the right-hand panel of Fig. 6, the low-mass galaxies show
suppressed Lya absorption compared to their high- and intermediate-
mass counterparts for a given impact parameter for the two inner-
most bins. However, no significant difference in W, is seen among
the three different mass samples for b > 500 kpc. Here, we also
notice a shallower slope for the low-mass sample, but the power-
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Figure 5. Dependence of the median Lya W, soo-profile on redshift. The galaxy sample is divided into three tertiles of the redshift distribution indicated by
the blue, black, and red colours which correspond to median redshifts of 0.05, 0.12, and 0.18 as shown in the legends along with the 68 per cent confidence
intervals. The data points represent median W, 509 measurements plotted against median b/Ry;; (left) and median b (right) for each redshift bin. The median
stellar masses of galaxies in each bin are listed in the legends below the plot. The error bars are similar to Fig. 4.
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Figure 6. Dependence of the median Lya W, 500-profile on stellar mass. The galaxy sample is divided into three tertiles of the stellar mass distribution indicated
by the blue, black, and red colours. Median redshifts of galaxies in each bin are listed in the legends below the plot. The other details are similar to Fig. 5. The
low-mass galaxy sample (blue) shows a significantly shallower slope as compared to the intermediate- (black) and high-mass (red) samples, particularly in the

left-hand panel.

law indices are not as significantly different as in the left-hand
panel.

The presence of a strong correlation between z and M, in our
complete sample (Table 2) is reflected in the median redshifts of
the three mass bins. The redshifts in the legends show a general
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trend that the median z is higher for the high-mass subsample at a
given b or b/R,; bin (with the exception of the second b and b/Ry;;
bin). However, by controlling the redshifts of the galaxy samples,
we confirmed that the trend of W, sop with M, is not driven by the
underlying z — M, correlation (see Section 5.3).
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are created for stacking due to the reduced number of galaxies with SFR estimates. The red and blue open squares denote the W,. 5o measurements for the low-
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only. Error bars are similar to Fig. 4. A strong SFR dependence of the circumgalactic Lya absorption is seen only within the virial radius.
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Figure 8. Same as Fig. 7 but for sSFR. A strong dependence of the median Lya W, 50o-profile on the sSFR is seen within the virial radius in the left-hand panel.

4.1.3 Variation with SFR

The SFR of a galaxy is intimately related to the availability of cool
gas in the ISM which is fuelled by the CGM. Star formation driven
outflows expel metal-rich gas from galaxies to the CGM and/or IGM.
A fraction of the metal-enriched gas may be recycled back to the
galaxies aiding in further star formation. Therefore, connecting the
CGM properties and SFR is imperative to understand the role of
diffuse circumgalactic gas in galaxy evolution.

We used the 442 quasar-galaxy pairs comprising of 339 galaxies
with measured SFR (including upper limits) to investigate the
effects of the SFR on the Lya profile. The left-hand and right-
hand panels of Fig. 7 show the dependence on SFR of the W, soo-
profile plotted against b/R,;; and b, respectively. The data points
in red and blue open squares represent the W, measurements for
the low- and high-SFR bins. The median SFRs of the galaxies
in individual bins are tabulated in Appendix B (see Tables S7
and S8).
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The 442 pairs with SFR measurements are divided into two SFR
bins based on the median SFR. The galaxies with measured SFR
and upper limits below the median SFR are included in the low-SFR
bin (median 10~'® Mg, yr~'. Upper limits are treated as detection
to compute the median). No galaxies with upper limits on SFR are
included in the high-SFR bin (median 10~%* My yr~!). Galaxies
in each SFR bin are further divided into two b or b/R,; bins. For
b/R,i;, the inner bin contains galaxies with b/R,;; < 1 and the outer
bin contains galaxies with b/R,;; > 1. For impact parameter b, we
adopted a separating value corresponding to the 33 percentile of
the b distribution (119 and 107 pkpc for low- and high-SFR bin,
respectively). In this way, the outer bin will have twice as many
galaxies as the inner bin. This binning strategy is adopted to increase
the signal-to-noise ratio of the stacked spectra for galaxies with large
impact parameters for which the Lyo absorption signal is intrinsically
weak.

The high-SFR galaxies show significantly stronger Ly« absorption
for b/R,i; < 1 as indicated by the blue triangle in the left-hand panel
of Fig. 7. A similar trend is also seen in the right-hand panel for b
< 100 pkpc. However, there is no clear difference in Ly« absorption
between the two SFR bins outside the virial radius (or at >100 pkpc).
Although we have not explicitly controlled for redshift, the median
redshift in a given b or b/R,;, bin is similar for the high- and low-SFR
galaxies (the values are tabulated in Appendix Table S7 and S8, along
with the 68 per cent confidence intervals).

A similar exercise only with the MUSEQuBES galaxies gives rise
to consistent results (open crosses with lighter shades). However,
the larger error bars, owing to the smaller numbers of galaxies
contributing to the stacks, reduce the statistical significance of the
results. The suppression of Lya W, outside virial radius for the
full sample compared to MUSEQuUBES only sample (for both high-
and low-SFR bins) in the left-hand panel of Fig. 7 is due to the
presence of more high impact parameter quasar-galaxy pairs in the
full sample. This is evident from the median and the 68 per cent
confidence interval of the b/R.;; and b distributions shown in Fig. 7.
The enhanced Ly absorption for the full sample within 2100 pkpc
is due to the enhanced median SFR of the contributing galaxies
in this bin compared to the MUSEQuBES only galaxy sample
[log1o(SFR/Mg yr~!) = —0.2 for the full sample as opposed to —0.7
for the MUSEQuBES only sample (see Table S7 in Appendix B)].

A similar analysis only for the MUSEQuUBES galaxies is not
carried out in Sections 4.1.1 and 4.1.2 owing to the inadequate
number of pairs.

4.1.4 Variation with sSFR

Most of the galaxies with SFR estimates in our sample are scattered
around the star-forming main-sequence relation (see Fig. 1). The
sSFR is thus a better diagnostic of star formation activity which is
independent of stellar mass.

We investigate the dependence on sSFR by dividing the sample
into star-forming and passive subsamples using a threshold sSFR
of 10~!" yr~!. Each of these subsamples is again divided into two
b and b/R,;; bins following the same binning procedure as used in
Section 4.1.3. The left-hand panel of Fig. 8 shows the median W, sgo-
profile for star-forming and passive galaxies with blue and red open
boxes, respectively, plotted against b/R,;.. The right-hand panel of
Fig. 8 shows the same but plotted against b. While the median W,-
profiles for the two subsamples do not show any significant difference
when plotted against b in the right-hand panel, the left-hand panel
reveals significantly stronger Lya absorption for the star-forming
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subsample for b < R,;. None the less, no significant difference is
seen outside the virial radius. Similar to Fig. 7, the redshifts of star-
forming and passive galaxies in a given b or b/R,;; bin are consistent
(see Tables S9 and S10 in Appendix B).

With open stars of lighter shades, we show the Lya W, spo-
profiles for the two sSFR subsamples using only the MUSEQuBES
galaxies. Consistent with the full sample, a significantly stronger
Ly absorption is observed for the star-forming galaxies for b < Ry;;.
Moreover, only a marginal difference between the star-forming and
passive subsamples is seen outside the virial radius.

The enhanced Ly« absorption for the star-forming galaxies outside
virial radius for the MUSEQuBES sample compared to the full
sample in Fig. 8 can be attributed to the smaller values of b/R,;;
and b. The apparent inconsistency in results between the full and
MUSEQuBES samples of passive galaxies in the smallest impact
parameter bins of Fig. 8 is likely due to small number statistics.
Only six and seven galaxies contribute to the stack for the passive
MUSEQUuBES subsample in the two impact parameter bins (10 and
3 in the two normalized impact parameter bins). The 68 per cent
confidence interval was not possible to compute for the small sample
size in some MUSEQuBES bins (labelled with £0.00 range in the
Tables in Appendix B).

4.2 Optical depth maps

In order to inspect the correlation between galaxies and cool, neutral
gas around them simultaneously along the transverse direction and
along the line-of-sight direction, we produced 2D median optical
depth maps following the procedure described in Section 3.2.

The map for the complete sample is shown in the right-hand panel
of Fig. 3. The first LOS Hubble distance and impact parameter bin is
constructed within 0.1p.m.pc. Next, the bin size is 0.17 and 0.29 dex
for the LOS Hubble distance and impact parameter, respectively. The
LOS velocity around a galaxy is converted to LOS Hubble distance
assuming pure Hubble flow at the galaxy redshift. The negative and
positive LOS velocity differences are further merged to increase the
S/N in each bin. The optical depth for the random region is generated
following the strategy described in Section 4. The median optical
depth of all pixels from the random redshift stack represents the
median random optical depth, which is set as the minimum of the
optical depth colour scale in the map. A Gaussian filter with half of
the bin size is used to smooth the raw optical depth map.

The right-hand panel of Fig. 3 reveals enhanced Ly« optical depth
compared to random regions out to 600 km s~! or 8 pMpc along the
LOS direction. The enhanced optical depth is observed out to 2 pMpc
along the transverse direction. The apparent elongation of the excess
optical depth in the LOS direction is reminiscent of the ‘fingers of
god’ effect and is reported earlier in the literature (Rakic et al. 2012;
Turner et al. 2014). This is owing to the peculiar motions of the
infalling and/or outflowing gas rather than redshift uncertainties (see
e.g. Rakic et al. 2013; Turner et al. 2017; Chen et al. 2020).

Next, we divided our sample into two stellar mass bins with
log,o(M./Mg) =9.9 as the separating value (i.e, the median stellar
mass of the full quasar—galaxy pair sample). The median redshifts
for the high- (median 10'*4 M) and low-mass (median 10°2 M)
galaxy subsamples are 0.145 and 0.088, respectively. However, we
did not control the redshift distribution here, as this reduces the
number of available pairs leading to insufficient S/N. The OD maps
for the high- and low-mass galaxy samples are shown in the left-hand
and right-hand panels of Fig. 9, respectively. The median optical
depth of random region for the high- and low-mass galaxy samples
are 10723 and 1072%, respectively. A common colour scale is
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Figure 9. 2D median optical depth maps of Ly absorption around high-mass galaxies (left, median log;y(M+/Mg) = 10.4) and low-mass galaxies (right,
median log;,(M./Mg) = 9.2). The two galaxy samples are separated at logjo(M«/Mp) = 9.9, which is the median stellar mass of our sample. The colour
scale is common for both maps. The median Ly« optical depth is plotted as a function of impact parameter and LOS Hubble distance (LOS velocity in the right
y-axis). Similar to Fig. 3, positive and negative velocity sides are folded to increase the S/N ratio. The bin size and smoothing procedure are similar to Fig. 3.
The high-mass sample shows a significantly stronger absorption signal in the inner parts of the map.

chosen for the maps which runs from the minimum of these two.
We saturate the colour scale at the maximum median optical depth
of the two samples. The map for the high-mass galaxies shows a
significantly stronger signal in the innermost transverse and LOS
Hubble distance bin as compared to the low-mass sample. The
excess optical depth around high-mass galaxies is also found to
be more extended along the LOS direction compared to the low-
mass counterparts due to higher peculiar velocities, as predicted by
simulations (see e.g. Kim & Croft 2008; Rakic et al. 2013; Turner
etal. 2017).

5 DISCUSSION

In this section, we discuss the main findings from Section 4.

5.1 Comparison of the Lyx W, -profile with the literature

We found a monotonically decreasing trend of the median W,(Lyw)
with both impact parameter (b) and normalized impact parameter
(b/Ry;;) (Fig. 4). Such a trend has been reported in the literature with
individual Lye W, measurements in the CGM of low-z galaxies (see
e.g. Prochaska et al. 2011; Borthakur et al. 2015) or from W, of mean
stacked Lyo absorption (see e.g. Liang & Chen 2014). However, here
we reported the presence of excess cool, neutral gas surrounding
galaxies out to 2 pMpc, equivalently ~15R,;;. A single power-law
with a slope of ~—0.75 can adequately represent the median-stacked
Ly equivalent width profile [equations (2) and (3)]. The single-
component power-law index is in good agreement with Prochaska
et al. (2011), obtained from individual Ly W, measurements for
sub-L, and dwarf galaxies at similar redshifts (z < 0.48) for b < 1
pMpc. Using an F-test, we confirmed that a two-component power-
law model is unnecessary. However, this does not necessarily discard
the possible presence of a secondary component other than a power-
law.

Previously, Borthakur et al. (2016) combined individual Lya W,
measurements in the CGM of galaxies from the COS-Haloes and
COS-GASS surveys and obtained a log-linear W, sop-profile for
b/Ri; < 2 with a slope of 0.387 & 0.103. The power-law nature of
the W, so0 —profile at large distances likely arises from the galaxy-
absorber correlation which is well described by a power-law (Tejos
et al. 2014). While going from smaller to larger impact parameters,
a transition from a dark matter halo dominated environment to the
regime dominated by halo-halo clustering has been observed in the
gas surface density profile (see Zhu et al. 2014). Recently, Wilde
et al. (2023) used a Gaussian 1-halo term (arising from the CGM)
along with a power-law 2-halo contribution (which is essentially
the contribution due to galaxy-absorber clustering) to explain the
observed Lyo covering fraction profile. The transition point between
the 1-halo and 2-halo terms is defined as the extent of the CGM in
their work.

In order to look for a similar transition region between 1-halo and
2-halo contributions, we fit a log-linear and a Gaussian profile along
with the default power-law model to the observed W, syp-profile
plotted against b/R,;.. The two models are as follows:

W, 500 = 10477C/Ri0) o (b/Ryir)P 4)
and,

_(b/Rvir \2
Wesoo=Ae "o +a(b/Ry) ()

The left-hand and right-hand panels of Fig. 10 show the best-fitting
models with equations (4) and (5), respectively. The parameters
of the best-fitting models are summarized in Table 3. The slope
for the log-linear relation we obtain is somewhat steeper than
found by Borthakur et al. (2016) but consistent with 20. An F-
test rejects the null hypothesis that a single component power-law
is a better representation of the W, soo-profile compared to either
of the two-component models with a p-value of >0.96. The 1-halo
term, represented by the Gaussian or log-linear function, contributes
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Figure 10. Modeling the observed Lya W, soo-profile with two components. The data points show W,. 500 plotted against b/Ry; from this work. We use a
log-linear (left, orange dashed) or a Gaussian (right, orange dashed) and a power-law component (green dashed, both panels) as shown by the legends. The solid
red line is the combined best-fitting model in both panels. The single-component power-law from Fig. 4 is overlayed in both panels with grey dotted lines.

Table 3. Best-fitting parameters of multicomponent fit to the W, 50-profile.

Model A o a B
Model-1 —0.24 £0.22 0.94 +£0.37 0.20+0.04 -0.61=+0.10
Model-2 029 £0.18 0.68+£0.23 0.224+0.03 —0.65=+0.07

Model-1: Log-linear4-power-law; Model-2: Gaussian+power-law

negligibly to the profile at b/Ry;; 2 1 which closely resembles the
CGM-scale (Rcgm) in the recent study of Wilde et al. (2023).

Using a single sightline (towards 3C 273), Morris et al. (1993)
found that Ly« absorbers indeed cluster around galaxies, but with a
smaller amplitude than galaxy-galaxy clustering. Chen et al. (2005)
and Chen & Mulchaey (2009) found that strong Lyo absorbers
cluster around emission-line dominated galaxies with a clustering
amplitude comparable to the autocorrelation amplitude of emission-
line galaxies. They also concluded that weak Ly« absorbers cluster
weakly around galaxies. Tejos et al. (2014) further showed that
~50 per cent of weak Lyx lines are correlated with galaxies at
large transverse distances. The low column density Ly« absorbers
can be attributed to the gas present in filament-like structures.
Consistent with this picture, Wakker et al. (2015) found a trend
of increasing Lyw equivalent width and line width with decreasing
filament impact parameter. The Lyo detection rate is ~80 per cent
within 500 pkpc of galaxy filament. Recently, Bouma, Richter &
Wendt (2021) studied the relation between Ly« absorbers and nearby
galaxy filaments. They found an excess incidence rate (dN/dz) near
filaments and a somewhat shallower slope for the column density
distribution function (CDDF) compared to the general population
of Ly absorbers at z ~ 0. They also noted that the strongest Lyo
absorbers are preferentially detected near galaxies or filament axes,
albeit with a significant scatter. The observed excess Lya W, far
outside the virial radii of galaxies can, in part, come from the CGM
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of other galaxies (‘intra-halo’ gas) residing in the filaments. The
‘inter-halo’ gas tracing the underlying density fields of the filaments
can also contribute. The W, soo-profile in our fit is dominated by a
single component power-law outside the virial radius. Such a power-
law is widely usually used in the context of galaxy-galaxy clustering.
However, the power-law component is regarded as the 2-halo term in
our work. Although, strictly speaking, the gas constituting the 2-halo
component is expected to have an ‘intra-halo’ origin, we emphasize
that this can account for gas in large-scale structures or filaments that
are not part of the CGM of any (detectable) galaxy.

The connection between Lyo absorbers and galaxies, over a
scale of > 500 h~'kpc, is investigated by Davé et al. (1999) using
hydrodynamical simulations. They obtained a power-law index of
—0.71 for the W, spo-profile around low redshift galaxies, which
is in good agreement with our single component power law fit.
To investigate the origin of the W, so0 — b correlation in their
simulations, they determined the power-law index of the W, -profile
for the diffuse gas phase with densities and temperatures typical of the
IGM. The overall power-law index and the index for the diffuse gas
phase were found to be statistically indistinguishable. Based on this
finding, they argued that the trend between W, and impact parameter
can arise from the clustering of gas and galaxies over large scales.
In the next section, we will examine whether the stacked Ly« profile
can be explained by the large-scale clustering of gas and galaxies.

5.2 The role of galaxy-absorber clustering

The stacked spectral profile for the complete sample is mainly
shaped by the velocity distribution of the Lyx absorbers with respect
to the host galaxies. If the width of the velocity distribution is
mainly determined by the random redshift errors, a Gaussian is
a reasonable choice to model the stacked profile. However, the
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Figure 11. Left-top: The observed median stacked Ly« absorption profile for the complete sample (black histogram). The blue solid line indicates the two-
component Gaussian fit to the observed profile (extrapolated region shown with dotted line), with the individual components shown in red and green dashed
lines. The standard deviations of the individual Gaussian components are indicated in the legends. The grey error bars are 68 per cent confidence intervals of the
median flux in each bin coming from 1000 bootstrap realizations. Left-bottom: Observed profile fit with the two-point correlation function given in equation (11)
shown by the red solid line (extrapolated region shown with red dashed line). The shaded region shows 1o scatter around the best-fitting relation. Right: Corner
plots showing one and two-dimensional projections of the posterior probability distributions of the parameters used to fit the median stacked profile.

left-top panel of Fig. 11 shows that a single-component Gaussian
cannot explain the observed median stacked flux profile of Ly«
absorption for the full sample. Two distinct Gaussian components
with o values of 114.9 4 6.5 and 341.7 4+ 26.0 km s~! are required
to adequately explain the entire profile. The narrower and stronger
Gaussian component likely arises from the Ly« absorbers originating
in galactic haloes (CGM). The origin of the shallow and wider
Gaussian component, however, can be more complex. It can arise
from weak and broad individual Ly« absorption associated with
galactic haloes (i.e. so-called broad Lya absorbers (BLAs) buried
in the noise of individual spectra). Another possible origin is the
narrow and loosely correlated Ly absorbers likely arising from
the large-scale structures tracing the same overdensities as the
galaxies.

The large-scale clustering between galaxies and Ly« absorbers has
been characterized in the literature (see e.g. Chen et al. 2005; Tejos
etal. 2014; Wilde et al. 2021; Borthakur 2022). The galaxy-absorber
two-point correlation function can be parametrized as:

r Y
“;:(bv r”)z <%> ) (6)

where, ry and y are the scale-radius and power-law slope, respec-
\/b? + ri. The correlation function & (b,
r|) is essentially a measure of the excess number of absorbers as
compared to random regions, hence it can be written as

Nobs - Nrand . (7)
N rand ’

where, Ny and Npnq are the number of observed and random
absorbers at a given b and ry.

At large impact parameters of ~1 pMpc, the absorbing gas is
unlikely to arise from individual galactic haloes. As discussed in

tively. The 3D distance r =

é‘:

Section 5.1, the contributing absorbers most likely reside in large-
scale structures tracing the same overdensities as galaxies. At this
length scale, it may be safe to assume a similar distribution of
absorption strength for the uncorrelated Ly« absorbers and for those
absorbers which are correlated with the galaxies. The excess Ly
absorption we see at large impact parameter can be interpreted as the
increased number of absorbers around galaxies due to clustering, and
not necessarily because of increased strength. With this assumption,
the two-point correlation function can be directly related to the
observed median stacked flux.

The optical depth can be written as t = (a)N, where (a) and N
are the average strength and the number of contributing absorbers,
respectively. For the median stack, the median optical depth at a
given LOS velocity bin v/ can be written as

Joo_ A\ J
Tmed - Nmed (a)med'
Therefore,

J _ N J
Tmed,obs - Nmed,obs (a)med,obs’
and

i _ J
Tmed,rand =N med,rand ((l ) med,rand *

The assumption of similar absorption strength distributions for the
random and clustered absorbers implies (@)med, obs = (@)med, rand-
Thus,

J J J J
Tmed,obs - Tmed,rand _ N, med,obs N, med,rand __ b 8
7 = 7 =&( med,ru)- (8)
T, N,
med,rand med,rand

Note that the observed median stacked flux can be written as,

fmed,obs = e7(rm5d»0h57Tmed<rand+fmed,rand) . ©)
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Combining equation (8) and equation (9) and using e~ medrand =
fmed,randa we obtain
F o = o~ Tmedrand X EGrea.r )+ (10)
Here we dropped the superscript j from 7 ped, rand» s the optical depth
of the random region does not depend on the LOS separation from
galaxy redshift.

We fix byeq to the median impact parameter of our galaxy sample
of 1.5 pMpc. The value of Tpeq rana 1S Obtained by converting the
median flux at random regions (essentially the pseudo-continuum of
the median stack) to optical depth. To allow for a small velocity offset
of the centroid of the stacked spectrum from 0 km s~!, we introduce
a parameter € in the two-point correlation function such that:

7 ——2\’”
s(b,n,e):(Vb“r'E)) , (11)

ro

where, we wave used the 3D distance r = /b + (r) — €)? in
equation (6). The offset parameter € is a purely mathematical
construct to account for the velocity offset that can arise due to
the finite LOS velocity bin size of 40 km s~'.

Fitting the observed median stacked rest-frame Ly« absorption
profile with equations (10) and (11) yields best fit y and y values of
7.6 pMpc and —1.57, respectively. The best-fit® € value is 0.24 & 0.06
pMpc, corresponding to 18 4= 4 km s~! which is well within the LOS
velocity bin size used in our analysis. The best-fitting model profile
is shown in the left-bottom panel of Fig. 11 with the red solid line.
The corner plot in the right-hand panel of Fig. 11 shows the 1- and
2-dimensional projections of the posterior distribution for the model
parameters.

The reduced-x? of 1.9 obtained for this fit is larger than the
reduced-x2 of 0.6 obtained for a double-component Gaussian fit.
However, a fit with this simple two-point correlation function
provides a significant improvement compared to a single component
Gaussian fit (reduced-x2> = 2.7). This indicates that the broad
component in the stacked profile for large impact parameters can
be partly explained by a simple two-point correlation function
arising from the large-scale clustering between galaxies and Lyo
absorbers.

At this point, we emphasize that previous studies on clustering
analyses measured the ry and y from the correlation function
projected along the LOS, thus eliminating the effect of redshift
space distortions. The correlation length-scale and power-law in-
dex obtained in our analysis, however, suffer from redshift space
distortions since the two-point correlation function is not projected
along the LOS. The evidence for redshift space distortion is also clear
from the optical depth maps (see Figs 3 and 9). The correlation length
of 7.6 pMpc found in this work is considerably larger compared to
the projected galaxy — HI absorber correlation length of ry = 1 .6h7_0l
Mpc found by Tejos et al. (2014). This is also true even when we
compare the ry by fixing y = —1.44 as reported in Tejos et al. (2014)).
Recently, Wilde et al. (2021) presented projected correlation lengths
of 3.4hg Mpc and 6.2k Mpc for high (M, > 10°° M) and low
(M, < 10°% M) mass galaxies at low redshift. The power-law index
for the projected correlation function varies from —1.2 to —1.9 for
low- to high-mass galaxies in their work. None the less, this exercise
demonstrates that the presence of the significant non-Gaussian wings

SWe used the EMCEE package (Foreman-Mackey et al. 2013) of PYTHON for
error estimation.
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Figure 12. The median stacked Lyo absorption profiles for the isolated and
group subsamples shown with magenta and teal histograms, respectively. The
shaded region represents the 68 per cent confidence interval of median flux
distributions obtained from 1000 bootstrap realizations.

in the median stack can be interpreted as a consequence of weak,
correlated absorbers likely arising from the large-scale structures
tracing the same overdensities as the galaxies rather than warm/hot,
widespread gas associated with individual haloes.

Another possible origin of the broader component could be the
environment of the galaxies. We have employed a simple friends-
of-friends (FoF) algorithm with a projected separation of 10" and
LOS separation of 500 km s~' to identify overdense galactic
environments.

We have defined ‘groups’ as the overdense region of more than
four galaxies identified by the FoF algorithm with the aforementioned
linking lengths. A power-law galaxy-galaxy clustering with a slope
of —1.8 and correlation length of 34~' Mpc is expected to give
rise to ~4 galaxies in the region of interest (at z &~ 0.1) due to
clustering (see Cherrey et al. 2023, for the formalism). The adopted
number of five or more galaxies within the linking lengths thus
suggests an overdense region. At this point, we emphasize that these
overdensities are not necessarily virialized. In Fig. 12, we show
the stacked Ly« absorption profile for isolated and group galaxies
with blue and teal histograms, with the shaded region denoting the
corresponding 68 per cent confidence interval obtained from 1000
bootstrap realizations. The median stacked Lyo absorption from
the group galaxies showed symmetric secondary peaks at around
~4500 km s~!, but no such feature was present in the stacked
spectrum of isolated galaxies. While we acknowledge that it is
challenging to characterize the environment of galaxies observed
from different surveys with varying depths and completeness, the
presence of the secondary peaks in the stacked spectrum for the group
galaxies is consistent with the findings of Muzahid et al. (2021) for
a homogeneous sample of z ~ 3 galaxies. Moreover, we obtained a
consistent result when we considered the galaxies with > 90 per cent
completeness from the Keeney+18 survey. A detailed analysis of
the effects of the galaxy environment on the CGM will be presented
elsewhere. However, we emphasize that the secondary peaks ob-
served in the stacked spectrum of group galaxies are very different
compared to the smooth wings of the observed spectrum, and they
cannot be explained by a power-law cross-correlation function. The
observed broad component in the stack at large impact parameters
is more likely the manifestation of the galaxy-absorber correlation
function.
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Figure 13. Left: The effect of M, on the W,. 5oo-profile. The redshift is controlled for galaxies in a given b/Ry;, bin. We first divided the galaxy sample into
two bins with b/Ry;; > 1 and <1. Galaxies in each b/Ry;; bin are split by log;((Ms/Mg) <9, > 10, and 9 <log;((M+/Mgy) <10. Redshift-controlled galaxies
are selected in each M, sample for a given b/Ry;; bin to produce the Lya stacks. W, 500 of median stacks are shown by blue, black, and red open squares for
low-, intermediate-, and high-mass bins as a function of b/Ry;;. Measurements for the MUSEQuBES subsample only are shown with lighter shades and different
markers (one bin is made by combining intermediate- and high-mass galaxies due to the lack of log;,(M,/Mg)>10 galaxies in MUSEQuUBES sample). The
data points inside the virial radius are plotted with offsets in the abscissa for clarity. The error bars are similar to Fig. 6. Right: The Lya W, 509, measured
within 2Ry, as a function of stellar/halo mass is plotted with black symbols. All galaxies with 0.25 < b/Ry;; < 2 are selected and split into three stellar mass
bins with log;,(M+/Mg) <8, >9.5, and 8 <log;((M,/Mg) <9.5 to produce the Lyo stacks. The magenta triangle represents the median W,. 5oy for stacked
Ly« absorption in low redshift (z < 0.5) cluster outskirts (b/Rsop < 1.5) by Mishra et al. (2024). The x-error bars show the 68 per cent range of M, in each bin,
y-error bars are 68 per cent confidence intervals of the median W,. The median b/R,;; and z (along with 68 per cent confidence intervals) of each bin are given
in the legends. The overlayed red dotted line showing the star formation efficiency (see text) corresponds to the right y-axis.

5.3 The role of stellar mass

The observed W, spo-profile is shallower for the low-mass galaxies
than for their high-mass counterpart (see Fig. 6). This owes to the fact
that the high-mass galaxies show stronger Ly« absorption in the inner
regions (b < 0.5R,;;), whereas the low-mass galaxy sample shows
relatively stronger Lya absorption outside the virial radius. We note,
however, that we did not control for the redshifts of the different
mass bins. Consequently, the median redshift of the high-mass bin is
higher compared to the low-mass bin.

In the left-hand panel of Fig. 13, we show the Ly W, measure-
ments for three mass bins within and outside the virial radius. We
first divided the galaxy sample into two bins with b/R.;; > 1 and <1.
Galaxies in each b/R,;; bin are split by log,(M../M)<9, >10, and
9 <log,,(M./Mg)<10. In each normalized impact parameter bin,
we now controlled the redshifts of the galaxies so that the redshift
distributions of the low-, intermediate-, and high-mass samples
are similar.® The median log,,(M,/Mgy) and median redshifts of
different bins are tabulated in Appendix Table S11. Outside the
virial radius, the Lya W, is significantly higher for the low-mass bin
compared to the intermediate- and high-mass bins. Inside the virial
radius, we notice a decline in W, for the high-mass bin compared
to the low- and intermediate-mass bins, but consistent within the
lo uncertainties. The error bars are similar to Fig. 6. The data
points inside the virial radius are plotted with small offsets in the
abscissa for clarity. Measurements for the MUSEQuUBES galaxies
for a similar binning strategy are shown with a lighter shade and

SWe chose equal number of galaxies within some narrow Az for the three
mass bins. This ensures that the redshift distributions (and the median values)
of the three mass bins are very similar.

open star symbols. Similar to Fig. 7, the enhanced Ly« absorption
outside virial radius for MUSEQuBES galaxies compared to the full
sample can be attributed to a lower median b/R,;; compared to the
full sample. The trend for the MUSEQuUBES galaxies is consistent
with the full sample, although not significant due to a smaller sample
size.

The presence of significant Lya absorption outside the virial radius
can arise from the extended CGM and/or the large-scale structures
around galaxies. Cosmological hydrodynamical simulations by van
de Voort & Schaye (2012) showed that the ‘cold gas’, which can be
traced by Lyc, is mainly residing in filamentary structures around
galaxies. Moreover, the geometry of such cosmic filaments is much
more widespread (up to 4 R,;;) for low-mass haloes as compared to
high-mass haloes (see their fig. 1), leading to higher gas covering
fraction for low-mass galaxies outside virial radius. Johnson et al.
(2017) reported the presence of Lya absorption well beyond the
virial radius of dwarf galaxies. Recently, the observations of Wilde
et al. (2021) also showed that the Ly covering fraction remains
roughly constant at &~ 40 per cent out to 1 pMpc from galaxies
with log,,(M,/Mg)<9.2. The covering fraction for the high-mass
galaxies, however, declines rapidly with impact parameter. Although
their quoted 1o errors have significant overlaps in different mass
bins, this may hint at the steeper slope for the W,-profile for the
high-mass galaxies.

A possible reason for the enhanced Lyw absorption outside
the virial radius for low-mass galaxies could be the environment.
However, different completeness of the different surveys hinders
a proper investigation of environmental effects for our complete
sample. To circumvent this, we selected a subsample of galaxies
from Keeney-+18 with total completeness >90 per cent (see their
table 8). In that subsample, isolated galaxies are searched for using
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a simple 3D FoF algorithm with a linking separation of 10’7 and a
linking velocity of 500 km s~!'. We found enhanced Ly« absorption
around low-mass galaxies outside the virial radius (median b/R,;; &
6) even for this well-chosen sample of isolated galaxies. Therefore,
we conclude that the observed mass dependence cannot be directly
attributed to the environment. However, if a significant fraction of
these low-mass galaxies is satellite, then their R, measurements can
be underestimated. This can lead to the apparent excess ‘outside’ the
virial radius of the low-mass galaxies. Indeed, the convergence of the
W, s00 profile for the three mass bins at large b (see the right-hand
panel of Fig. 6) implies that there is no excess Ly« absorption at
large proper distances around low-mass galaxies.

The underlying gas distribution in cosmic filaments can explain
the origin of excess Ly W, far outside the virial radius for low-
mass galaxies compared to high-mass galaxies when plotted against
the normalized impact parameter. At a similar normalized impact
parameter, massive galaxies trace a region further away in the
filament compared to less massive or dwarf galaxies. This can
cause the apparent enhancement of Lya W, outside virial radius
when plotted against normalized impact parameter. However, the
underlying gas distribution tracing the overdensity in the filament
will produce similar absorption for both low- and high-mass galaxies
at large physical distances, consistent with our observation. In
Section 5.1, we suggested that the power-law 2-halo term outside
the virial radius can account for the gas in the filaments of ‘inter-
halo’ origin as well.

A marginal suppression in the Lyo absorption inside the virial
radius for high-mass galaxies compared to the low-/intermediate-
mass bin is observed when the redshift is controlled. To further
explore this with larger galaxy samples, we selected all galaxies
with 0.25 < b/R,i; < 2.0 in three mass bins with log,,(M,./Mg) <
8, 8 < log,o(M./Mg) < 9.5, and log,,(M,/Mg) > 9.5 to generate
Ly« stacks. The lower cut in b/R,;, is motivated by the lack of low-
mass galaxies below this limit in our galaxy sample. Thus, a cut like
this roughly brings the b/R,; distributions of the three mass bins
on a similar footing. Although we did not explicitly control for the
redshift, the median redshifts are comparable for the three mass bins
(this is also true for the 68 per cent ranges).

The right-hand panel of Fig. 13 shows the median Lya W, 5o as
a function of stellar mass (top axis) and halo mass (bottom axis).
To convert the stellar masses to halo masses, we used the sub-halo
abundance-matching relation of Moster, Naab & White (2013). The
median W, sy for our highest mass bin shows a clear suppression
compared to the intermediate mass bin but is comparable to the low-
mass bin. The (pink) data point is obtained from Mishra et al. (2024)
which represents the median Ly W, so0 measured around z ~ 0.17
clusters using background quasars with impact parameters within
1.5R00. The Ly W, 500 measured for galaxy clusters is significantly
lower compared to the W, 500 we obtained for the highest mass bin
of our sample.

The dotted red line in the plot (right y-axis) shows the star
formation efficiency (SFE) as a function of halo mass. The SFE
is defined as SFE = M,/Myaryon = M, /(Mha10%f3), where f, (= g—]\;
is the mean cosmic baryon fraction. As mentioned earlier, we used
the stellar mass—halo mass (SMHM) relation from Moster, Naab &
White (2013) to obtain the SFE curve. Both quantities show a peak
at some halo mass (~10'' Mg, for the Ly« bearing gas and ~10'2
M, for the SFE) and decline at both the low- and high-mass ends.
Such a similarity may suggests that the cool neutral gas content of

7linking separation of 1 pMpc produces consistent result
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the CGM has direct consequences for the efficiency of star formation
inside galaxies. However, we note that the comparison of a relative
quantity such as the SFE with an absolute quantity like the W, should
be done with caution.

Although the connection of the Lyc-bearing gas with the SFE is
not straightforward, one particularly important aspect of the right-
hand panel of Fig. 13 is the increase of W, with decrease in M}, from
10 to 10" Mg. Although the SFE peaks at around ~10'> My, and
then decreases with decreasing halo mass, this is not reflected in the
Ly« bearing gas. The lower SFE of galaxies with My, ~ 10'! Mg
compared to ~10'2 Mg halo mass galaxies, despite being more
gas-rich, may be indicative of a larger gas depletion time for these
galaxies. Conversely, despite a decreasing Ly W,, the increased SFE
of galaxies with My, ~ 102 Mg compared to ~10'! Mg, halo mass
may suggest that the circumgalactic gas is depleted before the star
formation inside galaxies. The recent simulation by Appleby et al.
(2022) showed that the CDDF of H1 absorbers around green valley
galaxies resembles that around quenched galaxies more closely than
that of the star-forming galaxies. They interpreted this as a sign of
CGM depletion before the quenching of the host galaxy (see also
Davies et al. 2020; Oppenheimer et al. 2020). This is in agreement
with our observational findings.

Finally, the suppression of cool, neutral gas around high-mass
galaxies can also be a consequence of higher virial temperatures
leading to a higher degree of ionization of the CGM. However,
the virial temperature corresponding to the intermediate-mass bin
is already above the temperature required to collisionally ionize the
neutral hydrogen. Simulations predict a transition from almost no
virialized gas to substantial virialized gas at My, ~ 10'> M- which
is the transition between cold to hot mode accretion (see e.g. Keres
et al. 2005). The observed suppression of Ly« absorption around
massive galaxies can be a possible indication of this transition. Using
a sample of Milky Way-type galaxies in the IllustrisTNG simulation,
Ramesh, Nelson & Pillepich (2022) reported that the CGM of high
mass galaxies exhibits less HI gas compared to low-mass galaxies.
They attributed this effect to the kinetic mode feedback by SMBH
residing in more massive galaxies which can be responsible for
sweeping up of the cool gas in the CGM. This is consistent with
our observations.

In passing, we note that our results contrast with Bordoloi et al.
(2018), who reported a positive trend between Lya W, and M, using
a sample of 85 galaxies with b < 160 kpc and 8 < log;,(M./Mg) <
11.6. This apparent disagreement may be due to their small sample
size, and the fact that they did not take into account the upper limits
in their analysis.

5.4 The role of SFR

Using a subsample of galaxies with SFR estimates, we studied the
impact of SFR and sSFR on the distribution of cool, neutral gas in and
around galaxies. The left-hand panel of Fig. 7 shows a clear indication
of enhanced Ly« absorption within the virial radius for galaxies with
high SFR. However, outside the virial radius, no dependence on
the SFR is seen. Similarly, in the right-hand panel, a strong SFR
dependence is seen only within 100 pkpc. Although we did not
explicitly control the redshifts in this analysis, the median redshifts
of the compared bins are very similar. The measurements obtained
for only the MUSEQuBES galaxies (shown with green and magenta
points) are also consistent with the complete sample.

No statistically significant trend is reported between Lya W, and
SFR for the galaxies in the COS-Haloes survey (Thom et al. 2012;
Tumlinson et al. 2013). In fact, Thom et al. (2012) argued that the
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CGM of passive galaxies is equally rich in H1. However, Borthakur
et al. (2015, COS-GASS survey), found a marginal correlation of
individual Ly absorption strength with SFR using 45 low-redshift
galaxies, with the majority of the sightlines passing within the virial
radius of the galaxies. Combining the observations of the COS-
HALOES survey along with COS-GASS, Borthakur et al. (2016)
found a stronger correlation between SFR and impact parameter-
corrected Lyo equivalent width, defined as the ratio of observed
Lya equivalent width and that predicted by the best-fitting model
for the W,-profile for the entire sample. Their combined sample is
also limited to sightlines within ~1.4 R,;;. This is consistent with
the results of our analysis using spectral stacking. A similar trend is
also seen for z ~ 3.3 Ly« emitters (LAEs; see Muzahid et al. 2021).
However, the LAE sightlines probe the CGM at b > R,;;, where we
did not see any trend with SFR.

The trend between Ly« absorption around galaxies and SFR can
arise from the two following scenarios. First, star formation-driven
outflows can entrain and deposit cool gas in the CGM. We recall that
the strong SFR dependence is only seen for impact parameters <100
pkpc. The gas traced by Lya at large galactocentric distances does
not show any dependence on SFR. This suggests that in this scenario
the outflows are only effective in determining the gas distribution
out to ~100 pkpc. Secondly, the availability of more cool gas in
the CGM can lead to higher SFRs in galaxies. Although it is not
straightforward to relate the gas in the CGM to star formation activity
inside galaxies (since the gas in the CGM has to go through different
physical processes via which it can cool and become molecular before
forming stars), the second scenario is predicted by simulations (see
e.g. Davies et al. 2019, 2020).

Finally, we note that the median stellar mass of the high-SFR bin
is higher than for the low-SFR bin. This is not surprising since the
majority of the galaxies in our sample follow the main-sequence
relation (see Fig. 1). However, the observed trend with SFR is
unlikely due to the difference in stellar masses for the two SFR bins,
since a similar trend is also seen for sSFR, and again only within the
virial radius (see the left-hand panel of Fig. 8). The fact that we see
enhanced Lya absorption inside the virial radius for star-forming
galaxies compared to quenched galaxies (sSFR< 107! yr~1) is
consistent with the findings of Johnson, Chen & Mulchaey (2015),
who found an enhanced covering fraction inside the virial radius of
late-type galaxies compared to early-type counterparts.

5.5 Implications of the optical depth maps

We produced 2D optical depth (OD) maps for the complete sample as
well as for two sub-samples with high-mass and low-mass galaxies.
In the ideal case of an isotropic distribution of gas around galaxies,
circularly symmetric OD maps should be observed. The departure
from circular symmetry in the maps indicates the presence of redshift
space distortions. This is clear from the enhanced optical depth
along the LOS direction at small impact parameters (Figs 3 and 9).
However, at larger impact parameters, this effect is less pronounced.
Such a distortion along the LOS direction is also observed by Tejos
et al. (2014). They found that the extent of the distortion was
consistent with the redshift uncertainty of their galaxy sample. We
observed the excess OD up to =1 pMpc LOS Hubble distance for the
lowest impact parameter bin. Considering a redshift uncertainty of
~250 km s~! for our galaxy sample, the length scale of the distortion
would be ~0.7 pMpc at the median redshift of z = 0.1. Hence, the
observed elongation of the OD map along the LOS direction unlikely
to be entirely due to redshift uncertainty of our galaxy sample. Turner
et al. (2014) reported a similar redshift space distortion for a sample
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of LBGs at z &~ 2.3. Comparing with the EAGLE simulation, Turner
et al. (2017) argued that infalling gas is responsible for the redshift
space distortion. A similar comparison of our observed optical depth
maps with simulations could shed light on the gas kinematics around
low-redshift galaxies.

The strong excess Lya absorption within ~100 pkpc transverse
and ~1 pMpc LOS Hubble distance around high-mass galaxies is
consistent with our analysis of the W,-profile (right-hand panel of
Fig. 6). This is a possible indication of sightlines passing through
denser, cool gas clouds originating in high-mass galaxies from
galactic processes (e.g. extended galactic disc, clouds from galactic
fountains). An increasing strength of Lyo absorption with stellar
mass (and hence halo mass) in the vicinity of galaxies has been
predicted by simulations (see e.g. Rakic et al. 2013; Turner et al.
2017).

The OD maps are qualitatively in agreement with the maps
produced by Chen et al. (2020) for high-redshift (z ~ 2) galaxies.
However, they find that the total optical depth in the redshifted
region of the optical depth map is larger by > 50 per cent than
that of the blueshifted side (for 70 < b(kpc) < 150). Producing the
OD map without folding the negative and positive LOS velocities,
we confirmed that this asymmetry is not pronounced in our case.
The total optical depth in the redshifted region is only &7 per cent
higher compared to the blueshifted region. The ‘least implausible’
explanation for this asymmetry between redshifted and blueshifted
flux according to Chen et al. (2020) was that the Lyo emission
from galaxy haloes contaminates the absorption features. This can
be non-negligible if a foreground galaxy is being probed by a
background galaxy spectra, as was the case in their study. However,
our galaxy sample is probed by much brighter background quasars,
so this possible source of contamination can be neglected for all
practical purposes. The lack of any significant asymmetry in the
optical depth maps found in this work may be a direct consequence
of the aforementioned reason.

5.6 Possible caveats

In this study, we combined galaxy samples from six different surveys
from the literature (non-IFS) along with our MUSEQuBES galaxies
(IFS) leading to 5054 QSO-galaxy pairs. While such a large number
of quasar—galaxy pairs is critical to probe any difference in the Lyo
W.-profile as a function of galaxy properties, it inevitably introduces
heterogeneity in the galaxy sample. The different archival surveys
have different depths and spectroscopic completeness, and probe a
wide range of redshifts (z ~ 0.01-0.48 corresponding to 5 Gyr of
cosmic time). Further, surveys such as COS-Haloes and Liang &
Chen (2014) were designed to study the CGM of ‘isolated’ galaxies
in contrast with the Keeney+18 survey which includes a substantial
fraction of group galaxies in it. Note that because of the lack of SFR
measurements, the Keeney-+18 sample does not contribute to our
analysis of the SFR and sSFR dependence. Hence, for the SFR and
sSFR dependence, the contributing galaxies are mostly ‘isolated’,
and environmental effects are not expected to be important.

We took two measures to minimize the effects of the heterogeneous
galaxy sample: (1) Most of our analyses are based on the Lya W,-
profile as a function of impact parameter and normalized impact
parameter (b/Ry;;). This naturally takes care of the different distances
from the galaxy centre when the dependence on a given galaxy
parameter is investigated. (2) Whenever required, we controlled the
redshift of the galaxies in a given b and b/R.;; bin (see e.g. Fig. 13).

Finally, another form of bias can be introduced as a consequence
of correlated galaxy properties (e.g. between z and M, and between
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M, and SFR). As pointed out earlier, the merging of different samples
helps us to mitigate such intertwined correlations (see Fig. 1). We
have not explored the effect of galaxy orientation with respect to the
quasar sightlines in this work, as it is beyond the scope of this paper.

6 SUMMARY

In this study, we used 4595 galaxies with median z of 0.1 (68 per cent
range of 0.07-0.19) from the MUSEQuBES and archival CGM
surveys probed by 184 background quasars to construct H1 Lyo W,-
profiles by means of spectral stacking. We report our findings based
on median stacks in this work, but we verified that the mean stack
produces consistent conclusions. The galaxies span a wide range
of stellar mass (10°! — 10'%® Mg), SFR (0.01 — 1 Mgyr™"), and
impact parameter (0.5 — 2.5 pMpc). The impact of different galaxy
properties on the Lya W, -profile is investigated. Our key findings
are:

(i) We find excess Lya absorption around low-z galaxies out to
a projected distance of 2 pMpc or equivalently ~15R,;; and up to a
LOS velocity of ~4-600 km s~! in 2D optical depth map and W,-
profile. The Ly W,-profile is well described by a single power-law
with a slope of ~—0.80. (Figs 3 and 4).

(ii) The power-law index of the W,-profile is correlated with stellar
mass, with a steeper slope for higher mass galaxies (Figs 6 and 13).
The W,-profiles of different mass bins converge at large b but diverge
at large b/Ry;;.

(iii) Using an F-test, we found that a log-linear (or Gaussian)
+ power-law model to the W, sop-profile fits better than a single
component power-law. The log-linear (or Gaussian) component is
only prominent at b < R, (Fig. 10). We interpret the small-scale
and power-law components as representing the 1- and 2-halo terms,
respectively.

(iv) The Ly equivalent width within 0.25 < b/R,;; < 2 of galaxies
peaks at My, ~ 10! Mg(M, ~ 10° M) (Fig. 13).

(v) Based on a subsample of 442 galaxy-quasar pairs with SFR
measurements, we find Lyo absorption to be strongly correlated with
SFR and sSFR but only within the virial radius (Figs 7 and 8).

(vi) The median stacked Lyo absorption spectrum for the full
sample can be modelled by invoking the galaxy-absorber two-point
correlation function of the following form: (%)V. We obtained a
length scale of ry = 7.6 &+ 0.4 pMpc and a power-law index of
y = —1.57 £ 0.05 for the median stacked Ly« absorption profile
(Fig. 11).

Owing to the heterogeneity of the galaxy data used in this study, we
could not explore the environmental dependence of the cool, neutral
gas surrounding galaxies. Using the galaxy sample of Keeney+-18
and six of the MUSEQUuBES fields with Magellan/MOS follow-up
data with a spectroscopic completeness similar to Keeney+18, we
will investigate the environmental dependence on the cool, neutral,
circumgalactic gas in the future.
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APPENDIX A: BRIEF SUMMARY OF THE
SAMPLES FROM THE LITERATURE USED IN
THIS STUDY

We carried out literature survey to increase the number of galaxies
for stacking. A brief summary of the CGM surveys from which the
galaxies are drawn is given below:

Al Liang & Chen (2014)

The galaxy sample used in Liang & Chen (2014) is prepared
by cross-correlating public galaxy and QSO survey data. QSO
information was obtained from the HST archive, either COS or
STIS. Spectroscopically identified galaxies were searched for in the
following public surveys: Nearby Galaxy Catalog (NGC), SDSS,
2MASS, 2dFGRS. They used an impact parameter cut-off of 500 kpc,
and a LOS separation of at least 1000 km s~! from the QSO redshift
to avoid QSO proximity effects. We retrieve information about all
195 galaxies used in this work. The galaxies have a median redshift
of 0.041 and a wide range of stellar mass ranging from ~ 10> Mg,
to &~ 10'' Mg, The stellar masses are obtained from NASA-Sloan
catalog and the scaling relation between stellar mass and rest-frame
absolute » —band magnitude. A subsample of galaxies have measured
SFRs using rest-frame UV absolute magnitudes. Out of the 96 QSOs
used to probe these galaxies, 13 were observed using STIS. We obtain
information about the other 83 QSOs which were observed with COS
G130M/G160M gratings from their table 2.

A2 COS-Haloes survey

The COS-Haloes survey (Tumlinson et al. 2011, 2013; Werk et al.
2013) was designed to study gaseous haloes around 44 low-redshift (z
=0.15-0.35) galaxies with stellar masses of log,;,(M..,/Mg) & 9.5 —
11.5 using 39 UV-bright background quasars with impact parameters
<150 kpe (b/Ryir < 0.8).

The spectroscopic redshifts for these galaxies are obtained using
the LRIS spectrograph at Keck and the MagE spectrograph at
Magellan. The stellar masses are estimated from five-band SDSS
photometry using a template fitting approach implemented in the
kcorrrect code (Blanton & Roweis 2017). The SFRs of these galaxies
are obtained from detected nebular emission lines, or limited by their
absence. The detected SFR of the galaxy sample ranges from 0.5
Mg yr~! to 19 Mg, yr~! (median 3.23 Mg, yr').

A3 COS-Dwarf survey

The COS-Dwarf survey by Bordoloi et al. (2014) primarily focused
on extending the COS-Haloes survey to a lower stellar mass limit to
understand the CGM around dwarf galaxies. The COS-Dwarf survey
was optimized to obtain galaxies with stellar mass less than 10'° M
atredshift <0.1. This redshift range allowed selecting galaxies based
on SDSS spectroscopic catalog. The stellar mass and SFR for the
43 selected galaxies were measured using SDSS photometry. The
galaxies used in this work lie within 150 kpc transverse distance
from UV bright background QSOs. We retrieve information about
all the 43 galaxies and quasars used in this work.

A4 COS-GASS survey

The COS-Gass survey (Borthakur et al. 2015) focused on the
connection between the CGM of low-redshift galaxies with the
atomic gas content in the ISM probed by the HI 21cm line. The
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Figure Al. Probability density distribution of stellar mass (left) and redshift (right) of galaxies in the complete sample, shown with stacked histograms. The
stellar mass and redshift distribution of galaxies from different CGM surveys are shown with histograms of different colours and symbols.

45 galaxies used in this study were obtained from GALEX Arecibo
SDSS Survey (GASS) with redshift ranging from 0.02 to 0.05, impact
parameter <250 kpc (b/Ry;; = 0.2—1.5) and stellar mass ranging from
10'%! Mg — 10'"! M. Background QSOs probing these galaxies
were observed using COS with a limiting flux of FUV,,,, <19.0,
which yielded 45 usable background QSO. The galaxy redshifts
were obtained from SDSS spectroscopic measurements, stellar mass
was obtained from the GASS survey (Catinella et al. 2010). SFR
measurements were obtained from both GALEX FUV and NUV
and SDSS photometry. Both star-forming and passive galaxies are
present in this sample with the SFR ranging from 1072 Mg yr~!
to 10%% Mg yr~'. We have retrieved information about all the 45
galaxies and QSOs from this work.

AS Johnson et al. (2015)

The galaxy sample used in the study by Johnson, Chen & Mulchaey
(2015) is a combination of 11 galaxies from SDSS, 95 galaxies
from their own absorption-blind galaxy survey using the IMACS
and LDSS3 spectrographs on the Magellan telescopes. The survey
was carried out in four fields, targeting z < 0.4 galaxies with rsp <
23 mag and as far as A = 10 arcmin from the QSO. Information
about all of the 106 galaxies are included in our study. We obtain the
spectra of the 4 quasars in the 4 fields from the HST-COS archive. The
stellar mass of the galaxy sample is obtained from the g- and r-band
absolute magnitude (using multiband photometry and the kcorrect
tool). The galaxy sample spans a stellar mass range of log;o(M,/Mg)
= 8.4-11.5 with a median of log;o(M./Mg) = 10.3.

A6 Keeney et al. (2018)

The galaxy information in Keeney et al. (2018) is obtained from
the COS GTO Galaxy Redshift Survey and the Galaxy Group
Survey. The COS GTO Galaxy Redshift Survey obtained redshifts
of galaxies with g<20 within 38 AGN sight lines, using the HY-
DRA spectrograph on the WIYN 3.5m telescope and the AAQ
spectrograph on the 3.9m Anglo-Australian telescope for the MOS.
The Galaxy Group Survey was designed to observe 10 sightlines
that probe SDSS selected galaxy groups, with a primary focus on
increasing the number of spectroscopically identified group members
to N > 20 per group. MOS was performed with WIYN/HYDRA
and MMT/Hectospec. We discarded galaxies which have no COS
spectrum available or are likely to be a star (z < 0.001), based on
the absorption flag provided in their galaxy catalog. That left us
with a total of 8187 galaxies with spectroscopic redshift ranging
from 0.001 to 0.909 (median z = 0.149) around 47 sightlines. The
galaxies have a wide range of stellar mass ranging from ~ 10° Mg, to
~ 10" Mg (median 10'"! Mg,). The stellar mass of galaxies in this
work is calculated from the galaxy’s rest-frame i-band luminosity.
The impact parameters range from 6 kpc to ~13 Mpc with median
impact parameter being 2.3 Mpc (median b/R.;; =~ 14).

APPENDIX B: ONLINE ONLY TABLES

Here we present all the measurements used for the Ly W,-profiles
presented in this paper (Tables S1-S11).
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