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Abstract

We present new results of a12CO(J = 1–0) imaging survey using the Atacama Compact Array(ACA) for 31 HI
detected galaxies in the IC 1459 and NGC 4636 groups. This is the� rst CO imaging survey for loose galaxy
groups. We obtained well-resolved CO data(� 0.7–1.5 kpc) for a total of 16 galaxies in two environments. By
comparing our ACA CO data with the HI and UV data, we probe the impacts of the group environment on the cold
gas components(CO and HI gas) and star formation activity. We� nd that CO and/ or H I morphologies are
disturbed in our group members, some of which show highly asymmetric CO distributions(e.g., IC 5264,
NGC 7421, and NGC 7418). In comparison with isolated galaxies in the xCOLD GASS sample, our group galaxies
tend to have low star formation rates and low H2 gas fractions. Our� ndings suggest that the group environment
can change the distribution of cold gas components, including the molecular gas and star formation properties of
galaxies. This is supporting evidence that preprocessing in the group-like environment can play an important role
in galaxy evolution.

Uni� ed Astronomy Thesaurus concepts:Interstellar atomic gas(833); Molecular gas(1073); Galaxies(573);
Galaxy groups(597); Galaxy evolution(594)

1. Introduction

Galaxy properties(e.g., morphology, star formation rate
(SFR), and color) change with the environment, including the

� eld, groups, and clusters. As the surrounding density
increases, the fraction of early-type galaxies increases(i.e.,
the density–morphology relation; Dressler1980; Goto et al.
2003; Houghton2015). In particular, in the cluster environ-
ment, the galaxy population is dominated by red sequence
galaxies with lower SFRs(Lewis et al.2002; Gómez et al.
2003; Hogg et al.2004; Kauffmann et al.2004). Furthermore,
this trend is also observed at the outskirts of galaxy clusters
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(Cybulski et al.2014; Jaffé et al.2016; Morokuma-Matsui et al.
2021).

In fact, in a hierarchical universe, a signi� cant fraction of
cluster populations is accreted through the groups(McGee
et al.2009; De Lucia et al.2012). This result implies that many
galaxies are likely to be already affected by the environmental
effects in groups(e.g., tidal interaction and ram pressure
stripping(RPS); for a review, see Cortese et al.2021), making
them become red, passive, and gas de� cient before they fall
into a cluster. This process(known as“preprocessing”) can
account for a signi� cant fraction of the quenched galaxies at the
outskirts of the cluster or beyond the virial radius of the cluster
(Haines et al.2015; Dénes et al.2016; Jaffé et al.2016; Roberts
& Parker2017; Jung et al.2018; Vulcani et al.2018; Džudžar
et al. 2019; Seth & Raychaudhury2020; Cortese et al.2021;
Kleiner et al.2021; Morokuma-Matsui et al.2021; Castignani
et al. 2022). Therefore, studying“preprocessing” (e.g., how
signi� cantly galaxies can be processed in the group environ-
ment before they enter a cluster) is important to understand
galaxy evolution in the groups as well as the clusters.

In addition, at least half of all galaxies belong to galaxy
groups in the local universe(Eke et al.2004; Robotham et al.
2011), indicating that the group environment is the common
place where local galaxies evolve.

Although there are various external processes that can play a
role in changing the physical properties of galaxies, tidal
interactions and merging events are more frequent, especially
in the group environment, due to the low-velocity dispersion of
the group, which are thought to be the main mechanisms
affecting group galaxies(Zabludoff & Mulchaey1998; Bitsakis
et al.2014; Alatalo et al.2015; Iodice et al.2020; Kleiner et al.
2021; Wang et al.2022). Some groups are detected in X-ray,
indicating the presence of a hot intragroup medium(IGrM)
(e.g., Osmond & Ponman2004). However, the strength of ram
pressure in groups is expected to be not as strong as the
strength of ram pressure in clusters because the velocity of
group galaxies relative to the IGrM is not as high, and the
density of IGrM is relatively low. Nevertheless, evidence of
ram pressure stripping has been reported in galaxy groups
(Kantharia et al.2005; Rasmussen et al.2006; Westmeier et al.
2011; Wolter et al.2015; Brown et al.2017; Roberts et al.
2021).

The cold interstellar medium(ISM), mainly composed of
atomic hydrogen(H I) and molecular hydrogen(H2), is one of
the important baryonic components of a galaxy, as the fuel for
star formation. Generally, the HI gas disk of the star-forming
� eld galaxies extends beyond the optical disk(e.g., Walter
et al.2008). The large extent of the HI disk and the low density
of H I gas make it more susceptible to environmental processes,
such as tidal interactions(Yun et al. 1994; Saponara et al.
2018) and ram pressure stripping(Chung et al.2009; Wang
et al.2020, 2021). In the group environment, galaxies are often
reported with HI de� ciency, asymmetric HI distribution, and a
shrinking of HI disk (Dénes et al.2016; Brown et al.2017; For
et al. 2019; Lee-Waddell et al.2019; For et al.2021; Kleiner
et al.2021; Roychowdhury et al.2022; Wang et al.2022).

In particular, the H2 gas, which is mainly traced by carbon
monoxide (CO), is known as the direct ingredient for star
formation. Therefore, it is essential to understand how the
group environmental processes affect the molecular gas of
galaxies because a change of molecular gas properties by the
environmental effects likely links to star formation activity and

hence galaxy evolution. However, since the distribution of
molecular gas is more compact within the stellar disk and its
density is higher, it still remains unclear whether the molecular
gas is also strongly affected by the group environmental
processes. For cluster galaxies, recent studies on molecular gas
have found evidence of the environmental effects on molecular
gas of cluster galaxies(Boselli et al.2014b; Lee et al.2017;
Lee & Chung2018; Jáchym et al.2019; Zabel et al.2019;
Moretti et al.2020a, 2020b; Cramer et al.2020). However,
there are not many studies of the molecular gas in group
galaxies(e.g., Alatalo et al.2015), and therefore we still lack a
good understanding of the group environmental effects on the
molecular gas.

In order to obtain a better understanding of the group
environmental effects on the molecular gas and the star
formation activity, we carried out a12CO(J = 1–0) imaging
survey of 31 galaxies in two loose groups(IC 1459 group and
NGC 4636 group) using the Atacama Large Millimeter/
submillimeter Array(ALMA )/ the Atacama Compact Array
(ACA) in Cycle 7. This is the� rst CO imaging survey for the
loose groups. In particular, a loose group is an intermediate
structure between compact groups and clusters. Loose groups
host tens of galaxies over an area of� 1 Mpc2, with a median
velocity dispersion of 165 km sŠ1 and a median virial mass of
� 1.9× 1013 hŠ1 Me (Tucker et al.2000; Pisano2004). These
are particularly interesting objects in a study of structure
formation in the hierarchical universe.

However, previous CO imaging studies on group galaxies
mainly focused on compact groups, showing violent interac-
tions among group members(e.g., Alatalo et al.2015). Thus,
the well-resolved CO imaging data of our survey can provide a
unique opportunity to study the detailed molecular gas
properties(e.g., CO distribution and velocity� eld) of group
galaxies and is expected to show direct evidence for the group
environmental effects on the molecular gas.

Recent high-resolution HI imaging observations for the
IC 1459 group and the NGC 4636 group(hereafter I1459G and
N4636G, respectively) show that there are explicit signs
(stripped HI gas and asymmetric HI morphology) of external
perturbations(Serra et al.2015a; Oosterloo et al.2018;
Saponara et al.2018; Koribalski et al. 2020). In addition,
thanks to the proximity of these two groups(I1459G: 27.2 Mpc
and N4636G: 13.6 Mpc) and the high spatial resolution of our
ACA observations, individual group galaxies can be resolved
on a kpc scale(I1459G: � 1.5 kpc and N4636G:� 0.7 kpc).
Therefore, both the I1459G and N4636G are good laboratories
to investigate the group environmental effects on molecular gas
in detail. In particular, since the N4636G is falling into the
Virgo cluster (Tully & Shaya 1984; Nolthenius1993), this
makes the N4636G the best target to study the preprocessing in
the group environment.

In this work, we present the results of our ACA CO survey
of the two groups. In particular, we compare the CO images
with existing HI images for our group sample to investigate
how these two phases of the cold ISM react to the group
environmental processes, since the HI gas and CO gas have
different characteristics(e.g., the disk size and the density). The
combination of CO and HI images is possibly powerful for
distinguishing between different stripping or quenching
mechanisms.

In Section2, we describe the two galaxy groups and the
sample selection along with the general properties of the target
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galaxies. Details of the ACA observations, data reduction, and
ancillary data are described in Section3. We present CO
properties and CO images of our sample in Section4. In
Section 5, we investigate differences in global properties
between the group sample and the extended CO Legacy
Database for GASS29 (xCOLD GASS; Saintonge et al.2017)
sample, and we discuss the impacts of the group environment
on member galaxies. In Section6, we summarize our results
and conclusions. Throughout this paper, we adopt distances of
27.2 and 13.6 Mpc to two groups, I1459G and N4636G,
respectively(Brough et al.2006).

2. Group Sample

The Group Evolution Multiwavelength Study(GEMS) is a
panchromatic survey of 60 nearby galaxy groups(the recession
velocity of 1000 km sŠ1 < vgroup < 3000 km sŠ1), which has
been initiated to study environmental effects on galaxy
evolution in the group environment(Osmond & Ponman2004;
Forbes et al.2006). The survey covers a broad range of
wavelengths from radio(Kilborn et al. 2005, 2009), infrared
(Brough et al.2006), optical (Miles et al. 2004), and X-ray
(Osmond & Ponman2004) to investigate how strongly and
frequently group members are in� uenced by various processes.
Among 60 groups in the GEMS, in particular, both I1459G and
N4636G were observed in the HI emission, with the high
spatial resolution of the Australian Square Kilometer Array
Path� nder(ASKAP, Serra et al.2015b; Koribalski et al.2020).
The presence of high-resolution HI images takes great
advantage of verifying immediately the environmental effects
on the cold gas disk(e.g., asymmetric HI distribution; Serra
et al. 2015b; For et al.2019; Lee-Waddell et al.2019). For
these reasons, we selected these two groups to probe the group
environmental effects on the cold gas and star formation
activity of group galaxies.

Both I1459G and N4636G have many properties in common
such as the detection of X-ray emission, and the presence of a
relatively large elliptical galaxy at the group center(i.e., bright
group-centered galaxy; BGG) (Osmond & Ponman2004;
Brough et al.2006). However, their locations in the large-scale
structure are rather distinct. The I1459G is a relatively isolated
group, while the N4636G falls into the Virgo cluster(Tully &
Shaya1984; Nolthenius1993). Therefore, the N4636G is an
ideal laboratory to study the“preprocessing” of group galaxies.

We describe the details of the properties of the two groups as
well as the sample selection for our ACA CO observations in
the following sections.

2.1. IC 1459 Group

The I1459G is a loose galaxy group that includes� 10
members identi� ed by a friends-of-friends(FOF) algorithm
(Brough et al.2006). Additional faint galaxies(e.g., dwarf and
ultra-diffuse galaxies) are likely to be associated with the
I1459G, based on previous HI observations and recent deep
optical imaging(e.g., Kilborn et al.2009; Serra et al.2015a;
Forbes et al.2020).

The BGG of the I1459G, with a stellar mass of� 3 ×
1011Me , which we estimated using the Wide-� eld Infrared
Survey Explorer (WISE) data (see Section3.3), shows
many peculiar features, such as a counter-rotating stellar core

(Franx & Illingworth 1988; Prichard et al.2019), an irregular
dust distribution(Forbes et al.1994), and the tidal tails and
shells in the outskirts of the galaxy(Forbes et al.1995; Iodice
et al. 2020). All these features indicate that the BGG in the
I1459G has experienced tidal interactions and/ or merging
events. X-ray observations also revealed that there is a hot
IGrM at the center of the I1459G(Osmond & Ponman2004).

Many previous HI imaging observations of the I1459G(e.g.,
Kilborn et al.2009; Serra et al.2015a; Oosterloo et al.2018;
Saponara et al.2018) also suggest that galaxies in the I1459G
are undergoing violent interactions(e.g., tidal interactions
between galaxies). With the Australia Telescope Compact
Array (ATCA), Saponara et al.(2018) reported a substantial
amount of HI in clouds (� 7.2× 108 Me ) and in extended
distributions near IC 1459(BGG), IC 5264, and NGC 7418A,
covering nearly half of the group region. In addition, Oosterloo
et al. (2018) found a long HI tail across the I1459G with the
Karoo Array Telescope(KAT-7). Recent HI imaging data
obtained from the ASKAP reveal that many of the group
galaxies show asymmetric and disturbed HI morphologies
(Serra et al.2015a).

Under the assumption that the I1459G is in dynamical
equilibrium (e.g., Balogh et al.2007) and adopting the group
velocity dispersion(� group: 223 km sŠ1) taken from Osmond &
Ponman(2004), we calculated the group virial radius(R200:
0.55 Mpc) and the total group mass ofM200 (1.9× 1013 Me ),
where R200 is the radius at which the system’s mean mass
density is 200 times higher than the critical density of the
universe, andM200 is the total mass enclosed withinR200.

2.2. NGC 4636 Group

The N4636G is located toward the southeast region of the
Virgo cluster and is falling into the cluster. In the group, there
is an early-type BGG(NGC 4636) with a stellar mass of
� 3 × 1010Me (O’Sullivan et al.2018).

The N4636G shows luminous and extended X-ray emission,
indicating the existence of a hot IGrM(e.g., Osmond &
Ponman2004; Baldi et al.2009; Ahoranta et al.2016). This
X-ray emission is extended out to� 0.3 Mpc from the group
center(Matsushita et al.1998), suggesting that some group
galaxies near the group center are possibly affected by ram
pressure stripping. Interestingly, recent X-ray studies of
NGC 4636 show that the morphology of X-ray emission near
the BGG is complex, showing arm-like structures and bubbles
related to previous active galactic nucleus(AGN) activity (e.g.,
Baldi et al.2009). The direction of the radio jets also coincides
with the X-ray cavities(Giacintucci et al.2011).

The N4636G hosts at least 17 members identi� ed by Brough
et al. (2006). However, � 100 systems, including low-mass
dwarfs and massive spiral galaxies, could be associated with
the N4636G, in a recent ongoing study(X. Lin et al. 2022, in
preparation). Previous HI observations of the N4636G found
that there are many HI-de� cient galaxies, which implies that
group members in the N4636G are affected by the environ-
mental effects(Kilborn et al.2009).

Under the assumption that the N4636G is in dynamical
equilibrium and adopting the group velocity dispersion(� group:
284 km sŠ1) taken from Osmond & Ponman(2004), we
calculated the total group mass ofM200 (3.9× 1013 Me ) and
the group virial radius(R200: 0.70 Mpc).29 The Parkes Galactic All Sky Survey.
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2.3. Sample Selection

The target galaxies of our ACA CO survey were selected
from the GEMS-HI survey that observed HI gas of galaxies
within a square region of 30 deg2 surrounding the center of
each group for a sample of 16 selected GEMS groups, with the
Parkes radio telescope(Kilborn et al. 2009). From this HI
survey, we selected a sample of 31 systems with HI detections,
which are located within 1.5× R200 and ± 3 × � group (group
velocity dispersion), in these two groups(11 galaxies in the
I1459G and 20 galaxies in the N4636G). Since the primary
selection criterion is the presence of HI, which implies that the
sample galaxies may have a cold ISM with potentially
molecular gas, our targets show a variety of morphological
types, from dwarfs to spirals(Table1), with a wide range of
stellar masses(1.6× 106–4.9× 1010Me ; Table1) and HI gas
masses(3.1× 107–7.5× 108 Me ; Table1, Kilborn et al.2009).

Figure1 shows the locations of our sample in the I1459G
and the N4636G(red circles: detection of CO, black circles:

nondetection of CO). Their BGGs are shown as green large
crosses. Small crosses(gray: late-type, yellow: early-type) also
indicate galaxies taken from the Hyperleda database, which are
also within 1.5× R200 and± 3 × � group and brighter than the
absolute magnitude ofŠ15.5(the faintest galaxy among small
crosses in the I1459G) in theB-band. Our target galaxies of the
I1459G are located around the BGG as well as in the outskirts
of the group. On the other hand, many of our sample galaxies
in the N4636G are located around itsR200.

Figure 2 also displays the distributions of the sample
galaxies on the projected phase-space diagram(PSD), which
allows us to probe a projected distance from the group center
(r/ R200, normalized byR200) and a line-of-sight velocity with
respect to the systemic velocity of the group(� V/ � group,
normalized by the group velocity dispersion), simultaneously.
Some of our group targets, with a high� V/ � group above the
curve of the maximum escape velocity, may just pass through a
group, but they can still be affected by all group environmental
effects during this one� y-by trip.

Table 1
General Properties of Sample Galaxies in IC 1459 Group and NGC 4636 Group

Name R.A. Decl. Type Inc. PA v (opt) MH I log Må SFR
(J2000) (J2000) (deg) (deg) (km sŠ1) (× 108Me ) (Me ) (Me yrŠ1)

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

IC 1459 Group

ESO 406-G040 23h00m21 99 Š 37d12m04 0 IB 44.3 1.5 1248 6.3± 1.0 8.87 0.044± 0.020
ESO 406-G042 23h02m14 24 Š 37d05m01 2 SABm 80.1 66.4 1375 19.2± 1.6 9.42 0.169± 0.025
DUKST 406-083 23h02m00 50 Š 36d29m04 5 L 66.1 97.0 1624 2.8± 1.0 7.50 0.021± 0.003
IC 5264 22h56m53 02 Š 36d33m15 3 Sab 90.0 80.1 1940 9.7± 1.2 10.15 0.144± 0.004
IC 5269B 22h56m36 72 Š 36d14m59 5 SBc 82.6 96.7 1638 30.0± 2.0 9.89 0.178± 0.026
IC 5269C 23h00m48 17 Š 35d22m13 5 Scd 74.9 62.8 1796 14.7± 1.6 9.46 0.121± 0.022
IC 5270 22h57m54 88 Š 35d51m29 0 SBc 58.2 105.1 1929 66.6± 3.7 9.94 0.740± 0.102
IC 5273 22h59m26 72 Š 37d42m10 5 SBc 50.8 48.5 1286 38.1± 2.2 10.34 1.758± 0.529
NGC 7418 22h56m36 15 Š 37d01m48 2 Sc 40.0 137.7 1417 48.8± 2.6 10.57 2.049± 0.759
NGC 7418A 22h56m41 23 Š 36d46m21 9 Scd 61.2 81.4 2102 40.1± 2.3 9.30 0.456± 0.033
NGC 7421 22h56m54 32 Š 37d20m50 7 Sbc 36.2 80.6 1801 7.5± 1.2 10.32 0.274± 0.041

NGC 4636 Group

EVCC 0854 12h32m58 04 + 04d34m42 5 Sm 60.8 L 1233 0.9± 0.2 6.20 0.002± 0.001
EVCC 0962 12h37m29 07 + 04d45m04 3 I 62.4 12.4 1655 0.3± 0.2 7.65 0.005± 0.001
IC 3474 12h32m36 51 + 02d39m40 9 Scd 87.1 42.5 1727 5.3± 0.3 8.75 L
NGC 4496A 12h31m39 26 + 03d56m22 8 Scd 38.5 67.5 1730 19.0± 0.9 9.58 0.345± 0.018
NGC 4517 12h32m45 48 + 00d06m52 5 Sc 90.0 84.4 1131 38.1± 1.4 10.27 0.633± 0.079
NGC 4517A 12h32m27 97 + 00d23m25 7 Sd 75.2 30.1 1509 14.9± 0.7 9.33 0.104± 0.015
NGC 4527 12h34m08 47 + 02d39m13 9 SABb 81.2 69.5 1736 41.9± 1.4 10.30 1.895± 0.943
NGC 4536 12h34m27 09 + 02d11m16 8 SABb 73.1 120.7 1808 31.9± 1.1 10.13 2.171± 0.959
NGC 4592 12h39m18 74 Š 00d31m54 6 Sd 90.0 94.2 1069 75.0± 3.3 9.38 0.305± 0.016
NGC 4632 12h42m32 34 Š 00d04m54 2 Sc 70.5 58.9 1723 20.2± 0.8 9.42 0.258± 0.028
NGC 4666 12h45m08 64 Š 00d27m42 5 SABc 69.6 40.6 1533 36.9± 1.4 10.18 2.193± 1.025
NGC 4688 12h47m46 61 + 04d20m12 8 Sc 23.7 L 986 12.6± 1.0 8.69 0.182± 0.028
NGC 4772 12h53m29 17 + 02d10m06 3 SABa 67.3 155.1 1040 1.5± 0.2 10.28 0.029± 0.006
UGC 07715 12h33m55 68 + 03d32m45 6 I 20.9 L 1138 0.7± 0.1 8.65 0.012± 0.002
UGC 07780 12h36m42 09 + 03d06m30 7 Sm 90.0 48.2 1441 2.9± 0.2 7.97 0.008± 0.007
UGC 07824 12h39m50 42 + 01d40m20 7 SBm 73.0 80.9 1227 2.1± 0.2 8.70 0.009± 0.003
UGC 07841 12h41m11 59 + 01d24m37 1 Sb 62.3 144.4 1737 3.8± 0.3 8.92 L
UGC 07911 12h44m28 78 + 00d28m05 4 Sm 66.8 15.0 1183 5.5± 0.3 9.58 0.077± 0.012
UGC 07982 12h49m50 25 + 02d51m06 9 Sb 87.1 0.8 1155 3.3± 0.2 9.39 0.009± 0.001
UGC 08041 12h55m12 64 + 00d06m60 0 SBcd 54.0 168.3 1359 9.2± 0.7 9.53 0.094± 0.014

Note. (1) Galaxy name;(2) R.A. (J2000); (3) decl. (J2000); (4) morphological type;(5) inclination angle;(6) position angle; Columns(2)–(6) from HyperLeda
(http:// leda.univ-lyon1.fr/ ; Makarov et al.2014) (7) optical velocity(Kilborn et al.2009); (8) H I gas mass, HI gas masses from Parkes observations(Kilborn et al.
2009); (9) stellar mass, stellar masses estimated from the WISE data;(10) star formation rate(SFR), star formation rates derived using the GALEX FUV/ NUV data,
and the WISE 22� m data.
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The general properties(e.g., coordinates, stellar masses, HI
gas masses, star formation rates) of our sample are summarized
in Table1.

3. Observations and Data

3.1. Observations

Our CO imaging observations(project ID: 2019.1.01804.S;
PI: B. Lee) of group galaxies were carried out using the
ALMA / ACA in Cycle 7 (2019 October to 2019 December).
While the ACA consists of 12 antennas of 7 m diameter(the
7 m array) and four antennas of 12 m diameter(the total power
array), we only used the 7 m array, with 9Š11 antennas in our
observations. The mean precipitable water vapor value was 3.6
mm during the observations.

Four spectral windows(SPW 1, 2, 3 ,4) were set up to
observe 12CO(J = 1–0) (� rest = 115.271 GHz) line and
CN(N = 1–0; J = 3/ 2–1/ 2) (� rest = 113.491 GHz) line in
the upper sideband(SPW 1 and 2) and 3 mm continuum
emission in the lower sideband(SPW 3 and 4). Each SPW has
a total bandwidth of 1875 MHz(� 5000 km sŠ1) and a channel
width of � 1.13 MHz(� 3 km sŠ1).

The size of the primary beam is� 87� . The most typical
extent of CO gas in late-type galaxies is 50%–70% of the inner
part of the optical disk(e.g., Schruba et al.2011). In order to
cover the entire CO disk, 15 out of 31 galaxies were observed
in mosaic mode. The number of mosaic� elds varies from two
to 13 pointings, which depends on the apparent size of each
target galaxy. The rest(16 targets) of the sample were observed
by a single pointing. The largest recoverable angular scale(i.e.,
the maximum recoverable scale(MRS)) in our ACA observa-
tions is 59� , corresponding to� 7.8 kpc at 27.2 Mpc(I1459G)
and � 3.9 kpc at 13.6 Mpc(N4636G), respectively. With this
MRS, we expected that our proposed observations using only
the 7 m array could recover most of the total� ux. Thus, we did
not include the total power array. However, we may possibly

miss some CO� ux. The missing� ux problem is discussed in
Sections4.2 and5.2.

Based on the prediction for the molecular gas surface density
at the edge of the star-forming disk(e.g., � 4Me pcŠ2;
Schaye 2004), we aim to reach a gas surface density of
4Me pcŠ2 in 5� in a beam with a velocity resolution of
20 km sŠ1. Adopting the Milky Way CO-to-H2 conversion
factor (� CO = 4.35 Me pcŠ2 (K km sŠ1)Š1; Strong & Mat-
tox 1996; Bolatto et al.2013), the requested sensitivity is 14.6
mJy beamŠ1 over a velocity resolution of 20 km sŠ1.

3.2. Data Reduction and Imaging

The ACA data were calibrated using the standard ALMA
pipeline in the Common Astronomy Software Applications
package(CASA, version: 5.6.1–8; McMullin et al.2007). After
calibration, the continuum is subtracted by� tting the line-free
channels with theuvcontsub task. Cleaned CO data cubes of
individual samples are created using thetclean task in the
CASA package. The clean regions are carefully selected by
visual inspection for every channel of the cubes. In particular,
the mosaic images of 15 galaxies observed with multiple
pointings were produced by setting the subparameter
gridder = ‘‘ mosaic ’’ in the tclean task. To increase
the signal-to-noise ratio(S/ N) of the data and to recover faint
CO emission, natural weighting was applied, and the channel
width of the cleaned cubes was binned into a velocity
resolution of 20 km sŠ1. The � nal data cubes have a
synthesized beam of� 14� × � 9� with a pixel size of 2� .
The noise level is measured using line-free channels. The
typical rms noise level is� 12.4 mJy beamŠ1 over a channel
width of 20 km sŠ1, which is measured prior to the primary
beam correction. The synthesized beam sizes and rms noise
levels for individual galaxies are listed in Table2. The � nal
data cubes are corrected for primary beam attenuation with the
impbcor task.

Figure 1. Distribution of sample galaxies in the I1459G(left) and the N4636G(right). Our targets are indicated by open circles(red: detection of CO, black:
nondetection of CO). Open diamonds display some of the samples, which display asymmetric HI and/ or CO distributions. Green large cross in each panel is the
BGG. Small crosses(gray: late-type, yellow: early-type) represent galaxies taken from the Hyperleda database, which are also within 1.5× R200 (dashed circles,
I1459G: 0.55 Mpc, N4636G: 0.70 Mpc) and± 3 × � group(I1459G: 223 km sŠ1, N4636G: 284 km sŠ1) and brighter than the absolute magnitude ofŠ15.5(the faintest
galaxy among small crosses in the I1459G) in the B-band. The bar in the bottom-left corner represents the physical scale of 0.25 Mpc.
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For each galaxy, we obtained a detection mask from the
cleaned data cube, using the Source Finding Application
(SoFiA) software(Serra et al.2015b; Westmeier et al.2021)
with a 3� threshold for reliable detection. In particular, the data
cube was convolved with several smoothing kernels, which are
Gaussian� lters with FWHM equivalent to 0, 3, and 7 pixels on
the sky plane, and a threshold-based detection mask was
produced for each smoothed version of the cube. The� nal
detection mask is a combination of all these masks. Such a
smooth+ clip (S + C) procedure is good at detecting low
density and diffuse structures. Then, a reliability parameter of
the detection should be calculated by SoFiA by comparing the
statistics of the distribution of negative and positive pixels,
based on the assumption that the noise has a rough symmetric
distribution around zero, and thus the noise pattern of positive
pixels should be similar to that of negative pixels. We refer the
readers to Serra et al.(2015b) for more details on the algorithm.
Because the� eld of view is relatively small for some of our
observations, there are not suf� cient statistics to robustly derive
the reliability parameter for every galaxy. Therefore, we further
manually inspect each detection mask to remove false
detections. By applying the� nal detection masks for the
sample galaxies, we generated integrated CO intensity maps
(0th moment), velocity � eld maps(1st moment), and velocity
dispersion maps(2nd moment).

The CN line data were reduced into� nal products(i.e., data
cubes, moment maps) in the same manner as the CO data. In
addition to the line data, we created 3 mm continuum images
by averaging the line-free channels in four SPWs. The results
of the CN and continuum data are in AppendicesD andE.

3.3. Ancillary Data

To estimate the stellar masses(Må), SFRs, and HI masses of
galaxies in our sample and to investigate HI distribution of the

sample galaxies, we made use of the complementary data,
including the far-ultraviolet(FUV), near-ultraviolet(NUV),
infrared, and HI images. For calculating the stellar masses and
SFRs, we assume a Kroupa initial mass function(IMF;
Kroupa2001). First, to obtain an estimate of the stellar masses,
we utilize the photometric pipeline of Wang et al.(2017) with
the 3.4� m data(W1 band) and 4.6� m data(W2 band) of the
Wide-� eld Infrared Survey Explorer(WISE; Wright et al.
2010). We derive the stellar mass of the sample galaxies using
the W1 luminosity with a W1–W2 color-dependent mass-to-
light ratio (Jarrett et al.2017) (for details, see Section 3 of
Wang et al.2017). The typical error of the stellar mass is 0.15
dex. With a combination of the Galaxy Evolution Explorer
(GALEX) FUV data(Martin et al.2005) and the 22� m data
(W4 band) from WISE(Wright et al.2010), we also derive the
dust attenuation corrected SFR by using the equations of
Calzetti(2013). The FUV and W4� uxes trace the dust-free and
dust-attenuated part of the total SFR in a galaxy, respectively.
When the FUV� uxes have too low S/ N (< 1), we use GALEX
NUV � uxes to estimate the dust-free part of the SFR.

For some of our sample galaxies, there are recent high-
resolution HI imaging data. For the I1459G sample, 10 out of
11 galaxies were detected in the ASKAP BETA(the Boolardy
Engineering Test Array) survey(Serra et al.2015a). In the case
of the N4636G sample, 18 out of 20 galaxies were detected in
the WALLABY pilot survey (Koribalski et al. 2020). For
NGC 4536 and NGC 4772, we use the HI imaging data of the
VIVA (the VLA Imaging survey of Virgo galaxies in Atomic
gas, Chung et al.2009). In total, 28 out of 31 sample galaxies
(� 90%) have resolved HI images. The spatial resolutions for
the ASKAP BETA, WALLABY pilot survey, and VIVA are
60� (7.92 kpc), 30� (1.98 kpc), and 18� (1.19 kpc), respectively.
These HI imaging data are useful for a comparison of the CO
distribution of group galaxies. We adopted the HI gas masses

Figure 2. Distribution of sample galaxies on the projected phase-space diagram(left: I1459G, right: N4636G). Symbols are the same as in Figure1. Thex-axis is a
projected distance from the group center(r/ R200, normalized byR200). They-axis is a line-of-sight velocity with respect to the systemic velocity of the group(� V/
� group, normalized by the group velocity dispersion). The dashed(solid) line indicates the averaged(the maximum) escape velocity as a function of the projected
distance from the group center(r/ R200).
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from previous Parkes observations(Kilborn et al. 2009) for
homogeneity and� ux completeness. The stellar masses, SFRs,
and HI gas masses of our sample are summarized in Table1.

4. Results

4.1. CO Detections

We detected CO emission in 16 out of 31 galaxies from
both the I1459G(6/ 11) and the N4636G(10/ 20). The stellar
mass range of galaxies with CO detection is� 109Š1010Me
(Figure3); all of these are spiral galaxies. Figure4 shows the
CO distribution overlaid on DSS2 blue optical images. On
the other hand, galaxies without CO detection tend to have
lower stellar masses(< 9.4× 109 Me ; see Figure3), and
their morphological types are dwarfs and spirals(Figure29
in AppendixF). Both Figures1 and2 show the distributions
of all sample galaxies on the projected sky plane and on the
projected PSD. Red and black open circles indicate CO
detections and nondetections ofCO, respectively. Interest-
ingly, most of the CO-detected galaxies of the N4636G tend

to be at large group-centric radii, while those in the I1459G
tend to be at smaller group-centric radii. We discuss this in
detail in Section5.3.

4.2. CO Properties

The integrated CO� ux (SCO) is measured in Jy km sŠ1 using

( ) ( )S F v, 1CO CO� � � 4 � %

whereFCO is the total� ux of CO in each channel,� v is the
velocity resolution(20 km sŠ1) of the CO data cube. For the
integrated CO� ux, all pixels within the detection mask are
summed over channels. The uncertainty of the integrated CO
� ux is calculated by

( ) ( ) ( ) ( )S N v S 400 , 2CO rms
2

Beam
2

CO
2� T � T� � � 4 � % � �

where� rms is the rms noise level of the data cube, andNbeamis
the number of beams in the emission region of each channel.
The � rst term of Equation(2) is the measurement error of the
integrated CO� ux, and the second term is a typical absolute

Table 2
CO Observational Parameters of Sample Galaxies in Two Groups

Name bmaj× bmin, bPA � rms Nmosaic H I Imaging Data
(� × � , deg) (mJy beamŠ1)

(1) (2) (3) (4) (5)

IC 1459 Group

ESO 406-G040 14.2× 8.9, 102.8 14.6 1 ASKAP BETA
ESO 406-G042 14.1× 8.9, 102.3 13.9 1 ASKAP BETA
DUKST 406-083 14.2× 8.9, 103.5 13.9 1 L
IC 5264 14.2× 8.9, 103.2 13.1 1 ASKAP BETA
IC 5269B 14.2× 8.9, 101.8 10.7 3 ASKAP BETA
IC 5269C 14.2× 8.8, 103.0 13.9 1 ASKAP BETA
IC 5270 14.2× 8.9, 102.3 10.1 3 ASKAP BETA
IC 5273 14.1× 9.0, 100.2 11.5 2 ASKAP BETA
NGC 7418 14.1× 9.0, 101.3 9.2 5 ASKAP BETA
NGC 7418A 14.2× 8.9, 103.5 13.1 1 ASKAP BETA
NGC 7421 14.2× 8.9, 103.2 13.8 1 ASKAP BETA

NGC 4636 Group

EVCC 0854 14.1× 10.1, 97.0 13.9 1 WALLABY pilot
EVCC 0962 14.2× 9.9, 101.4 13.3 1 WALLABY pilot
IC 3474 14.2× 9.8, 102.0 13.7 1 WALLABY pilot
NGC 4496A 14.1× 9.9, 101.8 8.8 6 WALLABY pilot
NGC 4517 14.1× 9.7, 94.9 11.4 8 WALLABY pilot
NGC 4517A 14.1× 9.7, 97.0 14.3 1 WALLABY pilot
NGC 4527 14.1× 9.9, 96.8 11.7 5 WALLABY pilot
NGC 4536 14.1× 9.8, 99.8 8.7 13 VIVA
NGC 4592 14.0× 9.5, 100.5 11.4 3 WALLABY pilot
NGC 4632 14.0× 9.7, 95.6 10.9 3 WALLABY pilot
NGC 4666 13.9× 9.6, 99.4 11.1 3 WALLABY pilot
NGC 4688 14.1× 10.0, 91.1 10.1 5 WALLABY pilot
NGC 4772 14.1× 9.8, 92.7 12.1 3 VIVA
UGC 07715 14.1× 10.0, 96.1 13.9 1 WALLABY pilot
UGC 07780 14.1× 10.0, 96.0 14.7 1 WALLABY pilot
UGC 07824 14.1× 9.9, 94.8 14.5 1 L
UGC 07841 14.0× 9.8, 95.7 14.2 1 WALLABY pilot
UGC 07911 14.1× 9.8, 93.4 14.5 1 WALLABY pilot
UGC 07982 14.0× 9.9, 92.6 11.7 3 WALLABY pilot
UGC 08041 13.9× 9.6, 98.3 11.2 3 L

Note.(1) Galaxy name;(2) beam size(major and minor axes), beam position angle;(3) rms noise level per channel of the CO data;(4) the number of mosaic� elds;(5)
the HI imaging data that we use in Figure5. See the detailed descriptions of HI imaging data in Section3.3.
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� ux accuracy(5% in Band 3, ALMA cycle 7 proposer’s
guide).30 The integrated CO� ux and its uncertainty are
summarized in Table3.

For galaxies with nondetections, the 3� upper limits of CO
� ux are estimated using the rms noise level. To calculate the
upper limits, we assume that the size of the CO-emitting area is
the same as the beam size and the line width of the CO disk
corresponds to an FWHM of HI gas. We adopt values of the
FWHM of H I gas(Table3) from the GEMS-HI observations
of Kilborn et al.(2009).

In our sample, CO emission of� ve galaxies(NGC 4517,
NGC 4527, NGC 4536, NGC 4632, NGC 4666) in the N4636G
was also detected in previous single-dish observations(Boselli
et al. 2014a; Sorai et al.2019). Except for NGC 4517, four
galaxies have resolved CO maps from the CO Multi-line Imaging
of Nearby Galaxies(COMING) project (Sorai et al.2019). To
estimate how much of the total CO� ux we recover in our ACA
observations, we compared the CO� ux of our ACA observations
with that of previous single-dishobservations from the literature.
The � ux ratio between our ACA data and the single-dish data
ranges from 0.5 to 0.9. The averaged� ux ratio of three galaxies
(NGC 4536, NGC 4632, NGC 4666) is � 0.9, but two galaxies
(NGC 4517, NGC 4527) show relatively low � ux ratios
(NGC 4517: 0.5 and NGC 4527: 0.7). We may miss some CO
� ux of large-scale structures that are larger than the maximum
recoverable scale(59� ) of our ACA observations, especially for
galaxies with a large angular size of the optical disk(see also
Appendix D of Leroy et al.(2021) for a detailed description of the
missing� ux as a function of CO disk size).

The CO luminosity(LCO�a) is calculated using the following
equation(Solomon & Vanden Bout2005):

( ) ( )L S D z3.25 10 1 3CO
7

CO obs
2

L
2 3�O�a � � � q � ��� ��

in K km sŠ1 pc2, where SCO is the integrated CO� ux in
Jy km sŠ1, DL is the luminosity distance in megaparsecs,� obsis
the observing frequency in GHz, andz is the redshift. Using
LCO�a, the H2 masses for our sample galaxies are determined as

( )M L , 4H CO CO2 �B�� �a

where � CO is a CO-to-H2 conversion factor in
Me pcŠ2 (K km sŠ1)Š1.

We apply two different CO-to-H2 conversion factors. First, we
use the metallicity dependent CO-to-H2 conversion factor
calculated using Equation(25) of Accurso et al. (2017).
Following the approach of Zabel et al.(2019), we do not
consider the distance from the main sequence(� MS). The� MS
parameter does not signi� cantly in� uence the results of the
calculation of the metallicity dependent CO-to-H2 conversion
factor (Zabel et al.2019). We also follow the approach of
Zabel et al.(2019) to calculate the metallicities of our samples
because we do not have metallicities of individual galaxies. To
derive the metallicities of individual galaxies, we use the mass–
metallicity relation of Sánchez et al.(2017). As a result, the
metallicity dependent CO-to-H2 conversion factor here mainly
depends on the stellar masses of galaxies. Therefore, the low-
mass galaxies have higher conversion factors. Second, we also
adopt� CO= 4.35Me pcŠ2 (K km sŠ1)Š1 (XCO= 2× 1020cmŠ2

(K km sŠ1)Š1; Strong & Mattox1996; Bolatto et al.2013). This
CO-to-H2 conversion factor includes a factor of 1.36 for helium
abundance correction.

The CO line width is measured at 20%(W20,CO) and 50%
(W50,CO) of the peak� ux using SoFiA. The CO line widths, CO
luminosities, and H2 masses for our sample of group galaxies
are summarized in Table3. The details of the CO data for
individual group galaxies with CO detections are described in
Appendix.

4.3. Peculiar CO Structures

We � nd that some of our group samples show peculiar CO
structures in their CO intensity maps, CO velocity maps, and
position–velocity diagrams(PVDs), as seen in Figure4 and the
CO atlas of our group members in AppendixB. These
peculiarities are such as(1) a highly asymmetric CO
distribution,(2) a hole in the central region,(3) a large offset
(> 1 kpc) between the CO peak and the optical center,(4) a bar-
or ring-like structure, and(5) a high molecular gas surface
density(> 100Me pcŠ2) in the central region.

1. Asymmetric CO distribution. IC 5264, IC 5273, and
NGC 7418 in the I1459G show highly asymmetric CO

Figure 3. The histograms show the stellar mass distributions of CO-detected(green) and non-CO-detected(black solid line) group samples. Left panel: all sample
galaxies, middle panel: the I1459G, right panel: the N4636G. The stellar mass range of galaxies with CO detections is� 109–1010 Me .

30 https:// almascience.nao.ac.jp/ documents-and-tools/ cycle7/ alma-
proposers-guide
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distributions. For IC 5264, the CO disk in the west side is
shrunken, compared to the extent of the CO disk in the
east side(49� (� 6.5 kpc) in the west side versus 57�
(� 7.5 kpc) in the east side, Figure4). The CO gas also
appears to be extended toward the southwest. The 60% of

the total CO� ux is measured in the southern part below
the major axis of IC 5264, compared to the CO� ux in the
northern part. In IC 5273, a CO clump is located at the
southwest edge of the stellar disk(Figure4); its distance
from the optical center is 8.8 kpc. The CO� ux of this

Figure 4. The CO distribution(contours) of 16 group galaxies is overlaid on the Digitized Sky Survey 2(DSS2,https:// archive.stsci.edu/ dss/ index.html) blue
images. The contour levels from outer to inner, indicating the molecular gas surface density, are shown at the bottom of each panel. The surface density of the
molecular gas is calculated by adopting� CO = 4.35Me pcŠ2 (K km sŠ1)Š1 (Strong & Mattox1996; Bolatto et al.2013). In this calculation, we did not apply an
inclination correction. Galaxies in the I1459G are shown in the� rst two rows(their names in blue), and galaxies in the N4636G are shown in the second three rows
(their names in black). The green cross indicates the stellar disk center, which is obtained from Spitzer 3.6� m data(Salo et al.2015). The bar in the bottom-left corner
represents the physical scale of 2 kpc. The synthesized beam is shown in the bottom-right corner.
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clump is� 3 Jy km sŠ1, which corresponds to� 5% of the
total CO � ux. While the CO distribution of NGC 7418
follows well the spiral arms of the stellar disk, a long CO
structure in the southeast part of the CO disk is extended
up to� 11.4 kpc from the center of the stellar disk. On the
opposite side, however, the extent of the CO disk is about
7.8 kpc. Two galaxies(NGC 4632 and UGC 08041) in
the N4636G also show asymmetric CO distributions. The
CO disk of NGC 4632 is more extended toward the
northeast side(80� (� 5.3 kpc) in the northeast versus 61�
(� 4.0 kpc) in the southwest). UGC 08041 has a very
extended CO structure in the southern part(53� (� 3.5
kpc) in the south versus 13� (� 0.9 kpc) in the north).

2. No CO emission in the central region and large offset
between the CO peak and the optical center. As seen in
Figure 4, our ACA CO data do not show any CO
emission in the central region of two galaxies(NGC 7421
in the I1459G and NGC 4772 in the N4636G), contrary to
our other samples. Instead, NGC 7421 has a relatively
strong CO emission in the southwest region of the optical

image, with� 50% of the total CO� ux. In the case of
NGC 4772, there are two discrete CO regions. In
particular, the southeast region has� 65% of the total
CO � ux. In addition to no CO emission in the central
region, these two galaxies show a large offset between the
CO peak position and the optical center(see Figures15
and 23). The offset distances are 4.8 kpc in NGC 7421
and 2.1 kpc(NGC 4772), respectively. Interestingly, the
CO peak of NGC 4496A is also found at the northeast
edge of the CO disk(see Figure16), and the distance
between the peak position and the center is� 3 kpc.

3. Bar- or ring-like structure and high surface density in the
central region. The CO PVDs of NGC 4527 and
NGC 4536 in the N4636G clearly show a steep velocity
gradient in the inner region(see Figures18 and19). This
indicates a presence of a bar- or ring-like structure in the
central region(e.g., Alatalo et al.2013). The rapidly
increasing velocity structures of these two galaxies are
also seen in the central region of their velocity� eld maps
(Figures18and19). In addition to the presence of distinct

Table 3
CO Data Parameters of Sample Galaxies in Two Groups

Name W50, H I W20, CO W50, CO CO Peak Flux CO Flux log LCO�a log MH2, MW log MH2,var

(km sŠ1) (km sŠ1) (km sŠ1) (Jy km sŠ1 beamŠ1) (Jy km sŠ1) (K km sŠ1 pc2) (Me ) (Me )
(1) (2) (3) (4) (5) (6) (7) (8) (9)

IC 1459 Group

ESO 406-G040 42 L L L < 1.3 < 6.36 < 7.00 < 7.19
ESO 406-G042 121 L L L < 2.1 < 6.57 < 7.21 < 7.24
DUKST 406-083 83 L L L < 1.7 < 6.49 < 7.12 < 8.42
IC 5264 94 356 331 17.6 54.6± 3.6 7.96± 0.03 8.60± 0.03 8.54± 0.03
IC 5269B 228 156 149 1.8 4.3± 0.7 6.89± 0.74 7.53± 0.07 7.49± 0.07
IC 5269C 172 L L L < 2.45 < 6.64 < 7.28 < 7.31
IC 5270 101 230 198 26.1 100.4± 5.5 8.26± 0.02 8.90± 0.02 8.85± 0.02
IC 5273 196 152 110 13.5 60.3± 3.7 8.04± 0.03 8.67± 0.03 8.60± 0.03
NGC 7418 207 206 175 34.6 302.2± 15.4 8.74± 0.02 9.37± 0.02 9.29± 0.02
NGC 7418A 180 L L L < 2.4 < 6.63 < 7.27 < 7.32
NGC 7421 129 151 70 4.3 37.6± 2.7 7.83± 0.03 8.47± 0.03 8.40± 0.03

NGC 4636 Group

EVCC 0854 62 L L L < 1.5 < 5.82 < 6.45 < 7.75
EVCC 0962 27 L L L < 0.9 < 5.62 < 6.26 < 7.55
IC 3474 147 L L L < 2.2 < 6.00 < 6.64 < 6.88
NGC 4496A 154 127 102 4.6 36.3± 2.4 7.21± 0.03 7.85± 0.03 7.86± 0.03
NGC 4517 301 298 275 28.6 449.4± 22.9 8.31± 0.02 8.95± 0.02 8.88± 0.02
NGC 4517A 154 L L L < 2.4 < 6.03 < 6.66 < 6.72
NGC 4527 356 411 370 372.6 1638.0± 82.1 8.87± 0.02 9.51± 0.02 9.44± 0.02
NGC 4536 324 354 325 214.5 608.9± 30.6 8.44± 0.02 9.08± 0.02 9.02± 0.02
NGC 4592 198 109 40 1.9 13.3± 1.7 6.78± 0.06 7.42± 0.06 7.46± 0.06
NGC 4632 223 236 205 13.4 115.8± 6.4 7.72± 0.02 8.36± 0.02 8.39± 0.02
NGC 4666 324 409 387 154.3 1471.7± 73.7 8.82± 0.02 9.46± 0.02 9.40± 0.02
NGC 4688 44 L L L < 0.9 < 5.61 < 6.25 < 6.52
NGC 4772 38 156 52 4.5 27.7± 2.2 7.10± 0.04 7.74± 0.04 7.66± 0.04
UGC 07715 29 L L L < 1.0 < 5.66 < 6.29 < 6.59
UGC 07780 117 L L L < 2.1 < 5.98 < 6.22 < 7.49
UGC 07824 101 L L L < 2.0 < 5.95 < 6.58 < 6.85
UGC 07841 104 L L L < 1.9 < 5.94 < 6.58 < 6.75
UGC 07911 107 L L L < 2.0 < 5.96 < 6.60 < 6.60
UGC 07982 214 202 176 6.4 41.3± 2.8 7.27± 0.03 7.91± 0.03 7.95± 0.03
UGC 08041 175 129 102 2.3 8.00± 1.1 6.56± 0.06 7.20± 0.06 7.21± 0.06

Note. (1) Galaxy name;(2) the HI line widths measured at 50% of the peak� ux (Kilborn et al.2009); (3) the CO line widths measured at 20% and 50% of the peak
� ux using SoFiA;(4) the peak value of CO intensity map;(5) the total CO� ux; (6) the total CO luminosity;(7) and(8) the total molecular gas mass derived from the
CO luminosity using the constant CO-to-H2 conversion factor(� CO= 4.35Me pcŠ2 (K km sŠ1)Š1) and the metallicity-dependent CO-to-H2 conversion factor.
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CO structure in the central region, these two samples and
NGC 4666 show relatively high molecular surface
density (> 100Me pcŠ2), compared to other member
galaxies(Figure4).

5. Discussion

Using the HI and CO imaging data, we discuss how the
group environments affect the distributions of cold ISM
components of galaxies in Section5.1. In Section5.2, we
present scaling relations of the global properties of our group
sample and compare them with the global properties in the
xCOLD GASS sample. Finally, we discuss preprocessing in
the group environment in Section5.3. Note that although some
of our targets are thought to be affected by various group
environmental processes, we brie� y discuss external mechan-
isms for individual group members in this study. Instead,
distinguishing between various environmental processes for
individual members will be studied in more detail in a future
work (e.g., X. Lin et al. 2022, in preparation).

5.1. HI and CO Distributions of Group Galaxies

15 out of 16 group galaxies with CO detection in our ACA
observations also have HI imaging data(Chung et al.2009;
Serra et al.2015a; Koribalski et al.2020), and Figure5 shows
their HI and CO distributions overlaid on their optical images
(DSS2 blue).

Based on their HI and CO distributions, we have classi� ed
the 15 group galaxies into three categories:(i) peculiar
distributions in both HI and CO (IC 5264, IC 5273,
NGC 7418, NGC 7421, NGC 4632, NGC 4772), (ii ) peculiar
distribution in HI (IC 5270, NGC 4666, UGC 07982), (iii )
relatively symmetric distributions in both HI and CO
(IC 5269B, NGC 4527, NGC 4536, NGC 4592). Interesting
features of group members are brie� y summarized in Table4.

5.1.1. Peculiar Distributions in Both CO and HI

(1) Asymmetric structure. Four galaxies(IC 5264, IC 5273,
NGC 7418, NGC 7421) show asymmetric morphologies in
both CO and HI. In particular, their HI distributions are
extended toward one side. On the opposite side of the long HI
extensions, the HI disks are truncated near or within the
stellar disk.

For IC 5264, as shown in Figure5, the HI gas is more
extended toward the southeast. On the opposite side, the HI
disk is truncated within the stellar disk. This asymmetric HI
distribution is analogous to the CO distribution of IC 5264 as
described in Section4.3. Interestingly, a locally strong CO
emission is found at the edge of the truncated HI disk. In
NGC 7421, the HI disk is pushed away to the northeast. On the
opposite side, there is a relatively strong CO emission with the
CO peak(Figure5). In the case of NGC 7418, while a long HI
tail is seen in the northwest, the HI disk is compressed in the
southeast. In particular, an extended CO emission is found at
the site of HI compression in NGC 7418(Figure5).

In these three galaxies, HI compression at the truncated side
of the HI disk may lead to an increase in HI gas density, which
likely triggers an ef� cient transition from HI gas to H2 gas
(Chung & Kim 2014; Lizée et al.2021). Consequently, this
conversion process is likely to result in the local enhancement
of CO(IC 5264 and NGC 7421) and the extended CO structure

(NGC 7418). In addition, external perturbations can directly
compress CO gas. These phenomena are already known from
previous studies of cluster galaxies(Chung & Kim 2014; Lee
et al.2017; Lizée et al.2021), but similar results are now found
for our group galaxies. The morphological correlations and
connections between two different ISM components suggest
that group environmental processes can signi� cantly affect
both diffuse HI gas and dense CO gas.

IC 5273 shows highly asymmetric HI and CO morphologies,
but there seems to be no similarity or no connection between
the HI distribution and the CO distribution, in contrast with the
above three galaxies(IC 5264, NGC 7418, and NGC 7421).
This suggests that this galaxy may be affected by the
environment in a different way. In addition to asymmetric
distributions of both HI and CO, IC 5273, NGC 7418,
NGC 7421 also show clearly a lopsided feature in their optical
images, which suggests that these three galaxies are likely to be
affected by tidal interactions.

(2) Ring-like structure. NGC 4632 and NGC 4772 have large
H I outer ring structures, as shown in Figure5. In particular, the
position angle(PA) of H I outer ring of NGC 4632 largely
deviates from that of the inner HI disk and the stellar disk. The
PA of HI outer ring of NGC 4772 is also slightly different from
the inner HI disk (Chung et al.2009). The origin of HI ring
structures could be accretions, minor mergers, and tidal
interactions with other galaxies(e.g., see Buta & Combes1996;
Barnes 1999; Bettoni et al. 2010, and references therein).
Moreover, both NGC 4632 and NGC 4772 show irregular CO
distributions in the inner HI disks, as described in Section4.3.
The external perturbations seem to cause not only large HI
outer ring structures but also irregular CO distributions in these
two galaxies.

5.1.2. Peculiar Distribution in HI

The HI morphologies of three galaxies(IC 5270, NGC 4666,
UGC 07982) appear to be asymmetric, but their CO distribu-
tions are smooth and undisturbed. Near the north of IC 5270,
there are two HI clouds, as seen in Figure5. Although the HI
disk does not look asymmetric, these two HI clouds are
possibly stripped from IC 5270(Serra et al.2015a), which is
suggestive of evidence for tidal interactions(Serra et al.
2015a). In NGC 4666, the outer part of HI disk extends farther
out toward its neighbor galaxy(NGC 4668), which indicates
that the HI morphology is strongly disturbed by the interaction
with the neighboring galaxy(Figure5). The direction of the HI
tail of NGC 4668 is also toward NGC 4666. The previous HI
observations with the VLA also show clear signs of interaction
between NGC 4666 and NGC 4668(see more details in Figure
5 of Walter et al.2004). In UGC 07982, the northern part of the
H I disk is truncated within the stellar disk(Figure 5). In
addition, the HI gas is slightly extended toward the west side.
However, the stellar disk of UGC 07982 looks undisturbed.
This suggests that UGC 07982 is likely to be undergoing ram
pressure stripping(RPS) in the N4636G. Indeed, this galaxy is
identi� ed as the RPS galaxy, based on an analysis of the ram
pressure level against the restoring force in the disk for
UGC 07982. Further details of the RPS for UGC 07982 and
other galaxies in the N4636G will be presented in X. Lin et al.
2022, in preparation.
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Figure 5. H I (contours) and CO distributions(color scale) of 15 group galaxies(the � rst two rows: six galaxies in the I1459G, and the second three rows: nine
galaxies in the N4636G) are overlaid on their optical images(DSS2 blue). In each CO map, while a cyan color indicates a low-intensity value, a magenta color shows
a relatively high-intensity value. Contour levels of the HI gas are shown at the bottom of each panel. These HI images are from the ASKAP BETA data(Serra
et al.2015a) for the I1459G, the WALLABY pilot data(Koribalski et al.2020) for the N4636G, and the VIVA data(Chung et al.2009) for NGC 4536 and NGC 4772
in the N4636G. The green cross indicates the stellar disk center. The bar in the bottom-left corner represents the physical scale of 2 kpc. The synthesized beams of CO
(blue ellipse) and HI (black open ellipse) observations are shown in the bottom-right corner.
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5.1.3. Symmetric/Smooth Distributions in Both HI and CO

Four galaxies(IC 5269B, NGC 4527, NGC 4536, NGC
4592) show relatively symmetric/ smooth distributions in both
H I and CO, compared to other group samples mentioned
above. Although the CO distributions of some galaxies(e.g.,
IC 5269B and NGC 4592) appear to be somewhat clumpy due
to the low S/ N of the CO data, the HI disks of four group
samples are symmetric and smooth, indicating that there may
be no external perturbations.

5.1.4. Asymmetry Parameter for the CO Intensity Map

In addition to probing peculiar gas distributions qualita-
tively, we also calculate the asymmetry parameter(Amap) using
the CO intensity maps to estimate the degree of asymmetry
quantitatively. The asymmetry of the CO image is calculated
using the following equation(Conselice et al.2000; Holwerda
et al.2011a; Giese et al.2016):
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whereI(i, j) is the CO intensity map, andI180(i, j) is the same
CO intensity map rotated by 180° with respect to the center of
the stellar disk. A high value indicates a high asymmetry of CO
distribution. The CO asymmetry values for 16 galaxies are
summarized in Table4. Group members(IC 5264, IC 5273,
NGC 7418, NGC 7421, NGC 4632, NGC 4772) showing
asymmetric morphologies from both CO and HI images tend
to have higher asymmetry values, compared to other members.
On average, the asymmetry value for these six galaxies is 0.46.
On the other hand, the mean value for samples(NGC 4517,
NGC 4527, NGC 4536) with no signs of interactions from both
CO/ H I morphologies is 0.18, and galaxies(IC 5270,
NGC 4666, UGC 07982) showing asymmetric morphology in
only H I have the mean value of 0.17. As previous studies with
H I images found higher asymmetry values from galaxies in a

dense environment(Holwerda et al.2011b; Reynolds et al.
2020), it is also expected that CO asymmetry values tend to be
high in galaxies undergoing environmental processes(e.g.,
tidal interaction and RPS). Indeed, our results support the
notion that high CO asymmetry values can be found in the
group environment.

However, some(e.g., IC 5269B, NGC 4592) of our group
members also tend to have high values of the CO asymmetry
parameter, although these galaxies are not likely to be affected
by environmental processes, based on their symmetric HI and
optical morphologies. Instead, in these galaxies, clumpy CO
structures due to the low S/ N of the CO data could result in
high values in the CO asymmetry.

In this analysis for the CO asymmetry parameter, our results
could be biased due to the small sample size(16 group
members for the asymmetry analysis). Therefore, more group
galaxies are required to obtain a statistically robust result.

5.2. Comparisons of Global Properties between Group
Galaxies and xCOLD GASS Galaxies

In this section, we present scaling relations of global
measurements(e.g., SFR, gas fraction, gas depletion time) in
our group galaxies, and compare the global properties of group
galaxies with those of galaxies in a low-density environment.
From the comparison, we can investigate how the group
environment affects the global properties of group galaxies. For
this comparison, we use 240 isolated galaxies, which are
selected based on the Sloan Digital Sky Survey(SDSS) DR7
group catalog of Yang et al.(2007), from the extended CO
Legacy Database for GASS(xCOLD GASS; Saintonge et al.
2017) with H I information from the extended GALEX Arecibo
SDSS Survey(xGASS; Catinella et al.2018). The sample of
240 local isolated galaxies(0.01< z< 0.05 ) uniformly
covering the stellar mass range(9 < log (Må/ Me ) < 11.5)
were observed deeply in both HI and CO, which can provide a
reference for various scaling relations in local isolated galaxies.

Table 4
Information for CO and/ or H I Distributions

Name CO Asymmetry Value Peculiar Distribution Notes

IC 1459 Group

IC 5264 0.30 CO, HI asymmetric CO and HI distributions
IC 5269B 0.50 L low S/ N in CO data
IC 5270 0.10 HI two H I clouds near IC 5270
IC 5273 0.38 CO, HI CO clump(southwest)
NGC 7418 0.34 CO, HI extended CO structure(southeast), H I tail (northwest)
NGC 7421 0.68 CO, HI strong local CO emission(southwest)

NGC 4636 Group

NGC 4496A 0.49 CO off-center CO peak(northeast)
NGC 4517 0.20 L symmetric CO and HI distributions
NGC 4527 0.17 L symmetric CO and HI distributions
NGC 4536 0.16 L symmetric CO and HI distributions
NGC 4592 0.50 L clumpy CO distribution, low S/ N in CO data
NGC 4632 0.51 CO, HI asymmetric CO distribution, HI polar ring structure
NGC 4666 0.15 HI asymmetric HI distribution, close neighbor galaxy
NGC 4772 0.57 CO, HI asymmetric CO distribution, HI outer ring structure
UGC 07982 0.25 HI asymmetric HI distribution
UGC 08041 0.70 CO asymmetric CO distribution, low S/ N in CO data, no HI image

Note. (1) Galaxy name;(2) CO asymmetry value;(3) peculiar distributions of CO and/ or H I; (4) notes for CO and/ or H I distributions of group members.
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