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ABSTRACT
This paper presents a newly established sample of 19 unique galaxies and galaxy groups at redshift z = 0.89–1.21 in six QSO
fields from the Cosmic Ultraviolet Baryon Survey (CUBS), designated as the CUBSz1 sample. In this sample, nine galaxies
or galaxy groups show absorption features, while the other 10 systems exhibit 2σ upper limits of log N (He I)/cm−2 � 13.5
and log N (O V)/cm−2 � 13.3. Environmental properties of the galaxies, including galaxy overdensities, the total stellar mass
and gravitational potential summed over all neighbours, and the presence of local ionizing sources, are found to have a
significant impact on the observed CGM absorption properties. Specifically, massive galaxies and galaxies in overdense regions
exhibit a higher rate of incidence of absorption. The CGM absorption properties in galaxy groups appear to be driven by the
galaxy closest to the QSO sightline, rather than by the most massive galaxy or by mass-weighted properties. We introduce a total
projected gravitational potential ψ , defined as −ψ /G = ∑

Mhalo/dproj summed over all group members, to characterize the galaxy
environment. This projected gravitational potential correlates linearly with the maximum density detected in each sightline (i.e.
a power-law slope of 0.95+0.15

−0.14), consistent with higher pressure gas being confined in deeper gravitational potential wells. In
addition, we find that the radial profile of cool gas density exhibits a decline from the inner regions to the outskirts, and the
amplitude is consistent with the cool gas being in pressure balance with the hot halo. Finally, we note that the ionizing flux from
nearby galaxies can elevate the N(H I)/N(He I) ratio, which provides a unique diagnostic of possible local sources contributing
to the ionizing radiation field.

Key words: surveys – galaxies: haloes – intergalactic medium – quasars: absorption lines.
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IN T RO D U C T I O N

he fate of a galaxy is determined by the competition between
ass accretion and different feedback processes that also determine

he physical properties of its extended gaseous halo, known as the
ircumgalactic medium (CGM; see Donahue & Voit 2022 for a recent
eview). Gathering feedback and accreted materials, the CGM retains
E-mail: quzhijie@uchicago.edu
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sensitive record of these fundamental processes throughout the
istory of a galaxy’s growth.
QSO spectroscopy provides a sensitive tool for characterizing

he diffuse CGM and intergalactic medium (IGM). The rest-frame
V ionic transitions cover a wide range of ionization states from
eutral species (e.g. H I) to highly ionized species (e.g. O VI and
e VIII). Previous surveys of different absorption features along

andom sightlines over a broad redshift range have yielded accurate
easurements of the cosmic evolution of these atomic species (e.g.
ahmati et al. 2016 and reference therein for a list of empirical
© 2023 The Author(s)
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tudies). Furthermore, detailed physical modelling of the ionization
echanism and line profile analyses have been developed to extract
ore physical properties, such as the gas density and temperature, for

ndividual absorption components (e.g. Zahedy et al. 2019; Sankar
t al. 2020; Cooper et al. 2021; Sameer et al. 2021; Zahedy et al.
021).
Independent of random sightline studies, absorption-line surveys

onducted in the vicinity of known galaxies provide a direct avenue
o connect absorption properties with the properties of the galaxies.
revious studies primarily focus on luminous (L∗) galaxies in two
pochs, z � 0.5 (e.g. Chen 2017; Tumlinson, Peeples & Werk 2017
or reviews) and z ≈ 2−3 (e.g. Steidel et al. 2010; Rudie et al. 2012;
urner et al. 2014; Rudie et al. 2019). Absorption properties of the
GM are found to depend strongly on the galactic environment,
hich can be characterized by the number densities of nearby
alaxies and how massive the galaxies are (e.g. Lopez et al. 2008;
hen & Mulchaey 2009; Johnson, Chen & Mulchaey 2013, 2015;
urchett et al. 2016; Chen et al. 2020; Lan 2020; Beckett et al. 2021;
utta et al. 2021; Huang et al. 2021).
At the same time, the connection between absorption properties

nd galaxy properties together with their associated environments
or low-mass galaxies (Mstar ≈ 108−109 M�) remain uncertain (e.g.
ohnson et al. 2017; Putman et al. 2021), particularly at moderate-to-
igh redshifts (z � 0.5) due to survey incompleteness. In addition,
nderstanding the rapid decline of the cosmic star formation rate
SFR) density from the Cosmic Noon at z ≈ 2 to the local Universe
lso requires systematic studies of the CGM at z ≈ 1, which are still
acking.

Over the past few years, deep galaxy surveys have been carried
ut around QSO sightlines with high-quality QSO spectra to enable
omprehensive CGM studies at z ≈ 1 (e.g. the MUDF survey, the
ASBaH survey, the CUBS survey, the MAGG survey, and the
USEQuBES survey; Fossati et al. 2019; Burchett et al. 2019; Chen

t al. 2020; Dutta et al. 2020, 2021; Muzahid et al. 2021). These
urvey data provide a deep look at the impact of galaxy environments
n the CGM over a broader range of redshift, particularly for lower
ass galaxies (e.g. dwarf galaxies). As part of the Cosmic Ultraviolet
aryon Survey (CUBS) program (see details in Chen et al. 2020), we

everage the high-signal-to-noise ratio (S/N) QSO spectra and deep
alaxy surveys to construct a sample of galaxies at z ≈ 1 for which the
GM properties can be constrained sensitively based on absorption

eatures obtained in the spectra of background QSOs. In Qu et al.
2022, hereafter, CUBS V), we investigated the thermodynamic
roperties of the CGM based on a kinematic line profile analysis.
ogether with literature samples, we found that massive and passive
alaxies exhibit higher non-thermal broadening and turbulent energy
n their CGM than star-forming galaxies at z � 1.

In the current study, we focus on the impact of galaxy environment
n the CGM at z ≈ 1. The paper is organized as follows. Section 2
resents a summary of available data for both galaxy surveys and
SO spectroscopy. For each galaxy–CGM system, we infer a stellar
ass and SFR for each galaxy based on their observed spectral

nergy distribution (SED), and gas properties using photoionization
odelling and line-profile analysis, which are presented in Section 3.
he impact of galaxy environments on the incidence rate of absorp-

ion is described in Section 4.1. In Sections 4.2 and 4.3, we examine
ow the ionization state and density of the gas also depend on the
alaxy environments. In Section 4.4, we investigate possible local
ontributions to the ionizing flux from nearby galaxies based on
nomalous N(H I)/N(He I) ratios. Finally, in Section 5, we discuss
he implications of our findings. Throughout the paper, we adopt a
1

cosmology with �m = 0.3, �� = 0.7, and a Hubble constant of
0 = 70 km s−1 Mpc−1.

DATA

e introduce a new sample of galaxies at z ≈ 1, designated as
UBSz1, for which sensitive constraints are available for both
bsorption properties of their host halos and surrounding galaxy
nvironments. The galaxy survey data and quasar absorption spectra
re drawn from the CUBS program, which covers 15 fields with
UV-bright (NUVAB < 17) background QSOs at zQSO � 0.8 in the

ootprint of the Dark Energy Survey1 (DES; Drlica-Wagner et al.
018). See Chen et al. (2020) for a full description of the CUBS
rogram. Seven of the CUBS QSOs occur at zQSO � 1, and enable
bsorption-line studies of diffuse gas at z ≈ 1. The CUBSz1 galaxies
re found in six QSO fields based on their close proximity to the
SO sightline without prior knowledge of any absorption features.

t is a galaxy-centric sample to enable an unbiased study of the
ncidence of absorption features near galaxies in this redshift range.
n particular, we select galaxies at z > 0.883 to ensure that He I λ

84 is covered by the Cosmic Origins Spectrograph (COS) spectra to
rovide a proxy for N(H I). In total, the sample contains 19 galaxies
nd galaxy groups at 0.89 < z < 1.21 with constrained absorption
roperties.

.1 QSO absorption spectra and galaxy surveys

or each CUBS QSO, high-quality absorption spectra were obtained
oth in the FUV spectral window using the Hubble Space Telescope
HST) and the COS (Green et al. 2012), and in the optical using the

agellan Inamori Kyocera Echelle Spectrograph (MIKE; Bernstein
t al. 2003) on the Magellan Clay Telescope. Medium-resolution
FWHM ≈ 20 km s−1) HST/COS spectra were obtained using the
130M and G160M gratings and multiple central wavelengths

o yield contiguous spectral coverage from 1100 to 1800 Å (PID
15163; PI: Chen). High-resolution MIKE spectra, covering the

avelength range from 3300 to 9300 Å with a spectral resolution of
WHM ≈ 8−10 km s−1, were processed using custom software to
ptimize the wavelength calibration and to achieve the best S/N in
nal coadded spectra (Zahedy et al. 2016; Chen et al. 2018, 2020).
he coadded HST/COS FUV spectra have typical S/N of 12−31
er resolution element, while the MIKE optical spectra have S/N of
2−63 per resolution element. At z ≈ 1, HST/COS FUV spectra
over a wide range of species, including H I, He I, C II, N II to N IV,

II to O V, S II to S V, Ne IV to Ne VI, and Ne VIII. In addition to
he FUV spectra, the MIKE spectra provide additional coverage for

g I, Mg II, Fe II, and C IV at z ≈ 1.
The CUBS galaxy survey includes photometric and spectroscopic

bservations. Both consist of three components defined by their field
f views and survey depths. For the photometric observations, the
ES provides the initial multibandpass optical imaging data reaching

imiting magnitudes of ≈24.5, 24.0, and 23.3 in the g, r, and i
ands, respectively. Deep optical g′-, r′-, and z′-band images using
agellan IMACS (Dressler et al. 2011) and LDSS3 (Osip, Floyd &
ovarrubias 2008) are also available, together with near-infrared
-band images using FourStar (Persson et al. 2013). These imaging
ata reach the limiting magnitudes down to ≈26, 25.5, 25.5, and 24.5
n the g′, r′, z′, and H bands, respectively. Optical magnitudes are
alibrated using bright sources detected both in DES and Magellan
MNRAS 524, 512–528 (2023)
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bservations, while H-band magnitudes are calibrated with 2MASS.
ntegral field unit (IFU) spectroscopic data obtained using the Multi
nit Spectroscopic Explorer (MUSE) on the Very Large Telescope

VLT; Bacon et al. 2010) provide the deepest view of the inner 1 ×
arcmin2 region centred around the QSO (PID = 0104.A-0147; PI:
hen). The limiting magnitude is mr, AB ≈ 26 in the pseudo-r band

6000–7500 Å). Most galaxies in the CUBSz1 sample are too faint
o be detected in the DES images, but are detected in the MUSE data
Fig. 1).

For the redshift survey, the deepest component is completed
sing available IFU data from MUSE observation in the inner 1 ×
arcmin2 region. At z ≈ 1, faint galaxies down to stellar mass of
star ≈109 M� (mr, AB = 25 at z ≈ 1) can be identified at projected

istance dproj � 250 kpc from the background QSO. Complementary
ultislit spectroscopic observations for larger field of views were

btained using LDSS3 and IMACS (Osip et al. 2008; Dressler et al.
011) on the Magellan Telescopes to reach a limiting magnitude
f mr, AB = 24 and 22.5, respectively. These wide-field survey data
nable investigations of large-scale structures beyond the MUSE
ootprints to ≈1−5 Mpc.

Here, we briefly summarize the methodology for redshift mea-
urements. A complete galaxy catalogue of the ongoing CUBS
rogram will be presented in a separate paper. For each object
pectrum, independent redshift measurements were obtained by two
eam members together with associated quality flags. The most
ecure redshift measurement is determined by at least two spectral
eatures (e.g. the [O II] emission and/or the Ca II H&K absorption
oublets). There are also single-line redshift determinations, which
ere attributed to either H α or [O II] λλ3727, 3729 emission lines

f the [O II] doublet is not resolved in the MUSE field. Spectra
ith no apparent spectral features were not assigned a redshift. A

hird observer compared the two independent redshift measurements
ogether with their quality flags, and consolidated all available
nformation to reach a final redshift assignment and a quality flag for
ach object.

.2 Galaxies at z ≈ 1

n the CUBSz1 sample, the galaxies were selected based on their
lose proximity projected around the QSO sightline (dproj < 200 kpc),
ithout reference to the presence or absence of absorption features in

he QSO spectroscopy. A radius of 200 kpc corresponds to ≈1.5rvirial

f an L∗ galaxy at z ≈ 1. In this sample construction, we only
onsider galaxies with the most secure redshift determined by at
east two spectral features (see Section 2.1). A lower limit of galaxy
edshift at z = 0.883 was imposed to ensure the coverage of He I

n the HST/COS FUV spectrum. Considering the roughly constant
elium abundance from z = 2−3 to z = 0 (Cooke & Fumagalli 2018),
e I is an alternative tracer of the total gas column density (after an

onization correction; see Sections 4.4 and 5.1), when Ly α and Ly β

re not covered by the HST/COS FUV spectra.
Within the six CUBS fields (i.e. J0114, J0154, J0333, J2245,

2308, and J2339), 26 galaxies at dproj < 200 kpc and z =
.89−1.21 were securely identified. In Fig. 1, we show the three-
olor MUSE images using pseudo-g (4800−5800 Å), pseudo-r
6000−7500 Å), and pseudo-i (7500−9000 Å). For these galaxies,
e also searched for neighbouring galaxies with line-of-sight ve-

ocity |
v| � 500 km s−1 and projected distance of � 1 Mpc, and
dentified them as part of a galaxy group. This exercise led to 20
nique galaxy systems (i.e. either an isolated galaxy or a galaxy
roup) with a total of 41 member galaxies at z = 0.89−1.21. The
NRAS 524, 512–528 (2023)
ypical number of galaxy members in a galaxy system is between 1
nd 3.

In Table 1, we summarize all galaxies in the CUBSz1 sample.
ll 20 galaxy systems are sorted by their redshifts, and system

Ds are assigned accordingly. For each galaxy, we report system
D, CUBS QSO field, redshift, projected distance, rest-frame u

r colour, rest-frame r-band absolute magnitude, stellar mass
Mstar) predicted by the SED modelling (see Section 3.1), predicted
verage star formation rate (SFR) over the past 300 Myr, virial-
ormalized distance, projected gravitational potential (details in
ection 4.1), and spectral type in columns (1) through (11). The
est-frame colour (u − r)rest was calculated from a SED-fitting
xercise (see details in Section 3.1). The absolute rest-frame r-band
agnitude was calculated using the Magellan H-band magnitude,
ith non-detections represented by lower limits. Galaxy spectra are
resented in the Supplementary Material (Figures G1–G20), and
he galaxy spectral types are assigned as absorption-dominated (A),
mission-dominated (E), or composite (A/E) using detected spectral
eatures.

In Fig. 2, we show the sample distributions between redshift,
rojected distance, and stellar mass for isolated galaxies and, in cases
f a group, the closest member galaxy. Particularly, in the CUBSz1
ample, the galaxies with the smallest dproj also have the smallest
proj/rvirial (see Table 1). The limiting stellar mass of the CUBSz1
ample is log (Mstar/M�) ≈ 9. For 5 of the 20 galaxy systems, the
losest galaxies have stellar mass log (Mstar/M�) � 10. In Fig. 3, we
ompare the stellar mass–SFR correlation for the CUBSz1 sample
ith the star-forming main sequence. The CUBSz1 galaxies span a

ange in SFR from � 0.3 to 60 M� yr−1. As shown in Fig. 3, the
tellar mass–SFR relationship of the CUBSz1 sample is consistent
ith the star-forming main sequence at z ≈ 1, which has SFR about
ne order of magnitude higher than the local Universe. Therefore,
ost CUBSz1 galaxies are star-forming L∗ and sub-L∗ galaxies at
≈ 1. If only considering the closest galaxies, only two galaxies

re qualified as passive galaxies (i.e. sSFR < 10−10 yr−1 at z ≈ 1;
ystems s13 and s15). If considering all galaxies in each group,
nother System s2 contain one passive galaxy.

.3 Absorption properties in the CUBSz1 sample

e search for associated absorption features within |
v| �
00 km s−1 (i.e. about twice the escape velocity of L∗ galaxies)
f all individual galaxies in the CUBSz1 sample. Nine galaxies or
alaxy groups host confirmed absorption components with multiple
inematically aligned transitions, while ten galaxy systems do not
ave detectable transitions (with 2σ limiting column densities of
og N (He I)/cm−2 � 13.5 or log N (O V)/cm−2 � 13.3). Assuming
ool gas has a typical density of log nH/cm−3 ≈ −3 and is pho-
oionized by the HM05 UVB, we infer a corresponding limiting
otal hydrogen column density of log N/cm−2 ≈ 18 based on
he limiting column densities of both H I and O V. Accordingly,
e divide the galaxy sample into two groups, systems with de-

ected absorption and those without for the subsequent analysis
see Section 4.1).

One special system is System s9 at z = 0.9715 in the J0114
eld, which may have metal transitions due to O III, O IV, and O V.
owever, all of the transitions are contaminated by other features

Figure A9 in the Supplementary Material). As a result, no robust
onstraints can be obtained for this system, which is excluded from
ubsequent analyses. Available COS and MIKE spectra cover a wide
ange of ionic transitions from S II and O II to Ne VIII.
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Figure 1. Colour images of six CUBS QSO fields are produced from integrating the MUSE cube over wavelength ranges of 4800−5800 Å (pseudo-g band;
blue), 6000−7500 Å (pseudo-r band; green), and 7500−9000 Å (pseudo-i band; red). In each field, the QSO is located at the centre, and marked by a red ‘plus’
symbol. The galaxies selected for the CUBSz1 sample are marked by a green box, and indicated by their system IDs and redshifts. Known foreground galaxies
collected for the CUBS program are also marked with magenta open circles. Two dotted white circles indicate 100 and 200 kpc at z = 1.
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In Figs 2 and 3, we divide the CUBSz1 sample into two sub-
amples, galaxies displaying absorption features versus those with no
bsorption found. It is clear that absorption systems are preferentially
etected in sightlines projected within 160 kpc. Specifically, 9 of 13
alaxies at dproj < 160 kpc exhibit associated absorption features,
hereas zero out of six at larger distances show any. At the same time,

bsorption features are more frequently found around more massive
alaxies. In particular, 5 of 13 galaxy systems at dproj < 160 kpc are
ore massive than log Mstar/M� ≈ 9.5, and all five exhibit absorption

eatures. The influence of the galaxy environments on the absorption
eatures will be discussed in Section 4.

A NA LY SIS

nvestigating the impact of the galaxy environment on the CGM
equires knowledge of both gas properties (e.g. column density,
inematics, and temperature) and galaxy properties (e.g. stellar mass
nd star formation history). The detailed absorption analysis has been
resented in CUBS V, while details of the galaxy SED fitting will
e presented in a separate paper. Here, we briefly summarize the
bsorption analysis to obtain the gas properties and the galaxy SED
odelling.

.1 Galaxy SED modelling and halo properties

o characterize the galaxy properties, we first infer stellar masses
nd SFRs for individual galaxies by fitting the observed broad-band
EDs using the Bayesian Analysis of Galaxies for Physical Inference
nd Parameter EStimation package (BAGPIPES; Carnall et al. 2018).
AGPIPES generates model SEDs by synthesizing a series of simple
tellar populations (SSPs), which are formed following an assumed
tar formation history. The SSP evolution tracks come from the latest
016 release of Bruzual & Charlot (2003), which sample models
cross a wide range in stellar age and metallicity. We adopt the
roupa (2001) initial mass function for this exercise. The model

pectrum is further attenuated by interstellar dust (Calzetti et al.
000) and the IGM along the line of sight (Inoue & Kamaya
004).
In BAGPIPES, we adopt a star formation history following

FR ∝ t × e−(t/τ ), where τ is the characteristic e-folding time-scale of
tar formation. This function is a modification of the more commonly
dopted closed-box model that follows a simple exponential decline
FR history. The inclusion of another factor of t is designed to
ccommodate the expectation of an initial rise in star formation
ctivities in early times.

The posterior distribution of the SED modelling is obtained by
atching the BAGPIPES models with the measured optical and

nfrared photometry (i.e. g, g′, r, r′, i, z′, and H; see Section 2),
rom which we infer a best-fitting stellar mass and average SFR
ithin the last 300 Myr with their 16th and 84th percentiles. These
est-fitting quantities are presented in Table 1.
The halo mass of each individual galaxy is calculated based on

he stellar mass using a stellar mass-halo mass (SMHM) relation
t z ≈ 1, adopted from Behroozi et al. (2019) after accounting for
MNRAS 524, 512–528 (2023)
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M

Table 1. Summary of galaxies and absorption.

ID QSO z dproj (u − r)rest Mr log (Mstar/M�) SED SFR dproj/rvirial log ψ Typea

(kpc) (mag) (mag) (dex) (M� yr−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

s1 J2245 0.8908 158 0.22+0.07
−0.09 −18.75 ± 0.30 8.14+0.09

−0.09 0.5+0.2
−0.1 2.60 8.64 E

s2 J0114 0.8963 55 0.61+0.07
−0.07 −18.97 ± 0.19 8.89+0.15

−0.12 1.3+1.1
−0.6 0.71 9.42 E

0.8991 155 1.24+0.04
−0.04 −20.51 ± 0.06 9.82+0.10

−0.08 7.4+4.6
−2.7 1.55 9.31 E/A

0.8995 146 2.85+0.02
−0.02 −21.33 ± 0.03 10.87+0.02

−0.02 <0.3 0.80 10.11 E/A

s3 J2339 0.9182 172 0.79+0.05
−0.08 −19.16 ± 0.18 8.93+0.11

−0.09 3.5+0.9
−0.8 2.21 8.95 E

0.9201 368 0.61+0.08
−0.09 >−17.8 8.31+0.21

−0.22 0.6+0.4
−0.3 5.74 8.36 E

s4 J2339 0.9311 192 0.52+0.06
−0.08 −19.43 ± 0.21 8.77+0.11

−0.06 2.4+0.7
−0.5 2.59 8.84 E/A

s5 J2245 0.9348b 251 0.70+0.16
−0.13 >−20.1 9.11+0.20

−0.20 1.3+1.3
−0.5 3.08 8.85 E

0.9350 221 0.67+0.13
−0.12 −21.12 ± 0.07 9.31+0.11

−0.04 7.5+2.6
−0.9 2.57 8.97 E/A

0.9350b 245 0.42+0.06
−0.06 >−20.1 8.59+0.20

−0.20 0.4+0.4
−0.2 3.49 8.67 E

0.9352 151 0.35+0.04
−0.05 −20.16 ± 0.15 8.90+0.09

−0.07 3.2+0.9
−0.5 1.96 9.00 E

s6 J0333 0.9373 72 0.79+0.05
−0.04 −21.04 ± 0.16 9.95+0.08

−0.09 5.6+2.6
−1.3 0.70 9.70 E/A

0.9381 181 1.36+0.04
−0.04 −20.79 ± 0.09 10.02+0.10

−0.08 10.7+7.6
−3.7 1.71 9.34 E/A

s7 J0114 0.9520 88 0.73+0.15
−0.13 >−19.1 8.84+0.21

−0.20 0.7+0.6
−0.3 1.17 9.21 E

0.9539 232 0.35+0.14
−0.13 >−19.1 8.50+0.26

−0.18 0.9+0.4
−0.2 3.42 8.65 E/A

s8 J0154 0.9656 185 1.08+0.08
−0.08 −18.36 ± 0.35 9.08+0.12

−0.12 0.9+0.7
−0.3 2.31 8.98 E/A

s9 J0114 0.9715 74 0.60+0.07
−0.06 −19.87 ± 0.12 9.23+0.17

−0.13 3.0+2.0
−1.3 0.89 9.43 E

s10 J0333 0.9763 192 0.86+0.08
−0.08 −19.36 ± 0.27 9.02+0.16

−0.15 3.1+1.1
−1.5 2.44 8.94 E

0.9772 232 0.83+0.03
−0.03 −20.83 ± 0.12 9.70+0.09

−0.06 18.6+2.6
−4.4 2.45 9.10 E/A

0.9772 341 0.79+0.04
−0.04 −19.85 ± 0.25 9.59+0.10

−0.09 5.0+3.6
−2.1 3.71 8.89 E

s11 J0154 0.9813 597 0.75+0.03
−0.03 −21.18 ± 0.06 9.86+0.10

−0.09 11.5+6.4
−5.2 6.00 8.76 E

0.9816 224 0.78+0.03
−0.02 −20.84 ± 0.07 9.70+0.10

−0.09 10.8+4.7
−5.6 2.36 9.12 E/A

0.9821 117 1.11+0.16
−0.16 >−19.1 8.72+0.19

−0.24 0.5+0.5
−0.2 1.62 9.04 E

s12 J0333 0.9974 263 2.02+0.13
−0.14 >−19.1 9.75+0.19

−0.19 4.5+1.9
−1.7 2.75 9.07 E

0.9977 249 0.49+0.05
−0.05 >−19.1 9.01+0.11

−0.10 3.5+0.9
−1.0 3.19 8.83 E

0.9979 270 0.85+0.06
−0.07 −19.85 ± 0.19 9.17+0.11

−0.09 6.3+1.8
−1.4 3.31 8.85 E

0.9988 145 1.28+0.16
−0.15 >−19.1 9.28+0.22

−0.18 2.0+2.1
−0.9 1.73 9.16 E

s13 J2339 1.0032 105 1.94+0.01
−0.01 −23.54 ± 0.01 11.47+0.01

−0.01 <0.3 0.19 11.79 E/A

1.0038 245 0.92+0.04
−0.04 −20.30 ± 0.11 9.48+0.17

−0.16 9.0+3.0
−3.9 2.77 9.00 E

s14 J2308 1.0060 270 1.41+0.12
−0.12 −19.60 ± 0.37 9.61+0.17

−0.18 2.8+1.9
−1.2 2.94 9.01 E

1.0068 175 0.93+0.09
−0.08 >−18.8 9.02+0.14

−0.12 0.9+0.8
−0.3 2.24 8.98 E

s15 J0154 1.0116 60 1.53+0.02
−0.03 −23.08 ± 0.03 10.87+0.02

−0.02 4.0+0.4
−0.5 0.35 10.49 E/A

1.0123 189 0.88+0.02
−0.03 −21.67 ± 0.04 9.90+0.12

−0.06 34.0+6.7
−5.3 1.89 9.28 E/A

s16 J2308 1.0375 177 0.49+0.10
−0.09 −19.13 ± 0.47 9.07+0.18

−0.19 1.1+0.2
−0.1 2.26 9.00 E

s17 J0333 1.0550 106 1.04+0.17
−0.16 −19.25 ± 0.38 9.00+0.21

−0.21 0.9+0.9
−0.4 1.38 9.20 E/A

1.0551 206 0.91+0.10
−0.10 −18.83 ± 0.35 8.72+0.15

−0.13 2.1+0.8
−0.6 2.92 8.81 E

1.0553 187 1.23+0.02
−0.03 −21.77 ± 0.05 10.17+0.10

−0.06 58.7+7.2
−6.7 1.71 9.42 E/A

1.0570 192 0.66+0.05
−0.05 >−19.5 9.30+0.13

−0.11 4.6+1.9
−2.2 2.31 9.05 E

s18 J0333 1.0631 109 0.93+0.04
−0.07 −21.46 ± 0.09 9.86+0.08

−0.07 31.2+6.3
−5.4 1.12 9.51 E/A

s19 J2339 1.1146 157 0.51+0.07
−0.05 −20.12 ± 0.15 9.07+0.06

−0.06 4.6+0.8
−0.6 2.04 9.06 E

s20 J0154 1.2133 160 1.63+0.07
−0.07 −19.89 ± 0.14 9.83+0.11

−0.11 7.7+5.6
−2.8 1.72 9.36 E

aGalaxy spectral types were classified based on the incidence of emission (E) and absorption (A) features, and E/A indicates galaxies displaying
both features.
bThese two galaxies are separated by 1.06 arcmin, which cannot be resolved in the Magellan H-band image. The reported lower limits on Mr

were derived from the total H-band magnitude.
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issing light as described in Kravtsov, Vikhlinin & Meshcheryakov
2018). The halo radius (rvirial) is approximated using r200, within
hich the mean dark matter density is 200 times the critical density.

detailed study of the galactic environment is presented in
NRAS 524, 512–528 (2023)

ection 4.1.
r

.2 Absorption analysis

or each galaxy system, all absorption features in QSO spectra
re decomposed into individual components, which is enabled by
he available medium-resolution FUV COS spectrum and high-
esolution optical MIKE spectrum (Cooper et al. 2021; Zahedy et al.
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Figure 2. Summary of the general characteristics of the CUBSz1 sample based on the closest galaxy in individual systems, including stellar mass (Mstar),
redshift, and projected distance (dproj). Galaxy halos with and without absorption detected are highlighted by closed and open symbols, respectively. The left-hand
panel shows the distribution of stellar mass versus redshift for the closest galaxy in the CUBSz1 sample, while the right-hand panel shows the distribution
of stellar mass versus projected distance from the same galaxies. Histograms at the top and right-hand side summarize the distributions in redshift, projected
distance, and stellar mass, respectively. Blue-filled histograms are for systems with absorption features, while black-open histograms are for non-detections.

Figure 3. Comparisons of the CUBSz1 sample with the general galaxy
populations in different epochs in the SFR versus stellar mass parameter
space. In this plot, all CUBSz1 galaxies are shown, with the closest galaxies
marked by open red circles. The star-forming main sequence at z ≈ 1,
shown as dashed and dotted lines, is adopted from Tomczak et al. (2016,
designated as T16). The SFR in the T16 sample is derived based on FUV
and IR continuum, which traces the star formation activities on time-scales
of ≈100 Myr. Therefore, it can be directly compared with our SED-based
SFR estimates. It is clear that the CUBSz1 sample consists primarily of star-
forming galaxies at z ≈ 1. As a comparison, the grey-shaded region represents
the star-forming main sequence using galaxies in the MPA-JHU catalogue at
0.005 < z < 0.22 (Brinchmann et al. 2004, adopting the emission line-based
SFR). Galaxies at z ≈ 1 exhibit on average higher SFRs than galaxies in the
local Universe.
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021, CUBS V). The decomposition is guided by strong transitions
uch as H I, Mg II, and O IV. Kinematically aligned ionic transitions
ith consistent line centroids are grouped together for the purpose
f constraining the ionization state of each component. There are a
otal of 26 absorption components with the simultaneous presence of
ow-to-intermediate ionization species in nine galaxy systems, and
dditionally, three components were identified based on the presence
f highly ionized Ne VIII in three galaxy systems (see Figs A1–A20
n the Supplementary Material).

For each resolved ionic transition, we perform a Voigt profile
nalysis to determine the column density (N), line centroid (v), and
oppler width (b). These model parameters are optimized under a
ayesian framework implemented using EMCEE (Foreman-Mackey
t al. 2013; the likelihood function and details are described in
UBS V Section 3.1). The results are summarized in Table A1 in

he Supplementary Material for all detected ions. In this table, ions
elonging to the same absorption component are shown together and
orted according to each ion’s atomic number and ionization state.

In CUBS V and this study, we focus on the low-to-intermediate
onization phases (i.e. cool gas; log T/K ≈ 4), which have multiple
ons for constraining the gas properties. Among the 26 low-to-
ntermediate ionization state absorption components, 20 have multi-
le ions detected, which enables photoionization modelling. A three-
imensional grid of photoionization models (i.e. the density, hydro-
en column density, and metallicity) is constructed using Cloudy
v17; Ferland et al. 2017), assuming photoionization equilibrium
PIE) with the HM05 ultraviolet background (UVB; an updated
ersion of Haardt & Madau 2001 in Cloudy; see Zahedy et al.
021 for comparison with recent UVB in Khaire & Srianand 2019
nd Faucher-Giguère 2020). For each absorption component, the
hotoionization model grid is searched to find gas parameters that
atch the relative column density ratio between multiple ions (see

etails in CUBS V Section 3.2). The derived gas densities are reported
n Table A1 in the Supplementary Material. A single-phase model is a
ood representation of all but four absorption components. For these
our systems, where a single-phase model failed, a two-phase model
s found to be sufficient to produce observed ion ratios (CUBS V).

Comparing the observed line widths of different elements allows
s to infer the gas temperature and the underlying non-thermal
otions. Light elements have larger thermal velocities than heavy
MNRAS 524, 512–528 (2023)



518 Z. Qu et al.

M

o
f
r
n
h
2
c
o
c
m

4

I
o
a
t
i

4

W
i
s
i
c
a
i
1

t
w
g
r
m
2
o
m
f
t
g
a
n
N
g
a
S
i
w
t
b
2

t
a
d
o
g
t
n
o
t

w
c
(
m
v
o
m
i
o
g
g
m

a
g
p
i
m
A
p
m

w
d
d
d
g

E
p
a
w
O
a

g
m
e
t
g
i
m
w

s
b
w
e
r
B
b
d
e

4

N
i

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/1/512/7207407 by U
niversiteit Leiden - LU

M
C

 user on 21 February 2024
nes, while the non-thermal motion is assumed to be the same
or all elements sharing a common line centroid. Considering the
esolutions of COS and MIKE, constraints on the temperature and
on-thermal motion are most robust when comparing hydrogen or
elium with metal ions (e.g. oxygen and magnesium, Zahedy et al.
021). Again, a Bayesian framework is used to obtain the best-fitting
onstraints (see details in CUBS V Section 3.3). As shown in Table 1
f CUBS V, about half of the components with available density
onstraints also have constraints on temperatures and non-thermal
otions.

R ESULTS

n this section, we examine how the properties of the CGM depend
n the galaxy environment, including the incidence of metal-line
bsorbers, spatial distributions of ionic column densities, and the
hermodynamics of the gas. We also examine whether N(He I) is
ndeed a good tracer of N(H I).

.1 Incidence of absorption and galaxy environment

e first examine the incidence of metal-line absorbers for galaxies
n different environments. The high S/N (� 20) COS and MIKE
pectra allow us to place sensitive constraints on the diffuse gas
n the foreground of CUBS QSOs. Specifically, typical 2σ limiting
olumn densities for two strong transitions He I λ584 and O V λ629
re log (N/cm−2) ≈ 13.5 and 13.3, respectively, which is converted
nto a limiting total hydrogen column density of log N/(H)cm−2 ≈
8 (Section 2.3).
With these detection limits, the CUBSz1 sample is divided into

wo groups, the systems with detected absorption features and those
ithout. In Fig. 4, we show the galaxy environments for these two
roups. The extent of the dark matter halo around each galaxy is
epresented by a 2D Gaussian profile, with the full width at half-
aximum corresponding to the virial radius (rvirial). For clarity, the

D profiles are truncated at twice the virial radius. The amplitude
f the Gaussian profile is scaled according to the inferred halo
ass. In the overlapped regions, direct summations are calculated

or all dark-matter halos. Then, the plotted grey scale indicates
he surface mass density of all halos, which is proportional to the
ravitational potential. Fig. 4 demonstrates that absorption features
re preferentially found in overdense environments with a larger
umber of neighbours and a larger number of more massive galaxies.
ine systems with detected absorption features contain 23 member
alaxies, while 10 systems containing 17 galaxies show no detectable
bsorption features. More quantitatively, we perform a Kolmogorov–
mirnov (KS) test to determine whether the number of members

n each system is statistically different between systems with and
ithout absorption features, and find an insignificant difference less

han 0.5σ with a p-value of 0.58. The difference of the stellar masses
etween absorption or non-absorption systems is more significant by
.2σ with a p-value of 0.03.
In Fig. 5, we explore a combination of parameters to identify

he galaxy properties that are most distinguishable between the
bsorption and non-absorpiton systems. These include the projected
istance to the closest galaxy, the projected distance to the centre
f mass in each system, the total stellar mass, and the projected
ravitational potential (defined below). In this exercise, we search for
he properties that best capture the distinction between absorbers and
on-absorbers. In the left-hand panel, we compare two different ways
f measuring the proximity of galaxies to the absorbers. We find that
he projected distance to the closest galaxy is more distinguishable
NRAS 524, 512–528 (2023)
ith the incidence of absorbing gas than the distance to the mass
entre of the galaxy system. A KS test returns a p-value of 1.2 × 10−2

≈2.5σ ) and 0.49 (≈0.7σ ) for the closest galaxy and the centre of
ass, respectively. Considering the smallest dproj/rvirial, we obtain a p-

alue of 1.3 × 10−3 (≈3.2σ ). Similarly, we also examine the impact
f the most massive galaxy in the system using the distance to the
ost massive galaxies, and found that the incidence of absorption is

nsensitive to the presence of massive galaxies in the group (p-value
f 0.54 and ≈0.6σ ). This exercise suggests that the proximity to a
alaxy is more deterministic in predicting the incidence of absorbing
as along a QSO sightline than the collective effect of all group
embers.
However, the strong overlap in dproj between absorbing and non-

bsorbing galaxy systems in Fig. 5 also suggests that the closest
alaxy may not be the only factor that drives the observed absorption
roperties of the CGM. To explore additional driving factors, we
ntroduce a projected gravitational potential to approximate the maxi-

um gravitational potential along a sightline for each galaxy system.
t a given position along a sightline, the maximum gravitational
otential available is the sum of the gravitational potential of each
ember galaxy assuming point masses,

− φ

G
=

∑

i

Mhalo,i

r3d,i

, (1)

here G is the gravitational constant, and r3d, i is the three-
imensional distance to each galaxy i. However, because the three-
imensional distance is unavailable in observations, the projected
istance is adopted instead. We can therefore define a projected
ravitational potential (ψ), following

− ψ

G
=

∑

i

Mhalo,i

dproj,i
. (2)

quation (2) can be interpreted as representing the maximum
ossible gravitational potential experienced by an absorber along
QSO sightline. In practice, the maximum potential can be achieved
hen all galaxies are aligned in a plane perpendicular to the sightline.
utside of this plane, there is no point that can have r3d = dproj for

ll galaxies.
In the right-hand panel of Fig. 5, we show that this projected

ravitational potential (ψ) is tightly correlated with the total stellar
ass, which is a tracer for the total dark matter mass (e.g. Yang

t al. 2007). However, this behaviour is a selection bias due to
he maximum projected distance cutoff at 200 kpc for the closest
alaxies. The presence or absence of absorbing ions in the CGM
s more cleanly decoupled when considering either the total stellar

ass (KS p-value of 7.0 × 10−3; 2.7σ ) or ψ (4.1 × 10−4; 3.5σ ) than
hat is shown in the left-hand panel.
Among all the tested characteristics of galaxies along QSO

ightlines, the projected gravitational potential ψ appears to be the
est indicator of the absorbing properties of the CGM. However,
e note that gas stripping in intra-group environments may also be

ffective in redistributing metals to large galactic distances through
am-pressure and/or tidal stripping (see e.g., Chen et al. 2010;
ordoloi et al. 2011; Fossati et al. 2019; Dutta et al. 2020, 2021),
ut such dynamic effects are not captured by ψ . In the following
iscussion, we will focus on ψ for quantifying the impact of galaxy
nvironments.

.2 Spatial distribution of ionic column densities

ext, we examine how the observed spatial distributions of the
ntegrated column densities depend on galaxy properties for different
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Figure 4. Overview of the galactic environment around galaxy systems with absorption detected (top 9 panels) and without (lower 10 panels). Velocity offsets
of individual galaxy members relative to the redshift of the galaxy closest to the sightline are shown in colour-coded circles. To visualize the halo extent of
each galaxy, we overlay a 2D Gaussian with FWHM =rvirial, and amplitude is scaled according to the inferred halo mass. The resulting greyscale provides
a qualitative assessment of the surface mass density of the dark matter, which is proportional to the total gravitational potential summed for all dark-matter
halos. The presence of resolved absorption components is indicated by squares in the bottom right-hand corner of each panel. These squares are colour-coded
according to the component line-of-sight velocity offset from the galaxy closest to the QSO sightline as well.
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ons. We consider species over a wide range of ionization states
rom the ground-state species probed by H I and He I, low ionization
pecies probed by O II, Mg II, and Fe II, intermediate ionic transitions
uch as O III, O IV, and O V, to Ne VIII, the highest ionization
pecies detected. These are presented in Fig. 6 from top to bottom
ows, respectively. For each species, we consider three independent
ariables to characterize the galaxy properties, the projected physical
istance to the closest galaxy (dproj; left-hand panels), rvirial nor-
alized projected distance to the closest galaxy (dproj/rvirial; middle

anels), and projected gravitational potential (−ψ /G; right-hand
anels).
The detection rates of all species decline with increasing projected

istance in both physical distances and rvirial-normalized distances.
his trend supports that the UV-selected cool(-warm) absorbing
louds are physically associated with the closest galaxy and its
nvironments, consistent with previous studies (e.g. Chen et al. 1998;
hen, Lanzetta & Webb 2001; Chen et al. 2010; Stocke et al. 2013;
iang & Chen 2014; Werk et al. 2014; Johnson, Chen & Mulchaey
015; Huang et al. 2016, 2021; Dutta et al. 2020, 2021; Zahedy
t al. 2021). Specifically for the CUBSz1 sample, no absorption
s detected beyond 160 kpc from the closest galaxy for six galaxy
ystems.

Although the detection rate declines for all ions with increasing
istance, ions with different ionization potentials exhibit different
ehaviours (e.g., Dutta et al. 2020, 2021). Because of the high
bundance of hydrogen and helium, H I and He I can be detected
n various phases, and are not robust indicators of the ionization state
f the gas. Therefore, we focus on metal ions (mainly oxygen ions due
o their high abundance) to gain insight into the ionization structure
f the CGM. Fig. 6 shows that low ionization state ions (e.g. Mg II

nd O II) are only detected within � 100 kpc or � 0.8rvirial. Within
virial, these low ions are detected in four out of four galaxies and
alaxy groups, leading to a covering fraction of κ = 100 per cent
ith a 1σ lower limit of 70 per cent (also see Huang et al. 2021).
eyond rvirial, no detections of any absorption features are found
cross 15 sightlines.
MNRAS 524, 512–528 (2023)
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M

Figure 5. Summary of absorbing gas presence and absence versus galaxy properties. Symbols are the same as Fig. 2. Left-hand panel: the presence of absorbing
gas dependence on the projected distance to the closet galaxy and the projected distance to the centre of mass of each galaxy system. The absorbing gas in the
CGM is more correlated with the closest galaxy (2.5σ ) than with the system centre of mass (0.7σ ), which suggests the closest galaxy has a larger impact than
the other galaxies. Specifically for the CUBSz1 sample, the physically closest galaxies are also galaxies with the smallest rvirial-normalized distance. Right-hand
panel: absorbing gas dependence on the total stellar mass and the projected gravitational potential (defined in Equation 2). The uncertainty introduced by the
stellar mass estimation and the SMHM relationship is shown as a cross in the low right-hand corner. Among these four galaxy characteristics, the projected
gravitational potential is the most distinguishable between absorption and non-absorption systems with a significance of 3.5σ .
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In contrast, intermediate ionization state ions (e.g. O III–O V) are
etected out to ≈160 kpc or ≈2rvirial. Five of seven sightlines at
−2rvirial show associated O III–O V leading to a covering fraction
f κ ≈ 70+20

−30%. Beyond 2rvirial, none of the eight sightlines exhibits
etectable ions, resulting in κ = 0 per cent with a 1σ upper limit of

20 per cent. Therefore, the intermediate ionization phase is more
xtended than the low ionization phase. Such a difference may be
xplained by a declining density profile from the inner halo to the
utskirts, under a photoionization scenario (Section 4.3).
For still more highly ionized gas traced by Ne VIII no clear trend

s found with radius. Within rvirial, only one Ne VIII component is
etected among four sightlines, while two of seven sightlines between
and 2rvirial show Ne VIII. In addition, all three observed Ne VIII

bsorbers display a similar column density of log N/cm−2 ≈ 14,
hich is comparable to the detection limits afforded by the data.

t remains inconclusive whether the spatial distribution of Ne VIII

hanges with radius.
We have shown in Fig. 5 that the projected gravitational potential
ay serve as a discriminator between absorbing and non-absorbing

ightlines. In Fig. 6, we further show that the projected gravitational
otential can also be a tracer for different ionization phases. The low
onization species (e.g. O II) are only detected in regions with −ψ /G

1010 M� kpc−1. In the relatively low potential regions (−ψ /G ≈
09−1010 M� kpc−1), intermediate and high ionization state ions are
etected. Although all three detected Ne VIII systems are in the low
rojected gravitation potential system, the rate of incidence is overall
ignificantly lower than lower ionization species and as a result, we
annot rule out the possibility that it can also be detected in high
otential systems (−ψ /G ≈ 1010−1012 M� kpc−1).

.3 Density profile of cool gas

ig. 6 clearly shows that the intermediate ionization phase is more
xtended than the low ionization phase, suggesting a declining gas
ensity profile in the cool CGM. As described in Section 3.2,
NRAS 524, 512–528 (2023)
e determine gas densities of individual absorption components
y reproducing the relative column density ratios of kinematically
atched transitions under the assumption of PIE. In CUBS V, we

ave shown that inferred gas densities of individual absorption
omponents at z ≈ 1 span over three decades from log (nH/cm−3)

−4 to −1, and these are included in Table A1 together with
ransitions used in the photoionization modelling for completeness.

In the following analysis, we also include results from the COS
RG survey, which focuses on luminous red galaxies with stellar
asses of log Mstar/M� ≈ 11.2 at z ≈ 0.4 (Zahedy et al. 2019).
ightlines in the COS LRG sample probe the inner regions of

hese massive halos (dproj/rvirial � 0.5), which also fall into the high
ravitational potential regime (−ψ /G ≈ 1011 M� kpc−1).
Fig. 7 shows the gas density dependence on dproj and rvirial-

ormalized dproj. For the CUBSz1 sample, the inferred cool gas
ensities exhibit an intriguing difference at small and large dproj/rvirial.
t dproj/rvirial � 1, three of four systems show a large minimum-to-
aximum scatter in gas density from log (nH/cm−3) ≈ −4 to −1. In

ontrast, the scatter of gas densities is � 0.5 dex in all six sightlines
t dproj/rvirial > 1, where all absorption components have low-gas
ensities of log (nH/cm−3) � −3. The only exception is System s13,
hich is associated with a massive galaxy group. These observations

ndicate that high-density gas is preferentially present in inner
alos.
Despite a large scatter, the radial profile of gas density shows
general decline from the inner regions to the outskirts, which is
ost clearly displayed in dproj/rvirial (the middle panel of Fig. 7).
urthermore, this density decline is more significant when focusing
n the highest density component along each sightline. We fit a
ower law to the highest gas density as a function of dproj/rvirial,
hown as red lines and shaded regions in Fig. 7. The fitting procedure
ollows what is described in CUBS V, and is implemented by EMCEE

Foreman-Mackey et al. 2013). This exercise yields a best-fitting
elationship of log (nH/cm−3) = −(1.9 ± 0.3) × log (dproj/rvirial) +
−3.0 ± 0.1) for the joint sample of both CUBSz1 and COS LRG.
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Figure 6. The observed column density profiles versus the projected distance to the closest galaxy in units of physical distance (kpc) and rvirial on the left-hand
and middle panels, respectively. Their dependences on the projected gravitational potential are displayed in the right-hand panels. The adopted elements include
the neutral species (H I and He I), low ionization state (O II, Mg II, and Fe II), intermediate ionization state (O III, O IV, and O V), and Ne VIII from top to bottom
panels. In all panels, the 2σ upper limits for non-detections are shown as open symbols with downward arrows, and 2σ lower limits for saturated measurements
are marked as open symbols with upward arrows. Low ionization species are detected primarily at small dproj and high gravitational potentials ψ , while
intermediate and high ions are more extended to the halo outskirts and where ψ is low.

T
e

C
c
o
r
e
T
t
q
h

a
s
C
r
S
b
≈
t
i
d

A
F
d
7
l
c
b
t
C
e

a
(
d
t
l
c
i
o
e
−
ψ

g

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/1/512/7207407 by U
niversiteit Leiden - LU

M
C

 user on 21 February 2024
his empirical relation has an intrinsic scatter of σ p ≈ 0.4 after
xcluding the contributions due to measurement uncertainties.

We compare the radial decline of the cool gas density with the hot
GM profile to place the inferred cool CGM properties in a broad
ontext. Assuming hydrostatic equilibrium, the density distribution
f virialized hot CGM can be approximated by a power-law profile
−α with a slope of α ≈ 1−2 at 0.1 � dproj/rvirial � 2 (e.g. Stern
t al. 2019; Voit et al. 2019; Faerman, Sternberg & McKee 2020).
he inferred power-law slope of the cool CGM is consistent with

he expected slope of the hot CGM, which further motivates the
uestion of whether the cool CGM is in pressure balance with the hot
alo.
In Fig. 7, we plot the hot CGM density profile of L∗ galaxies

s black solid lines, which is approximated by a power law with a
lope of 1.5 (Li & Bregman 2017; also see Singh et al. 2018). In the
UBSz1 and COS LRG samples, the inferred cool gas densities are

oughly a factor of ≈100 above the density profile of the hot CGM.
uch a difference is expected because of the temperature difference
etween the cool and hot phases. The temperature of the cool gas is
104 K (Zahedy et al. 2021, CUBS V), which is ≈100 times lower

han the virial temperature of L∗ galaxies (i.e. ≈106 K). Therefore,
f the cool gas is in pressure balance with the hot CGM, the cool gas
ensity is expected to be ≈100 times higher than the hot gas density.
density model scaled up by 100 is shown in the dashed lines in
ig. 7. A second model scaled up by 1000 is also plotted as tilted
otted lines to allow for possibilities of a higher temperature (i.e. T ≈
× 106 K) for the hot CGM in more massive halos expected for the

uminous red galaxies. These hot CGM-based gas density models are
onsistent with the radial density profile of the cool CGM determined
y the highest density component along each sightline, supporting
he hypothesis that the cool CGM is in pressure balance with the hot
GM, over a wide range of mass and environment (also see Zahedy
t al. 2019).

Next, we investigate the correlation between the cool gas density
nd the projected potential ψ , which is also plotted in Fig. 7
right-hand panel). There is a significant increase in the highest
ensity along each sightline with increasing ψ . We characterize
his relationship by a power law of log(nH/cm−3) = (0.95+0.15

−0.14) ×
og[−ψ/G/(M�/kpc)] + (−12.4+1.5

−1.6). We infer a power-law index
onsistent with the unity as would be the case if the high-density gas
s confined in the high-pressure region, where the internal energy
f the ambient gas is driven by the gravitational potential. In virial
quilibrium, then the virial temperature is log (T/K) ≈ −3.6 + log [

ψ /G/(M�/kpc)]. This temperature is ≈2 × 106 K for log [−
/G/(M�/kpc)] = 10 (expected at 100 kpc in the halo of an L∗

alaxy), which is comparable with the virial temperature of an L∗
MNRAS 524, 512–528 (2023)
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Figure 7. The log T/K ≈ 4 gas density of individual absorption components versus dproj (left-hand panel), rvirial-normalized dproj (middle panel), and projected
gravitational potential (ψ ; right-hand panel). Individual absorption components associated with galaxies in the CUBSz1 and COS LRG samples are marked
by filled circles and crosses, respectively. For visual guidance, absorption components sharing the same halo in the CUBSz1 sample are connected by vertical
dotted lines. The locations of galaxies without associated absorption are shown in the top panels as open boxes (pluses) for the CUBSz1 (COS LRG) sample.
For comparison, the density profile of the hot gas is shown as the black solid lines in the left and middle panels, while dashed and dotted lines are predicted
cool gas density, which is 100 or 1000 times higher than the hot gas (see text for details). The highest density (circled in blue) in each absorption system
depends strongly on rvirial-normalized dproj and ψ . The best-fitting power-law relations are log (nH/cm−3) = (−1.9 ± 0.3) × log (dproj/rvirial)] + (−3.0 ± 0.1)
and log(nH/cm−3) = (0.95+0.15

−0.14) × log[−ψ/G/(M�/kpc)] + (−12.4+1.5
−1.6) shown as the red-shaded regions in middle and right-hand panels.
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alaxy. Therefore, a plausible scenario is that the hot ambient CGM,
hich also dominates the total gas mass, contains most of the internal

nergy from gravitational collapse, and the cool CGM is in pressure
alance with the hot CGM.
Similar to the density, we also consider the impact of the galaxy

nvironment on the temperature and non-thermal motion of the gas.
n CUBS V, we found that the temperature-density profile can be
pproximated by a power law of log (T /K)= (3.92 ± 0.17)−(0.16 ±
.07) log (nH/cm−2). Also, the non-thermal velocity depends on the
as density following a power law of log (bNT/km s−1)= (0.52 ±
.11)−(0.21 ± 0.04) log (nH/cm−2). Considering these correlations
ogether, a weak radial dependence of temperature or non-thermal

otions is expected (Fig. 8). However, adopting the generalized
endall τ test, the radial trend and the dependence on ψ are both
bservationally insignificant, showing 1.5σ and 1.2σ , respectively.
here are two reasons for these insignificant trends. First, the large
catter together with a small dynamic range at all radii makes it
hallenging to determine the radial dependence (Fig. 7). Second, the
ine width analysis requires higher quality data than the photoioniza-
ion modelling. In the CUBSz1 sample, most absorption systems do
ot have H I covered in COS/FUV spectra, which limits the ability
o precisely decompose the contributions from thermal and non-
hermal broadening. As a result, only about half of the systems
ave a measured temperature or non-thermal broadening (CUBS
). As shown in Fig. 8, numerous upper limits on the temperature

urther contribute to the scatter, making it impossible to determine
ny definitive trend. The situation for the non-thermal motion is
imilar, and therefore not shown here.

.4 N(H I)/N(He I) ratio and incident radiation field

s described in Section 2, the CUBSz1 sample was selected to have
> 0.883 to cover He I λ584 as a proxy for N(H I) to constrain

he total gas column density. Strong H I transitions, such as Lyα

nd Lyβ, are only covered at z < 0.74 in the COS/FUV spectra,
o most systems only have He I covered. Because hydrogen and
NRAS 524, 512–528 (2023)
elium are both light elements that follow a nearly fixed cosmic
bundance ratio, constraints on N(He I) can, in principle, be translated
o constraints of N(H I). However, the robustness of this method
epends on the conversion from N(He I) to N(H I) for the appropriate
onization mechanism.

Here, we examine whether N(He I) is indeed a good tracer of
(H I). In our analysis, the cool gas is assumed to be photoionized by

he UVB under PIE, which is consistent with the density–temperature
elationship presented in CUBS V. We compare the measured H I

o He I column density ratios N(H I)/N(He I) with predictions from
suite of photoionization models. In the CUBSz1 sample, high-

rder Lyman series lines together with the He I λ584 transition are
overed along sightlines for six galaxies or galaxy groups at z <

.94, but only three sightlines (Systems s2, s5, and s6) exhibit
etectable absorption features (Table 1). These three absorption
ystems have 11 kinematically matched components. However, the
e I λ 584 transitions of s2 occurs at the edge of the COS/FUV

pectrum with S/N ≈4 per resolution element, and three components
panning a velocity range of v ≈ 10 − 70 km s−1 are blended with
ach other (Fig. A2 in the Supplementary Material). As a result,
he He I λ584 feature cannot be decomposed to constrain individual
omponents, and these three components are omitted from the
ollowing consideration.

Among the eight components with both H I and He I coverage,
ix have measured H I column densities, while the remaining two
how no trace of H I with only upper limits on N(H I) available. Four
omponents show strong He I λ584 transitions, two of which are
aturated with only lower limits available. Combining these together
eaves one component with measured N(H I)/N(He I) ratio, while the
est have only single-sided limits.

In Fig. 9, the observed N(H I)/N(He I) ratios of these eight com-
onents are presented along with predictions from photoionization
odels, computed under the HM05 UVB ionizing field. Among these

ight components with H I coverage, six components have multiple
etal lines to measure the gas density. The N(H I)/N(He I) ratios are

redicted to be high at low N(H I) and low nH (or high ionization
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Figure 8. Similar plots as Fig. 7 but for the gas temperature. Being confined to a narrow range of log (T/K) ≈ 4.3 ± 0.3, the temperature only has a weak
dependence on the projected distance or the gravitational potential.

Figure 9. Comparisons between the observed and predicted N(H I)/N(He I) ratios for gas being photoionized by the HM05 UVB at z ≈ 1. In the left-hand
panel, we show model predictions of the N(H I)/N(He I) ratio as a function of N(H I). At log N(H I)/cm−2 � 16, the predicted N(H I)/N(He I) ratio declines with
increasing nH, but does not depend on N(H I). At higher N(H I), the models quickly converge to log N(H I)/N(He I) ≈0.8 by log N(H I)≈17. In the right-hand
panel, model-predicted N(H I)/N(He I) ratios are shown as a function of the ionization parameter U. For observed values, six components are included, which
have multiple metal transitions to determine nH and U. Although the predicted ratio remains flat with log N(H I)/N(He I) ≈0.8 over the tested range of U for gas
with high log N(H I)/cm−2 = 17.5, the ratio increases with U in the lower N(H I) regime. The model predictions broadly cover the observed N (H I)/N (He I)
ratios, with one exception at log N(H I) /cm−2 = 16.76 and log U = −3 (i.e. the filled black circle). This is the component at v = −20 km s−1 in System s6.
The discrepancy can be reduced by including additional local ionization sources (see Fig. 10).
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arameter; log U = log nphoton/nH). At log N (H I)/cm−2 � 17, all
hotoionization models converge to log N (H I)/N(He I) ≈0.8. These
odels predict an upper limit of log N(H I)/N(He I) ≈2 for gas
ith densities of log (nH/cm−3) � −4, which are the densities that

eproduce the column density ratios of different metal transitions.
herefore, the range of observed N(H I)/N(He I) ratios confirms the
alidity of the photoionization model ionized by the HM05 UVB for
ost absorption components in the CUBSz1 sample.
The only exception is the absorption component at ≈ −20 km s−1

n System s6 (i.e. component s6c2 in Table A1). This component has
he highest component H I column density of log N (H I)/cm−2 =
6.76 ± 0.05 in the CUBSz1 sample, and a relatively high den-
ity of log(nH/cm−3) = −1.93+0.07

−0.08 (Table A1). Therefore, a low
(H I)/N (He I) ratio is predicted by photoionization models with
n incident radiation field of the HM05 UVB. However, the associ-
ted He I column density is only log N (He I)/cm−2 = 14.27 ± 0.15,
eading to a high ratio of log N (H I)/N (He I) = 2.5 ± 0.2, which
annot be explained by the fiducial photoionization models. This
eviation may be in part due to the helium abundance variation, but
t is unlikely to have a helium abundance 30 times lower than the
osmic abundance (e.g. Cooke & Fumagalli 2018).

Consequently, deviations from the HM05 UVB are needed to raise
he N(H I)/N(He I) ratio through photoionization in two different
ays. First, considering the ionization potential of He I (1.8 Ryd),
direct means to raise the N(H I)/N(He I) ratio is to vary the slope

f the ionizing spectrum at 1−2 Ryd, where a harder field would
ead to a higher ratio. Alternatively, enhanced ionizing radiation
eyond 4 Ryd may also increase the ionization of He II and produce
MNRAS 524, 512–528 (2023)
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Figure 10. Effects of local fluctuations in the ionizing radiation field. Left-hand panel: The fiducial z ≈ 1 HM05 UVB and different blackbody spectra are
shown in red and black lines, respectively. The ionization potentials of different ions are labelled on top of the panel to show the spectral window affecting the
photoionization of different ions. The additional blackbody mainly affects the intermediate ionization phase, which is traced by He II and O III–O V. Right-hand
panel: dependence of predicted N(H I)/N(He I) ratio on the ionization parameter U. By photoionizing He II–III, the additional blackbody can also reduce the He I

population, leading to a high N(H I)/N(He I) value. See Sections 4.4 and 5.1 for more discussion.
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ore He III, thereby reducing the recombination rate of He II to
orm He I. To explore the range of modifications needed in the
onizing spectrum, we consider an additional blackbody spectrum
ith a range of temperature from Tbb = 105–107 K to generate
ifferent spectral slopes at 1−2 Ryd (Fig. 10). In this test, we assume
hat this additional radiative source is located 100 kpc away from
he absorber, considering the projected distance of 72 kpc between
he QSO sightline and the closest galaxy. The luminosity of this
lackbody is fixed at 1045 erg s−1, which dominates the incident field
etween 1 and 100 Ryd over the UVB.
This exercise leads to a best-fitting blackbody temperature of

og (Tbb/K) = 5.6, below which the additional blackbody radiation
egins to have non-negligible effects on the relative abundances of
ow-ionization species such as O II and O III. In Fig. 10, we present
he results for four different blackbody temperatures of log (Tbb/K) =
.6, 5.8, 6.0, and 6.2. As expected, a hard ionizing radiation field
t 1–2 Ryd and an additional ionizing source at 10 Ryd significantly
ncreases the N (H I)/N (He I) ratio, with log (Tbb/K) = 5.6 predicting
he highest N (H I)/N (He I) ratio. However, this model is still 2σ

way from the observed N(H I)/N(He I) ratio of 2.5 ± 0.2, predicting
higher He I column density than observed. Although this model

annot completely reproduce the observed ratio, it shows that local
uctuations in the ionizing radiation field may be detectable based
n the observed N(H I)/N(He I) ratio. The origin of this additional
oft X-ray incident field is discussed in Section 5.1.

The need of an additional soft X-ray spectrum as dictated by the
dd N(H I)/N(He I) ratio in component s6c2 also raises a question
egarding the accuracy of the best-fitting ionization parameters for
he remaining components with only N(He I) available. To directly
ddress such concern requires measurements of N(H I), which can
nly be obtained with additional NUV spectroscopy of these QSOs.
ere, we assess the impact on the estimates of nH without N(H I) by

epeating the photoionization analysis for component s6c2 without
ncluding N(H I). We find that while no robust constraints can be
laced for the gas metallicity, we are able to recover a consistent nH

o within the uncertainties.
NRAS 524, 512–528 (2023)
To better understand the N(H I)/N(He I) ratio (e.g. the occurrence
ate of the extremely high ratio), more data are needed to cover both

I (Ly α or Ly β to obtain a lower limit on the column density) and
e I. For the remaining CUBSz1 sample with typical N(H I)/N(He I)

atios, we adopt the standard HM05 UVB for all systems to determine
he gas density.

D ISCUSSION

n Section 4, we have examined the impact of the galaxy environment
n these properties on the spatial profile of the cool CGM, including
he incidence of absorption, ionic column densities, and gas densities.
pecifically, we have introduced a projected gravitational potential
ψ), which is the sum of the projected gravitational potential of
ach group member. Among all defining characteristics of galaxies,
ncluding dproj and dproj/rvirial to either the closest galaxy or the centre
f mass of a galaxy group, total stellar mass, and ψ , we find that

is the best indicator of the absorbing properties of the CGM. In
ddition, the N(H I)/N(He I) ratio is found to be sensitive to local
uctuations in the ionizing radiation field. In this section, we discuss

he implications of these findings.

.1 Contributions to a non-uniform ionizing radiation field due
o the presence of neighbouring galaxies

s described in Section 4.4, the photoionization scenario under a
IE assumption is a self-consistent solution for most absorption
omponents in the cool CGM. However, uncertainties still exist in
oth the ionizing radiation intensity and spectral shape. In practice,
he adopted incident field is usually the UVB, synthesizing emissions
rom both galaxies and QSOs over a cosmological volume, but
wo caveats remain in adopting the UVB as the primary source of
hotoionization.
First, the current UVB model is still missing some components,

ncluding the emission from the warm-hot CGM or IGM, which
as a low-energy tail into the soft X-ray to UV band at ≈10−100
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yd (e.g. Upton Sanderbeck et al. 2018 and Štofanová et al. 2022).
n addition, the emission properties of some components included
n the synthesized model are poorly constrained. For example, the
nknown population of X-ray binaries or clustering of young stars
nd associated emission spectra lead to significant uncertainties of
he UV to X-ray SED from star-forming regions.

Second, while the synthesized UVB model provides a good
stimate of the mean background radiation field at different redshifts,
ocal fluctuations due to nearby galaxies or QSOs can play a
ignificant role in offsetting the ionization balance. For example,
onizing flux from star-forming L∗ galaxies may overcome the UVB
ithin ≈50 kpc (e.g. Werk et al. 2014; Chen et al. 2017), while a

uminous QSO could ionize surrounding neutral gas as far as � 1
pc away (e.g. Faucher-Giguère et al. 2008; Zahedy et al. 2021;
origo Jones et al. 2022). These additional sources of radiation can
odify the ionization structure in the cool CGM, showing detectable

eviation from UVB-only photoionization models.
In the CUBSz1 sample, we found that photoionization models

ased on the fiducial HM05 UVB cannot explain the component
ith the highest N (H I)/N (He I) ratio (i.e. absorption component

6c2). This extremely high ratio of log N(H I)/N(He I) ≈2.5 may
e reproduced by adding a blackbody component emitting at E ≈
0 Ryd and leading to a hard field at 1−2 Ryd (Fig. 10). At the
ame time, photoionization models with the additional blackbody
verpredict the N(H I)/N(He I) ratio for at least three other compo-
ents, which have upper limits of log N(H I)/N(He I) ≈1.5. Among
hese three components, two are in the same system (i.e. System
6) hosting the component with the highest N(H I)/N(He I) ratio. The
istinction between different components in the same system may
ndicate that large fluctuations exist in the local radiation field at
proj � 160 kpc.
As stated in Section 4.4, there are two possible ways of modifying

he ionizing spectrum to produce the observed high N(H I)/N(He I) ra-
io, a hard radiation field at 1−2 Ryd and additional sources emitting
t >4 Ryd. Various processes could produce harder ionizing fields
t 1−2 Ryd than the standard HM05 UVB, including attenuation
f the UVB by a nearby optically thick cloud, elevated leakage
f ionizing photons from binary populations (Ma et al. 2016), and
arder intrinsic UV emission in low-metallicity galaxies (Steidel
t al. 2014). The latter two possibilities require galaxies to be close
o the absorber (i.e. � 50 kpc) to dominate the ionizing field over the
VB assuming an escape fraction of � 5 per cent (see discussion

n Chen et al. 2017). Therefore, if the observed high N(H I)/N(He I)
atio is due to the escaping flux from nearby galaxies, there should be
low-mass galaxy closer to the absorbers, which is still undetected

n the CUBS survey. We also test whether an AGN-like ionizing
pectrum can produce the observation. Adopting the AGN template
n Cloudy and allowing the temperature as a free parameter, we find
t impossible to simultaneously match H I/He I and O II/O III within
he 2σ uncertainties. This is understood as due to the relatively
trong emission at 1−4 Ryd, which has a significant impact on the
ow ions.

Alternatively, we consider the possibility of an additional black-
ody at log Tbb/K ≈ 5.6 in Section 4.4. Incorporating other ions into
he consideration and varying the blackbody temperature, a black-
ody model with log Tbb/K = 5.6+0.2

−0.1 can produce a N(H I)/N(He I)
atio to within 2σ of the observed value while keeping the predicted
etal column densities to within 1σ of the observed values.
Considering the necessary blackbody temperature of log Tbb/K ≈

.6, supersoft X-ray sources are possible candidates (e.g. Upton
anderbeck et al. 2018). They are a population of white dwarfs
ccreting from nearby main sequence or red giant companions, which
ave blackbody emission with temperatures of ≈105 K (Kahabka &
an den Heuvel 1997). However, observations on supersoft X-ray
ources are currently limited, especially for low-mass white dwarfs,
ue to temperatures being too low to be detected by the current
acilities. A single supersoft X-ray source typically has a luminosity
f ≈ 1038 erg s−1 (Kahabka 2006). At the same time, a luminosity of
t least ≈ 1044 erg s−1 is required to produce the observed high
(H I)/N(He I) ratio if the supersoft X-ray source resides in the
losest galaxy found at dproj = 72 kpc in the CUBSz1 galaxy sample.
o reproduce the observation, an unrealistically large population
f supersoft X-ray sources in this galaxy or a faint galaxy closer
o the high N(H I)/N(He I) component would be needed to match
he required spectral index at 1−4 Ryd for the ionizing radiation.
lthough we cannot rule out the presence of faint galaxies lost in

he glare of the QSO light, the lack of [O II] emission in the quasar
pectrum at the absorber redshift places a 3σ upper limit on the SFR
f � 0.4 M� yr−1 following the relation of Moustakas, Kennicutt &
remonti (2006) for dwarf galaxies with MB > −16.
To summarize, the observed high N(H I)/N(He I) ratio can be

xplained by variations of incident ionizing fields through various
cenarios. These scenarios all suggest a local variation of radiation
eld induced by a nearby galaxy. Currently, with only one such
ystem, the origin of this variation is still inconclusive, but more data
ould significantly improve the understanding of the incident field.

.2 Implications for the pressure balance in the multiphase
GM

or the cool CGM, the highest gas density along each sightline is
ound to depend on the projected distance to the galaxy or the closest
alaxy in a galaxy group (Fig. 7). At the same time, components
ith two to three orders of magnitude lower densities are also
resent along the same sightlines. Because the cool CGM has a
arrow range in temperature (log T/K ≈ 4.3 ± 0.3) under the PIE
odel (CUBS V), the observed density distribution along individual

ightlines at different projected distances provides unique insights
nto pressure fluctuations in the cool CGM. We present in Fig. 11

simple schematic diagram to illustrate the spatial distribution
f different components relative to the host galaxy/galaxy groups.
arious thermodynamic processes, such as tidal interaction, ram
ressure stripping, or additional ionizing field, may contribute to
eeding the dense, cool clumps and the formation of multiphase gas
n the CGM.

In Section 4.3, we find that the relation between the maximum
ensity along each sightline and the projected distance is consistent
ith the pressure profile of the hot CGM, suggesting that these
igh-density clumps are in pressure equilibrium with the hot gas.

remaining question is whether or not the low-density gas is also
n pressure balance with the hot CGM. The answer to this question
epends on where the low-density gas is located. If these cool, low-
ensity clumps reside in the inner halo, then their pressure would be
ignificantly lower than that of the hot gas (and the associated high-
ensity components) and therefore they are expected to be short-
ived. On the other hand, if these low-density clumps are located
n the halo outskirts and only appear at small impact parameters
y projection, then they can be in pressure balance with the hot
GM.
To explore whether the scenario of pressure balance is con-

istent with observations, we first determine a power-law slope

log P/
log r) of the pressure profile using the low-density com-
MNRAS 524, 512–528 (2023)
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M

Figure 11. A cartoon illustration of the pressure variation in the cool CGM
(not-to-scale). The observed density variation of the cool CGM (nH) can be
attributed to two different factors, the global gradient of the pressure profile
and local fluctuations (see the text in Section 5.2 for details). The global
pressure profile derived based on the cool gas is consistent with that of the hot
CGM (Fig. 7 and Section 4.3). Specifically, with a power-law density profile
of slope 2−3, the observed factor of 100–1000 scatter in gas density can be
explained by a factor of 10 difference in 3D radii probed at dproj � 0.3rvirial.
At the same time, the multiphase absorption components detected in the inner
halo suggest that local pressure fluctuations can be as large as a factor of ∼ 10
(CUBS V).
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onents. The scatter in gas density 
 n ∝ 
 P/T is determined
sing the derived gas densities along sightlines at small projected
istances, and the maximum range in halo radius 
r is set by the
argest projected distance where absorbing gas is detected. As shown
n Fig. 7, the densities of individual components detected at dproj =
.1−0.3rvirial span two to three decades (i.e. 
log P ≈ 2−3). The
alo radii where the detected absorption components are located
pan approximately one decade (log r/rvirial ≈ −1 to 0). Together, the
onstraints in 
 log P and 
 r lead to a power-law slope of ≈2−3 for
he global pressure profile of these low-density clumps. This power-
aw slope is slightly higher than the best fit (1.9 ± 0.3) derived for
he dproj-dependence of the maximum density components but the
lopes are still consistent within the measurement uncertainty. This
ould suggest the low-density gas at small dproj could be located at

arge physical distances.
We further compare the detection rates of the low-density gas at

mall and large projected distances. If the detection rate of low-
ensity gas is significantly higher at smaller impact parameters, then
t would suggest that a considerable amount of cool, low-density gas
esides in the inner halo with unbalanced pressure. In the CUBSz1
ample, three of the four systems (≈75 per cent) at dproj � rvirial have
ow-density components with log nH/cm−3 < −3. In comparison,

out of 11 systems (≈64 per cent) in the COS LRG sample
xhibit a low-density component. Adopting the best-fitting spatial
rofile for the maximum-density component (Fig. 7), we expect that
hese low-density components should occur at r ≈ 1−2rvirial. Over
proj = 1−2rvirial, we find that the detection rate of the low-density
as is 5/7 ≈70 per cent, consistent with the rate of incidence of
ow-density components at small impact parameters. We, therefore,
rgue that most of the detected low-density clumps are located in
he halo outskirts and only appear at small impact parameters by
rojection and that they are likely in pressure balance with the hot
GM.
NRAS 524, 512–528 (2023)
However, we cannot rule out the possibility that a small fraction
f the low-density clumps are located in the inner halo and are out
f pressure balance with the hot halo. In particular, we have shown
n CUBS V that multiphase components are present in the inner halo
ith an order-of-magnitude difference in pressure between different
hases. This difference in pressure is consistent with the intrinsic
catter of σ p ≈ 0.4 in the relation between the highest densities
nd projected distances. Therefore, it is possible that local pressure
uctuations do contribute to the observed scatter of the density along

ndividual sightlines.
In conclusion, the scatter of gas densities over three decades

bserved along individual sightlines at small projected distances can
e explained by a combination of both the global profile and local
uctuations of the pressure. On average, the cool CGM is in pressure
alance with the hot CGM, and a global radial profile with a power-
aw slope of 1.5−2 can account for about two orders of magnitude
f the observed density scatter. Any remaining fluctuations can be
ttributed to local pressure imbalance between different phases.

SU M M A RY

n this work, we report galaxy properties and absorption features
f the CUBSz1 sample, which contains sub-L∗ and L∗ star-forming
alaxies at 0.89 < z < 1.21 (Fig. 2). Comparisons of the stellar mass
nd SFR of these galaxies show that they are consistent with typical
ain-sequence star-forming galaxies at z ≈ 1 (Fig. 3). We investigate

he impact of the galaxy environment on the cool photoionized CGM.
he CUBSz1 sample together with COS LRG sample covers a wide

ange in projected distance from ≈0.1 to 3 rvirial and in total projected
ravitational potential from −ψ /G ≈ 3 × 109 to 1012 M� kpc-1. Our
ajor findings are summarized as follows:

(i) In the CUBSz1 sample, galaxies in dense environments exhibit
higher detection rate of absorption features (Fig. 4). Specifically,

ll galaxy systems with the closest galaxy having Mstar > 1010M�
ave associated absorption features.
(ii) When multiple galaxies are found near an absorber, the

istance to the closest galaxy (in projection), rather than the distance
o the most massive galaxy of the group or the centre of the mass for
alaxy groups, appears to be most correlated with the presence and
bsorption properties of the gas (Section 4.1 and Fig. 5).

(iii) Low ionization state ions (e.g. O II) are only detected in inner
alos (� 0.8rvirial). Intermediate- and high-ionization state ions (e.g.
IV and Ne VIII) are more spatially extended and can be detected

p to 2rvirial (Fig. 6).
(iv) The presence, ionization state, and gas density of the cool (i.e.

ogT/K ≈ 4) CGM are found to correlate strongly with dproj/rvirial and
ith ψ (Figs 5–7). Specifically, we found that the gas density is

inearly correlated with ψ following a power-law slope of 0.95+0.15
−0.14.

iven the narrow temperature range of the cool CGM, our finding,
herefore, shows that the high-pressure cool CGM is confined in the
eep gravitational potential.
(v) The large fluctuation seen in the observed log N (H I)/N (He I)

atio may be explained by the presence of local variations in the
onizing flux, particularly in the soft X-ray band, which may be
xplained by escaped ionizing photons from nearby galaxies or QSOs
Fig. 10; Section 5.1).

UPPLEMENTA RY MATERIAL

upplementary data are available at MNRAS online, including the
lots of all absorption systems and galaxy spectra.
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