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ABSTRACT

We explore how environment affects the metallicity of the circumgalactic medium (CGM) using 13 low mass
galaxy groups (2-5 galaxies) at (z,ps) = 0.25 identified near background quasars. Using quasar spectra from
HST/COS and from Keck/HIRES or VLT/UVES we measure column densities of, or determine limits on,
CGM absorption lines. We use a Markov chain Monte Carlo approach with Cloudy to estimate metallicities of
cool (T ~ 10*K) CGM gas within groups and compare them to CGM metallicities of 47 isolated galaxies. Both
group and isolated CGM metallicities span a wide range (-2 <[Si/H]< 0), where the mean group (—0.54 £0.22)
and isolated (—0.77 £ 0.14) CGM metallicities are similar. Group and isolated environments have similar dis-
tributions of HI column densities as a function of impact parameter. However, contrary to isolated galaxies, we
do not find an anti-correlation between HT column density and the nearest group galaxy impact parameter. We
additionally divided the groups by member luminosity ratios (i.e., galaxy—galaxy and galaxy—dwarf groups).
While there was no significant difference in their mean metallicities, a modest increase in sample size should
allow one to statistically identify a higher CGM metallicity in galaxy—dwarf groups compared to galaxy—galaxy
groups. We conclude that either environmental effects have not played an important role in the metallicity of
the CGM at this stage and expect that this may only occur when galaxies are strongly interacting or merging,
or that some isolated galaxies have higher CGM metallicities due to past interactions. Thus, environment does
not seem to be the cause of the CGM metallicity bimodality.
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1. INTRODUCTION

The gas surrounding galaxies outside their disks/interstellar
medium (ISM) and residing within their virial radii is known
as the circumgalactic medium (Tumlinson et al. 2017). Our
understanding of the CGM has mainly been derived from
studies of isolated galaxies revealing that within 1 R,;,
the CGM contains a mass comparable to the ISM and is
comprised of accreting, outflowing, and recycling gas (e.g.
Kacprzak et al. 2008, 2011, 2016; Chen et al. 2010a; Rudie
et al. 2012; Thom et al. 2011; Tumlinson et al. 2011; Nielsen
et al. 2013a,b; Werk et al. 2013; Peeples et al. 2014).

It is expected that the CGM in group environments would
be affected by galaxy—galaxy interactions, and hence, be
more complex. The effects of galaxy—galaxy interactions are
clearly visible as tidal streams in HI emission around the
MS81/M82 galaxy group (Yun et al. 1994; Chynoweth et al.
2008; de Blok et al. 2018). Further observations of HI gas
in the CGM have found evidence for interactions in the form
of tidal streams, warped disks and high-velocity clouds (e.g.
Puche et al. 1992; Swaters et al. 1997; Rand 2000; Frater-
nali et al. 2002; Chynoweth et al. 2008; Sancisi et al. 2008;
Mihos et al. 2012; Wolfe et al. 2013). Additionally, absorp-
tion studies of group environment CGM gas have detected
the presence of tidal streams or intragroup gas (Whiting et al.
2006; Kacprzak et al. 2010; Nestor et al. 2011; Gauthier 2013;
Bielby et al. 2017; Péroux et al. 2017; Pointon et al. 2017;
Nielsen et al. 2018; Chen et al. 2019). The tidal streams
and increased star-formation rates that occur during mergers
have been suggested to increase the halo gas mass and cross-

section (York et al. 1986; Rubin et al. 2010). Furthermore,
FIRE simulations have demonstrated that intergalactic trans-
fer is the dominant mode of gas accretion for z < 1 (Anglés-
Alcazar et al. 2017). These combined results suggest that
group environments cause the CGM to be disrupted, similar
to the stellar components of interacting galaxies. Given the
large inferred size of the CGM (~ 200 kpc for L, galaxies at
redshifts z < 1.0; Tumlinson et al. 2011; Werk et al. 2014), it
is possible that the CGM will be influenced by a merger be-
fore the visible components of the host galaxy (Nielsen et al.
2018).

Using MgII as a tracer of cool gas in cluster environments,
Lopez et al. (2008) detected an overabundance of strong MgI1
absorbers near clusters compared to field galaxies. A sim-
ilar enhancement of weak MgII absorbers beyond the clus-
ter center was not observed, consistent with expectations that
these absorbers should be destroyed by the hot cluster envi-
ronment. The distributions of the weak and strong MgII ab-
sorbers within the cluster is then evidence for a truncated cold
gas halo, consistent with simulations (Padilla et al. 2009; An-
drews et al. 2013).

Chen et al. (2010a) investigated group environments us-
ing MgII as a tracer of cool gas. In seven out of eight of
the group environments identified, MgII was detected. While
the group environment MgII absorption appeared to span the
same equivalent width versus impact parameter range as iso-
lated galaxies, the authors did not detect a significant anti-
correlation. This is contrary to the strong and well-known
anti-correlation for isolated galaxies (e.g. Lanzetta & Bowen
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1990; Steidel et al. 1994; Kacprzak et al. 2008, 2012; Chen &
Tinker 2008; Chen et al. 2010b; Bordoloi et al. 2011; Nielsen
et al. 2013a). Indeed, Nielsen et al. (2013a) found the anti-
correlation between Mg1I equivalent width and impact param-
eter for isolated galaxies to be highly significant (7.90).

Further studies have found that the radial distribution of
Mgt11 is flatter in group environments compared to isolated
galaxies (e.g. Bordoloi et al. 2011; Nielsen et al. 2018). Bor-
doloi et al. (2011) found that the average MgII equivalent
widths decreased beyond 140 kpc in group environments,
whereas they began to decrease beyond 70 kpc for isolated
galaxies. They further found that the radial distribution for the
group environments CGM is consistent with a superposition
of individual overlapping halos. Thus the authors suggested
that the group environment CGM is not strongly influenced by
tidal stripping or outflows driven by increased star-formation.
However, using the kinematic structure of MgII absorbers in
group environments, Nielsen et al. (2018) found that a super-
position model can reproduce the equivalent widths required,
but over-predicts absorption at high velocities due to the large
velocity separations between the galaxies in the group. In-
stead, the authors suggest that the cool gas in group environ-
ments forms an intragroup medium, created by intergalactic
transfer or tidal stripping.

Major mergers are able to disrupt the structure of involved
galaxies more than minor mergers. Thus is it possible that
the type of merger/interaction affects the CGM gas differ-
ently. Nielsen et al. (2018) found that galaxy—galaxy groups
(where the two brightest galaxies have similar luminosi-
ties, L1 /L, < 3.5) may have larger equivalent widths (1.70)
and absorber velocity dispersions (2.50) than galaxy—dwarf
groups (Ly/L, > 3.5), while the covering fractions for the two
samples are consistent within uncertainties. They suggest that
tidal stripping of CGM gas and increased star formation might
be more likely to occur in galaxy—galaxy groups.

The cool gas in the CGM, traced by MgTI, is likely to be
constrained to high density structures surrounded by highly
ionized gas, traced by C1v and O VI. This highly ionized gas
has also been investigated in group environments (e.g. Stocke
et al. 2013; Burchett et al. 2016; Pointon et al. 2017; Ng et al.
2019). Burchett et al. (2016) found that as the number of
galaxies in a group increases, the CI1V equivalent width de-
creases, with no C1v detected in groups with more than seven
galaxies. Similarly, O VI has lower velocity spreads and col-
umn densities in group environments compared to isolated en-
vironments (Stocke et al. 2013; Pointon et al. 2017; Ng et al.
2019). These results are consistent with the picture that the
virial temperature, which scales with halo mass, leads to oxy-
gen and carbon ionising to higher states than O VI and C1v,
respectively (Oppenheimer et al. 2016; Bielby et al. 2019; Za-
hedy et al. 2019; Ng et al. 2019).

All of this evidence suggests that it is possible for CGM
metallicities to also be impacted by environment. Simulations
by Hani et al. (2018) investigated the changes in CGM metal-
licity during a major merger. The authors found that, com-
pared to the pre-merger state, the metallicity of the gas in-
creased during the merger by 0.2—0.3 dex. The increase was
driven by outflows from the increased star-formation caused
by the merger, rather than tidal stripping, and this metallicity
level was maintained for several billions of years post-merger.
This evidence that major mergers are capable of changing the
CGM metallicity provides incentive for studying the metallic-
ity of group environments pre-merger as a baseline.

Preliminary results from Lehner (2017) compare high and

low metallicity absorbers from both isolated and group en-
vironments. They found that for partial Lyman limit sys-
tems (pLLs; 16.2 cm™ < logN,, < 17.2 cm™) and Lyman
limit systems (LLS; 17.2 cm™ < logN,, < 19.0 cm™2), the
high metallicity systems are more likely to be associated with
group environments while the low metallicity systems are as-
sociated with isolated environments. While the authors cau-
tioned that this result is preliminary and refrained from mak-
ing any interpretations, it may suggest that interactions in
groups of galaxies may be causing increased metallicity. This
result is somewhat challenged by Pointon et al. (2019), who
studied the metallicity of the CGM in isolated environments.
They found that the CGM metallicities of isolated galaxies
span the full range detected by Lehner (2017), even when
the sample is restricted to the same H1 column density range.
This suggests that high metallicity systems are not only found
in group environments.

Following on from Lehner (2017), we investigate the ef-
fect of environment on the metallicity of the CGM by com-
paring the isolated galaxy sample from Pointon et al. (2019)
to group environments. We investigate the metallicity of 13
group environments using the combination of UV spectra
from HST/COS and FUSE, as well as optical spectra from
Keck/HIRES and VLT/UVES.

This paper is organized as follows: In Section 2 we describe
our sample of group galaxy—absorber pairs. We also describe
how we obtain the metallicity of the CGM. We present the re-
sults comparing the group environment CGM metallicity with
the same properties for isolated galaxies, as well as investigate
any trends with HI column density, impact parameter and lu-
minosity in Section 4 and discuss the implications in Section
5. In Section 6 we summarize our results and provide con-
cluding remarks. We use a standard ACDM cosmology with
H,=70km s Mpc™!, Q) =0.3 and Qp =0.7.

2. OBSERVATIONS

In order to study the CGM of the group environments, we
use the “Multiphase Galaxy Halos” Survey which is com-
prised of UV HST/COS spectra from our program (PID
13398) (Kacprzak et al. 2015, 2019; Muzahid et al. 2015,
2016; Pointon et al. 2017, 2019; Nielsen et al. 2017; Ng et al.
2019) as well as data taken from literature (Chen et al. 2001b;
Chen & Mulchaey 2009; Meiring et al. 2011; Werk et al.
2012; Johnson et al. 2013). A group environment is defined
as having the nearest of two or more galaxies within 18 to
150 kpc of the quasar sight-line in order to replicate the im-
pact parameter distribution of the isolated sample. The galax-
ies in the group must have line-of-sight velocity separations
of less than 1000 km s™' and a maximum impact parameter
of 500 kpc. We investigate 13 group environments from the
literature for which we have UV spectra (Lanzetta et al. 1995;
Chen et al. 2001b; Chen & Mulchaey 2009; Prochaska et al.
2011; Werk et al. 2012; Johnson et al. 2015; Muzahid et al.
2015; Nielsen et al. 2018). The groups have associated HI ab-
sorption with a redshift range of 0.06 < z,ps < 0.38 ({Zaps) =
0.25). The group environments have a wide range of luminos-
ity ratios between the brightest (L) and second brightest (L)
galaxies (1.1 < Ly /L, < 27.7; median L, /L, = 2.7), indicat-
ing that we are investigating groups with a variety of mass ra-
tios. Typical group environments in this study have two mem-
bers, although J0407, z, = 0.0914 has five galaxies, with a
mean of 2.2 galaxies per group. We note that group environ-
ments range from galaxy—dwarf pairs up to clusters of galax-
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Table 1
Quasar Observations

(1 @) 3) “ ) ) Q) ® )]
J-Name  zg50  RA (J2000) DEC (J2000) UV Inst. COS Gratings COS PID(s)  Optical Spectrograph ~ Optical PID(s)
JO125 1.074  01:25:28.84  -00:05:55.93 COs G160M 13398 UVES 075.A-0841(A)
J0228 0.493  02:28:15.17 —40:57:14.29 COs G130M, G160M 11541 .- .-
J0351 0.616 03:51:28.54 —14:29:08.71 COs G130M, G160M 13398 UVES 076.A-0860(A)
10407 0.572  04:07:48.43 -12:11:36.66 COS, FUSE G130M, G160M 11541 HIRES GO1H, U68H
J0853 0.514 08:53:34.25 +43:49:02.33 COs G130M, G160M 13398 e .
J0910 0.463  09:10:29.75 +10:14:13.61 COS G130M, G160M 11598 .. -
J0925 0.472  09:25:54.71  +40:04:14.17 COs G130M, G160M 11598 HIRES U059Hb
J0928 0.296  09:28:37.98  +60:25:21.02 COos G130M, G160M 11598 HIRES U066Hb
J1009 0.456  10:09:02.06 +07:13:43.87 COs G130M, G160M 11598 HIRES U066Hb
JI119 0.176  11:19:08.67 +21:19:18.01 COS, FUSE G130M, G160M 12038 HIRES U152Hb
J1139 0.556  11:39:10.70  —13:50:43.63 COS G130M 12275 . e

Table 2
Galaxy Properties
() @ 3 “ () ©) ) ® ® (10)
J-Name Zal REF*  Acx A 0 D Mg Lg/Ly vgi—vex®
(J2000)  (J2000)  (deg)  (kpc) (kms™1)
10125 0.3787 1 -8.8 -12.3 15.07 78 -20.21 0.52 -
0.3792 (2) -27.7 -36.5 4580 238 -20.21 0.57 108
J0228 0.2065 3) -9.1 -8.4 10.87 34 -19.42 0.32 -
0.2078 3) -24.9 -259  32.04 109 -18.32 0.15 323
0.2678 3) 16.9 -13.0 18.21 63 —-19.43 0.29 -
10228 0.2690 3) 8.5 -36.7  37.26 154 -16.78 0.02 284
0.2680 (3) 36.2 -29.2  39.98 164 —18.01 0.08 47
0.324180 (4 13.0 -23.5  26.72 126  -20.15 0.52 -
JO351 0.324651 “) -29.9 18.5 3433 162 -20.95 1.09 107
0.3273 (2) -59.0 19.5  60.31 288 —20.27 0.58 706
0.0923 (5) 13.6 =399  42.08 72 -15.45 0.01 -
0.0908 5) -61.9 13.6  62.01 105 -15.88 0.01 —412
J0407 0.0914 5) -78.9 -10.6  77.89 133 -15.84 0.01 —247
0.0917 (5) -123.5 -127.3 17544 300 -15.12 0.01 -165
0.0908 (5) 62.5 2523 259.64 439 -17.29 0.05 —412
10407 0.16699 “4) -1.1 348 3481 99 -18.04 0.09 N
0.16699 4) 41.3 -1.8  40.36 115 -21.65 2.49 0
10853 0.0903 (6) 14.1 -34.0 3545 79 -18.75 0.19 -
0.0915 (3) -1.8 40.8  40.81 53 -17.28 0.05 330
30910 0.2647 @) 8.3 114 13.99 54  -19.70 0.37 -
0.2641 (7) -30.8 -164  34.42 132 -21.00 1.23 —142
10925 0.2467 @ 7.2 -24.1  24.69 9% —20.52 0.80 -
0.2475 (7) —8.0 -20.8  21.64 84 -21.25 1.57 192
0.1540 @) 67.2 -123  35.38 95 -20.14 0.63 -
J0928 0.1542 (7 30.2 -12.1 19.19 51 -19.84 0.48 52
0.1537 (7) -3.5 -14.7 14.82 40 -18.76 0.18 —78
11009 0.35587 “) 1.7 9.3 9.41 47 -19.98 0.43 -
0.35585 4) 3.2 0.0 3.13 16 -17.87 0.06 —4
71119 0.0600 8) -48.1 -1049 117.01 136 -17.75 0.08 -
0.0594 (8) -83.1 -174.6 190.99 219 -16.56 0.03 -170
11133 0.2367 @ 4.5 -1.7 4.79 18 -21.24 1.58 -
0.2364 7 —4.1 -9.6  10.39 39 -20.54 0.83 -73

4 Galaxy identification references: (1) Muzahid et al. (2015), (2) Chen et al. (2001b), (3) Chen & Mulchaey
(2009), (4) Nielsen et al. (2018), (5) Johnson et al. (2015), (6) Lanzetta et al. (1995), (7) Werk et al. (2012)
and (8) Prochaska et al. (2011).

b Line-of-sight velocity separations between the first galaxy in the group (G1) and each of the other group

galaxy members (GX).
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ies. Therefore, our study probes the low mass end of group
environments.

All quasars in the sample have COS UV spectra, while
two also have reduced UV spectra from the FUSE tele-
scope, provided by B. Wakker (2016, private communica-
tion). Eight quasars have optical spectra from Keck/HIRES
or VLT/UVES. The details of the quasar spectra are shown in
Table 1.

2.1. UV Quasar Spectra

The COS quasar spectra used in our survey have a median
resolving power of R =~ 20,000, while the FUSE quasar spec-
tra have a resolving power of R ~ 30,000. The instruments,
gratings and PID(s) for both COS and FUSE quasar spectra
are in Table 1. The range of ions covered by the UV spec-
tra includes the HT Lyman series, C11, C111, C1v, N1I, NTII,
Nv, O1, Ovi, Si1, Sitlt and Si1v. The reduction process
for the HST/COS spectra is described in detail in Kacprzak
et al. (2015). The raw data were reduced using the CALCOS
pipeline software and then flux calibrated. Individual grating
integrations were co-added and rebinned by three pixels to
improve the signal-to-noise ratio (Danforth et al. 2010)'. The
COS and FUSE UV spectra were then continuum normalized
by fitting low-order polynomials to the spectra while exclud-
ing absorption and emission lines from the fitting region.

2.2. Optical Quasar Spectra

The UV spectra were complemented by additional optical
spectra, which cover ionic transitions including Mg1, MgII,
Ferr, Mn1I and Call for redshifts of z > 0.2. Eight quasars
have optical spectra from Keck/HIRES and VLT/UVES with
a resolving power of R ~ 40,000. The spectrograph and
PID(s) for the optical spectra are in Table 1. IRAF or the
Mauna Kea Echelle Extraction (MAKEE) package were used
to reduce the HIRES data. The UVES spectra were reduced
using the European Southern Observatory pipeline (Dekker
et al. 2000) and the UVES Post-Pipeline Echelle Reduction
(UVES POPLER) code (Murphy 2016; Murphy et al. 2018).

2.3. Optical Galaxy Spectra

Optical spectra of the galaxies in three group environment
quasar fields were obtained using the Keck Echelle Spectro-
graph and Imager (ESI; Sheinis et al. 2002) since the wave-
length range (4000—10,000A) provides coverage of emission
lines including Ha. The reduction method is described in
Kacprzak et al. (2019), Nielsen et al. (2018) and Pointon et al.
(2019). However, we summarise the process here. The data,
taken through slits of 20" by 1”, were binned by two, resulting
in a spatial pixel size of 0.27” —0.34" and a spectral resolu-
tion of 22 km s~!. The reduction process was completed using
IRAF, after which heliocentric and vacuum corrections were
applied to the data. Galaxy redshifts are shown in column
(2) of Table 2. The redshifts for the remaining galaxies were
obtained from literature, indicated in column (3) of Table 2.

2.4. Isolated Galaxy Sample

We use the metallicity study of 47 isolated environments by
Pointon et al. (2019) with a redshift range of 0.06 < z < 0.66
({(z) = 0.27) to compare to the group environments. An iso-
lated galaxy is defined as having no neighboring galaxies

' http://casa.colorado.edu/~danforth/science/cos/

costools.html

within a spatial separation of 150 kpc and within a line-of-
sight velocity separation of 1000 km s'. Where the spatial
or kinematic criteria were not met, the system was classi-
fied as a group environment. The impact parameters range
from 18 < D < 203 kpc. The isolated galaxies are roughly L,
galaxies, with a halo mass range of 10.8 <logM, /M < 12.5,
((logM},/Mg) = 11.8). The absorption systems span HI col-
umn densities ranging from 13.8 < log NV, < 19.9. Using the
same methods we use here, Pointon et al. (2019) estimated
CGM metallicities ranging from —2.6 < [Si/H] < 0.8 with an
average of ([Si/H]) =—1.3.

2.5. Sample Comparison

The sample investigated here is a collation of quasar fields
that have been previously spectroscopically surveyed (see Ta-
ble 2 and Pointon et al. 2019). Consequently, each survey has
different levels of completeness but typically have a luminos-
ity sensitivity of 0.1L,. Fields drawn from the COS Halos
survey have been probed out to a distance of 150 kpc (see
Tumlinson et al. 2013; Werk et al. 2013), while other fields
have been investigated out to at least 350 kpc (see Pointon
etal. 2017; Nielsen et al. 2018; Kacprzak et al. 2019; Ng et al.
2019, for further details). It is possible that isolated galaxies
identified in the COS Halos survey may be a member of a
group which extends beyond the survey regions. To investi-
gate this, we repeated all statistical tests with the COS Halos
galaxies removed from the isolated sample. We do not find
any difference in results with the COS Halos fields removed
and hence, included all galaxies in our full isolated sample
(Tables 3 and 6).

The isolated and group environment samples both probe a
similar range of impact parameters and luminosities as shown
in Figure 1(a) and (b). The isolated galaxies are orange, the
nearest group galaxy members are solid purple and the re-
maining group galaxy members are hatched purple. We test
the null hypothesis that the group galaxies are drawn from
the same population as the isolated sample with an Anderson-
Darling test and find that there is no significant difference be-
tween the impact parameter (0.4¢0) and luminosity (1.8¢) dis-
tributions. The details of this test and additional Anderson-
Darling tests are shown in Table 3.

Furthermore, we show the redshift distribution of isolated
and group environment absorbers in Figure 1(c). Isolated
galaxy-absorber pairs are shown in orange, while group envi-
ronment absorbers are shown in purple. Although the redshift
distribution of group environments covers a smaller range
than that of the isolated environments, an Anderson-Darling
test cannot rule out the null hypothesis that both are drawn
from the same population (1.20).

The galaxy redshift and luminosity relationship for the
group and isolated environments is then compared in Fig-
ure 1(d). The group and isolated environment samples cover
a similar range of luminosities, although the group environ-
ments only cover a range of redshifts up to z=0.4.

We do not have galaxy groups or pairs above z=0.4, which
raises the possibility that the isolated galaxies at redshifts
z > 0.4 may be group environments due to poorer luminosity
sensitivity at higher redshifts. To test if this affects our re-
sults, we construct a subsample of the isolated galaxies with
7 < 0.4. Anderson-Darling tests between the z < 0.4 isolated
and group environment samples find that the luminosity, to-
tal impact parameter and redshift distributions are consistent
(1.410, 0.180 and 0.340, respectively). Throughout the pa-
per, we find that comparisons between group environments
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and both the full and z < 0.4 isolated environment samples
are consistent and our results are not sample dependent.

3. ANALYSIS

The metallicities of each group environment have been
inferred using the same method describe in Pointon et al.
(2019). We summarize the analysis in the following section.

3.1. Spectral Analysis

Each transition was modeled using the VPFIT software
(Carswell & Webb 2014) to measure the total column density.
For COS spectra, we calculated the non-Gaussian line spread
function (LSF) for each absorption profile using the details
in Kriss (2011) and the corresponding lifetime position. The
FUSE data were assumed to have a Gaussian LSF and a ve-
locity resolution of 20 km s=' (FWHM). For the optical data
from HIRES and UVES, we assumed a Gaussian LSF and a
velocity resolution of 6.6 km s,

We searched for and identified up to 40 different ionic tran-
sitions within 4400 km s™! of the median redshift of the
galaxy group members. We required each absorption sys-
tem to have measurable H1 absorption features, while ad-
ditional metal lines had to have reasonably consistent kine-
matic structure. That is, it is expected that MgII absorption
should have similar velocity structures to Sill absorption pro-
files, though not necessarily to higher ionization lines which
could arise in different phases. Where velocity profiles were
unsaturated and uncontaminated by other absorption features,
we fit one or more Voigt components to the absorption pro-
file. To ensure that we did not over-fit the spectra, we at-
tempted to minimize the reduced chi-squared value. However,
we also required that each component still had to maintain a
reasonable Doppler parameter, because extremely broad com-
ponents (b > 100 km s~! for HI and b > 50 km s~' for metals)
are not physical. In some cases, this resulted in a model which
was physically motivated, rather than determined by the chi-
squared value.

In some absorption profiles, blends due to either contam-
inating gas at other redshifts or from overlapping ions were
identified. In some cases, the blends were easily recognizable
due to the velocity structure of the absorption profiles of other
ionic transitions. However, some blends were only apparent
due to the lack of consistency between the absorption profiles
of different transitions of the same ionic species. Where pos-
sible, additional Voigt profile components were added to the
fit to model the blend. In some cases, it was not possible to
distinguish the blended absorption from the absorption pro-
file of interest. Instead, the total column density calculated
was used as a conservative upper limit on the column density.
We discuss the treatment of blends for individual systems in
Figure Set 1 where we present the fits.

Many of the HI absorption profiles were saturated, mak-
ing it difficult to accurately determine the H1 column den-
sity. If some lines of the HI Lyman series were unsaturated
or damping wings were present in the absorption profile, it
was possible to obtain an accurate column density measure-
ment. However, in the absence of unsaturated HT Lyman se-
ries transitions, there exists a degeneracy between the HI col-
umn density and Doppler parameter. That is, for a particular
saturated HI column density, the Doppler parameter may vary.
Therefore, increasing the number of fitted components for a
saturated absorption profile will increase the HI column den-
sity. Although it is expected that the CGM is kinematically

complex, resulting in many velocity components for HI, the
structure cannot be determined in a saturated absorption pro-
file. Therefore, we assume that a basic one or two component
fit represents the lower limit on the HI column density. Due to
the lack of damping wings in the absorption profile, the upper
limit on the HI column density is then log Ny, < 19.0 cm™.
Absorbers with column densities above this limit have damp-
ing wings are are classified as sub-DLAs or DLAs’.

Where metal transitions were saturated, we used the fit to
the profile as a lower limit on the column density. If no metal
absorption was detectable, we calculated 30 upper limits on
the column density using a single cloud with an assumed
Doppler parameter of b ~ 8 km s~!, derived from the average
Sil1 Doppler parameter. Pointon et al. (2019) found no signif-
icant impact on the metallicity if a larger Doppler parameter
(b=30km s™!) was used.

We show the results of the fitting analysis in Figure 2 for
absorption associated with the galaxy group J0228, z., =
0.2073. The black line represents the data, the green line is
the error spectrum and the red line shows the fit to the absorp-
tion profiles for the ionic transition labeled above the plot.
The pink lines indicate the individual components used in the
fit while the pink ticks indicate the central position of each
component. The redshifts of the galaxy group members are
marked by vertical blue dashed lines. The velocity zero-point
is defined as the average redshift of the galaxy group mem-
bers. The column density measurements and limits are in Ta-
ble 4 for J0228, z,,s = 0.2073. The plots of the fits and the
column density data for the remaining 12 galaxy groups are
shown in Figure Set 1 and the machine readable table.

Fig. Set 1. The fits to each system

The analysis method used enables the determination of col-
umn densities for HI Lyman series, C11, C111, C1v, N 11, N1II,
Nv, O1, Si1, Siti, Sitv, Cail, Mgi, Mgil and Fell, which
are then applied in the ionization modelling to determine the
metallicity of the CGM. We note that the O VI column den-
sities are presented in Pointon et al. (2017) and the fits are
shown in this work for completeness.

3.2. Ionization Modelling

A single low ionization phase metallicity for each group
environment is calculated by comparing a grid of predicted
column densities modeled by the ionization modeling suite
Cloudy to the column densities calculated in the previous sec-
tion. Cloudy uses the input ionization conditions, set by the
HI column density, Ny,, hydrogen density, ny and metallic-
ity, [Si/H], to predict the column densities of the metals in
the gas (Ferland et al. 2013). Typical grids cover a range
-5.0 < logny < —1.0 cm™, 13.0 < log Ny, < 20.0 cm™2 and
—4.0 < [Si/H] < 1.5. We assumed a uniform layer of gas,
with no dust and solar abundance ratios, is irradiated by a
background UV spectrum. The gas is also assumed to be
single-phase, leading to the exclusion of the highly ionized
O VI gas from the analysis. For consistency with Lehner et al.
(2013), Wotta et al. (2016), Wotta et al. (2019) and Pointon
et al. (2019), we adopt the ionizing background spectrum de-
scribed by the Haardt and Madau 2005 model (HMOS; Haardt
& Madau 2001, as implemented in Cloudy). The shape of

2 We follow the definition in Lehner et al. (2018), Wotta et al. (2019)
and Pointon et al. (2019) for the classification of HI absorbers. The HI
column density ranges for pLLSs are 16.2 < logNy, < 17.2, LLS have
17.2 < logNy; < 19.0, sub-DLAs have 19.0 < logNy; < 20.3 and DLAs
have log Ny, > 20.3.
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Figure 1. The distribution of isolated galaxies (orange) compared to the distribution of the nearest group galaxy member (solid purple) and all group galaxies
members (hatched purple) for impact parameter (a), luminosity (b) and redshift (c). Anderson-Darling tests show that there is no significant difference between
the impact parameter (0.40) and luminosity (1.8c) distributions. The galaxy luminosity as a function of redshift for isolated galaxies (orange circles) and all
group members (purple crosses) are shown in (d). Our luminosity sensitivity is comparable between the group and isolated environment samples until below
z=0.4, above which we currently do not have group environment data. Although the lack of group environments above z = 0.4 could be due to lower luminosity
sensitivity at higher redshifts, our results are not dependent on selecting galaxies at all redshifts or limiting to z < 0.4 galaxies.

the ionizing background, which can have an impact on the
metallicity (Fechner 2011), is also assumed to only evolve
with redshift.

The metallicity and ionization parameter of each absorption
system are then inferred by a MCMC technique described by
Crighton et al. (2013). The column densities in each grid point
calculated by Cloudy are compared to the measured column
densities. Upper and lower limits are treated as one-sided
Gaussians by the likelihood function. Priors were set to the
boundaries of the Cloudy ionization grids in most cases or to
the upper or lower limits of the HI column density, shown in
the column density tables. For each group, we initialize the
MCMC analysis with 100 walkers and a burn-in of 200 steps.
The final distributions of the MCMC walkers, from which we
infer the metallicity and ionization parameter, are then deter-
mined by another 200 steps.

Fig. Set 2. The posterior distribution profiles from the
MCMC analysis

The MCMC posterior distributions and histograms for

J0228, z.4ps = 0.2073 are shown in Figure 3. The columns are
plotted as a function of the metallicity, [Si/H], ionization pa-
rameter, logU, hydrogen number density, logrngy and HI col-
umn density, logN,,, from left to right. The posterior dis-
tributions of the MCMC walkers are shown. Darker orange
indicates regions of higher probability. The final distributions
of the MCMC walkers for each parameter are the green his-
tograms at the end of each row, with the 68% uncertainties
and their average or the 95% upper limit labelled above and
indicated by black lines. The plots for the remaining systems
are shown in Figure Set 2. Table 5 shows the inferred model
parameters for the full sample, where we quote the most likely
value, using the 68% level as the uncertainty or the 95% level
for an upper limit.

4. RESULTS

Here we present the group environment CGM metallicities
and their relation with HI column densities and impact pa-
rameters. We also compare the group environment properties
to the isolated galaxy properties presented in Pointon et al.
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Table 3
Anderson-Darling Test Results

Variable

Anderson-Darling Test Statistic ~ p-value  Confidence Level o

Comparison of the Isolated Sample without COS Halos galaxies with the Group Sample (see Section 2.5)

Metallicity, ([Si/H])
Average Impact Parameter (D)
Most Luminous Galaxy Impact Parameter (D)
Nearest Galaxy Impact Parameter (D)
All Galaxies Impact Parameter (D)
All Galaxies Luminosity (Lg/Lj)
All Absorbers redshift (z)

Comparison of the Full Isolated Sample with Group Sample

Metallicity, ([Si/H])
Average Impact Parameter (D)
Most Luminous Galaxy Impact Parameter (D)
Nearest Galaxy Impact Parameter (D)
All Galaxies Impact Parameter (D)
All Galaxies Luminosity (Lg/Lj)
All Absorbers redshift (z)

Comparison of the z < 0.4 Isolated Sample with Group Sample

Metallicity, ([Si/H])
Average Impact Parameter (D)
Most Luminous Galaxy Impact Parameter (D)
Nearest Galaxy Impact Parameter (D)
All Galaxies Impact Parameter (D)
All Galaxies Luminosity (Lg/L})
All Absorbers redshift (z)

2.72 0.03 96.80 2.14
0.15 0.98 2.15 0.03
0.19 0.93 6.60 0.08
3.10 0.04 96.05 2.06
0.16 0.96 3.85 0.05
2.56 0.06 93.60 1.85
1.10 0.29 70.95 1.06
3.17 0.02 98.45 2.42
0.41 0.70 30.40 0.39
0.28 0.88 11.70 0.15
2.16 0.09 90.70 1.68
0.44 0.66 33.60 0.43
2.42 0.07 92.65 1.79
1.47 0.23 76.95 1.20
1.81 0.06 93.65 1.86
0.22 0.90 9.55 0.12
0.17 0.96 4.50 0.06
242 0.08 92.00 1.75
0.25 0.86 14.05 0.18
1.75 0.16 84.00 1.41
0.37 0.73 26.70 0.34

Table 4
J0228, z,4ps = 0.2073 Measured Column Densities

Ton logN (cm™2) log N Error (cm™2)
Hi 15.26 0.02
Cu < 12.79
Cur 13.89 0.3
N1 <1297
N 13.89 0.19
Nv 13.53 0.20
O1 < 13.30
NI < 11.78
Silnn < 12.99
Si1tv <12.43

Note. — Table 3 is published in its entirety in the electronic edition of
the Astrophysical Journal. A portion is shown here for guidance regard-
ing its form and content. The full version contains all 13 sources.

(2019).

It is possible that group environments may alter the CGM
metallicity. To test this, we compare the metallicity as a func-
tion of HI column density between group and isolated en-
vironments in Figure 4(a). Group absorbers are purple cir-
cles while isolated absorbers are grey squares. Filled sym-
bols indicate metallicity measurements, while open symbols
represent limits. The group environment sample appears to
overlap the isolated sample. A 1D Anderson-Darling test
which accounts for upper limits indicated that the metallicity
distribution of the group and isolated environment absorbers
are drawn from the same population (2.40; 1.860 for the
7 < 0.4 isolated sample). The median (mean) metallicity for
group and isolated environments are [Si/H] = —1.04 +£0.29
(=1.07£0.23) and [Si/H] =-1.20+£0.16 (-1.254+0.13), re-
spectively. There is no significant difference between the me-
dian or mean metallicity for group environments compared to
isolated galaxies (0.40 or 0.50, respectively). Similarly, the

median (mean) metallicity for the z < 0.4 isolated environ-
ments is [Si/H] =-0.76 +0.18 (—0.95 £ 0.14) and hence there
is no significant difference compared to the isolated sample
for the median or mean (0.60 or 0.3, respectively).

Using Illustris simulations, Hani et al. (2018) studied the ef-
fect of a major merger on the CGM. They found that the post-
merger CGM metallicity was 0.2—-0.3 dex higher than pre-
merger. The difference in metallicity pre- and post-merger can
be considered to be an upper limit on the expected metallicity
difference between group and isolated environments since the
galaxies in groups may not be in the post-merger phase. How-
ever, we note that the metallicity scatter in both the isolated
galaxy and group environment samples is large (> 2 dex),
while the sample sizes are relatively small. This limits our
ability to observe a metallicity difference of 0.3 dex between
the samples.

To test our ability to detect a significant difference between
our samples, we attempt to predict the number of group en-
vironments that are needed to detect a 30 difference between
the mean metallicity of the group and isolated environments.
We use N = (3 x (04 +07)/|11¢— pi])* , where the mean and er-
ror on the mean for the group environments are represented by
g and o, respectively. Similarly, the mean and error on the
mean for the isolated environment sample is given by pu; and
o, respectively. We determine that we would need to observe
at least 36 group environments to observe a difference in the
mean metallicity, assuming that the observed distributions are
representative of the true metallicity distribution.

Previous studies have not detected an anti-correlation be-
tween the HI column density and the CGM metallicity of
isolated galaxies when the HMOS ionizing background was
used in the Cloudy model (Chen et al. 2017; Zahedy et al.
2019; Wotta et al. 2019; Pointon et al. 2019). The presence of
an anti-correlation in Prochaska et al. (2017) is thought to be
due to the use of the HM12 ionizing background (Wotta et al.



8 POINTON ET AL.

HI A\,=1215.67 CIII A\,=977.02 OI A,=1039.23 Sill Ap=1193.29
o ! g T — s N D P——
0.5 - v . h—'f .
0.0 = = =
T T T T T T T T T T T T
HI \,=1025.74 NII A\,=1083.99 OI \,=988.77 Sill A\,=1260.42
1.0 I I e P LHnJ-Ln_ Py "'Lwﬂ I RS
. v | ] w 1
0.0 = = =
T T T T T T T T T T T T
HI \,=972.54 NIII X\,=989.80 OVI A\,=1031.93 SilT A\,=1304.37
a | hotl: n Aa
E 1.0 Il i 4[}-'.-(" 1 i un_-"L“ﬂ.__;“_Lruu——uLLr,_uL
= 0.5 - . . .
el - - -
o 0.0 T T T T T T T T T T T T
N
o= HI \;,=949.74 NV \,=1238.82 OVI \;,=1037.62 SilIl A\,=1206.50
<
S 1.0 L |1 P o o | I I 11 o i Pt I
g W e Tv ot
O 0.5 4 - - -
Z A
0.0 o = = =
T T T T T T T T T T T T
CII \,=1334.54 NV \,=1242.80 Sill A,=989.87 SiIV A\,=1393.76
1.0 M nn n n.-r—rl.r\ a I = e N o L n a¥=]
0 P AP ey e e i LIPS ~ [ P s g
0.5 - . . .
0.0 = = =
T T T T T T T T T T T T
CII A\,=1036.34 OI \,=1302.17 Sill A\;=1190.42 SiIlV A\,=1402.77
1.0 fpen Pl e oo =W Aene _n o n ™ o P Nnen nen no
. L TW Lt " b T = e i EEN T T
0.5 - - - -
0.0 = = =
T T T T T T T T T T T T
—200 —100 0 100 —200 —100 0 100 —200 —100 0 100 —200 —100 0 100

Velocity (km/s)

Figure 2. The fits for J0228, z,,; = 0.2073. The data for each ion (labelled above each panel) are shown in black, while the error spectrum is green. The fits to
the absorption profiles are shown in red while the components are shown in pink. The centers of each Voigt profile used to fit the absorption profile are marked
with a pink tick. The zero-point of the velocity is defined by the average redshift of the group galaxy members, while the redshifts of the galaxies in velocity
space are the blue vertical lines. For ions where we calculate limits, we show the continuum level as a thin red line. It was unclear whether the Silll transition
was real or a part of the complex of lines on the positive side of the spectra. Therefore, we have assumed that the column density from the SillI fit is an upper
limit and it is shown in cyan. The total O V1 fit is shown from Pointon et al. (2017) for completeness, but is not used in the models. Plots for the rest of the sample
are shown in Figure Set 1.

Table 5
MCMC Output
J-Name Zabs Meas. log Ny, * [Si/H]b logNH‘b logng log Ut
(cm™?) (cm™) (cm™)
J0125  0.3790  15.48+0.02 <0.06 15.120% <2003  <-127
J0228 02073 15264002 -1.552097  15.2600)  —4.2460088  —1.45003
J0228  0.2677  14.21£0.01 <0.65 1421301 <-1101  <-135
J0351 03251 15264002 -1.39703% 1526092 -3.77958%  -1.91532
J0407  0.0914  14.36+0.01  -0.18709% 14.36000  -3.38400%% 243007
J0407  0.1670°  16.45+£0.05 -0.102092 16.45003  —2.8000.960  —3.200:0¢
J0853  0.0909  14.68+0.04  -0.02209% 14.7059%  -3.404508 240003
J0910 02644  15474£0.07 -1.04708 1545011 34290971 —3.32004,
J0925 02471 19.5840.02 -0.7770%3  19.60007  —3.1350906  —2.48001
J0928  0.1540  19.47+£0.02 023700 1947098 3131998 —2.6000%
J1009 03556  18.96+0.07 -0.8470%% 1854001  —3.081000¢  —2.40001
JI119  0.0597  13.68=+£0.02 <0.69 13.680%2 <-2001 <-1.13
J1133 02366  [18.35,19.00] -1.712003 1850097  —2.919597%%  —2.69507

2 H1 column density measured from the Voigt profile modelling of the absorption profiles.

Y The most likely value with the 68% uncertainties from the MCMC analysis. For upper limits,
we take the 95% upper uncertainty.

¢ Results from ionization modelling taken from Muzahid et al. (2018).
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Figure 3. Posterior distribution profiles from the MCMC analysis of the
Cloudy grids for J0228, z,5, = 0.2073 are shown as the orange hexbin plots.
The model parameters shown are [Si/H], logU, logny and log Ny;. On the
end of each row, the distributions of each of those parameters are shown in
green where the 68% confidence levels and the mean are shown above and
indicated the black vertical lines. Plots for the rest of the sample are shown
in Figure Set 2

2019). We also test for the presence of an anti-correlation be-
tween the HI column density and CGM metallicity for group
environments. A Kendall-tau rank correlation test, which ac-
counts for metallicity upper limits, finds that we do not de-
tect a significant anti-correlation between group environment
CGM metallicity and HI column density (0.20). The de-
tails of this test and additional Kendall-tau rank correlation
tests are shown in Table 6. This is consistent with the non-
detection of an anti-correlation between the CGM metallicity
and HI column density for isolated galaxies (2.10; Pointon
et al. 2019). Our ability to detect an anti-correlation is depen-
dent on the size of the sample. Due to the large scatter and
limited sample size of the metallicity in group environments,
it is impossible to rule out the presence of an anti-correlation.

In Figure 4(b), we present the CGM metallicity as a func-
tion of impact parameter for the group environment and iso-
lated galaxy samples. The groups are purple, where the near-
est and furthest galaxy members from the quasar sight-line
are represented by circles, while any other group members
are marked by a purple cross, all joined by a line. The iso-
lated galaxy—absorber pairs are grey squares. Closed symbols
represent metallicity measurements, while open symbols rep-
resent metallicity upper limits. We perform Anderson-Darling
tests, which accounts for upper limits, comparing the impact
parameter distributions of the isolated sample to three dif-
ferent measures of impact parameter in group environments:
the nearest galaxy member, the mean impact parameter and
the most luminous galaxy. We find that the differences be-
tween the isolated galaxy and the three group environment
impact parameter distributions are statistically insignificant
(1.70, 0.40 and 0.20, respectively). Similarly, the difference
between the z < 0.4 isolated environment sample and the three
group environment impact parameter distributions are statisti-
cally insignificant (1.80, 0.10 and 0.10) Additionally we test

for a correlation between the group CGM metallicity and the
nearest galaxy impact parameter by doing a Kendall-tau rank
correlation test, taking upper limits into account. We do not
detect a significant relationship (1.0¢). This is consistent with
Pointon et al. (2019) who found no trend between the impact
parameter of isolated galaxies and the CGM metallicity, al-
though metallicities are rarely measured beyond 120 kpc due
to a lack of metal detections.

Lehner (2017) presented results investigating the metallic-
ity of 6 pLLS+LLS where they identified more than one po-
tential galaxy which could be associated with the absorption
feature. Due to the preliminary nature of the results, the au-
thors refrain from drawing any conclusions from the data.
However, they suggest it may be possible that for [X/H]> —1
the absorption systems are more likely to be associated with
group environments. In contrast, absorption systems with
[X/H]< -1, may be associated with individual galaxies in
all but one absorber. We investigate this possible cause of
a metallicity bimodality due to group environments by bifur-
cating the group and isolated samples at [Si/H]=—1 and com-
paring the relationship between the HI column density and
impact parameter for high and low metallicities.

In both panels of Figure 5, the H1 column density is plotted
as a function of metallicity. Group environments are purple or
green circles, while isolated galaxies are grey squares. Figure
5(a) shows [Si/H]< —1 while Figure 5(b) shows [Si/H]> —1.
We exclude upper limits from the plot and analysis since it is
impossible to determine if they refer to high or low metallicity
gas. While preliminary results from Lehner (2017) found that
6/7 group environments had high metallicity CGM, we find
6/10 with high metallicity. We note that we probe a disparate
HI column density range compared to Lehner (2017) who in-
vestigated pLLS and LLS with a HI column density range
of 16.2 < log Ny, < 19.0. However, since a comparable range
of metallicities and HT column densities are observed for both
group environments surveyed in this paper and isolated galax-
ies in Pointon et al. (2019), we suggest that the peaks of the
metallicity bimodality observed by Lehner et al. (2013) and
Wotta et al. (2016, 2019) are not driven by environment.

Additionally, we test for an anti-correlation between the H1
column density and the impact parameter for group environ-
ments using a Kendall-tau rank correlation test for the en-
tire sample (1.20), low metallicity absorbers (1.20) or high
metallicity absorbers (0.20), where the nearest galaxy impact
parameter was used. For the isolated sample, a Kendall-tau
rank correlation test finds that the entire sample has a sig-
nificant anti-correlation between the HI column density and
the impact parameter (3.90). The same test on the z < 0.4
isolated environment sample does not find a significant anti-
correlation between the HI column density and the impact
parameter (2.70), due to the smaller sample size. Isolated
galaxy high and low metallicity absorbers do not have signifi-
cant anti-correlations between the HI column density and im-
pact parameter (1.00 and 1.60, respectively for the full sam-
ple; 1.00 and 1.20, respectively for the z < 0.4 sample), likely
due to the lower number of systems in each bin. Similarly, the
lack of anti-correlations between the HI column density and
nearest galaxy impact parameter for the entire group sample
is most likely due to the limited sample size in group envi-
ronments. However, if the lack of anti-correlation is due to
a physical process in group environments such as tidal strip-
ping, higher metallicity gas may be distributed to larger im-
pact parameters.

It is plausible to expect that the CGM of galaxies with simi-
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Figure 4. CGM metallicities for group and isolated environments as a function of (a) HI column density and (b) impact parameter. Group environment CGM
metallicities are purple filled circles, while metallicity upper limits are purple open circles. Isolated environment CGM metallicities are grey squares, while the
metallicity upper limits are grey open squares. Since a group has, by definition, multiple galaxies associated with a given absorption system, we plot the impact
parameter of each galaxy in a group and connect these galaxies with a horizontal line. Group galaxies that are nearest to and farthest from the quasar sightline
are plotted as circles, while galaxies at intermediate impact parameters are plotted as crosses.

Table 6
Kendall-Tau Test Results®

Sample Independent Variable Dependent Variable Tau Statistic ~ p-value  Confidence Level o
Rank Correlation Tests for the Isolated Sample without COS Halos galaxies (see Section 2.5)

Isolated Closest Galaxy Impact Parameter, D H1 Column Density, Ny 0.00 < 0.01 99.52 2.82
Isolated, [Si/H]> —1.0  Closest Galaxy Impact Parameter, D H1 Column Density, Ny 0.00 0.80 19.54 0.25
Isolated, [Si/H]< —1.0  Closest Galaxy Impact Parameter, D H1 Column Density, Ny 0.00 0.19 81.43 1.32

Rank Correlation Tests for the Full Isolated Sample and the Group Sample
Group H1 Column Density, (log Nu;) Metallicity, ([Si/H]) —0.38 0.86 14.23 0.18
Group Closest Galaxy Impact Parameter, (D) Metallicity, ([Si/H]) —-0.38 0.33 67.48 0.98
Group Closest Galaxy Impact Parameter, (D) HI Column Density, (log Nu;) 0.00 0.25 75.45 1.16
Group, [Si/H]> —1.0  Closest Galaxy Impact Parameter, (D) HI Column Density, (log Ny;) -0.14 0.88 11.94 0.15
Group, [Si/H]< —1.0  Closest Galaxy Impact Parameter, (D) H1 Column Density, (log Nu,) 0.00 0.22 77.93 1.22

Isolated Closest Galaxy Impact Parameter, (D) HI Column Density, (log Nu;) 2.89 < 0.01 99.93 3.38
Isolated, [Si/H]> —1.0  Closest Galaxy Impact Parameter, (D) HI Column Density, (log Ny;) 0.00 0.34 66.30 0.96
Isolated, [Si/H]< —1.0  Closest Galaxy Impact Parameter, (D) HI Column Density, (log Nu,) 0.00 0.12 88.25 1.57

Rank Correlation Tests for the Isolated Sample z < 0.4

Isolated Closest Galaxy Impact Parameter, D H1 Column Density, Nuy 0.00 < 0.01 99.23 2.67
Isolated, [Si/H]> —1.0  Closest Galaxy Impact Parameter, D H1 Column Density, Ny 0.00 0.34 66.30 0.96
Isolated, [Si/H]< —1.0  Closest Galaxy Impact Parameter, D H1 Column Density, Ny 0.00 0.24 75.51 1.16

4 We use the Kendall-Tau formulation described by Brown et al. (1973) which accounts for upper limits, as implemented in ASURV (Feigelson & Nelson

1985; Isobe et al. 1986; Isobe & Feigelson 1990).

lar mass may be affected differently to those with higher mass
ratios. Nielsen et al. (2018) found that groups with similar
mass galaxies may have larger MgII equivalent widths and
velocity dispersions compared to groups with differing mass
galaxies. Assuming that the B-band luminosity is a proxy for
galaxy mass, we define galaxy—galaxy groups, which may
later form a major merger, as those with a luminosity ra-
tio between the most and second most luminous galaxies of
Ly/L, < 3.0. In contrast, a galaxy—dwarf group, which may
become a minor merger, has a luminosity ratio of L; /L, > 3.0.

To probe the effect of mass ratios on the CGM metallicity
we compare high and low metallicity for galaxy—galaxy and
galaxy—dwarf groups in Figure 5. Galaxy—galaxy groups are
purple circles, while galaxy—dwarfs are green circles.

We find that all but one galaxy—dwarf groups have high
metallicities, while galaxy—galaxy groups have both high
and low metallicities. The metallicity medians (means) for
the galaxy—galaxy and galaxy—dwarf group environments are
—0.8+0.4 (-0.7+0.3) and -0.2 0.3 (-0.2 £ 0.1), respec-
tively. The median (mean) metallicities for the galaxy—galaxy
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Figure 5. HI column densities of group and isolated environments as a function of impact parameter for (a) low metallicity ([Si/H]< —1.0) and (b) high metallicity
([Si/H]> -1.0). Galaxy-galaxy and galaxy-dwarf group environments are in purple or green, respectively. For a given group environment, galaxies nearest to
and farthest from the quasar sightline are plotted as circles, while the rest of the group member galaxies are plotted as crosses. A horizontal line is plotted for
each group environment to indicate group membership. Isolated galaxies are plotted as gray squares. Limits for both the isolated and group sample have been
removed since it is impossible to determine if they correspond to high or low metallicity gas.

and galaxy—dwarf samples differ by 1.90 (1.10) and thus it
is unclear if the masses of the galaxies within group environ-
ments play a role in the enrichment of the CGM.

The errors on the median or mean metallicities are highly
dependent on the sample size, limiting our ability to find
a significant difference in the metallicities of the galaxy—
galaxy and galaxy—dwarf group environments. Therefore,
we attempted to predict how many groups would be required
to measure a 30 difference between the two samples using
N =3 X (0ga+0gg)/|14ed — Hgg|)* , Where the mean and error
on the mean for the galaxy—galaxy sample are represented by
fige and o, Tespectively. Similarly, the mean and error on the
mean for the galaxy—dwarf sample is given by gy and oy,
respectively. We determine that we would need to observe at
least 6 group environments in each subsample to detect a sig-
nificant difference in the mean metallicity, assuming the ob-
served distributions are representative of the true metallicity
distribution.

5. DISCUSSION

Our “Multiphase Galaxy Halos” Survey has probed the
CGM metallicity in 13 z < 0.4 group environments over a
range of HI column densities (13.6 < logNy, < 19.6). Typ-
ical group environments have two members, although we de-
tect up to five in J0407, z=0.0914. We do not detect a rela-
tionship between HI column density and metallicity in group
environments (0.20), consistent with isolated environments
(2.10; Pointon et al. 2019). However, we note that the small
sample size of the groups makes it difficult to investigate this
further. The lack of anti-correlation is consistent with Wotta
et al. (2019) who find that LLS and pLLS have a metallicity
range of —3 <[X/H]< 0, which narrows to —1.8 <[X/H]< 0
for sub-DLAs and DLAs.

We not not detect an anti-correlation between the CGM

metallicity and the impact parameter of the nearest group
galaxy member. This is consistent with isolated environments
where the presence of an anti-correlation could not be con-
firmed (Pointon et al. 2019), although simulations suggest an
anti-correlation should be present (Crain et al. 2013) since it
is expected that gas metallicities should decrease to that of the
IGM at larger impact parameters. Small number statistics and
large scatter in the CGM metallicity of group environments
may explain the non-detection of an anti-correlation with im-
pact parameter. However, it may also be possible that the IGM
at the low redshifts probed by Pointon et al. (2019) and this
study is sufficiently polluted by outflows that the difference
between the IGM and CGM metallicities has become diffi-
cult to detect with current sample sizes. Group environments
further complicate the picture. Nielsen et al. (2018) found
group environments can distribute cool Mgl gas through an
intragroup medium. If it is assumed that MgII detections are
analogous to CGM metallicity detections, we can predict that
an intragroup medium would also result in a flatter relation-
ship between CGM metallicity and impact parameter. Un-
fortunately, it is not possible to determine if the lack of rela-
tionship between CGM metallicity and impact parameter in
group environments results from an intragroup medium due
to the small sample size.

It has been found in simulations that the post-merger CGM
metallicity is 0.2-0.3 dex higher than pre-merger (Hani et al.
2018). While the difference between the mean CGM metallic-
ities of group and isolated environments is on on the order of
0.2 dex, we do not detect a significant difference between the
metallicity distributions. This indicates that CGM metallicity
of group environments does not differ from isolated environ-
ments, although we predict that increasing the sample size of
group environments to 36 may result in a significant differ-
ence. However, it is important to note that the group environ-
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ments in this survey are loose groups and may not yet be grav-
itationally bound. The lack of difference between the CGM
metallicity of group and isolated environments is consistent
with the possibility that any interactions in the group environ-
ments have not yet had sufficient time to increase the metal-
licity and that differences between group and isolated envi-
ronment metallicities may only be detected for major mergers
similar to the event simulated by Hani et al. (2018).

Using the FIRE simulations, Anglés-Alcdzar et al. (2017)
found that the dominant accretion mechanism for CGM gas
at z < 1 was through intergalactic transfer, which Pointon
et al. (2019) suggests could drive the large scatter found in the
metallicity distribution of isolated environments. The pres-
ence of well-mixed CGM halos in isolated environments at
z < 1 is consistent with the view that CGM gas has already
been enriched by mergers. Hani et al. (2018) found that the
time required for the CGM metallicity to return to pre-merger
values was at least 1 Gyr. Based on the difference between the
minimum and maximum galaxy redshifts and standard cos-
mology, the group environment sample covers a time span
of 3.6 Gyr while the isolated sample encompasses 5.3 Gyr
(Wright 2006). Thus it is reasonable to expect that the CGM
metallicities of galaxies which experienced a merger interac-
tions over 1 Gyr earlier may have reverted to their pre-merger
values. Alternatively, since we cannot rule out past merger
events for any isolated or group galaxy, it may be possible for
the CGM in both environments to have been enriched such
that there is no detectable difference in metallicity at low red-
shifts. It is likely that a combination of these two effects have
resulted in the large CGM metallicity spreads found in low
redshift isolated and group environments.

Studies of the CGM have established that the HI column
density around isolated galaxies decreases with increasing im-
pact parameter (e.g., Lanzetta et al. 1995; Tripp et al. 1998;
Chen et al. 2001a; Rao et al. 2011; Borthakur et al. 2015;
Curran et al. 2016; Prochaska et al. 2017; Pointon et al.
2019). However, given the flattened relationship between
Mg11 equivalent width and impact parameter for group envi-
ronments (e.g. Chen et al. 2010a; Bordoloi et al. 2011; Nielsen
et al. 2018), it is reasonable to expect that the HI may be sim-
ilarly affected. Indeed, the HT column density has no signifi-
cant anti-correlation with the impact parameter of the nearest
group galaxy. We also do not find any anti-correlation be-
tween the HI column density and nearest galaxy impact pa-
rameter for either high ([Si/H]> —1.0) or low ([Si/H]< —1.0)
metallicities.

However, if Mg1I is assumed to be a proxy for metallicity,
the stronger equivalent widths in group environments found
by Chen et al. (2010a); Bordoloi et al. (2011); Nielsen et al.
(2018) are somewhat in tension with our finding that the CGM
metallicity distribution is not significantly different to that of
isolated galaxies. However, it is important to note that of the
7/13 group environments in the survey where MgII was cov-
ered, there were 4 absorbers and 3 non-absorbers. The in-
ferred metallicities for 9/13 galaxies were dependent on the
high ionization states of NV, Si1v or C1v. Therefore, the as-
sumption that MgII is a proxy for metallicity does not hold for
all group environments. Studies of the highly ionized gas in
group environments have found that oxygen and carbon tend
to be ionized above OVI and C1V (e.g Burchett et al. 2016;
Oppenheimer et al. 2016; Pointon et al. 2017; Ng et al. 2019).
Therefore, it is possible that combining a single phase gas
model with highly ionized gas has lead to the metal content of
carbon, nitrogen or silicon to be underestimated, resulting in

lower metallicities.

Lehner (2017) also investigated the relationship between
HT1 column density and impact parameter for group environ-
ments. While they did not draw any conclusions from their
preliminary results they find a hint that low metallicity sys-
tems could be associated with isolated environments, while
high metallicity absorbers may be associated with groups.
Following this suggestion, after bifurcating the metallicity of
group environments at centre of the bimodal metallicity dis-
tribution found by Lehner et al. (2013) and Wotta et al. (2016,
2019) ([Si/H]=—-1.0), we find that groups are scattered across
both high (6/10) and low metallicities (4/10). This indicates
that a wide range of CGM metallicities, as opposed to only
high metallicities are associated with group environment and
that galaxy environment may not be the source of the metal-
licity bimodality.

The mass ratios of the galaxies in group environments have
been found to have an effect on the Mg1I absorption (Nielsen
et al. 2018), where groups with similar member galaxy lumi-
nosities may have larger equivalent widths and velocity dis-
persions than groups with different member galaxy luminosi-
ties. The authors suggested that galaxy—galaxy group envi-
ronments may be more efficient at causing enhanced star for-
mation and/or tidal stripping of gas. We used the B-band lu-
minosity ratio as a proxy for galaxy mass to classify groups
as galaxy—galaxy group (L, /L, < 3.0) or galaxy—dwarf group
(L1/Ly > 3.0) environments. Using the same metallicity cut
([Si/H]= —1.0) as Lehner (2017), we found that all but one
galaxy—dwarf group environments were associated with high
metallicity gas, while galaxy—galaxy groups were associated
with both high and low metallicity gas. Although, we did not
find a significant difference in the median or mean metallic-
ities of galaxy—galaxy group and galaxy—dwarf group envi-
ronments, a simple model of the group subsamples predicts
that observing nine or more high and low metallicity group
environment CGM absorbers could find a significant differ-
ence between the means of the subsample metallicities. We
note that many of the inferred metallicities rely on highly ion-
ized gas phases. However, previous studies of OVI and C1v
in group environments have found that the high halo mass is
sufficient to push oxygen to higher ionization states (Burchett
et al. 2016; Oppenheimer et al. 2016; Pointon et al. 2017; Ng
et al. 2019). Galaxy-galaxy group environments may have
sufficient mass to have further ionized carbon, nitrogen or sil-
icon, resulting in an underestimation of the metal content of
the gas, which in turn could result in lower metallicities. How-
ever, galaxy-dwarf environments may not yet have sufficient
mass, and hence temperature, to further ionize the CGM.

The metallicities in this study were calculated using the
total column density along the line-of-sight in the absorber.
However, studies of the CGM metallicity around isolated
environments have found that the metallicity is not con-
stant across an absorption profile (e.g. Churchill et al. 2012;
Crighton et al. 2015; Muzahid et al. 2015; Rosenwasser et al.
2018; Zahedy et al. 2019; Peeples et al. 2018). In essence,
this means that low metallicity gas along the line-of-sight can
be obscured by the presence of high metallicity gas structures,
such as accretion, outflows and tidal streams. This effectively
masks any information about the structure of metals in the
CGM. Future studies should attempt to calculate the metallic-
ity structure of each individual absorber, which may assist in
determining the characteristics of the CGM in group environ-
ments.

Although integrated line-of-sight metallicities may obscure
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some low metallicity gas, nearly half of the metallicity mea-
surements in group environments are metal-poor. This clearly
indicates there is a mix of high and low metallicity gas within
group environments, similar to what is found in isolated
galaxies. Using integrated line-of-sight metallicity values, it
is difficult to determine if the metallicity is associated with an
intragroup medium or individual galaxies within the group.
Given that both O VI or MgII absorption are associated with
an intragroup medium, rather than a superposition of individ-
ual halos, it is expected that other gas traces of the halo gas in
group environments would have a similar structure (Pointon
et al. 2017; Nielsen et al. 2018). Component-by-component
metallicity studies could reveal how individual clumps of gas
within the CGM halo are amalgamated into an intra-group
medium.

6. SUMMARY AND CONCLUSIONS

We used the “Multiphase Galaxy Halos” Survey to calcu-
late the CGM metallicity of 13 z < 0.4 group environments.
The column density for each covered ion in the absorption
systems was calculated using VPFIT. These column densities
were compared to the predicted column densities from Cloudy
ionization models using a MCMC analysis to infer a metallic-
ity of the absorption systems. The CGM metallicity was then
compared to the HI column density of the CGM gas and the
impact parameters of the group members. Our findings are:

1. Group environment CGM metallicities span a large
range of —2 <[Si/H]< 0 with a mean of ([Si/H]) =
—0.54 £ 0.22. These are consistent with isolated
galaxy CGM metallicities (—3.0 <[Si/H]< 0, ([Si/H]) =
—0.77 £0.14) at the 0.60 level. There is no signif-
icant enrichment of the group environment CGM at
z < 0.4. Indeed, the similar span of metallicities in
group and isolated environments suggests that there is
no general preferential association of group environ-
ments with high metallicity gas.

2. We do not detect a significant anti-correlation between
the CGM metallicity and the HI column density (0.20)
in group environments. This is consistent with previ-
ous studies which have used the HMOS ionizing back-
ground to infer CGM gas metallicities.

3. There is no significant anti-correlation between the
metallicity and impact parameter of the nearest group
galaxy, the mean impact parameter or the most lumi-
nous galaxy (1.30, 0.2¢ and 0.10, respectively). This
is consistent with the absence of a relationship between
the metallicity and impact parameter in isolated envi-
ronments. It may be possible that at low redshifts, pre-
vious interactions have enriched the surrounding IGM,
resulting in a lack of correlation between impact param-
eter and CGM metallicity.

4. We do not detect a significant anti-correlation between
the HI column density and the impact parameter of the
nearest galaxy in group environments. This is contrary
to what is detected in the entire isolated sample where
the HI column density has been measured to decrease
as the distance from the galaxy increases. Although the
lack of anti-correlation in group environments may be
due to low number statistics, the flattened relationship
is consistent with MgIl and O VI studies, which have
found evidence for an intragroup medium.

5. We further examine the environments of the groups
by bifurcating the sample at L;/L, = 3.0 and found
median metallicities of —=0.8 0.4 and —0.2 +0.3 for
low (galaxy—galaxy) and high (galaxy—dwarf) luminos-
ity ratios, respectively. Although there is no signifi-
cant difference between the median (1.9¢), all but one
galaxy-dwarf metallicity measurements have [Si/H]>
—1.0, while galaxy—galaxy group environments have
both low and high metallicities. Larger samples should
be able to determine if there is a difference between the
CGM metallicities of galaxy—galaxy and galaxy—dwarf
environments.

With our sample size, we are unable to confidently detect a
significant enhancement in the CGM metallicity for group en-
vironments. While we do not find any metallicity enhance-
ment here with environment, samples larger than 36 group
environments may find a more metal-rich intragroup medium.
Larger samples may also find that a large luminosity ratio,
and hence mass ratio, of the galaxies involved increase the
metallicity. Regardless, we expect that a strong, detectable
metallicity enhancement may only occur when galaxies are
in the process of interacting or merging, which is not repre-
sented in our sample. Future work should focus on creating
samples of galaxy groups that are undergoing different phases
of evolution, e.g, loose groups, compact groups, interactions
and mergers, to fully understand how galaxy environment af-
fects the evolution of the CGM metallicity. Furthermore, stud-
ies should focus on understanding how the CGM metallicity
differs along the line-of-sight of each absorption profile so
that high metallicity gas does not obscure metal-poor mate-
rial. Such studies may also be able to use the information on
the contribution of each group galaxy to the CGM to test for
an intragroup medium or a superposition model using metal-
licity as a tracer.
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