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A B S T R A C T 

We examine to what extent disc and outflow models can reproduce observations of H I gas within a few virial radii of galaxies in 

pairs and groups. Using highly sensitive HST/COS and FOS spectra of the Q0107 quasar triplet covering Ly α for z � 1, as well 
as a deep galaxy redshift surv e y including VIMOS, DEIMOS, GMOS, and MUSE data, we test simple disc and outflow models 
against the H I absorption along three lines-of-sight (separated by 200–500 kpc) through nine galaxy groups in this field. These 
can be compared with our previous results in which these models can often be fit to the absorption around isolated galaxies. Our 
models can reproduce ≈ 75 per cent of the 28 identified absorption components within 500 km s −1 of a group galaxy, so most 
of the H I around groups is consistent with a superposition of the CGM of the individual galaxies. Gas stripped in interactions 
between galaxies may be a plausible explanation for some of the remaining absorption, but neither the galaxy images nor 
the galaxy and absorber kinematics provide clear evidence of such stripped material, and these unexplained absorbers do not 
preferentially occur around close pairs of galaxies. We find H I column densities typically higher than at similar impact parameters 
around isolated galaxies ( ≈ 2.5 σ ), as well as more frequent detections of O VI than around isolated galaxies (30 per cent of 
sightlines to 7 per cent). 

K ey words: galaxies: e volution – intergalactic medium – quasars: absorption lines. 
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 I N T RO D U C T I O N  

he exchange of gas between galaxies and their surroundings plays 
 vital role in their evolution. Cool gas that provides fuel for star
ormation needs to be accreted from outside the galaxy in order to
xplain the observed star-formation rates and gas content of galaxies 
e.g. Freundlich et al. 2013 ; Scoville et al. 2017 ). Cool gas is also
jected from galaxies by stellar-feedback- or AGN-driven winds, and 
odels suggest that these processes are important in regulating its star 

ormation (e.g. Lehnert et al. 2013 ; Somerville & Dav ́e 2015 ; Salcido,
ower & Theuns 2020 ). This reservoir of gas surrounding galaxies 

s known as the circumgalactic medium (CGM; e.g. Tumlinson, 
eeples & Werk 2017 ), and is usually defined as extending to the
irial radius. 
This material is difficult to observe in emission due in part to its

ow density (although emission-line maps of gas on CGM scales 
ave become more common in recent years; e.g. Chen et al. 2019 ;
ossati et al. 2019a ; Zabl et al. 2021 ; Leclercq et al. 2022 ), so is
ost commonly detected using absorption features along the lines- 

f-sight to background sources, often quasars (e.g. Bahcall & Spitzer 
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969 ; Bergeron 1986 ; Bergeron et al. 1994 ; Weymann et al. 1998 ;
delberger et al. 2005 ; Chen et al. 2010 ; Prochaska et al. 2011 ;
ubin et al. 2018 ; Pointon et al. 2019 ; Lehner et al. 2021 ; Wilde et al.
021 ). These absorption-based studies often discuss large numbers of 
alaxy-sightline pairs, whether as targeted surv e ys (e.g. Tumlinson 
t al. 2013 ; Bielby et al. 2019 ) or by utilizing other surv e ys and/or
rchi v al data (e.g. Wild et al. 2008 ), but are usually limited to a
ingle line-of-sight through the gas around any galaxy or group. Some 
tudies are able to utlilize quasar pairs or triplets (lensed or projected;
.g. Fossati et al. 2019b ; Maitra et al. 2019 ), bright background
alaxies (e.g. Zahedy et al. 2016 ; P ́eroux et al. 2018 ; Chen et al.
020 ; Okoshi et al. 2021 ) or gravitationally lensed arcs (e.g. Lopez
t al. 2018 , 2020 ; Mortensen et al. 2021 ; Tejos et al. 2021 ), but these
re not common enough to produce statistically meaningful samples 
f galaxy-absorber pairs. 
Many observations find evidence for disc-like accreting and 

otating structures along the major axis of galaxies (e.g. Charlton &
hurchill 1998 ; Steidel et al. 2002 ; Bouch ́e et al. 2016 ; Ho et al.
017 ; Zabl et al. 2019 ; French & Wakker 2020 ), and this is generally
eproduced by simulations, with simulated CGM structures aligned 
ith the galaxy major axis (e.g Ho & Martin 2019 ; DeFelippis et al.
020 ; Mitchell et al. 2020a ; Hafen et al. 2022 ). Similarly, evidence
or outflowing material is often found along the minor axis of galaxies
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Table 1. Co-ordinates, redshifts, and R -band magnitudes of the three quasars, 
taken from Crighton et al. ( 2010 ). 

Object RA (J2000) Dec (J2000) Redshift R -mag 

Q0107-025 A 01:10:13.14 −2:19:52.9 0.960 18.1 
Q0107-025 B 01:10:16.25 −2:18:51.0 0.956 17.4 
Q0107-0232 (C) 01:10:14.43 −2:16:57.6 0.726 18.4 

s  

w  

o  

b  

i  

p
 

s
1  

b  

s  

o
 

e  

1  

o  

(  

2  

e  

t  

2  

a  

i  

t
 

s  

g  

d  

e  

m  

o  

v  

t  

f  

s  

fi  

w  

u  

o
 

2  

B  

i  

i  

o
 

s  

a  

t  

t  

2  

g  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/1/1113/7068102 by U
niversity of M

ilan-Bicocca user on 27 M
arch 2024
e.g. Bland & Tully 1988 ; Heckman, Armus & Miley 1990 ; Finley
t al. 2017 ; Lan & Mo 2018 ; Schroetter et al. 2019 ; Burchett et al.
021 ; Zabl et al. 2021 ), which are also reproduced by simulations
e.g Nelson et al. 2019 ; Mitchell, Schaye & Bower 2020b ; Pandya
t al. 2021 ). This leads to some observations finding a bimodality
n the azimuthal angles of detected absorption (absorption is found
rimarily along the major and minor axes; e.g. Bouch ́e et al. 2012 ;
acprzak, Churchill & Nielsen 2012 ; Kacprzak et al. 2015 ), as well

s differences in flow rates and metallicities along galaxy major and
inor axes in simulations (e.g. P ́eroux & Howk 2020 ). 
Ho we ver, gas flo ws around galaxy groups are lik ely f ar more

omple x. F or e xample, in the nearby M81/M82 group, H I obser-
 ations re veal a conical outflo w structure on small scales, but clear
istortion on larger scales due to the other group galaxies (e.g. Sorgho
t al. 2019 ). Tidal interactions are expected to produce a significant
raction of Ly α absorbers in groups (e.g. Morris & van den Bergh
994 ), and likely contribute to other observed ions (e.g. Chen &
ulchaey 2009 ). Some studies have identified possible tidal material

n absorption, but this is usually difficult to distinguish from other
rigins (e.g. Chen et al. 2014 ; Guber, Richter & Wendt 2018 ). Ram-
ressure stripping is also likely to affect the state of the CGM and
ny intragroup gas during interactions (e.g. Fumagalli et al. 2014 ;
ossati et al. 2019a ). This removal of gas from galaxies and their
GM affects not only the gas itself, but also leads to ‘quenching’ of

tar formation in group galaxies (e.g. Peng et al. 2010 ; Wetzel et al.
013 ; Jian et al. 2017 ; Kuschel et al. 2022 ). 
There have been numerous case studies focusing on the gas in

ndividual galaxy groups, using a variety of absorption features,
ut also emission lines in more recent cases. Some of these find
aterial that can be associated with a particular galaxy, including

ome likely outflows and accretion (e.g. P ́eroux et al. 2017 ; Johnson
t al. 2018 ), but also material that cannot be associated with a galaxy,
nd therefore forms an intragroup medium (e.g. Bielby et al. 2017 ;
pinat et al. 2018 ), as well as suggestions of tidal material (e.g.
acprzak, Murphy & Churchill 2010 ; Chen et al. 2019 ). Where
ultiple absorption/emission components can be identified, material

onsistent with both disc/outflow structures and tidal/intragroup
aterial can sometimes be seen in the same galaxy group (e.g.
ateghi et al. 2021 ; Leclercq et al. 2022 ). 
Statistical studies utilizing large samples of galaxy groups are also

sed to determine the dominant processes in these systems. Bordoloi
t al. ( 2011 ) found that Mg II absorption near galaxy groups could
e due to a superposition of the haloes around individual galaxies.
n contrast, Nielsen et al. ( 2018 ) found that a superposition model
ould not match the absorber kinematics, and preferred a model
n which most cool gas was associated with the group itself rather
han any member galaxy. More recently, Dutta et al. ( 2020 ) found

g II absorption more extended around galaxy groups than isolated
alaxies, but also a clear dependence on galaxy properties, suggesting
hat both the galaxy haloes themselves and the interactions between
alaxies contribute to the absorption. 

If material stripped from galaxies contributes substantially to the
as content in groups, then we may expect gas in these groups to
ave a higher metal content (having passed through the galaxy and
een enriched by cycles of star formation, e.g. Oppenheimer et al.
016 ). Ho we ver, this is not found by Pointon et al. ( 2019 ). 
The distribution of gas in groups therefore remains unclear.

mission from the CGM remains difficult to detect due to a low
ensity, which usually limits such studies to scales of � 100 kpc
e.g. Burchett et al. 2021 ; Leclercq et al. 2022 ). There remains
nconsistency in defining galaxy groups, which are subject to dif-
erent algorithms, linking lengths, and detection limits in different
NRAS 521, 1113–1143 (2023) 
tudies. This makes direct comparisons between observations, or
ith simulations, difficult (e.g. Oppenheimer et al. 2021 ). The power
f absorption studies is limited by the presence of sufficiently bright
ackground sources, so in most cases the gas around any galaxy group
s probed by only a single line-of-sight and we cannot measure gas
roperties elsewhere in the group. 
It is this final difficulty which we seek to address in this paper. We

tudy the Q0107 field, a quasar triplet at z ∼ 1 with separations of ∼
 arcmin ( ≈ 400 kpc at z = 0.5), with basic quasar properties given
y Table 1 . The use of multiple lines-of-sight through a densely-
urv e yed field helps us to constrain the gas structures and properties
n CGM scales. 
This field has been utilized in several previous studies, including

arly studies of the size scales of Ly α absorbers (e.g. Dinshaw et al.
997 ; D’Odorico et al. 1998 ; Young, Impey & Foltz 2001 ), analysis
f the coincidences between absorption in the different lines-of-sight
e.g. Petry et al. 2006 ; Crighton et al. 2010 ), construction of the 2D
-point correlation functions of absorption in both H I and O VI (Tejos
t al. 2014 , hereafter T14, Finn et al. 2016 ), and detailed radiative
ransfer modelling of a small number of absorbers (e.g. Muzahid
014 ; Anshul et al. 2021 ). Impro v ements to the available data, such
s higher resolution spectra of the three quasars, high-resolution
maging from the Hubble Space Telescope , and IFU observations of
he field, have enabled our recent works extending these results. 

In Beckett et al. ( 2021 ), hereafter denoted as Paper 1, we examined
ome statistical properties of the relationship between gas and
alaxies in this field. We found a bimodality in the azimuthal angle
istribution of detected galaxy-absorber pairs, likely evidence for the
xistence of disc and outflow structures along the projected major and
inor axes of galaxies, extending to ≈ 300 kpc. A higher incidence

f O VI absorption along the minor axis, and a preference for the
elocity of H I absorption near the major axis to be aligned with
he galaxy kinematics, support this hypothesis. We investigated this
urther in Paper 2 (Beckett et al. 2022 ), in which we attempted to fit
imple disc and outflow models to isolated galaxies in our sample,
nding that many absorbers (13 of 26 within 500 km s −1 , or 12 of 20
ithin 300 km s −1 , and impact parameters up to 600 kpc) could be fit
sing such models, whilst remaining consistent with the observations
f the other sightlines. 
This work continues to use the disc and outflow models from Paper

, but e xtends co v erage to galaxy pairs and groups in our sample.
y combining disc/outflow models, we can examine the hypothesis

n which most absorption in groups results from the CGM of the
ndividual galaxies. We also search for signs of tidal material based
n the kinematics of the gas relative to nearby galaxies. 
In Section 2 we summarize the galaxy and quasar data used in this

tudy, discussed more e xtensiv ely in P aper 1 and references therein,
s well as selection of the subsample of galaxy groups considered in
his work. Section 3 summarizes the toy models used in our attempts
o reproduce the observed absorption (co v ered in more detail in Paper
), whilst Section 4 describes in detail the absorption around each
alaxy group, and the process of attempting to fit our models to



Q0107: Gas around galaxy groups 1115 

t  

fi

u  

c
H

2

T
p  

c
o  

T

2

S  

H  

T  

G
(  

a
(  

w
i  

a
L
a
a
P

u  

a  

t

K  

o  

d
 

D  

r
i  

b
b
r
n
a
a
u
a

2

O
c  

T
D
d
o  

s
T

f
t  

d  

p

2

T
s  

f  

(  

p
6  

2
s  

Q
 

t  

(
D  

o
s  

t

2

G
c  

T
s  

d  

≈  

f
 

(  

2  

a  

r
a

A  

fl
w

2

C
c
o
W
c

i  

S  

M
t  

w
fi
b
t  

u

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/1/1113/7068102 by U
niversity of M

ilan-Bicocca user on 27 M
arch 2024
hat absorption. We then discuss the o v erall results in Section 5 , and
nally summarize in Section 6 . 
Throughout this work we quote physical sizes and distances 

nless otherwise stated, and use the Planck 2018 flat � CDM
osmology (Planck Collaboration VI 2020 ), with �m = 0.315 and 
 0 = 67.4 km s −1 Mpc −1 . 

 DATA  

his paper uses the same absorber and galaxy catalogues as our 
revious two papers co v ering this field, which utilize the galaxy
atalogues compiled by T14. We therefore only briefly describe the 
bservations here; these are described in more detail in Paper 1 and
14. 

.1 IGM data 

pectra of the three quasars were taken to co v er the Ly α transition of
 I along each line-of-sight from z = 0 to the redshift of the quasar.
hese use the spectrographs on the Hubble Space Telescope , with the
130M and G160M gratings on the Cosmic Origins Spectrograph 

COS, Green et al. 2012 , programme GO-11585, PI: Neil Crighton)
nd the G190H and G270H gratings on the Faint Object Spectrograph 
FOS, observations detailed in Young et al. 2001 ), co v ering a
avelength range of 1135–3277 Å. This includes a range of metal 

ons in addition to Ly α. QSO-C was not observed using the G130M
nd G270H gratings, with these made unnecessary by a sub-damped 
yman- α system at z ≈ 0.56 obscuring any flux below 1420 Å, 
nd a lower QSO redshift, respectively. Details of the observations 
nd properties of the observed spectra are listed in table 2 of 
aper 1. 
Our absorption line catalogue was produced by T14, and also 

sed by Finn et al. ( 2016 ) and our earlier papers. It contains 430
bsorption systems, of which 272 are H I . The process of producing
his catalogue is detailed in T14. 

The signal-to-noise ratio of the COS spectra (using results from 

eeney et al. 2012 ), as well as the H I column density distribution
f our sample, imply a 3 σ detection limit of ∼10 13 cm 

−2 . The FOS
etection limit is slightly higher, at ∼10 13.5 cm 

−2 . 
We note that Ly α absorbers in the IGM are usually found with

oppler widths > 20 km s −1 (e.g Dav ́e et al. 2010 ), so most are
esolved in the COS spectra (Ly α below z ≈ 0.45). Absorption 
n the FOS spectra is often unresolved and more likely to be
lended with other features, but for Ly α these issues can often 
e mitigated using Ly β or higher-order Lyman transitions that 
emain in the COS wavelength range. Where these mitigations are 
ot possible, absorbers may have a large Doppler parameter that 
ppears as a broad-Ly α absorber (BLA). Whether such a BLA 

ppearing around our galaxies may indicate high temperatures or is 
nresolved narrower absorption is discussed in each case (Section 4 
nd Appendix A ). 

.2 Galaxies 

ur sample of galaxy groups is drawn from the spectroscopic galaxy 
atalogue described in Paper 1, which builds on that used in T14.
his forms a highly heterogeneous galaxy surv e y, with VIMOS, 
EIMOS, GMOS, and CFHT-MOS observations of differing area, 
epth, and completeness (referred to as MOS observations through- 
ut), supplemented by MUSE fields centred on the A and B lines-of-
ight. Additionally, high-resolution imaging from the Hubble Space 
elescope is used to provide position angle and inclination estimates 
or some galaxies. These observations, the methods used to combine 
hem and ensure consistency, and the resulting surv e y properties, are
iscussed in detail in Paper 1 (their Section 2 ). In this work we only
rovide a brief summary of this information. 

.2.1 MOS 

he multiobject spectrograph on the Canada–France–Hawaii Tele- 
cope (CFHT-MOS) (Le Fevre et al. 1994 ) was used to obtain spectra
or 29 galaxies in the Q0107 field, described in Morris & Jannuzi
 2006 ), whilst VIMOS (LeFevre et al. 2003 ) took 935 spectra (ESO
rogrammes 086.A-0970, PI:Crighton; and 087.A-0857, PI: Tejos). 
42 galaxies in this field were observed using DEIMOS (Faber et al.
003 , programme A290D, PIs: Bechtold and Jannuzi), with 210 
pectra added by GMOS (Davies et al. 1997 , programme GS-2008B-
-50, PI: Crighton). 
Galaxies appearing in more than one of these surv e ys were used

o ensure consistent wavelength calibration across all MOS surv e ys
and therefore consistent redshifts in the resulting catalogue). As 
EIMOS has the best resolution, the redshifts of VIMOS and GMOS
bjects were adjusted to match the DEIMOS frame, requiring a 
ystematic shift of �z ∼ 0.0008 for the VIMOS data, and 0.0004 for
he GMOS data see Section 3 of T14). 

.2.2 MUSE 

TO observations (ESO programme ID 094.A-0131, PI Schaye) 
o v er 1 arcmin × 1 arcmin fields of view around QSOs A and B.
hese provide galaxy kinematics for galaxies near to the lines-of- 
ight, and are also slightly deeper than the MOS surv e ys. The MUSE
ata co v er the wav elength range from 4750 to 9350 Å with FWHM of
2.7 Å, and offer seeing of 0.96 arcsec for QSO-A, and 0.82 arcsec

or QSO-B. 
We reduced the data using a pipeline similar to many recent papers

e.g. Fumagalli et al. 2016 , 2017 ; Fossati et al. 2019b ; Bielby et al.
020 ; Lofthouse et al. 2020 ), primarily using ESO routines, but
lso utilizing the CUBEX package (Cantalupo et al. 2019 ) to apply a
enormalization between the different IFUs, stacks, and slices, and 
n impro v ed, flux-conserving sk y subtraction. 

Objects were detected using the SEXTRACTOR software (Bertin & 

rnouts 1996 ), applied to the white-light image. Summing the total
ux within the SEXTRACTOR aperture produced the 1D spectra, for 
hich redshifts were estimated using MARZ (Hinton et al. 2016 ). 

.2.3 Combined galaxy catalogue 

ombining the spectra from multiple instruments into a single galaxy 
atalogue for this field requires matching the astrometry of galaxies 
bserved by multiple instruments, so that duplicates can be removed. 
e then checked other galaxy properties to ensure these were 

onsistent across the different observations. 
We confirmed accurate astrometry for each instrument by compar- 

ng the brightest objects in the MOS and MUSE catalogues with the
DSS source catalogue (Albareti et al. 2017 ). Coordinates from the
OS catalogues matched the SDSS results within 0.5 arcsec, whilst 

he MUSE results required a shift of ≈1 arcsec. After this shift,
e matched objects appearing within 1 arcsec in both catalogues, 
nding no additional matches within 2 arcsec. Magnitudes obtained 
y integrating the MUSE spectra were compared with the results from 

he MOS surv e ys, and found to be consistent within the estimated
ncertainties. 
MNRAS 521, 1113–1143 (2023) 
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M

Figure 1. The layout of the surv e ys used in this study. The background image was taken with the Kitt Peak 4-m Telescope. The solid green square shows the 
re gion co v ered by HST imaging, whilst the smaller magenta squares show the MUSE fields centred on QSOs A and B. The quasars are shown by red circles, 
with A the southernmost and C the northernmost. The galaxies within the HST field that are analysed in this work are spread across the two panels, with z < 

0.5 galaxies in the left-hand panel, and higher redshift galaxies in the right-hand panel. These are coloured by group and labelled by the group identifier listed 
in Table 2 . 
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We also compared redshifts to ensure that all of our galaxy
amples are in the same frame as the absorption features. Across
 large sample of galaxy–absorber pairs, any velocity offsets should
verage to zero, with no systematic offset. We found that the
orrections applied when producing the T14 catalogue (described
n Section 2.2.1 ) had already remo v ed an y systematic shift, with
recision better than 10 km s −1 , whilst the MUSE data required a
hift of ≈ 30 km s −1 to match the MOS redshifts. 

We utilize the duplicate observations, where a single galaxy was
bserved by the same instrument on multiple occasions, to estimate
he uncertainties in our redshift measurements. We calculated the
elocity differences between each pair of duplicate spectra, and used
he standard deviation of the velocity differences to estimate the
ncertainty in the redshifts estimated from each instrument. These
re given in table 5 of Paper 1, and vary between 30 km s −1 (for well-
etermined redshifts in DEIMOS) and 190 km s −1 (for single-feature
etections in VIMOS). 
Our MUSE observations contain no duplicates. As MUSE has a

igher resolution than GMOS, but lower than DEIMOS, we take the
MOS values as conservative estimates of the velocity uncertainties

or MUSE galaxies with the same confidence flags. 

.2.4 HST imaging 

igh-resolution imaging obtained using the ACS instrument on the
ubble Space Telescope (Ryon 2019 ) is available for this field in

he F814W band (programme GO-14660, PI Straka). This imaging
nables a much clearer view of any distortions of the galaxies due
o interactions, as well as much impro v ed measurements of position
ngles and inclinations than are possible with the lower resolution
round-based imaging available previously. This image does not
o v er the full field of our MOS surv e ys, so these impro v ed position
ngle and inclination estimates are only available for a subset of
alaxies in our catalogue, as shown in Fig. 1 . 
NRAS 521, 1113–1143 (2023) 
We modelled galaxies in both our redshift catalogue and the HST
mage using GALFIT (Peng et al. 2002 ). This uses chi-squared mini-

ization to produce a best-fitting model of a galaxy’s morphology.
e used the SEXTRACTOR results as initial guesses in attempting

o fit a Sersic disc to each galaxy. Where necessary, additional
odel components were introduced until a reasonable fit was found.
his more advanced modelling, taking account of the point-spread

unction of the image, reduced the average uncertainty on both
nclination and position angle measurements by a factor of ≈ 3
elative to the SEXTRACTOR results. 

We excluded galaxies for which the fit clearly failed to converge to
 reasonable result, but included galaxies that have large uncertainties
n position angle due to being near to face-on. This produced a list
f 109 galaxies for which position angle, inclination, and redshift
easurements were found. 

.3 Sample of galaxy groups 

aper 2 considered only isolated galaxies, defined as those with
o detected companion within 500 kpc and 500 km s −1 , making it
nlikely that the region within a galaxy’s virial radius o v erlaps with
hat of another detected galaxy. We also additionally imposed the
onstraint that no other galaxy must lie within 1 Mpc of any of
he lines-of-sight within the 500 km s −1 window. In this work, we
onsider galaxies that are not isolated, and therefore for the purposes
f this work a group is any set of galaxies with pairwise separations
maller than 500 kpc and 500 km s −1 , or any set of multiple galaxies
ithin 1 Mpc of at least one of the three lines-of-sight in a 500 km s −1 

indow. 
This definition of ‘group’ requires only two galaxies, and also has

 larger ‘linking length’ (maximum distance between galaxies for
hem to be considered in the same group) than many similar studies
hat define group galaxies (e.g. Bordoloi et al. 2011 ; Nielsen et al.
018 ; Fossati et al. 2019b ). Ho we ver, we do use a smaller window
han some other studies considering isolated galaxies (e.g. COS-

art/stad596_f1.eps
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Table 2. Summary of group properties for our selected sample of galaxy groups. Columns are as follows: (1) Group reference used throughout the paper; (2) 
group central redshift; (3) number of detected galaxies within 500 km s −1 of the central redshift and 1 Mpc of at least one QSO line-of-sight; (4) total stellar 
mass of detected galaxies; (5) closest impact parameter of any galaxy to any line-of-sight; (6) minimum separation between two detected galaxies; (7) r -band 
luminosity ratio between brightest two galaxies; (8) −(10) estimated galaxy detection limits in the MOS and MUSE surv e ys, showing continuum estimates in 
terms of L � and SFR limits on emission-line-only detections. 

Group ref z N gals total M � b min Min Pair Lum Ratio Det Lim (MOS) Det Lim (MUSE) Det Lim (Line-only) 
log 10 (M �) (kpc) (kpc) ( L � ) ( L � ) (M � yr −1 ) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

G-202 0.202 25 11.9 ± 0.2 103 17 2.6 0.004 0.003 0.004 
G-238 0.238 4 11.5 ± 0.2 236 42 1.5 0.006 0.004 0.005 
G-383 0.383 2 9.7 ± 0.2 38 5 1.5 0.018 0.011 0.016 
G-399 0.399 5 11.1 ± 0.2 122 71 3.3 0.020 0.013 0.018 
G-517 0.517 2 10.3 ± 0.2 95 320 29.5 0.04 0.02 0.03 
G-536 0.536 6 11.5 ± 0.4 120 4 1.4 0.04 0.03 0.04 
G-558 0.558 7 11.1 ± 0.5 148 53 1.2 0.04 0.03 0.04 
G-876 0.876 4 11.1 ± 0.4 75 26 2.1 0.13 0.08 0.12 
G-907 0.907 2 10.7 ± 0.5 170 594 1.7 0.15 0.09 0.13 
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aloes; Tumlinson et al. 2013 ). Therefore all galaxies in our sample
re considered as ‘group’ or ‘isolated’, but we include groups with 
arger galaxy separations than other works. 

These ‘group’ galaxies make up the majority of our full sample, 
o it is impractical to model the absorption around all of these (more
han 50 groups). As our models rely on position angle and inclination

easurements obtained from the HST imaging, we selected our 
ample from groups that have at least two galaxies lying in the
ST field (of which there are 18). Because of the time-consuming 
ature of modelling group absorption, we manually select a sample 
f nine groups that meet this restriction, and intentionally span a 
arge range in group properties including redshift as well as number 
nd mass of group galaxies. With the difficulty in determining 
ur uncertainties described in Section 3 , the expected gains from
odelling the remaining groups would not substantially impro v e the 

trength of our conclusions. 
Our range of redshifts and stellar masses is intended to be 

omparable to that seen in our isolated sample from Paper 2, and
herefore includes some groups beyond z ≈ 0.73, where only the 
 and B sightlines are available. The selection was made ‘blindly’
ith respect to the nearby absorption, in order to a v oid biasing our

esults. Similarly, we do not preferentially select groups containing 
alaxies in the MUSE fields, as these are biased towards low-mass,
tar-forming galaxies, and only a small subset of these have useful
inematics. 
We also check for any additional bias introduced through this 

election, by comparing our nine selected groups with the nine 
roups not selected for this work. If the largest group in the field (G-
02) is remo v ed, the selected and not-selected samples have similar
verage properties in terms of galaxy number (selected and non- 
elected samples with a median of four galaxies within 1 Mpc and
00 km s −1 ), total galaxy mass (10 11.1 and 10 11.2 M �, respectively),
nd closest impact parameter (120 and 135 kpc). Ho we ver, our
elected sample is slightly biased towards lower redshifts (0.52 versus 
.65). An y alternativ e sample of groups selected to co v er the redshift
ange seen in Paper 2 would therefore tend to have similar galaxy
roperties. 
We note that the definition of ‘group’ does vary substantially across 

ur large redshift range, such that a group at low redshift would be
een as an isolated galaxy if it were at a higher redshift, with any
atellite galaxies going undetected. Ho we ver, this does not strongly
ffect our sample, as most of our groups have at least two members
hat could be detected up to z ≈ 1. G-517 is the only group likely to
 h  
e classified as isolated if it lay at a different redshift, whilst G-383
consisting of two faint galaxies) could appear isolated in a small
edshift range but would more likely go undetected entirely. 

The properties of the resulting group sample are listed in Table 2 ,
ith individual galaxy properties shown in Table 3 , and their

ocations on the sky illustrated in Fig. 1 . Only galaxies within the HST
eld are shown (although we discuss the presence of more distant
alaxies when modelling the absorption within these groups). 

We note that star-formation rates of galaxies in groups and clusters
end to be lower than field galaxies for similar stellar masses (e.g.
arson, Tinsley & Caldwell 1980 ; Wetzel et al. 2013 ). This is found

or our full sample and group definitions used in Paper 1, with a K–S
est on specific star-formation rates yielding a difference of ≈ 2.5 σ .
he sample of group galaxies used in this work and the sample of

solated galaxies from Paper 2 are not large enough for a statistical
omparison to produce meaningful results, but we do find our group
ample to have slightly lower average sSFRs and lower proportion 
f SF galaxies (using our template classification detailed in Paper 1).
The stellar masses and SFRs of galaxies in our sample are shown

n Fig. 2 , which can be directly compared to the similar figure in
aper 2. These two subsamples span a similar range in mass and
FR. Both our Paper 2 and Paper 3 subsamples are biased towards

ow-mass and star-forming galaxies, as we focus on galaxies near 
o the sightlines, where the increased depth and easier detection 
f emission-line galaxies using MUSE has a larger impact on the
ample. 

 M O D E L S  

e use the same three basic models as in Paper 2, namely a power-
aw halo, biconical outflow, and rotating disc. In that work we include
 full description of the model parameters, the process of using the
alaxy observations, and model parameters to generate synthetic 
pectra, and the process of optimizing for the best-fitting models 
Section 3 and Appendix A therein). 

To briefly summarize, the strength of absorption caused by a 
pherical halo with power-law density profile is determined by its 
ndex α and the distance between the galaxy and sightline, whilst 
ts velocity is constant and may be offset from the galaxy by v δ . An
utflow has a constant radial velocity v out and has non-zero density
nly within a polar angle θout . We assume a constant outflowing flux,
eading to a density profile of r −2 within the cone of the outflow. A
ollow cone, such that density is zero close to the galaxy minor axis
MNRAS 521, 1113–1143 (2023) 
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Table 3. Summary of galaxy properties for our selected sample of group galaxies. For each group only galaxies with position angle and inclination measurements 
are sho wn. Deri v ation of these properties is described in more detail in Paper 1. Column descriptions: (1) Group ID used in this work; (2) Galaxy ID (MUSE 

and MOS IDs were collated separately; MUSE ID is used for galaxies featuring in both MOS and MUSE catalogues); (3, 4) On-sky coordinates of galaxy; 
(5) Observed magnitude in the SDSS r -band; (6) Galaxy luminosity in SDSS r -band as a multiple of L � ( L � estimate from Montero-Dorta & Prada ( 2009 ), 
uncertainties smaller than 0.005 L � are omitted); (7) Stellar mass estimated as in Johnson, Chen & Mulchaey ( 2015 ) (for most galaxies the largest uncertainty 
is a scatter of 0.15 dex in their relation); (8) Halo mass estimated using the abundance matching technique from Behroozi, Conroy & Wechsler ( 2010 ); (9) 
Star-formation flag denoting a star-forming or non-star-forming galaxy; (10) Star-formation rate estimated from galaxy emission lines, using the Kennicutt 
( 1998 ) and K e wley, Geller & Jansen ( 2004 ) calibrations for H α and [O II ], respectively (uncertainties are a combination of scatter in these relationships and 
uncertainty in the line fit); (11) Line used to estimate SFR (SFRs estimated from H β using the correlation between SFR estimated from H α and H β line 
luminosity, generating a substantially larger uncertainty); (12) Note of whether emission-line kinematics from the MUSE data are available for this galaxy. 

Group Galaxy RA Dec r -band Luminosity M � M h SF Flag SFR Line Kinematics 
◦ ◦ ( L � ) log 10 (M �) log 10 (M �) (M � yr −1 ) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 

G-202 B-22 17.5600 −2.3173 22.86 ± 0.03 0.02 ± 0.01 8.4 ± 0.2 10.9 ± 0.3 non-SF 0.06 ± 0.04 H α Poor 
25 962 17.5589 −2.3548 21.46 ± 0.01 0.07 ± 0.01 8.7 ± 0.1 11.0 ± 0.3 SF 0.5 ± 0.3 H α No 
31 704 17.5453 −2.2958 22.58 ± 0.02 0.03 ± 0.01 8.2 ± 0.1 10.8 ± 0.3 SF 0.08 ± 0.05 H α No 
31 787 17.5556 −2.3002 21.35 ± 0.01 0.08 ± 0.01 9.7 ± 0.1 11.5 ± 0.2 SF 0.5 ± 0.2 H α No 
32 497 17.5567 −2.3000 18.46 ± 0.01 1.10 ± 0.01 11.0 ± 0.1 13.1 ± 0.5 non-SF 2.3 ± 1.9 H α No 
32 778 17.5458 −2.2893 19.59 ± 0.01 0.39 ± 0.01 10.2 ± 0.1 11.8 ± 0.3 SF 1.5 ± 0.5 H α No 

G-238 26 677 17.5604 −2.3491 20.59 ± 0.01 0.22 ± 0.01 9.7 ± 0.2 11.4 ± 0.3 SF 1.3 ± 0.4 H α No 
29 214 17.5395 −2.3244 21.38 ± 0.01 0.11 ± 0.01 8.9 ± 0.1 11.1 ± 0.3 SF 0.4 ± 0.1 H α No 

G-383 A-48 17.5535 −2.3299 23.96 ± 0.09 0.03 ± 0.01 9.6 ± 0.2 11.5 ± 0.3 non-SF < 0.04 H α No 
A-49 17.5534 −2.3296 25.90 ± 0.51 0.02 ± 0.01 8.7 ± 0.6 11.1 ± 0.4 non-SF < 0.02 H α No 

G-399 A-56 17.5605 −2.3287 25.17 ± 0.27 0.01 ± 0.01 8.5 ± 0.5 11.0 ± 0.3 SF 0.05 ± 0.01 H α No 
A-69 17.5620 −2.3255 22.06 ± 0.01 0.19 ± 0.01 9.8 ± 0.2 11.6 ± 0.3 SF 0.4 ± 0.2 H α Poor 
B-7 17.5672 −2.3244 21.37 ± 0.01 0.36 ± 0.01 10.6 ± 0.2 12.3 ± 0.5 non-SF < 0.1 H α No 

G-517 B-34 17.5780 −2.3143 25.39 ± 0.26 0.02 ± 0.01 7.6 ± 0.6 10.7 ± 0.4 SF < 0.04 [O II ] No 
B-43 17.5643 −2.3119 21.50 ± 0.01 0.59 ± 0.01 10.3 ± 0.2 12.0 ± 0.4 SF 3.8 ± 1.5 [O II ] Yes 

G-536 A-36 17.5598 −2.3322 21.30 ± 0.01 0.77 ± 0.01 10.9 ± 0.2 12.9 ± 0.7 SF 6 ± 3 [O II ] Yes 
A-37 17.5599 −2.3320 22.30 ± 0.06 0.31 ± 0.02 10.6 ± 0.2 12.4 ± 0.6 SF 1.3 ± 0.4 [O II ] Poor 
A-40 17.5649 −2.3308 25.61 ± 0.27 0.02 ± 0.01 9.4 ± 0.4 11.4 ± 0.3 SF 0.03 ± 0.02 [O II ] No 

G-558 A-72 17.5538 −2.3253 23.66 ± 0.13 0.10 ± 0.01 9.7 ± 0.5 11.6 ± 0.4 SF 0.7 ± 0.2 [O II ] Yes 
A-75 17.5555 −2.3238 25.02 ± 0.29 0.03 ± 0.01 8.3 ± 0.4 10.9 ± 0.4 SF 0.5 ± 0.1 [O II ] Yes 

G-876 A-32 17.5580 −2.3325 23.61 ± 0.05 0.30 ± 0.01 10.6 ± 0.2 12.4 ± 0.6 SF 7 ± 2 [O II ] Yes 
A-38 17.5573 −2.3318 23.88 ± 0.13 0.24 ± 0.03 10.8 ± 0.3 12.6 ± 0.8 SF 4.7 ± 1.1 [O II ] Yes 

G-907 A-16 17.5600 −2.3347 24.34 ± 0.18 0.17 ± 0.03 10.4 ± 0.5 12.2 ± 0.9 SF 2.3 ± 0.6 [O II ] Poor 
B-19 17.5721 −2.3181 24.88 ± 0.25 0.10 ± 0.03 10.4 ± 0.5 12.2 ± 0.8 SF 1.1 ± 0.3 [O II ] Poor 

(  

h  

r  

A  

v  

d
 

p  

t  

c  

t  

t  

t  

u  

W  

d  

w
 

e  

d  

a  

d  

i  

c  

v  

b  

(  

i  

c
 

t  

c  

fi  

f  

a  

m  

o  

o  

t  

m  

d  

t  

m  

c

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/1/1113/7068102 by U
niversity of M

ilan-Bicocca user on 27 M
arch 2024
within θ in ), is allowed for, but in most cases is not required. Discs
av e an e xponential profile with scale heights h r and h z , alongside
adial and azimuthal velocity components v r and v φ , respectively.
ll three model types also have an allowed thermal or turbulent
elocity v t that broadens the absorption profile (we do not attempt to
istinguish between thermal and turbulent velocities). 
In addition to these free parameters, the measurements of galaxy

osition angle and inclination (from the GALFIT models applied to
he HST image) are required as inputs to these models, alongside the
hosen galaxy orientation ( S Nr and S Wr , described in Paper 2). Both
he direction of galaxy rotation and the direction along the minor axis
hat points away from the observer may be unconstrained, although
he MUSE kinematics and the direction of any spiral arms can be
sed, if visible, to constrain these before modelling the absorption.
e note that none of the models in this paper are constrained by the

irection of galaxy spiral arms, and that only in the case of G-536 do
e rule out any models based only on the galaxy kinematics. 
Model spectra are generated by combining 10 pc segments along

ach line-of-sight. Each segment has a density determined by the
istance and orientation between the sightline segment and the galaxy
s well as the density profile of the model, and a line-of-sight velocity
etermined by the model outflow/infall/rotation velocities projected
NRAS 521, 1113–1143 (2023) 
nto the direction of the line-of-sight. Combining these yields a
olumn density, and therefore optical thickness, as a function of
elocity or wavelength. The model absorption profile is calculated
y combining the optical thickness of all model components included
i.e. the total result from all disc and outflow models around galaxies
n the group), converting this to a transmission spectrum, and then
onvolving with the instrumental line-spread function. 

As we discuss in Paper 2, creating an automated routine to find
he best-fitting parameters of these models is complex and time-
onsuming, so is not considered for a small sample within a single
eld. Instead we consider each possible model (halo, disc, or outflow
or each galaxy with inclination and position angle measurements),
nd determine which absorption components could be fit by such a
odel without producing excess absorption in the synthetic spectrum
 v er that seen in the observations, for any of the three lines-
f-sight. This primarily concerns eliminating model combinations
hat do not produce velocity offsets in the correct direction, or

atch the relative column densities that would be produced in the
ifferent sightlines. We then iteratively adjust the model parameters
o produce a reasonable fit, and finally find the combination of
odels that reproduces the maximum number of observed absorption

omponents. 
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Figure 2. Stellar mass versus star-formation rate for galaxies in our sample. 
Faded points show the o v erall galaxy sample (identical to Fig. 5 from Paper 
1), whilst galaxies detailed in this work are bold and labelled with the galaxy 
MOS or MUSE ID as given in Table 7 . Galaxies identified as star-forming 
are shown in blue, with non-star-forming galaxies in red. The grey dashed 
line indicates an sSFR of 0.02 Gyr −1 , an approximate match to the SF/non- 
SF designations that were made using template fitting. Masses are estimated 
using equations (1) and (2) from Johnson et al. ( 2015 ) and star-formation rates 
estimated using the H α or [O II ] (3727 Å) luminosities. These measurements 
are detailed in Paper 1. The objects marked with triangles are upper limits 
where no clear emission line is detected. Note that the small number of non- 
star-forming galaxies with apparent extremely high SFRs are due to fringing 
effects in the VIMOS data (see T14 Section 3.1) being fit as emission lines. 
These erroneous measurements do not affect our results. 
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This method identifies the various models capable of reproducing 
ach observed absorption feature, although it does not provide a 
uantitative measure of the best fit (which would likely depend 
ubstantially on the priors chosen on the parameter space). Through- 
ut this work we therefore list the different model combinations 
ound to produce a reasonable approximation of the observed 
pectra. 
able 4. Summary of galaxy and absorber properties for group G-238. Any additi
alaxy (26677). with columns as follows: (1) Group redshift; (2) Galaxy ID; (3) Gal
dentifier; (6) Impact parameter between galaxy and line-of-sight at the group red
8) Absorber column density; (9) Absorber Doppler parameter; (10) Velocity offset
av e v elocities sho wn relati v e to galaxy 26677); (11) An y detected metal ions at th

 Galaxy Lum ( L � ) Inc LOS Imp (kpc) Azimu
1) (2) (3) (4) (5) (6) (7)

.238 26 677 0.22 67 ◦ ± 1 ◦ A 262 81 ◦ ±
– – A 262 81 ◦ ±
– – B 502 69 ◦ ±
– – C 934 81 ◦ ±

29 214 0.11 43 ◦ ± 3 ◦ A 236 8 ◦ ±
– – B 422 52 ◦ ±
– – C 654 84 ◦ ±

(22676) 0.32 – A 859 –
– – B 1069 –
– – C 1519 –

(33195) 0.04 – A 919 –
– – B 616 –
– – C 495 –
 ABSORPTI ON  IN  G A L A X Y  G RO U P S  

e now apply these models to the absorption in galaxy groups,
nd attempt to reproduce the H I absorption components visible in
he QSO spectra at the group redshift. Although Ly α is usually
referred, in some cases it is saturated, blended, or lies in the lower
esolution FOS spectra, so Ly β provides better constraints on the 
odels. Below we discuss our preferred combination of models for 

hree of these groups, including the model parameters and the reasons
or rejecting alternative combinations. The remaining six groups are 
iscussed in Appendix A . 

.1 G-238 

roup G-238 consists of two star-forming galaxies (29214 and 
6677) appearing in the HST field at z ≈ 0.24. These are the two
earest galaxies to the lines-of-sight at this redshift, although there 
re several others at larger impact parameters. The observations are 
etailed in Table 4 and Fig. 3 . 
QSO-A features two absorption components at this redshift, with 

he redder absorber featuring O VI detected at a significant level.
o significant absorption is detected in B or C, but some weak

bsorption in C could be hidden by molecular lines from the sub-
LA. Both of the absorbers are at very similar velocities to the two
alaxies, but a simple halo model requires a steep density profile
much steeper than r −2 ), otherwise it would produce absorption 
n B that is inconsistent with observations. QSO-A also lies close
o the minor axis of 26 677 and the major axis of 29214. A
odel consisting of an outflow and disc around the two galaxies,

espectively, can approximately produce the results seen in the 
bservations. 
These galaxies are reasonably well-separated, lying outside of each 

thers’ virial radii, so it is not surprising that we see no clear sign of
nteraction in the absorption. The absorption at impact parameters ≈
50 kpc from both galaxies lies outside the virial radius, but within
he impact parameter range that exhibits a bimodal position angle 
istribution. We suggest in Paper 1 that this is likely due to disc and
utflow structures similar to the models used here. This combination 
f models is also supported by the detection of O VI at a redshift
atching the redder Ly α component that we identify as a likely

utflow. The other absorber has O VI to H I ratio less than 1/5 of this,
MNRAS 521, 1113–1143 (2023) 

onal galaxies and metal absorbers hav e v elocities shown relative to the first 
axy luminosity (as a multiple of L � ; (4) Galaxy inclination; (5) Line-of-sight 
shift; (7) Azimuthal angle between galaxy major axis and the line-of-sight; 
 between galaxy and absorber (Any additional galaxies and metal absorbers 
e same redshift as this H I absorber. 

th log(N H I ) b (km s −1 ) � v (km s −1 ) Other ions 
 (8) (9) (10) (11) 

1 ◦ 13.99 ± 0.20 43 ± 7 −10 ± 100 –
1 ◦ 13.75 ± 0.35 54 ± 21 + 60 ± 100 O VI 

1 ◦ (None, limit ∼12.8) – – –
1 ◦ (None, limit ∼12.9) – – –

5 ◦ – – ( + 70) –
5 ◦ – – – –
5 ◦ – – – –

– – ( −180) –
– – – –
– – – –
– – ( + 440) –
– – – –
– – – –

ilan-Bicocca user on 27 M
arch 2024

art/stad596_f2.eps
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Figure 3. Details of the absorption and galaxy environment around group G-238. The upper two rows of panels illustrate the galaxies and the models used, as 
follows. Upper left-hand panel : HST image of the galaxy, with projected major axis shown in red. Upper-Middle : Velocity map based on emission lines detected 
in MUSE, scaled and rotated to match the HST image. Only spaxels with a 3 σ line detection are shown. (Note that both galaxies in this group lie outside the 
MUSE fields.) Upper right - hand panel : Wide view showing the location of the three QSOs (c yan, gre y, and orange connected dots representing QSOs A, B, and 
C). The locations of other galaxies at this redshift are indicated by grey crosses; the estimated galaxy virial radius by a dashed black circle; and schematics of 
models proposed to fit the absorption by red and blue ellipses for outflows and discs, respectively. Central panel : The galaxies at this redshift, with the galaxies 
shown in the upper panels bolded, and others faded. Each galaxy is shown three times, showing the impact parameter between that galaxy and each of the three 
QSOs. The horizontal bar denotes the velocity uncertainty derived from the galaxy redshift measurement. Bottom panel : The transmission of the quasar spectra 
at the wavelength of Ly α at the group redshift. The observed QSO spectra are shown as solid lines, with dashed lines giving the synthetic spectra produced by 
our models. The vertical lines passing through both panels show detected H I absorption components. The model shown in the lower panel is a disc with rotation 
velocity ∼ 100 km s −1 around galaxy 29214, and an outflow with opening angle 20 ◦ and velocity 120 km s −1 . Additional absorbers identified by red ticks are 
mostly molecular lines at the redshift of the sub-DLA at z ≈ 0.56, except for the weak absorption in LOS-B (5), which is Ly β from z ≈ 0.47. 
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etter fitting accretion from the IGM. We also note that neither a disc
round galaxy 26 677 nor an outflow around 29 214 would intersect
ny of the lines of sight at small distances, so both of these structures
ay also exist around these galaxies. 
NRAS 521, 1113–1143 (2023) 
.2 G-399 

-56, A-69, and B-7 are the three galaxies within the HST image at
 ≈ 0.399. The state of the gas causing absorption in the sightlines

art/stad596_f3.eps
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Table 5. Summary of galaxy–absorber group at z ∼ 0.399. Any additional galaxies and metal absorbers hav e v elocities sho wn relati ve to the first galaxy (A-56). 
Columns are identical to those in Table 4 . 

z Galaxy Lum ( L � ) Inc LOS Imp (kpc) Azimuth log(N H I ) b (km s −1 ) � v (km s −1 ) Other ions 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

0.399 A-56 0.01 35 ◦ ± 35 ◦ A 122 76 ◦ ± 45 ◦ 13.15 ± 0.09 15 ± 6 −100 ± 40 C III , O VI 

– – – A 122 76 ◦ ± 45 ◦ 14.14 ± 0.03 35 ± 2 −10 ± 40 C III , O VI 

– – – B 325 38 ◦ ± 45 ◦ 16.77 ± 0.02 24.9 ± 0.5 −90 ± 40 C I , N III , Si III , O III , O VI 

– – – C 921 11 ◦ ± 45 ◦ (None, limit ≈13.0) – – –
A-69 0.19 77 ◦ ± 2 ◦ A 186 82 ◦ ± 2 ◦ – – ( −40) –

– – – B 254 74 ◦ ± 2 ◦ – – – –
– – – C 857 44 ◦ ± 2 ◦ – – – –

B-7 0.36 82 ◦ ± 1 ◦ A 285 70 ◦ ± 1 ◦ – – ( −150) –
– – – B 205 12 ◦ ± 1 ◦ – – – –
– – – C 846 1 ◦ ± 1 ◦ – – – –

(26721) 0.2 – A 937 – – – ( + 80) –
– – – B 1318 – – – – –
– – – C 1626 – – – – –

(34572) 1.2 – A 1251 – – – ( + 210) –
– – – B 889 – – – – –
– – – C 280 – – – – –
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t this redshift is modelled in Anshul et al. ( 2021 ); both sightlines
eature transitions from multiple metal ions. The details are given in 
able 5 and illustrated in Fig. 4 . Note that the absorption features in
SO-C are identified with transitions from different redshifts. 
B-7 is the largest galaxy in this group, and the closest to QSO-B,

 ut is non-star -forming. The other two galaxies within the HST field
re star-forming galaxies but also less massive. A-69 lies on the edge
f the MUSE field, with the edge of the field running approximately
long the major axis. There may be a velocity gradient across the
alaxy, but this is not clear. A-56 lacks a well-determined orientation, 
s it is indistinguishable from a point source in the HST image. 

An outflow around A-69 is capable of producing two absorption 
omponents in A, but not the factor of ≈10 difference in column den-
ity between the two components and the much stronger absorption 
n B. Ho we ver, combining this outflo w with a disc can reproduce
he observed absorption in A whilst remaining consistent with B 

nd C. An outflow with 30 ◦ half-opening angle and 160 km s −1 

 elocity, alongside an e xtended H I disc with 160 km s −1 rotation
eturns an approximate match. An outflow around B-7 is ruled out, 
s the large velocity offset required to match the absorption in A
longside the opening angle required to co v er LOS-A would produce
 substantially broader absorption feature. 

No disc or outflow around any of the galaxies could produce the
bsorption in B without substantially exceeding the observed levels 
f absorption in A or C. The high column density in B is metal-
nriched, exhibiting absorption from a range of metal ions, and has a
ine-of-sight velocity between the two larger galaxies in this group. 
his may suggest that this material has been stripped from one of

he galaxies, or that an outflow from one of the galaxies has been
istorted by interaction with the CGM of the other such that it can
o longer be fit by our toy models. 
Anshul et al. ( 2021 ) find that the absorption in QSO-A is consistent

ith solar metallicity in both components, and use a two-phase 
odel with a low-ionization phase traced by H I and C III (among

ther ions) and a higher ionization phase traced primarily by O VI .
he low-ionization phase is consistent with photoionization in the 
tronger component, and the O VI in both components is consistent 
ith collisionally ionized, T � 10 5 K gas. This would appear to be

onsistent with the O VI resulting primarily from outflowing material 
n both components. They note that the material observed would 
ikely have been ejected from the central galaxy > 600 Myr ago. It
herefore seems possible that the material we have modelled as a
otating disc has been recycled from this outflow, but only gas that
as cooled efficiently is seen in this disc. In this scenario, the stronger
bsorption component consists of both the proposed cool disc and a
arm outflow; the cool disc dominates this absorption component for 

he low-ionization phase, but less so for the O VI . This would explain
he similar metallicity of both phases and components. Stripped 
aterial near the minor axis could also reproduce the observations 

n place of this possible outflow. 
Anshul et al. ( 2021 ) also find multiple phases in the absorption in

, with a broad Ly α component alongside the O VI and a narrower
omponent matching the C III in a lower ionization phase. They find
hat the low-ionization phase is consistent with photoionized gas at 

1/10th solar metallicity, and that the O VI could be produced either
y diffuse hot gas at similar metallicity, or by cooler collisionally
onized gas with near-solar metallicity. They suggest that these could 
espectively trace either the diffuse, hot CGM, or intragroup medium, 
r the interface between a low-ionization cloud and the hot-CGM 

that cloud possibly originating from an outflow). 
If this absorption in B is due to a hot and diffuse CGM or intragroup
edium, it must either be distorted or patchy, as a spherical

istribution cannot match the ratio of absorption strengths in the two
ightlines. Similarly, our biconical outflow models cannot reproduce 
his ratio, suggesting (if an outflow exists) either a substantial change
n outflow rate with time, a very patchy medium, or distortion due to
he interaction between the two galaxies. 

.3 G-876 

-32 is an ≈0.3 L ∗ galaxy at z ∼0.88, inclined at ∼30 ◦. It is paired
ith A-38, a galaxy of similar magnitude that is less than 30 kpc

way. Neither galaxy shows any signs of morphological distortion in 
he HST image or any kinematic signatures of interaction between 
he two galaxies; both galaxies show a velocity gradient along their
ajor axis that is likely due to rotation (with velocity ≈ 100 km s −1 ).
his system is detailed in Table 6 and Fig. 5 . 
A-38 is redshifted by ∼50 km s −1 relative to A-32, and is therefore

t the same redshift as the absorption in sightline A, whilst sightline B
MNRAS 521, 1113–1143 (2023) 



1122 A. Beckett et al. 

MNRAS 521, 1113–1143 (2023) 

Figure 4. Details of the absorption and galaxy environment around group G-399. The layout is identical to that shown in Fig. 3 , with kinematics measured from 

the H α emission line seen in the MUSE data, and the model shown in the lower panel combines an outflow with 25 ◦ half-opening angle and 160 km s −1 velocity 
with a disc with 150 km s −1 rotation and 50 km s −1 infall, both around galaxy A-69. All five absorption components labelled with red ticks are molecular lines 
associated with the sub-DLA at z ≈ 0.56. Note that galaxy A-69 lies at the edge of the MUSE field, so the velocity map is truncated approximately along the 
dashed grey line. 
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Table 6. Summary of galaxy–absorber group G-876. Any additional galaxies and metal absorbers have velocities shown relative to the first galaxy (A-32). Note 
that this group is beyond the redshift of QSO-C, so no absorption could be detected. Columns are identical to those in Table 4 . 

z Galaxy Lum ( L � ) Inc LOS Imp (kpc) Azimuth log(N H I ) b (km s −1 ) � v (km s −1 ) Other ions 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

0.876 A-32 0.30 55 ◦ ± 3 ◦ A 97 19 ◦ ± 4 ◦ 15.78 ± 0.30 30 ± 5 40 ± 20 O IV (0), O III ( −10) 
– – – B 597 79 ◦ ± 4 ◦ 15.45 ± 0.47 22 ± 3 −50 ± 20 –

A-38 0.24 54 ◦ ± 5 ◦ A 75 16 ◦ ± 5 ◦ – – ( + 50) –
– – – B 588 86 ◦ ± 5 ◦ – – – –

(26501) 0.80 – A 879 – – – ( + 30) –
– – – B 1062 – – – – –

(29799) 0.38 – A 1197 – – – ( + 180) –
– – – B 755 – – – – –
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s blueshifted by 100 km s −1 relative to this galaxy. This also exhibits
 ∼ 100 km s −1 velocity gradient. 

Sightline A lies at a distance of ∼100 kpc along the major axis of
-32 and 75 kpc at ∼20 ◦ to the major axis of A-38, with sightline
 at ∼600 kpc along the minor axis. Both show absorption, with H I

olumn densities ∼10 15.8 and 10 15.4 cm 

−2 and Doppler parameters 
0 and 20 km s −1 , respectively. Sightline A features O III and O IV

bsorption at this redshift, whilst sightline B does not show any 
etal absorption. Ho we ver, the detection limit for these ions allo ws

or the gas seen in LOS-B to have similar O III and O IV column
ensities to that in A. Note that as both Ly α and Ly β lie in the FOS
ratings at this redshift, the Doppler parameters are not resolved; 
igher order lines appearing in COS constrain the Doppler widths 
ut reveal no additional structure. These galaxies lie beyond the 
edshift of QSO-C, so no absorption can be detected in the third
ightline. 

The relatively similar column densities alongside a large difference 
n impact parameter prev ents an y of our models from simultaneously
atching both absorbers. That the absorption in A is close to the
ajor axis of both galaxies, whilst B is near the minor axis of

oth galaxies, would suggest that these could be a disc and outflow
espectively. 

If the absorption in sightline A is associated with A-32, it is
orotating and could be part of an extended disc with rotation velocity 
100 km s −1 (depending on any infall component). If associated with 
-38, the absorption in A must have comparable rotation and infall 
elocities, in order to produce absorption with no clear line-of-sight 
elocity of fset. Alternati vely, a po wer-law halo around A-38 could
eproduce this lack of velocity offset. 

An outflow from either galaxy can also reproduce the absorption 
n B. In order to reproduce the velocity offset, these putative outflows
ould require velocities of ≈140 km s −1 (from A-32) or ≈210 km s −1 

from A-38). We note that A-38 cannot produce both a disc matching
 and an outflow matching B, as the need for the disc velocity offsets

o ‘cancel’ fixes the galaxy orientation, whilst an outflow matching 
 requires the opposite orientation. 
This still leaves several possible combinations of models that can 

eproduce the observations. A reasonable fit is shown in Fig. 5 , and
ombines an outflow with velocity 140 km s −1 and opening angle 40 ◦

nd a disc with rotation velocity 100 km s −1 , both originating from
-32. 
We also note that galaxy 26 501 is substantially brighter than either

-32 or A-38, so may be contributing to the absorption in LOS-B.
urthermore, the velocity difference between the two galaxies and 

he location of each galaxy near the major axis of the other suggest
rbital angular momentum with similar alignment to the rotation of 
oth galaxies. Therefore the absorption that could be identified as 
 disc around one galaxy may also be tidal material resulting from
heir interaction, or larger scale accretion into the group, rather than
ssociated with one of the galaxies. 

 DI SCUSSI ON  

he model fits shown abo v e can now be discussed in the context
f our previous works, especially the sample of isolated galaxies 
onsidered in Paper 2, as well as results from the literature. We
ummarize the best-fitting results for each galaxy group in Table 7 . 

.1 Model success 

irst, our disc and outflow models provide a plausible fit for 21
f the 28 detected H I components within 500 km s −1 and 500 kpc
f our sample galaxies. This 75 per cent success rate is somewhat
igher than the ≈50–60 per cent found for the isolated galaxy
ample in Paper 2 (13 of 26 within 500 km s −1 and 12 of 20 within
00 km s −1 ), a ≈2 σ difference under binomial statistics. We note
hat our ‘success rate’ represents an upper limit on the fraction of
etected H I absorbers that originate in the disc, halo, and outflow
tructures described by our models. A successful fit to our models
nly tentatively identifies an absorber as a possible disc/halo/outflow. 
e veral alternati ve origins for apparently successful fits are discussed
elow. 
It may be expected that for group galaxies with gravitational 

nteractions, such forces would distort any structure in the CGM and
educe the rate at which these models can reproduce the absorption
t large scales. This is seen in, for example, the M81 group, where
1 cm emission is seen tracing both a disc-like and biconical outflow
tructure around M82 on small scales, but distorted in the direction
f M81 on larger scales (e.g. Sorgho et al. 2019 ). Such distortions
ould be expected to reduce the success rate of our models in galaxy
roups, although in some circumstances our disc and outflow models 
ould appear successful even with these distortions present. 

Our higher success rate for group galaxies o v er isolated galaxies
ould suggest that galaxy interactions are not having a significant 
mpact on our sample. Ho we ver, there are several effects that could
ounter any impact of group interactions. 

First, the larger number of galaxies near to each absorber increases
he number of free parameters available for our models, and therefore
he likelihood of obtaining a reasonable fit even if the models do not
eflect the true physical state of the gas (or reflect the state of the
as poorly due to effects such as intermittent outflows and changes
n ionization state, as well as distortions due to group interactions).
o we ver, the groups for which some H I absorption cannot be fit by
ur models appear to be those with the largest number of galaxies,
hereas for those with 2–4 galaxies we have been able to find a
MNRAS 521, 1113–1143 (2023) 
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Figure 5. Details of the absorption and galaxy environment around group G-876. The layout is identical to that shown in Fig. 3 , with kinematics measured 
from the [O II ] emission line seen in the MUSE data, and the model shown in the lower panel combines an outflow with velocity 160 km s −1 and opening angle 
40 ◦ and a disc with rotation velocity 100 km s −1 . 
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lausible fit to all identified absorbers (a difference of ≈2 σ in mean
 gals ). This suggests that the increased number of free parameters,

argest for groups with many galaxies, is not the primary reason for
ur high success rate. 
We also search for other differences between the properties of

he groups for which all absorbers were fit, and those with some
bsorption that could not be fit. No significant differences were found
n their redshifts, total stellar masses, impact parameters to the nearest
r most massive galaxy, ratios of stellar masses or luminosities of
he brightest two galaxies, or the projected separations of the tightest
air of galaxies in each group. These tests therefore provide little
ndication of the likely origins of unexplained absorbers. We do
NRAS 521, 1113–1143 (2023) 
nd that individual absorbers that were not consistent with any of
ur models have higher H I column densities than those we could
uccessfully fit, and discuss these in more detail in Sections 5.4 and
.5 . 
Secondly, the larger number of galaxies, and resulting smaller

mpact parameters between the lines-of-sight and the nearest galaxy,
ay also contribute to the success of our models. With the known

orrelation between impact parameter and column density (e.g. Werk
t al. 2014 ; Wilde et al. 2021 ), this contributes to generally higher
 I column densities in our groups (median H I column densities of
0 14.5 and 10 13.8 cm 

−2 in absorbers associated with this work and our
 aper 2 sample, respectiv ely). These higher column densities also

art/stad596_f5.eps
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Table 7. Summary of galaxies in groups and the best-fitting toy models (ordered by redshift). Only galaxies with estimated position angles are shown in 
this table. Columns are as follows: (1) Group identifier; (2) −(5) Galaxy IDs, luminosities, star-formation class derived from template fitting and presence of 
kinematics, as given in Table 3 ; (6) Brief description of model combinations found to produce a reasonable fit. 

Group Galaxy Lum ( L � ) SF-Class Kinematics Model(s) 
(1) (2) (3) (4) (5) (6) 

G-202 B-22 0.02 SF Poor (4/5 absorbers) B-22 outflow, θ = 15 ◦, v = 250 km s −1 , extent > 100 kpc 
25 962 0.07 non-SF No AND 31 787 outflow, θ = 20 ◦, v = 50 km s −1 , extent > 400 kpc 
31 704 0.03 SF No AND 32 778 disc, height ratio ≈10, v φ = 120 km s −1 , v r = 0 km s −1 , extent > 400 kpc 
31 787 0.08 SF No (other options possible, e.g. 25 962 disc, but less likely) 
32 497 1.1 non-SF No –
32 778 0.4 SF No –

G-238 26 677 0.2 SF No (2/2 absorbers) 26 677 outflow, θ= 20 ◦, v = 120 km s −1 , extent > 260 kpc 
29 214 0.1 SF No AND 29 214 disc, height ratio ≈40, v φ = 100 km s −1 , v r = 30 km s −1 , extent > 240 kpc 

(29214 disc and halo possible instead, with similar disc parameters) 

G-383 A-48 0.03 non-SF Poor (3/3 absorbers) A-48 outflow, θ = 10 ◦, v = 600 km s −1 , extent > 40 kpc 
A-49 0.01 SF Poor AND A-49 disc, height ratio ≈100, v φ = 150 km s −1 , v r = 40 km s −1 , extent > 400 kpc 

(A-48 disc with v φ = 320 km s −1 , v r = 0 km s −1 also possible) 
(some parameters very uncertain due to edge-on galaxy pair) 

G-399 A-56 0.01 SF No (2/3 absorbers) A-69 outflow, θ = 25 ◦, v = 160 km s −1 , extent > 180 kpc 
A-69 0.19 SF Poor AND A-69 disc, height ratio ≈100, v φ = 150 km s −1 , v r = 50 km s −1 , extent > 200 kpc 
B-7 0.36 non-SF No (strongest absorber not fit by any toy model) 

G-517 B-34 0.12 SF No (No detected absorption) 
B-43 0.6 SF Yes (Upper limit logN ≈13.3) 

G-536 A-36 0.8 SF Yes (4/7 absorbers) A-36 outflow, θ = 55 ◦, v = 140 km s −1 , extent > 120 kpc 
A-37 0.3 SF Poor AND A-40 disc, height ratio ≈100, v φ = 110 km s −1 , v r = 60 km s −1 , extent > 400 kpc 
A-40 0.02 SF No (other absorption may be due to stripping in galaxy interactions, A-37 disc also possible) 

G-558 A-72 0.10 SF Yes (2/3 absorbers) A-72 outflow, θ = 40 ◦, v = 150 km s −1 , extent > 500 kpc 
A-75 0.03 SF Yes OR A-75 outflow, θ = 50 ◦, v = 70 km s −1 , extent > 350 kpc 
A-77 0.04 SF No AND 

A-75 disc, height ratio ≈70, v φ = 90 km s −1 , v r = 50 km s −1 , extent > 200 kpc 
OR A-75 halo, v δ ≈ 0, α � 2 
(sub-DLA not fit, absorber is likely due to a galaxy that is not detected) 

G-876 A-32 0.30 SF Yes (2/2 absorbers) A-32 disc, height ratio ≈20, v φ = 100 km s −1 , v r = 0 km s −1 , extent > 100 kpc 
A-38 0.24 SF Yes OR A-38 disc, height ratio ≈10, v φ = 100 km s −1 , v r = 100 km s −1 , extent > 80 kpc 

AND 

A-32 outflow, θ = 40 ◦, v = 160 km s −1 , extent > 600 kpc 
OR A-38 outflow, θ = 35 ◦, v = 210 km s −1 , extent > 600 kpc 

G-907 A-16 0.17 SF Yes (2/2 absorbers) A-16 disc, height ratio ≈20, v φ = 100 km s −1 , v r = 50 km s −1 , extent > 200 kpc 
B-19 0.10 SF Poor AND B-19 outflow, θ = 60 ◦, v = 80 km s −1 , extent > 200 kpc 

OR 

A-16 outflow, θ = 60 ◦, v = 150 km s −1 , extent > 180 kpc 
AND B-19 disc, height ratio ≈20, v φ = 130 km s −1 , v r = 40 km s −1 , extent > 180 kpc 
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ake successful fits more likely, as weak absorption produced by 
he toy models can more easily be ‘hidden’ under other absorbers,
nd column densities are less constrained once absorption begins to 
aturate. The smaller impact parameters also increase the likelihood 
f probing any inflowing or outflowing structures closer to the galaxy 
han any distortions caused by interactions within the group. 

Thirdly, it is possible that some absorption resulting from group 
nteractions could be fit by our models regardless. This could include 

aterial along the plane of a galaxy interaction masquerading as an 
ccreting disc, and stripped material near the galaxy minor axis 
ppearing consistent with an outflow. These false fits are unlikely to 
ccur where multiple absorbers are reproduced by a single model, 
ue to the extra constraints, but may contribute to some of our model
ts based on a single absorber. 
Studies of cool CGM gas using Mg II absorption have come to

iffering conclusions on the origin of the more extended absorption 
n galaxy groups. Bordoloi et al. ( 2011 ) suggest that a superposition
f CGM absorption from the constituent galaxies can reproduce 
he observed results, whereas Nielsen et al. ( 2018 ) prefer a model in
hich absorbers are generally associated with the intragroup medium 

ather than any individual galaxy. Using samples extending to slightly 
igher redshifts, Fossati et al. ( 2019b ) suggest that this is material
riginating primarily from tidal interactions between group galaxies, 
hilst Dutta et al. ( 2020 ) support a model with contributions from

ndividual haloes and tidal interactions. 
Our models cannot directly test for tidal material (although we do

iscuss this briefly in Section 5.4 ), but do produce a superposition
f possible structures sometimes found in the CGM of isolated 
alaxies. Ho we ver, this dif fers from the superposition model tested
n Bordoloi et al. ( 2011 ), Nielsen et al. ( 2018 ), and Dutta et al. ( 2020 )
n that the co v ering fraction of these CGM structures in groups is not
onstrained to be the same as that around isolated galaxies. 

Our high model success rate provides some support for a superpo-
ition model for groups using our definition and sample selection, but
oes not rule out a contribution from intragroup and tidal material.
he apparent difference between this conclusion and that of Nielsen 
MNRAS 521, 1113–1143 (2023) 
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Table 8. Model outflow properties around galaxies for which outflows can reproduce some of the observed absorption components. Column 
descriptions: (1) −(5) are from Table 3 ; (6) specific star-formation rate; (7) maximum impact parameter at which outflow is detected; (8) maximum 

extent at which absorption is detected (at the point of highest H I density along the sightline with the largest impact parameter); (9) galaxy virial 
radius; (10) model half-opening angle; (11) model outflow velocity; (12) escape velocity from the location of the sightline at the maximum observed 
extent. (Note that the starred escape velocities denote r / r vir > 2, so escape velocity is calculated assuming the outflowing material lies beyond the 
galaxy halo, rather than within an isothermal halo.). 

Galaxy z M � M h SFR sSFR b max Extent r vir θout v out v esc 

log 10 (M �) log 10 (M �) (M � yr −1 ) Gyr −1 (kpc) (kpc) (kpc) ( ◦) (km s −1 ) (km s −1 ) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 

B-22 0.202 8.4 ± 0.2 10.9 ± 0.3 0.06 ± 0.04 0 . 22 + 0 . 19 
−0 . 10 100 110 ± 10 90 ± 20 15 250 110 ± 30 

31787 0.202 9.7 ± 0.1 11.5 ± 0.2 0.5 ± 0.2 0.08 ± 0.04 390 460 ± 10 130 ± 30 20 50 60 ∗ ± 30 

A-48 0.383 9.6 ± 0.2 11.5 ± 0.3 < 0.04 < 0.01 40 40 ± 10 120 ± 30 10 600 210 ± 50 

A-69 0.399 9.8 ± 0.2 11.6 ± 0.3 0.4 ± 0.2 0.06 ± 0.03 190 200 ± 10 130 ± 30 25 160 130 ± 40 

A-36 0.536 10.9 ± 0.2 12.9 ± 0.7 6 ± 3 0.08 ± 0.05 120 140 ± 10 360 ± 190 55 140 650 ± 200 

A-72 0.558 9.7 ± 0.5 11.6 ± 0.4 0.7 ± 0.2 0 . 13 + 0 . 20 
−0 . 08 430 530 ± 20 120 ± 60 40 150 60 ∗ ± 30 

A-75 0.558 8.3 ± 0.4 10.9 ± 0.4 0.5 ± 0.1 2.3 ± 1.3 370 410 ± 20 80 ± 30 50 70 30 ∗ ± 10 

A-32 0.876 10.6 ± 0.2 12.4 ± 0.6 7 ± 2 0.16 ± 0.11 600 740 ± 30 210 ± 100 40 160 50 ± 30 

A-38 0.876 10.8 ± 0.3 12.6 ± 0.8 4.7 ± 1.1 0.08 ± 0.05 590 730 ± 40 250 ± 160 35 210 160 ± 100 

B-19 0.907 10.4 ± 0.5 12.2 ± 0.8 1.1 ± 0.3 0 . 05 + 0 . 10 
−0 . 02 170 240 ± 20 170 ± 110 60 80 250 ± 160 

A-16 0.907 10.4 ± 0.5 12.2 ± 0.9 2.3 ± 0.6 0 . 09 + 0 . 18 
−0 . 05 180 230 ± 30 170 ± 120 60 150 250 ± 170 

e  

g  

w  

s  

e  

n  

e  

t  

(  

o  

o  

d  

t  

e  

r
 

i  

g  

a  

i
 

g  

s  

m  

g  

n  

s  

i  

a  

t

5

W  

f  

a  

w  

h

5

T  

L
 

c  

a  

2  

e  

w  

l  

a  

a  

o
 

(  

w  

≈  

p  

p  

T  

v  

i  

e  

p
 

w  

t  

A  

o  

c  

(  

t  

1  

m  

o  

e  

v  

o  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/1/1113/7068102 by U
niversity of M

ilan-Bicocca user on 27 M
arch 2024
t al. ( 2018 ) may in part result from our larger linking lengths, so our
roup sample contains some galaxy pairs with larger separations,
hich are less likely to be affected by group interactions. Our

ample also features galaxies at large impact parameters that may
xplain weak absorbers seen in group environments, which are
ot satisfactorily explained under their superposition model. Dutta
t al. ( 2020 ) found a similar result, ruling out superposition as
he origin for their strongest and weakest absorbers. Nielsen et al.
 2018 ) found that combining the expected galaxy-absorber velocity
ffsets (as observed around isolated galaxies) with the galaxy–galaxy
ffsets seen in groups produced a model absorber–absorber velocity
istribution significantly wider than observed. Ho we ver, possibly due
o including faint MUSE galaxies near the lines-of-sight, our groups
xhibit smaller g alaxy–g alaxy velocity differences than their sample,
educing this inconsistency. 

We also note that our sample includes galaxies fainter than those
ncluded in the Bordoloi et al. ( 2011 ) sample. Their lack of faint
alaxies likely leads to some interacting galaxies being classified
s isolated, therefore making the absorption profiles of group and
solated galaxies more similar. 

Our high success rate at reproducing absorption in our sample of
alaxy groups suggests that this superposition of disc and outflow
tructures, similar to those sometimes found around isolated galaxies,
ay explain a substantial fraction of absorption found around these

roups. Ho we ver, the increase in parameter space due to the larger
umber of galaxies, effects due to the higher column densities and
maller impact parameters, and absorption from other sources (e.g.
ntragroup and tidal material) misidentified as disc/outflow material,
re all likely to contribute to the higher success rate found fitting
hese models to gas around groups than around isolated galaxies. 

.2 Model parameters 

e briefly discuss the model parameters that produce the best fit
or the absorption near these galaxy groups. In most cases these
re similar to those found near isolated galaxies in Paper 2, where
e discuss the parameters in more detail, but some differences are
ighlighted here. 
NRAS 521, 1113–1143 (2023) 
.2.1 Outflows 

able 8 lists the possible outflows that can reproduce some of the
y α absorption seen near these groups of galaxies. 
The possible outflows have model parameters that are generally

onsistent with our results from Paper 2, with a range of half-opening
ngles extending to ≈60 ◦ and velocities mostly between 50 and
50 km s −1 (excepting the proposed A-48 outflow, for which our best
stimate is 600 km s −1 but much lower velocities of ∼200 km s −1 lie
ithin the 1 σ range, as the galaxy is very close to edge-on). The

arger number of possible outflows o v er our Paper 2 result is due to
 larger number of galaxies in the vicinity of each absorber, so each
bsorber is more likely to be consistent with at least one possible
utflow model. 
There is also very little difference in the extents of these outflows

median 200 kpc in groups, 180 kpc isolated; mean 280 and 270 kpc),
hether or not these are normalized to the virial radius (mean extent
1.9 r vir and median ≈1.5 r vir for both samples). The median impact

arameter to our putative outflows is similar to the median impact
arameter between detected H I and the nearest galaxy (190 kpc).
his supports the existence of outflows extending to at least the
irial radius from isolated and group galaxies, more similar to those
n the FIRE simulations with cosmic rays included (e.g. Hopkins
t al. 2021 ), than other models suggesting outflows rarely extend
ast the virial radius. 
Using our best-fitting results, seven of the eleven possible outflows

ould exceed escape velocity were the galaxy isolated, comparable
o the two of four outflows exceeding escape velocity in Paper 2.
lthough the very small sample in Paper 2 provided some suggestion
f a correlation between sSFR and v / v esc , we do not find a significant
orrelation using the larger sample here ( ≈1 σ ). Schroetter et al.
 2019 ) note that the outflows they find using Mg II absorption tend
o only exceed escape velocity from low-mass galaxies ( M � /M � �
0 9.6 ). Whilst our two model outflows from galaxies with smaller
asses than this do indeed appear to exceed escape velocity, several

f our higher mass galaxies also exhibit outflows exceeding their
scape velocities. These outflows are probed at scales larger than the
irial radius, whereas our two outflows around large galaxies probed
n scales < r vir do not achieve escape velocity. This appears to support
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he continued acceleration at large radii seen in the simulations by 
opkins et al. ( 2021 ) with cosmic rays included, although, as they
iscuss, only the material near or abo v e the escape velocity would
e capable of reaching these scales in the absence of additional 
cceleration. 

In Paper 2, we noted that the model outflows in Schroetter et al.
 2019 ) did not feature opening angles as wide as the 45 ◦–60 ◦ found
n our isolated sample, possibly due to their stellar masses tending to
e larger and resulting in an increased collimation effect. Our group 
ample includes a larger number of high-mass galaxies, especially 
t high redshifts, and our model half-opening angles remain large 
or these galaxies. Ho we ver, our models suggest narro wer outflo ws
rovide a better fit to the galaxies at lower redshift, which also
end to wards lo wer masses, opposite to the trend expected due to
ollimation. This trend may be weaker than it appears, as some 
f the higher redshift objects (in the A-16 and A-32 groups) are
nresolved and the absorber width does not help us to constrain the
utflow opening angle. 
If those relying on unresolved absorption are removed, our total 

group and isolated) sample of outflows has opening angles much 
ore similar to those seen in Schroetter et al. ( 2019 ), but still

hows a trend of wider outflows at higher masses and redshifts.
t is unclear whether the redshift or mass difference is contributing to
he difference in opening angle, but there are observations suggesting 
hat outflows at higher redshifts are closer to isotropic with respect 
o the galaxy (e.g. Chen et al. 2021 ). 

.2.2 Discs 

e show the best-fitting parameters for absorption fit by our disc 
odel in Table 9 . 
The successful disc-like structures also appear similar to our 

esults from Paper 2, with scale height ratios from 10 to ∼ 300,
nd extents ranging from less than 100 kpc to more than 1 Mpc.
he average extents ( ≈ 300 kpc) are also similar. Ho we ver, we find
ubstantially smaller circular velocities than around isolated galaxies 
by ≈ 270 to 120 km s −1 median, or 3 v vir to 1), and also produce a
etter fit using smaller infall velocities for our group models. These 
nfall velocities are often better constrained than for isolated galaxies 
for which we generally assumed an infall velocity of 0.6 v vir ), as with
ore high-column density absorption in groups it is more likely that 
ultiple absorbers can be fit by a single model. 
Given the small sample size, especially around isolated galaxies, 

his ≈1.5 σ difference in circular velocity may simply be due to 
he galaxy properties and sightline configurations that feature in 
he sample (although the extents and impact parameters are similar). 
he assumed infall velocity for isolated galaxies, and its effect on the

otational velocities required to fit the observed absorption, may also 
ontrib ute, b ut changing this assumption will increase the rotation 
elocity for some models and decrease it for others. 

A real difference between circular velocities of accreting material 
nto isolated and group galaxies may be detected here, but it
s difficult to demonstrate when using absorption at only one or
wo locations around each galaxy. For example it is possible that, 
ather than seeing absorption due to gas falling onto one of the
ndividual galaxies within our groups, we are seeing material falling 
nto the group halo, which would likely extend further than the 
alo of an isolated galaxy of the same stellar mass as one of the
roup galaxies. Interaction between infalling material and group 
as could slow its apparent velocity and contribute to the observed 
ifference (as a similar interaction between the CGM and galaxy 
SM appears to cause velocity lag in the ISM; Bizyaev et al. 2022 ).
lignment between the group galaxies and large-scale structure (e.g. 
empel & Libeskind 2013 ; Zhang et al. 2015 ; Hirv et al. 2017 )
ould lead to accretion at larger scales looking similar to accretion
nto an individual galaxy (possibly supported by several of our 
roups featuring multiple galaxies with similar position angles, most 
oticeably G-383 and G-876). Accretion from large-scale structure 
nto a galaxy group may also have been observed by Bielby et al.
 2017 ). 

.2.3 Azimuthal angle dependence 

e also briefly note that attempting to identify discs and outflows
urely by cutting in position angle and inclination (as in e.g. Bordoloi
t al. 2011 ; Schroetter et al. 2019 ; Zabl et al. 2019 ) produced results
nconsistent with our models when applied to our Paper 2 sample of
solated galaxies, although our models were more likely to support 
iscs and outflows near the major and minor ax es, respectiv ely. We
pply this same cut here, and show the results in Fig. 6 . 

All of our model outflows lie in the region that would be identified
s such using these geometric cuts, whilst our model discs spread
 v er both re gions. These results reinforce our conclusions from Paper
, showing that these geometric cuts are useful but are unlikely to
roduce pure disc or outflow samples. 

.3 Correlations between group size and absorption 

hether the gas around galaxy groups results primarily from a 
uperposition of the CGM of the individual galaxies, or from stripped
aterial, increasing the number of galaxies in a group is expected 

o increase the column densities of gas seen around the group. It
s therefore unsurprising that we find a correlation between the 
umber of galaxies in a group, and the number of H I absorption
eatures identified within a 500 km s −1 window. We also find a strong
orrelation between the column density of an absorber, and the 
umber or total mass of nearby galaxies (using any combination 
f a 500 or 300 km s −1 window in redshift and 300, 500, or 1000 kpc
n impact parameter), with Spearman co-efficients suggesting > 95 
er cent confidence in all of these cases. 

These correlations persist if the sample is split to only absorbers
n the COS spectra (z � 0.45) and those in the FOS spectra. This
elationship between group size and absorption is therefore present 
cross our 0 < z < 1 redshift range and is robust to the changing
alaxy and absorber detection limits across this range. 

The total stellar mass of nearby galaxies to each H I absorber (using
 500 km s −1 velocity window and 1000 kpc impact parameter cut) is
hown in Fig. 7 . There is no significant difference between the num-
er or total mass of nearby galaxies surrounding absorbers identified 
s discs and those identified as outflows using our toy models (using
ny of the above cuts). As in Paper 2, we find no significant difference
etween the column densities of disc and outflow absorption. We do
nd a small difference in Doppler widths (outflows with median ≈50
m s −1 , discs ≈40 km s −1 ), but large uncertainties due to unresolved
bsorption mean that this is also not significant. 

The absorbers within these groups that could not be fit using
ither model have higher H I column densities and exist in more
assive groups, although the significance is again limited by a small

ample size. If these consist of material that has been ejected from
alaxies and forms an intragroup medium, this would likely be more
re v alent in denser, more massive groups with more interactions
etween galaxies, as is found here. 
MNRAS 521, 1113–1143 (2023) 
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Table 9. Model disc properties around galaxies for which discs can reproduce some of the observed absorption components. Column descriptions: (1) −(4) are 
from Table 3 ; (5) model scale height ratio (i.e. relative disc thickness); (6) maximum impact parameter at which this structure is detected (7) maximum observed 
disc extent (the 3D distance from galaxy to the point on the line-of-sight where it intersects the disc plane, for the sightline with largest impact parameter with 
detected absorption); (8) virial radius; (9) virial velocity; (10) model circular velocity; (11) model radial/infall velocity. 

Galaxy z M � M h h r / h z b max Extent r vir v vir v φ v r 
log 10 (M �) log 10 (M �) (kpc) (kpc) (kpc) (km s −1 ) (km s −1 ) (km s −1 ) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

32 778 0.202 10.2 ± 0.1 11.8 ± 0.3 20 410 420 ± 10 170 ± 60 130 ± 50 150 < 20 
29214 0.238 8.9 ± 0.1 11.1 ± 0.3 40 240 240 ± 10 100 ± 20 70 ± 20 100 30 
A-49 0.383 8.7 ± 0.6 11.1 ± 0.4 200 410 410 ± 10 90 ± 50 80 ± 40 170 < 20 
A-69 0.399 9.8 ± 0.2 11.6 ± 0.3 100 190 730 ± 300 130 ± 30 110 ± 30 150 40 
A-40 0.536 9.4 ± 0.4 11.4 ± 0.3 100 400 460 ± 60 110 ± 40 100 ± 30 110 70 
A-75 0.558 8.3 ± 0.4 10.9 ± 0.4 70 180 290 ± 60 80 ± 30 70 ± 20 90 50 
A-32 0.876 10.6 ± 0.2 12.4 ± 0.6 20 100 110 ± 10 210 ± 100 230 ± 130 100 < 20 
A-38 0.876 10.8 ± 0.3 12.6 ± 0.8 10 80 90 ± 10 250 ± 160 250 ± 160 80 90 
B-19 0.907 10.4 ± 0.5 12.2 ± 0.8 20 170 250 ± 50 170 ± 110 190 ± 120 130 40 
A-16 0.907 10.4 ± 0.5 12.2 ± 0.9 20 180 290 ± 70 170 ± 120 200 ± 130 100 50 

Figure 6. Azimuthal angle against inclination for galaxy-absorber pairs in 
our sample. Absorbers identified as probing a possible outflow are shown 
in red, with discs in blue. We also shade the regions used to identify the 
‘primary’ disc and outflow subsamples in MEGAFLOW in blue and red, 
respectively (Schroetter et al. 2019 ; Zabl et al. 2019 ). 
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Figure 7. Column density against total galaxy stellar mass found within 
500 km s −1 and 1 Mpc of H I absorbers. Faded points show our full sample 
of detected H I absorption, whilst bold points show absorbers within 500 
km s −1 of the galaxy groups considered in this work. The bold points are 
also coloured by the best-fitting model type, with bold grey points showing 
absorption that could not reasonably be fit by our models. Faded lines show 

the median for each model type in both measurements. 
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.4 Galaxy interactions 

idal interactions between galaxies in groups are expected to strip gas
ut of the galaxies, which should be detectable (e.g. Morris & van den
ergh 1994 ). Streams of stars and gas attributed to tidal effects are

een around nearby galaxies (e.g. Majewski, Munn & Ha wle y 1996 ;
bata et al. 2001 ; Foster et al. 2014 ; Sorgho et al. 2019 ), and there are
uggestions of observed tidal material around more distant galaxies
sing emission lines (e.g. Epinat et al. 2018 ; Johnson et al. 2018 ).
o we ver, identifying this material in absorption is challenging. By

onsidering absorption that could not be reproduced using our toy
odels, and by looking at close pairs of galaxies most likely to be

nteracting, we attempt to identify tidal material in our observations.
Although not included in the main sample due to the difficulty of

tting position angle and inclination measurements, the Q0107 field
eatures a clear ongoing galaxy merger, denoted B-39 and illustrated
n Fig. 8 . We do not attempt to fit our disc/outflow models to this
erger. Additionally, the absorption at this redshift is blended with
NRAS 521, 1113–1143 (2023) 
y β from z ≈0.72, making it difficult to identify associated Ly α
omponents. 

The VPFIT results suggest two weak components in sightline A,
ne close to the merger systemic redshift and another ≈120 km s −1 

edward, and one stronger component in sightline C, with a small
lueshift relative to the systemic redshift. Based on the directions and
elocities of the stellar arms/streams seen in the figure, absorption
rom an extension of these streams would have the opposite velocity
ffset to that observed in both of these lines-of-sight. 
Ho we ver, gi ven the lack of other nearby galaxies, it seems likely

hat at least some of the absorption observed can be attributed to
he interaction between these galaxies, possibly on a previous pass
etween these galaxies such that their orbits have changed the line-
f-sight velocity relative to the large-scale absorption. Simulations
uggest stripped gas may be found opposing the direction of motion,
epending on the orbital configuration (Rodr ́ıguez et al. 2022 ), so
idal material cannot be ruled out. 

art/stad596_f6.eps
art/stad596_f7.eps
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Figure 8. Details of the absorption and galaxy environment around the galaxy merger B-39 at z ∼0.45. The layout is identical to that shown in Fig. 3 , but no 
model is shown as the position angle and inclination of these galaxies could not be measured. The galaxy kinematics are measured from the [O III ] emission line 
seen in the MUSE data. Tick marks (1) and (2) show the Lyman n = 6 transition from z ≈0.88; whilst (3)–(6) show Ly β from z ≈0.72. 
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Several absorbers around the galaxy groups we consider in this 
ork cannot be reasonably approximated by our disc/outflow/halo 

oy models. If a large proportion of these absorbers are due to tidal
aterial, these w ould lik ely be found more frequently near to close

alaxy pairs. Ho we ver, we do not find any significant difference
etween the closest pair separations of groups with unexplained 
bsorption, and those for which all absorbers can be fit by our models.

Despite the lack of evidence for absorption due to interactions 
etween galaxies across the sample as a whole, we can still look
ndividually at these unexplained absorbers and consider whether 
idally stripped material can provide a reasonable explanation. 

The unexplained absorption in G-202 has a velocity offset close 
o our cut-off of 500 km s −1 , and is therefore likely associated with
ther galaxies (its high column density making a physical association 
ith at least one galaxy likely, see e.g. T14 and Paper 1). Ho we ver,
-22 does appear distorted, with a tail of extended emission visible 

n the direction of LOS-B. Tidal material is therefore a possible
xplanation for some of the absorption in this sightline, but this
bsorption is reasonably approximated by our toy models. 

The sub-DLA near G-558 could not be fit using our models, and
ikely has an undetected host galaxy much closer to the line-of-sight
han the detected group of galaxies. 

Strong, metal-enriched absorption in G-399 lies at a velocity 
etween the two large galaxies in this group. As discussed in Anshul
t al. ( 2021 ), this contains a warm component as well as a cooler gas
hase. This is consistent with intragroup material, lying within r vir 

f the largest group galaxy, and could be tidal in origin. 
c  
The galaxies A-36 and A-37 are close together ( < 10 kpc, with A-
0 a more distant companion), and appear distorted in the HST image,
uggesting that they are interacting. The unexplained absorption 
omponents all lie bluewards of all three galaxies, but have a
uch larger velocity offset than the velocity difference between the 

alaxies. This would suggest that this absorption does not identify 
aterial ejected by the interactions between these two galaxies. This 

bsorption may be associated with the more massive, but distant, 
alaxies with a smaller velocity offset. 

Therefore, in the four galaxy groups with unexplained absorption, 
tripped material appears a reasonable hypothesis for two, only one 
f which contains a nearby pair of galaxies that is likely interacting.
Stronger evidence for tidal material could come from absorption in 

he direction of visible stellar streams, or material that lies between
he interacting galaxies in velocity and in projection on the sky.
his is not the case for the groups in this study, so whilst tidally
tripped gas may be the most likely explanation for a small fraction
f absorbers, we do not have good evidence of its detection in this
ork. 

.5 Metal absorption 

round the twelve isolated galaxies in Paper 2, only two of the H I

bsorbers also featured metal absorption around the same galaxy. 
o we v er, man y of the absorbers detected here in galaxy groups do

eature metal lines, most commonly C III and O VI , despite similar
o v erage and signal-to-noise ratio. (No other ions are detected more
MNRAS 521, 1113–1143 (2023) 
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Figure 9. Column densities of H I , C III , and O VI absorption found within 500 km s −1 of our group galaxies. Only metals within 30 km s −1 of detected H I are 
included. Upper limits where metals are not detected are shown by downward-pointing triangles. Points are coloured by best-fitting model type (disc, outflow, 
or none). The median column densities of absorbers with detected metals are shown along each axis. 
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han three times near our group redshifts, so we primarily discuss
 III and O VI here.) This is consistent with our results from Paper
, in which O VI detections only appear at impact parameters <
50 kpc from non-group galaxies 1 , but are often more extended in
roup environments (e.g. Johnson et al. 2015 ; Tchern yshyo v et al. 
022 ). 
Fig. 9 shows the column densities of C III and O VI associated

ith H I absorbers around our galaxy groups, coloured by the
ype of model that provides the best fit to that absorber. In both
ases there is no significant difference in either the H I or metal
olumn densities between the two models. This could suggest that,
f our simplified models are indeed indicative of outflow cones and
ccreting discs around these galaxies, the accreting material does
ot have significantly different metal content than the outflowing
aterial. Ho we ver, it is possible that both the metal content and

onization state differ substantially between discs and outflows, such
hat the C III and O VI column densities appear similar. The similar
 I Doppler parameters of the disc and outflow absorbers suggest

imilar gas temperatures, but the metal ions likely trace different
hases. We would therefore need a more detailed analysis of more
etal species in order to confidently determine the metal content of

hese structures. 
With its lower ionization stage, it is unsurprising that C III

orrelates more strongly with H I than O VI . We find with > 99
er cent confidence (using a Spearman rank with non-detections
ncluded or excluded) that the column densities of H I and C III are
orrelated, although we note that this correlation is not significant
f absorbers that could not be fit by our toy models are excluded.
NRAS 521, 1113–1143 (2023) 

 Note that this uses the friends-of-friends algorithm to discriminate between 
roup and non-group galaxies as described in Paper 1. This differs from the 
efinitions of ‘isolated’ and ‘group’ galaxies used in Paper 2 and this work in 
hat the linking lengths used in Paper 1 vary with redshift in order to correct 
or the changing detection limit with redshift, and exclude MUSE galaxies 
n order to achieve consistent detection limits across the field. The average 
inking lengths are comparable to the 500 km s −1 and 500 kpc used here. 
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here is not a significant correlation with O VI column density.
he CGM/IGM is known to be multiphase (e.g. Tripp et al. 2008 ;
erk et al. 2014 ; Concas et al. 2019 ; Anshul et al. 2021 ; Nateghi

t al. 2021 ), and hence O VI likely probes a warmer phase of
aterial than H I and C III , with warm outflows and haloes often

roposed (e.g. Oppenheimer et al. 2016 ; Werk et al. 2016 ; Ng et al.
019 ). 
In isolated systems, accreting material would be expected to have a

ower metallicity than that in outflows, due to enrichment of outflows
hrough stellar evolution within the galaxy (e.g. P ́eroux & Howk
020 ). Ho we ver, observ ations have often failed to detect a relation-
hip between azimuthal angle and metallicity (e.g. P ́eroux et al. 2016 ;
acprzak et al. 2019 ), possibly in part due to the mixing by azimuthal

ngle discussed in Paper 2 (and briefly in Section 5.2.3 of this work).
ur sample from Paper 2 has too few metal detections to test this

ffect, but the numbers of O VI absorbers found along the major and
inor axes using our full galaxy sample (Section 4.2 of Paper 1)

o suggest higher metal content for minor-axis absorbers. It seems
ossible that, due to interactions between galaxies, metal enriched
as is more common around group galaxies, and therefore accreting
aterial in group environments has metal content more similar

o outflowing material than gas accreting onto isolated galaxies.
o we v er, other studies hav e found suggestions that low-metallicity
as can be masked by the presence of higher metallicity gas in the
ine-of-sight (e.g. Pointon et al. 2019 ), which would allow our H I

o be dominated by low-metallicity accretion despite strong metal
etections with a different origin (e.g. warm halo, stripped material, 
ntragroup gas). 

We also note several high-column-density, metal-enriched ab-
orbers that are not identified as discs or outflo ws. Ho we ver, one
f these is the sub-DLA in LOS-C, which likely has an undetected
ost galaxy and may not be strongly affected by the larger scale
nvironment. Another is close to 500 km s −1 offset from the galaxy
roup considered, and is therefore more likely to be associated with
ther galaxies at smaller velocity offsets. The third lies within the
elocity ranged spanned by the nearby group, and could plausibly
orm part of an intragroup medium. 

art/stad596_f9.eps


Q0107: Gas around galaxy groups 1131 

6

I  

H  

fi
w
i  

a
m
t
t

o
(  

2  

a
S
g
r

a
a
a
c  

r

e
w
v  

s
m
m  

e

a  

i
m  

t
t  

i
 

a
w
i  

i  

p
d  

n

m  

d
T  

g
a
o  

t
 

c
o
m
b
t  

g  

O  

d

Q  

o
a  

g
i  

a
s
s
m

t  

i
l
n
m

a
o
g
a
i  

p  

o

p
s
u
t  

e
i  

(  

w  

a  

e
e  

b
 

t  

(

A

F
t

H  

T
U
N  

E
0
u
p

f
B

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/1/1113/7068102 by U
niversity of M

ilan-Bicocca user on 27 M
arch 2024
 SU M M A RY  A N D  C O N C L U S I O N S  

n this study we use multiple lines-of-sight to constrain the origins of
 I absorption seen around 9 pairs and groups of galaxies at z < 1. By
tting simple disc, halo and outflow models around these galaxies 
e attempt to determine to what extent the absorption features seen 

n galaxy groups could be attributed to a superposition of the CGM
round the individual galaxies, an extended intragroup medium, or 
aterial stripped from the CGM of the galaxies by interactions within 

he group. We model the absorption around nine galaxy groups in 
he Q0107 field, probed by three lines-of-sight, and find that: 

(i) Our disc and outflow models reproduce a slightly larger fraction 
f the identified H I absorbers where multiple galaxies are present 
 ≈75 per cent) than around the isolated galaxies we consider in Paper
 ( ≈60 per cent). This supports a model for which a superposition of
bsorption from the group galaxies results in the observed spectra. 
ample variance and a larger parameter space (due to multiple nearby 
alaxies) appear to be plausible contributors to this higher success 
ate. 

(ii) Our ‘group’ sample includes systems with larger separations 
nd lower masses than many previous works considering absorption 
round group and isolated galaxies. The larger number of galaxies 
lso leads to a smaller impact parameter between absorption and the 
losest galaxy. Both effects may also contribute to our high success
ate and resulting preference towards the superposition model. 

(iii) The best-fitting parameters for our model outflows are gen- 
rally similar to those seen for isolated galaxies in our previous 
ork (Paper 2), including several that appear to extend beyond the 
irial radius. Ho we ver, a larger number of putative outflows have
maller opening angles; these galaxies preferentially have lower 
asses and redshifts than those with apparent wider outflows. This 
eans our o v erall sample has parameters more similar to Schroetter

t al. ( 2019 ), who use similar models for Mg II absorption. 
(iv) Our model discs have smaller rotation velocities than those 

round isolated galaxies (120 to 270 km s −1 , ≈1.5 σ ), despite similar
mpact parameters. This may be due to interactions between infalling 

aterial and the extended group halo, but could also be due to
he galaxy/sightline configurations sampled in this field. In order 
o constrain the rotation velocities, we have also had to assume an
nfall velocity in some cases, which may be distorting the results. 

(v) We do not detect any difference in the column densities of
bsorbers identified as likely discs and outflows, and their Doppler 
idths do not differ significantly. This matches our results from 

solated galaxies in Paper 2. There does not appear to be a difference
n the number or total stellar mass of galaxies in groups hosting these
ossible discs and outflows, although high-column-density absorbers 
o tend to be seen in denser galaxy environments (both in galaxy
umber and mass). 
(vi) Absorption that cannot be fit by our models does not occur 
ore frequently in groups with a close pair of galaxies, and therefore

oes not provide evidence of material stripped by galaxy interactions. 
idally stripped material is a plausible explanation for two of the four
roups hosting these unexplained absorbers, but is not supported by 
dditional evidence such as the absorption matching the velocity 
ffsets between galaxy pairs or lying in the directions of possible
idal stellar features seen in the HST images. 

(vii) There is no significant difference between the C III or O VI

ontents of absorbers identified as discs and outflows. Whilst 
utflowing material is generally expected to be warmer and more 
etal-enriched, material accreting onto a group galaxy may have 

een recently stripped or ejected from another nearby galaxy, and 
hus be more enriched than accretion from the IGM onto an isolated
alaxy. We do not find a significant correlation between H I and
 VI column densities, which fits expectations of these ions tracing
ifferent gas phases. 

This paper, alongside our previous works using the galaxy and 
SO data co v ering the Q0107 field, demonstrates some advantages
f using multiple lines-of-sight probing the gas around galaxies. In 
ddition to being a highly efficient way to build large samples of
alaxy-absorber pairs, which we utilized to detect both a bimodality 
n the azimuthal angle of these pairs and a preference for aligned
ngular momentum between gas and galaxies in Paper 1, these 
ightlines also provide some constraints on the possible CGM 

tructures seen in absorption, and therefore the origins of absorbing 
aterial. 
Through kinematic and column density considerations, we are able 

o rule out simple disc and outflow models for some absorption seen
n the three sightlines, and tentatively identify some absorption as 
ikely originating from disc or outflow structures. However, the large 
umber of model parameters available when considering possible 
odels in galaxy groups makes this identification yet more uncertain. 
Searching for significant correlations between model parameters 

nd galaxy/group properties will require a larger sample of such 
bservations, probing a wider space of sightline configurations and 
roup properties. Constraining more complex models encompassing 
 wider range of physical processes (entrainment of gas, changing 
onization states, etc.) and therefore with a larger range of free
arameters, will require a larger number of sightlines for each galaxy
r group. 
Whilst relatively few configurations of sightlines can be used to 

robe the CGM/IGM in this way using current instruments, and 
uch sensitive Ly α measurements at low redshift are only possible 
sing the HST /COS instrument, future instruments will enable these 
echniques to be used across a much larger number of systems,
specially at higher redshifts. CGM tomography at higher redshifts 
s included in the science cases for several instruments on the ELT
e.g. Maiolino et al. 2013 ; Evans et al. 2015 ; Marconi et al. 2021 ),
hich will be able to use much fainter objects as background sources

t these higher redshifts, and BlueMUSE (Richard 2019 ) will provide
f ficient observ ations of galaxies surrounding such sightlines whilst 
 xtending Ly α co v erage to lower redshifts than most other ground-
ased observations. 
Our work studying the Q0107 system therefore serves as a useful

est case for techniques that can be applied to much larger samples
especially at higher redshifts) in the near future. 
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PPENDI X  A :  DESCRI PTI ON  O F  A D D I T I O NA L  

RO U P S  

1 G-202 

-202 is the largest group of galaxies in this field (both in number
f galaxies and total stellar mass), at z ≈ 0.2. B-22, the only galaxy
n the group that lies in the MUSE field, is a small galaxy with a
istorted shape, possibly due to tidal interactions within this group. 
ur estimate of the galaxy’s position angle may be slightly affected,
ut we have taken the orientation of the bright central component
having a larger uncertainty but less likely to be distorted). An
dditional five galaxies at this redshift have estimated position angles, 
nd an further 19 lie within 1 Mpc of at least one of the lines-of-sight.

Absorption is visible in all three lines-of-sight, although several 
f the absorption components visible in Fig. A1 are due to features
ther than Ly α, including Lyman lines and molecular hydrogen lines
rom the sub-DLA at z = 0.558. The five absorption components we
ave attempted to fit are listed in Table A1 , alongside another strong
bsorber in LOS-B which is close to 500 km s −1 bluewards of the
alaxy. This large velocity offset makes it unlikely to be associated
ith any of the galaxies in the HST field, and more likely associated
ith one of the galaxies with slightly lower redshift. 
Despite the relatively dense galaxy environment, a combination 

f discs and outflows provides a good approximation to four of the
ve components, and there may be a contribution to the fifth from
 molecular line. The model shown in the figure is an outflow with
alf-opening angle ≈15 ◦ and velocity ≈250 km s −1 from galaxy 
-22 (matching the bluer component in B), an outflow with half-
pening angle ≈20 ◦ and velocity ≈50 km s −1 from galaxy 31787
matching the absorption in A), and a disc with rotation of 150 km s −1 
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Table A1. Summary of galaxy and absorber properties for G-202. Columns are labelled as in Table 4 , although details of galaxies outside the HST 

field are shown more briefly. 

z Galaxy Lum ( L � ) Inc LOS Imp (kpc) Azimuth log(N H I ) b (km s −1 ) � v (km s −1 ) Other ions 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

0.202 B-22 0.02 66 ◦ ± 5 ◦ A 186 51 ◦ ± 9 ◦ 13.95 ± 0.02 52 ± 3 90 ± 40 None 
– – – B 103 82 ◦ ± 9 ◦ 17.58 ± 0.10 16 ± 1 -470 ± 40 C II-III , O VI , Si II-III 

– – – B – – 15.03 ± 0.03 43 ± 2 + 110 ± 40 C III , O VI 

– – – B – – 14.96 ± 0.08 18 ± 1 + 240 ± 40 C III , O VI 

– – – C 431 30 ◦ ± 9 ◦ 13.96 ± 0.05 43 ± 6 -10 ± 40 None 
– – – C – – 14.65 ± 0.05 64 ± 3 + 280 ± 40 None 

25962 0.07 81 ◦ ± 1 ◦ A 295 65 ◦ ± 1 ◦ – – ( + 100) –
– – – B 516 42 ◦ ± 1 ◦ – – – –
– – – C 895 53 ◦ ± 1 ◦ – – – –

31704 0.03 41 ◦ ± 4 ◦ A 457 16 ◦ ± 8 ◦ – – ( + 280) –
– – – B 360 20 ◦ ± 8 ◦ – – – –
– – – C 246 79 ◦ ± 8 ◦ – – – –

31787 0.08 62 ◦ ± 2 ◦ A 387 69 ◦ ± 2 ◦ – – ( + 100) –
– – – B 230 69 ◦ ± 2 ◦ – – – –
– – – C 226 56 ◦ ± 2 ◦ – – – –

32497 1.1 85 ◦ ± 2 ◦ A 394 62 ◦ ± 1 ◦ – – (-150) –
– – – B 226 77 ◦ ± 1 ◦ – – – –
– – – C 215 54 ◦ ± 1 ◦ – – – –

32778 0.4 43 ◦ ± 1 ◦ A 535 40 ◦ ± 2 ◦ – – ( + 300) –
– – – B 412 10 ◦ ± 2 ◦ – – – –
– – – C 195 63 ◦ ± 2 ◦ – – – –

Impact params (kpc) 
A B C 

(24419) 0.01 – 628 719 1118 – – (-430) –
(27581) 0.03 – 724 930 1048 – – (-380) –
(28913) 0.02 – 679 536 814 – – (-50) –
(30488) 0.1 – 848 973 949 – – ( + 420) –
(31439) 1.0 – 1082 889 1036 – – ( + 100) –
(31978) 0.1 – 697 439 478 – – (-50) –
(32021) 0.1 – 678 415 438 – – (0) –
(32308) 0.8 – 597 331 355 – – (-10) –
(32591) 0.03 – 856 598 586 – – (-50) –
(32755) 0.7 – 784 531 572 – – ( + 130) –
(33166) 0.03 – 759 493 344 – – ( + 30) –
(33268) 0.9 – 820 556 505 – – ( + 350) –
(33496) 0.1 – 1100 844 799 – – (-490) –
(34292) 0.03 – 895 809 500 – – (-320) –
(34719) 0.3 – 834 590 259 – – (-420) –
(34992) 2.9 – 818 551 456 – – ( + 150) –
(35102) 0.5 – 1163 1132 861 – – (-330) –
(36229) 0.1 – 1106 856 528 – – ( + 430) –
(38978) 0.1 – 1488 1305 903 – – (-310) –
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nd negligible infall around galaxy 32778 (matching the strong
bsorption in C and redder component of absorption in B). 

Stripped material is expected in groups of interacting galaxies (e.g.
orris & van den Bergh 1994 ), and the distortion in B-22 may be due

o this. Ho we v er, a ‘tail’ of gas e xtending out along the path of this
pparent stream would not intersect any of the three lines-of-sight.
ll absorbers identified have widths � 50 km s −1 , so we also do not

learly identify any hot intragroup gas. 
Two components of absorption in LOS-B are also seen in C III

nd O VI , with redshifts matching the two Ly α components. No
etals are detected in the A or C sightlines, imposing 1 σ upper

imits of 10 12.9 and 10 13.6 cm 

−2 on C III and O VI , respectively in
ightline A, whilst these lines could not be detected in LOS-C due to
he sub-DLA. With the metals in C unconstrained, the absorbers
n B and C could have similar C III /Ly α and O VI /Ly α ratios,
onsistent with both probing rotating/accreting material associated
NRAS 521, 1113–1143 (2023) 
ith the same galaxy. The C III /Ly α and O VI /Ly α ratios of the
luer absorption component in B (identified as an outflow in our best
odel result) are lower than that of the redder component (identified

s accretion), but these ions likely trace different ionization phases,
o their ratios may not reflect a difference in the metal content of 
he gas. 

If the accreting material does indeed have a higher metal content, it
ould have been stripped or ejected from other group galaxies, rather
han accreted from the IGM, but we cannot distinguish this from a
cenario in which the carbon and oxygen in the accreting material
re ionized such that C III and O VI represent a larger fraction. 

We also note that B-22, with a proposed strong outflow, has a lower
FR (and sSFR) than most galaxies in this group. Therefore this
utati ve outflo w is either sustained by a very low star-formation rate,
r the galaxy has quenched in the past ≈ 300 Myr. The disc model also
equires angular momentum aligned on scales of ≈ 400 kpc, larger
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Figure A1. Details of the absorption and galaxy environment around group G-202. Features shown are identical to those in Fig. 3 , with kinematics measured 
from the H α emission line seen in the MUSE data. Three components make up the model shown in the lo wer panel: an outflo w with half-opening angle ≈15 ◦
and velocity ≈ 250 km s −1 from galaxy B-22; an outflow with half-opening angle ≈20 ◦ and velocity ≈ 50 km s −1 from galaxy 31787; and a disc with rotation 
velocity ≈ 150 km s −1 and infall of � 20 km s −1 around galaxy 32778. Additional absorbers other than Ly α are marked with red ticks and identified as follows: 
(1) and (2) as the Lyman n = 5–0 transition from z = 0.536 in LOS-B and LOS-A, respectively; (3) as Ly δ from z = 0.500 in LOS-B; (4) and (5) as the Lyman 
n = 6 transition from z = 0.558 in LOS-C (where it is associated with the sub-DLA at z = 0.558) and LOS-A; (6) as Ly β from z = 0.425; and (7)–(10) as 
molecular lines from the sub-DLA. 
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Table A2. Summary of galaxy and absorber properties of group G-383. Any additional galaxies and metal absorbers have velocities shown 
relative to the first galaxy (A-48). Columns are identical to those in Table 4 . 

z Galaxy Lum ( L � ) Inc LOS Imp (kpc) Azimuth log(N H I ) b (km s −1 ) � v (km s −1 ) Other ions 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

0.383 A-48 0.03 87 ◦ ± 3 ◦ A 38 87 ◦ ± 4 ◦ 14.67 ± 0.02 53 ± 2 + 40 ± 40 C III , O VI 

– – – B 414 4 ◦ ± 4 ◦ 13.22 ± 0.09 20 ± 7 -320 ± 40 (None) 
– – – B 414 4 ◦ ± 4 ◦ 13.11 ± 0.13 24 ± 11 + 150 ± 40 (None) 
– – – C 932 38 ◦ ± 4 ◦ (None, limit ∼13.0) – – –

A-49 0.02 80 ◦ ± 5 ◦ A 43 81 ◦ ± 4 ◦ – – (-20) –
– – – B 411 0 ◦ ± 4 ◦ – – – –
– – – C 927 35 ◦ ± 4 ◦ – – – –
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han seen in most models. Despite these difficulties, we cannot rule
ut a superposition of disc/outflow models for this group. 

2 G-383 

-48 and A-49 are a close pair of small, star-forming galaxies near
o the line-of-sight to QSO-A, at z ≈ 0.38. They are separated by

5 kpc and aligned such that they lie approximately along each
ther’s minor axis. A-48 is larger and closer to the QSO. They are
llustrated in Fig. A2 and detailed in Table A2 . Other larger galaxies
xist 1–1.5 Mpc from the sightlines, but outside the HST image so do
ot have measured position angles. Whilst emission-line velocities
re measurable from the MUSE data for both galaxies, neither show
 clear velocity gradient. 

Strong absorption exists in LOS-A, near the minor axis of both
alaxies and well within the virial radius, featuring C III and O VI

bsorption. Both indicate warm, metal-enriched material that would
e consistent with a galactic wind (although, as the Ly α column
ensities of the other absorbers are small, their C III and O VI fractions
re not constrained, and could be higher). As both galaxies are very
lose to edge on, the required outflow velocity in order to produce
he 20 or 40 km s −1 line-of-sight velocity difference is massively
ffected by both the uncertainty in the velocity offset itself and the
alaxy inclination. Using the measured values of both requires a fast
utflow of ∼ 500 km s −1 to reproduce the observations, but any value
f outflow velocity � 1000 km s −1 can approximate the observations
ithin the 1 σ region of i and � v. 
Weak absorption in QSO-B is apparent at ≈ 320 km s −1 bluewards

f the galaxy pair, as well as 150 km s −1 redwards. Possible absorbers
n A at −320 and −150 are attributed to higher order Lyman lines
rom higher redshift gas (Ly β from z ≈ 0.64, and Ly γ from z ≈
.73). All apparent transitions in C are attributed to molecular lines
rom the sub-DLA at z ≈ 0.56. 

Neither of the absorbers in B can be reproduced using a reasonable
utflow, as it would need a very large opening angle to get close to the
ajor axis, and this would produce a very large velocity spread on

he absorption in A. As the absorbers lie near the major axis, a disc-
ike structure could be considered. This could be invoked for either
r both absorbers in B, with potentially the two galaxies rotating in
ifferent directions producing the −320 and + 150 km s −1 absorbers.
uch a disc could not fit the absorption in A in addition to that in B,
s a disc thick enough to produce strong absorption along the minor
xis would also co v er a wide range of line-of-sight velocities along
OS-B, and therefore wider absorption than is observed. 
Given the uncertainties in inclination and velocity offset, an

utflow fitting the absorption in A alongside a disc from either galaxy
atching the redward component of absorption in B seems plausible.
he large velocity offset required to match the blue component in B
NRAS 521, 1113–1143 (2023) 
ould require a larger disc velocity than the virial velocity of either
alaxy. It is therefore more likely to be associated with the more
istant galaxies, or not physically associated with any of the galaxies
n this group. 

3 G-517 

roup G-517 is made up of only two galaxies. B-43 is a ≈0.6 L ∗
piral galaxy at z ≈0.52, with a far smaller ( ≈0.02 L ∗) companion
alaxy B-34, illustrated in Table A3 and Fig. A3 . A large group
xists at the same redshift, but this is more than 1.5 Mpc from the
ines-of-sight. B-34 is sufficiently faint that it is difficult to obtain a
osition angle. The uncertainty on the B-43 position angle may also
e underestimated as the flux in the spiral arms dominates o v er the
isc that we use to measure the position angle. 
There is no significant absorption in any of the lines-of-sight. This

s somewhat surprising for LOS-B, as it lies near the minor axis
t a small impact parameter to a fairly large star-forming galaxy.
his either indicates that such outflows are not ubiquitous around SF
alaxies, that these outflows are ‘patchy’ (with co v ering factor <1), or
hat any outflow around this galaxy is heating the gas enough that no
 I absorption is visible. Co v erage of sev eral metal species including
 III and O VI is provided by our observations at this redshift, but no
etals are detected. 

4 G-536 

-36 and A-37 are a close pair of galaxies that are likely interacting
given the asymmetry in A-36), with A-40 a more distant third galaxy.
etails are given in Table A4 and Fig. A4 . A substantial number of
alaxies exist at similar redshifts with larger impact parameters. All
hree MUSE galaxies are star-forming, and the interacting pair have

easurable kinematics. Strong absorption is visible along all three
ines of sight. In galaxy A-36, the bright bulge appears to be off-
entre with respect to the disc, likely indicating interaction with
-37. Ho we ver, GALFIT is able to fit both galaxies reasonably well
sing a simple disc that is not strongly distorted. 
In Fig. A4 , we show the Ly β transition in absorption at the redshift

f this group. This is due to the Ly α lying in the lower-resolution
OS spectra, whilst Ly β produces strong absorption in the COS
pectra, so more structure in the Ly β can be discerned. 

Gi ven se veral galaxies, there are multiple ways of generating the
bsorption features in the observed spectra. A wide outflow around
-36 can approximately reproduce the saturated Ly β absorption in
OS-A, or a narrower outflow could explain the redmost component
f this absorption. An outflow from galaxy A-37 with sufficient
 elocity to co v er the galaxy-absorber offset seen to the absorbing
omponents in LOS-B produces absorption that is too broad and
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Figure A2. Details of the absorption and galaxy environment around group G-383, a galaxy pair at z ∼0.39, with kinematics taken from the H α emission line 
seen in the MUSE data. The layout is identical to that shown in Fig. 3 , and the model shown in the lower panel combines an outflow with 600 km s −1 velocity 
and 10 ◦ half-opening angle, and a rotating disc around A-49 with rotation velocity 180 km s −1 . Additional absorbers indicated by red ticks are identified as 
follows: (1), (4), and (5) are H2 molecular lines from the sub-DLA at z ≈ 0.56; (2) is Ly δ from z = 0.73; and (3) is Ly β from z = 0.64. Note that the close 
separation between the galaxies in both velocity and projection makes them difficult to distinguish in the central panel. 
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herefore inconsistent with the observations. Depending on the 
rientation of the galaxy, an outflow around A-40 can also reasonably 
atch either the blue or red end of the broad saturated absorption in
OS-A. 
Disc models may also contribute. A disc around A-36 will intersect 

oth the A and B sightlines, and the galaxy velocity gradient acts in
he direction such that any co-rotating disc cannot match the absorp-
ion found bluewards of the galaxy. Given the saturation in A, such
 disc cannot reproduce any substantial fraction of this absorption 
ithout also being detected in LOS-B redwards of the galaxy. The 
bservations therefore rule out this scenario. A disc around A-37 can
t a part of the absorption in A, most likely the blue end based on

he galaxy kinematics, whilst a disc around A-40 can reproduce the
trong absorption in B and a portion of the absorption in A. 

The model shown in Fig. A4 includes this disc around A-40, with
 rotation velocity of ≈ 110 km s −1 . An outflow from galaxy A-36
roduces the other two components in A. Ho we ver, the absorption in
 could instead be produced by a disc-like structure around A-37 or

n outflow around A-40 in combination with a weaker outflow from
-36. 
MNRAS 521, 1113–1143 (2023) 
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Table A3. Summary of galaxy and absorber properties for group G-517. Any additional galaxies and metal absorbers have velocities shown 
relative to the first galaxy (B-43). Columns are identical to those in Table 4 . 

z Galaxy Lum ( L � ) Inc LOS Imp (kpc) Azimuth log(N H I ) b (km s −1 ) � v (km s −1 ) Other ions 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

0.517 B-43 0.6 66 ◦ ± 1 ◦ A 501 3 ◦ ± 6 ◦ (None, limit ≈13.3) – – –
– – – B 95 86 ◦ ± 6 ◦ (None, limit ≈13.3) – – –
– – – C 683 37 ◦ ± 6 ◦ (None, limit ≈13.4) – – –

(B-34) 0.02 – A 666 – – – (-20) –
– – – B 238 – – – – –
– – – C 841 – – – – –

Figure A3. Details of the absorption and galaxy environment of group G-517, with kinematics from [O III ] as seen in the MUSE data. The layout is identical 
to that shown in Fig. 3 , except that no model is shown. 
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Several metal features are detected at this redshift in sightlines A
nd B. LOS-A exhibits C III , O IV and O VI , whilst LOS-B features
 II alongside C II , C III , and C IV . The metals in A appear to form two

omponents, rather than the three components detected in H I , with
imilar column densities in the three detected ions. This is consistent
ith the two components being part of the same structure, an outflow

rom A-36 being our best model fit. The absorption in LOS-B has a
ower C III content and a wider range of low ions detected, which also
eems consistent with our models suggesting that this is primarily
ccretion onto A-40 (although the presence of some metals requires
hat this accretion is not pristine). 

We therefore cannot rule out a superposition of discs and outflows
n this group, although some combinations are ruled out. Given their
lose proximity and the distortions visible in the HST image, we
ould expect substantial interactions in the CGM of these galaxies,

ikely including tidal stripping, but cannot show this using the current
NRAS 521, 1113–1143 (2023) 

a  
bservations of these galaxies. The absorption that is blueshifted by
00–500 km s −1 is not fit by our models, and may originate from
hese galaxies or some of the more distant galaxies at this redshift. 

5 G-558 

his group of galaxies lies at the redshift of the sub-DLA at z = 0.558
n the spectrum of QSO-C. Whilst the three galaxies lying in the

USE field (A-72, A-75, and A-77) are the closest to QSO-A, there
re several other galaxies at this redshift at similar impact parameters
o QSOs B and C. As neither the high-resolution imaging nor the
FU data co v er QSO-C, no host galaxy has been identified for the
ub-DLA. A-77 is a very low-surface-brightness galaxy, making it
ifficult for GALFIT to fit, so the position angle and inclination are not
ell-determined. The details are given in Table A5 and the galaxies

nd absorption at this redshift are shown in Fig. A5 . The three closest
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Table A4. Summary of galaxy–absorber group G-536. Non-MUSE galaxies and metal absorbers have velocities shown relative to the first galaxy 
(A-36). Columns are identical to those in Table 4 . 

z Galaxy Lum ( L � ) Inc LOS Imp (kpc) Azimuth log(N H I ) b (km s −1 ) � v (km s −1 ) Other ions 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

0.536 A-36 0.77 62 ◦ ± 2 ◦ A 120 77 ◦ ± 2 ◦ 15.61 ± 0.02 39 ± 2 40 ± 60 O IV & C III (40 & -110) 
– – – A 120 77 ◦ ± 2 ◦ 15.30 ± 0.02 67 ± 4 -90 ± 60 O VI (0 & -120) 
– – – A 120 77 ◦ ± 2 ◦ 14.41 ± 0.08 290 ± 50 -140 ± 60 –
– – – B 463 28 ◦ ± 2 ◦ 15.30 ± 0.04 24 ± 2 -180 ± 60 C II (-150, -230), O II (-140) 
– – – B 463 28 ◦ ± 2 ◦ 14.36 ± 0.07 39 ± 7 -290 ± 60 C III (-180), C IV (0) 
– – – B 463 28 ◦ ± 2 ◦ 14.48 ± 0.05 28 ± 3 -400 ± 60 –
– – – C 1166 5 ◦ ± 2 ◦ 15.37 ± 0.07 53 ± 5 -360 ± 40 (No metals) 

A-37 0.31 72 ◦ ± 3 ◦ A 123 31 ◦ ± 2 ◦ – – (-40) –
– – – B 459 75 ◦ ± 2 ◦ – – – –
– – – C 1163 52 ◦ ± 2 ◦ – – – –

A-40 0.02 65 ◦ ± 8 ◦ A 240 63 ◦ ± 10 ◦ – – (-60) –
– – – B 398 15 ◦ ± 10 ◦ – – – –
– – – C 1140 30 ◦ ± 10 ◦ – – – –

(28106) 0.3 – A 897 – – – (-50) –
– – – B 744 – – – – –
– – – C 1421 – – – – –

(29364) 1.1 – A 874 – – – (-450) –
– – – B 606 – – – – –
– – – C 1229 – – – – –

(29521) 0.4 – A 1007 – – – (-450) –
– – – B 681 – – – – –
– – – C 1220 – – – – –

g  

v  

s
b

 

r
t  

w  

A

a  

m
i  

I
i  

L  

c
a
f  

c  

m
a

 

s
a
t
a  

a  

r
t
d
L  

t
l  

n
o

 

t  

g  

p  

m  

t  

w  

v
w  

t
 

b  

a  

b  

O  

l  

t  

a
 

o  

o  

m  

a  

t  

o  

o  

a  

r
 

A  

≈  

o

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/1/1113/7068102 by U
niversity of M

ilan-Bicocca user on 27 M
arch 2024
alaxies are separated by ≈ 50 kpc. There may be some distortion
isible in the light from these galaxies (they do not appear to be
mooth discs), but this cannot be clearly attributed to interactions 
etween the galaxies. 

We use Ly β for the fitting, as unlike Ly α it lies in the higher
esolution COS wavelength range, and can therefore better constrain 
he models. The absorption in C is saturated across a large range of
av elengths, ev en in Ly β, but absorption is also visible in both the
 and B sightlines. 
We note that the absorption in B at this redshift in both Ly α

nd Ly β is a blend of H I absorption lines from other redshifts,
aking it difficult to identify which of the absorption features seen 

n Fig. A5 are Ly β and therefore should be considered in our fitting.
n particular, the absorption component identified at ≈ −100 km s −1 

n LOS-B and marked with a vertical line in the figure is apparent in
y α but not clearly visible in Ly β. The absorption in LOS-B that is
learly visible at the wavelength of Ly β was not clearly identified 
s such, and appears to be a blend of Ly α from z ≈ 0.32, Ly β
rom this redshift, and Ly δ from z ≈ 0.64. Ho we ver, the Ly β does
ontribute, as the column densities estimated for the other H I systems
aking up this blend are not sufficient to produce the observed 

bsorption. 
Note that the velocity offset to galaxy 30142 is ≈ 300 km s −1 ,

uch that any outflow with sufficient velocity to match this would 
lso produce a larger range of line-of-sight velocities than seen in 
he observed absorption. This also applies to galaxy 29812, despite 
 somewhat smaller velocity offset (as A and B lie nearer the minor
xis). A disc around 30142 also fails to reproduce the column density
atio between the two lines-of-sight, as the smaller impact parameter 
o LOS-B leads to absorption stronger than observed. Although a 
isc around 29812 is possible and can reproduce the absorption in 
OS-B, such a disc would need a radius of ≈ 1 Mpc in order to reach

he sightline. The absorption near this group of galaxies is therefore 
ikely due to the trio of galaxies closest to the sightlines. A-77 does
ot have position angle and inclination measurements, so we can 
nly model these structures around A-72 and A-75. 
Neither a disc nor an outflow can simultaneously match both of

he clear absorption components seen in sightlines A and B. For both
alaxies with measured position angles, A lies at a smaller impact
arameter and nearer to the major axis, so our disc models produce
uch larger column densities at A than at B (even accounting for

he other contributors to the blended absorption in B). Any outflow
ith large enough opening angle to co v er LOS-A and fast enough
elocity to match the galaxy-absorber offset will also produce much 
ider absorption in B than is observed. A combination of models is

herefore required. 
We find that the absorption in A can be approximately reproduced

y a halo or disc around A-75, whilst the absorption in B could be
ttributed to an outflow from A-72 or A-75 (or a disc from 29812,
ut this is less likely due to the larger extent required). We do detect
 VI absorption in LOS-A but not in LOS-B. Ho we ver, our detection

imits allow the absorption in B to have a similar O VI to H I ratio to
hat in A. We therefore do not consider this non-detection to make
n outflow origin for the absorption in B any less plausible. 

The orientation (which side of the disc is inclined away from the
bserver, denoted by the S Nr parameter) required of A-75 for an
utflow to reach the absorption in B is not consistent with the disc
odel that fits A, so the combination of A-75 disc and outflow is not

ble to fit the observations. As A-72 is the most luminous and has
he highest SFR of the two galaxies, we prefer the combination of
utflow from A-72, and a disc or halo from A-75. A combination of
utflow and halo from A-75 is also consistent with the observations
nd, as we note throughout this work, stripped material is difficult to
ule out using these observations. 

The model shown in Fig. A5 consists of an outflow around galaxy
-72 and a disc around A-75. The outflow has half-opening angle
40 ◦ and velocity 150 km s −1 , whilst the disc has rotational velocity

f 100 km s −1 and an infall component of ≈ 50 km s −1 . 
MNRAS 521, 1113–1143 (2023) 
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Figure A4. Details of the absorption and galaxy environment around G-536. The layout is identical to that shown in Fig. 3 , although the lower panel shows 
the rele v ant Ly β absorption, and kinematics sho wn are from the [O II ] emission line seen in the MUSE data. The model shown in the lower panel combines an 
outflow with velocity 140 km s −1 and half-opening angle 55 ◦ around A-36 and a disc with rotation velocity 110 km s −1 around A-40. Absorption originating 
from another redshift is labelled with red ticks. Component (2) is Ly α from z ≈ 0.295, whilst all of the other labelled components are molecular lines originating 
from the sub-DLA in LOS-C. 
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Table A5. Summary of galaxy–absorber group G-558. Any additional galaxies and metal absorbers have velocities shown relative to the first galaxy 
(A-72). Columns are identical to those in Table 4 . 

z Galaxy Lum ( L � ) Inc LOS Imp (kpc) Azimuth log(N H I ) b (km s −1 ) � v (km s −1 ) Other ions 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

0.558 A-72 0.10 63 ◦ ± 3 ◦ A 148 3 ◦ ± 4 ◦ 14.81 ± 0.03 37 ± 2 + 50 ± 40 O VI 

– – – B 426 57 ◦ ± 4 ◦ 14.26 ± 0.05 260 ± 40 -60 ± 40 None 
– – – C 1033 14 ◦ ± 4 ◦ 18.0 ± 0.9 64 ± 12 + 10 ± 40 C II-III , N III , O VI , Si II-III 

A-75 0.03 69 ◦ ± 6 ◦ A 183 29 ◦ ± 6 ◦ – – ( + 70) –
– – – B 373 75 ◦ ± 6 ◦ – – – –
– – – C 994 30 ◦ ± 6 ◦ – – – –

A-77 0.04 – A 205 – – – ( + 180) –
– – – B 401 – – – – –
– – – C 980 – – – – –

(26644) 0.5 – A 857 – – – ( + 260) –
– – – B 922 – – – – –
– – – C 1684 – – – – –

(27894) 0.1 – A 1025 – – – (-40) –
– – – B 871 – – – – –
– – – C 1544 – – – – –

(29812) 0.2 78 ◦ ± 12 ◦ A 804 83 ◦ ± 8 ◦ – – ( + 150) –
– – – B 442 47 ◦ ± 8 ◦ – – – –
– – – C 1054 6 ◦ ± 8 ◦ – – – –

(30142) 0.6 74 ◦ ± 2 ◦ A 842 6 ◦ ± 2 ◦ – – ( + 300) –
– – – B 419 35 ◦ ± 2 ◦ – – – –
– – – C 960 87 ◦ ± 2 ◦ – – – –
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6 G-907 

-16 and B-19 are both small, star-forming galaxies at z ∼0.9, 
llustrated in Table A6 and Fig. A6 . Both lines-of-sight show 

oderately strong absorption slightly bluewards of both galaxies. 
he galaxies have sufficient signal-to-noise for kinematics to be 
easured, but are not well-resolved by MUSE so do not show a

lear v elocity gradient. The y are separated by ≈600 kpc, so it is
nsurprising that there is no sign of interaction in the HST image. 
There are no clear constraints from the kinematics, and the 

bsorption features in the FOS spectra are unresolved. Ly β also lies
n FOS at this redshift, so cannot be used to resolve these features.
ach galaxy lies ≈ 200 kpc from one sightline, and ≈ 700 kpc 

rom the other. Our models therefore cannot produce both absorption 
eatures with near-identical strengths and velocities using a disc and 
utflow from the same galaxy. However, the parameters can easily 
e tuned such that a disc or outflow from each galaxy can reproduce
he absorption in the nearest line-of-sight. 
In Fig. A6 we show an outflow with velocity 150 km s −1 and
alf-opening angle 60 ◦ from A-16, and a disc with scale height
atio 20:1 with circular and inward velocities of 130 and 30 km s −1 ,
espectively around B-19. However, an outflow from B-19 and disc 
round A-16 can similarly reproduce the observations. In this case, 
he outflow would require only 80 km s −1 velocity, and a similar
pening angle, and the disc would require v φ ≈ 150 km s −1 and v r 

50 km s −1 . This scenario also produces more model absorption
n the more distant sightline than the A-16 outflow, which better
onstrains the two disc velocity components and the outflow opening 
ngle. Either scenario is possible with parameters within the bounds 
uggested by Paper 2 and other works. 

Although our models cannot easily discriminate between these 
wo scenarios, we find that the absorption around these galaxies 
s consistent with plausible CGM structures around the individual 
alaxies. Tidal material is not ruled out, but given a separation
etween the galaxies that is substantially larger than the virial radius,
his is unlikely to dominate the observed absorption. 
MNRAS 521, 1113–1143 (2023) 

ser on 27 M
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Figure A5. Details of the Ly β absorption and galaxy environment around group G-558 at the redshift of the sub-DLA. The layout is identical to that shown in 
Fig. 3 . The model shown is an outflow around galaxy A-72 (with half-opening angle ≈40 ◦ and velocity 150 km s −1 ) and a disc around A-75 (with a rotational 
velocity of 100 km s −1 and an infall component of ≈ 50 km s −1 ). Additional features labelled (1) and (2) are H2 molecular lines at the same redshift as the 
sub-DLA (z ≈0.558), whilst (3) is the Lyman 7-0 transition from z = 0.718. 

Table A6. Summary of galaxy–absorber group G-907. Any additional galaxies and metal absorbers have velocities shown relative 
to the first galaxy (A-16). Note that this group is beyond the redshift of QSO-C, so no absorption could be detected. Columns are 
identical to those in Table 4 . 

z Galaxy Lum ( L � ) Inc LOS Imp (kpc) Azimuth log(N H I ) b (km s −1 ) � v (km s −1 ) Other ions 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

0.907 A-16 0.17 53 ◦ ± 12 ◦ A 180 72 ◦ ± 20 ◦ 14.16 ± 0.05 170 ± 20 −50 ± 40 –
– – – B 635 30 ◦ ± 20 ◦ 14.15 ± 0.03 157 ± 11 −60 ± 40 –

B-19 0.10 58 ◦ ± 7 ◦ A 631 44 ◦ ± 12 ◦ – – (–40) –
– – – B 170 57 ◦ ± 12 ◦ – – – –

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/1/1113/7068102 by U
niversity of M

ilan-Bicocca user on 27 M
arch 2024

art/stad596_fA5.eps


Q0107: Gas around galaxy groups 1143 

MNRAS 521, 1113–1143 (2023) 

Figure A6. Details of the absorption and galaxy environment around G-907, a galaxy pair at z ∼0.91. The layout is identical to that shown in Fig. 3 , with 
kinematics from the [O II ] emission line seen in the MUSE data, and the model shown in the lower panel combines an outflow with velocity 150 km s −1 and 
half-opening angle 60 ◦ around A-16 and a disc with rotation velocity 130 km s −1 around B-19. 
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(galaxies:) quasars: individual: . . .
(galaxies:) quasars: supermassive black holes
galaxies: Seyfert
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galaxies: star clusters: individual: . . .
galaxies: star formation
galaxies: statistics
galaxies: stellar content
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(cosmology:) cosmic background radiation
(cosmology:) cosmological parameters
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gamma-rays: galaxies
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infrared: general
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radio continuum: general
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(transients:) gamma-ray bursts
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ultraviolet: ISM
ultraviolet: planetary systems
ultraviolet: stars
X-rays: binaries
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X-rays: diffuse background
X-rays: galaxies
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X-rays: ISM
X-rays: stars

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/1/1113/7068102 by U
niversity of M

ilan-Bicocca user on 27 M
arch 2024


	1 INTRODUCTION
	2 DATA
	3 MODELS
	4 ABSORPTION IN GALAXY GROUPS
	5 DISCUSSION
	6 SUMMARYAND CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: DESCRIPTION OF ADDITIONAL GROUPS

