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ABSTRACT

Context. Galaxy clusters are some of largest structures in the universe. These very dense environments tend to be home to higher
numbers of evolved galaxies than found in lower-density environments. It is well known that dense environments can influence the
evolution of galaxies through the removal of the neutral gas (HI) reservoirs that fuel star formation. It is unclear which environment
has a stronger effect: the local environment (i.e., the substructure within the cluster), or the cluster itself.

Aims. Using the new HT data from the Westerbork Coma Survey, we explore the average HI content of galaxies across the cluster
comparing galaxies that reside in substructure to those that do not.

Methods. We applied the Dressler—Shectman test to our newly compiled redshift catalogue of the Coma cluster to search for substruc-
ture. With so few of the Coma galaxies directly detected in HI, we used the HT stacking technique to probe the average HI content
below what can be directly detected.

Results. Using the Dressler—Shectman test, we find 15 substructures within the footprint of the Westerbork Coma Survey. We com-
pare the average H1 content for galaxies within substructure to those not in substructure. Using the H1 stacking technique, we find
that those Coma galaxies not detected in HI are more than 10-50 times more H1 deficient than expected, which supports the scenario
of an extremely efficient and rapid quenching mechanism. By studying the galaxies that are not directly detected in H1, we also find

Coma to be more HI deficient than previously thought.

Key words. galaxies: clusters: general — galaxies: evolution — galaxies: groups: general — galaxies: general

1. Introduction

In our current picture of cosmology, A cold dark matter
(ACDM), larger structures (e.g., galaxy clusters) are built up
through the hierarchical merging of smaller structures (e.g.,
galaxy groups or individual galaxies) (Springel et al. 2005).
Using dark matter simulations, McGee et al. (2009) showed that
45% of galaxies accreted onto a Coma-sized cluster would have
done so in groups. Their results suggest that the group environ-
ments play an important role in the evolution of galaxies prior
to accretion onto the cluster. Traces of the accretion history of
a cluster can be observed through substructure in the kinematics
of the galaxies in the cluster (e.g., Dressler & Shectman 1988b;
Hou et al. 2012). Observations have shown that roughly 30%
of clusters contain kinematic substructure (Dressler & Shectman
1988b; Bird 1994; Hou et al. 2012). The observational evidence
of substructure is further supported by dark matter simulations,
which estimate that a similar fraction of clusters contain signifi-
cant substructure (Knebe & Mueller 1999).

* Full Table C.1 is only available at the CDS via anonymous ftp
to cdsarc.u-strasbg. fr (130.79.128.5) or viahttp://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/650/A76

Article published by EDP Sciences

Given the prevalence of substructure within clusters, there
have been many efforts to identify substructure. Groups of galax-
ies identified through substructure within the X-ray emission
of the cluster (e.g., Neumann et al. 2001, 2003; Parekh et al.
2015; Zhang et al. 2009) may be older, more evolved groups
that have had their own intra-cluster medium (ICM) prior to
accretion onto the cluster. An alternative possibility is that
the X-ray emission associated with such groups might not
belong to them, but rather to the cluster ICM that was dis-
turbed by the fast peri-centre passage of such recently accreted
groups. Another identification method is a hierarchical clus-
tering technique, a mathematical algorithm which sorts data
into “clusters” based on an affinity parameter. This particular
method, introduced by Serna & Gerbal (1996), assigns galax-
ies to groups by minimising the binding energy. However, one
of the more common methods of identifying substructure is
to look for kinematic deviations (¢ values) between groups of
galaxies and the cluster as a whole. This method is known as
the Dressler—Shectman (DS) test (Dressler & Shectman 1988b).
Aside from the original study in which Dressler & Shectman
(1988b) looked for kinematic substructures in the Abell cluster
catalogue, the DS test has been used to study the substructure in
Abell 2192 and Abell 963 (Jafté et al. 2013), the Antlia cluster
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(Hess et al. 2015), and the Coma cluster (Colless & Dunn 1996).
All of the above methods are effective at finding substructure,
however each method is sensitive to different density environ-
ments within a cluster. Knebe & Mueller (1999) studied the
effectiveness of the DS test using numerical simulations of clus-
ters and also compared the DS test to other methods such as the
friends-of-friends (FoF) algorithm. These authors found that the
DS test and FoF algorithm find similar structures, but there is a
large scatter. Knebe & Mueller (1999) attributed the scatter (and
also the differences in subgroups for the same cluster in the liter-
ature) to velocity projection effects that can artificially increase
the ¢ values in the DS test.

Neumann et al. (2003) identified substructure in the Coma
cluster by finding over-densities in the X-ray emission in the
cluster. At the core of the cluster, these authors found an X-ray
over-density associated with the two cD galaxies (NGC 4889
and NGC 4874). This X-ray over-density is offset from the
X-ray centre of the cluster and has been attributed to the
haloes of the individual galaxies (Andrade-Santos et al. 2013;
Vikhlinin et al. 2001). Previous kinematic substructure analy-
ses (e.g., Colless & Dunn 1996) have identified separate groups
associated with NGC 4889 and NGC 4874. Colless & Dunn
(1996) and White et al. (1993) suggested that the NGC 4889
group is merging with the NGC 4874 group, which was dis-
lodged from the centre of the cluster potential as a result of
the interaction. This would account for the velocity differences
between the two galaxies themselves and also with respect to the
cluster velocity.

Studies using the DS test and hierarchical clustering tech-
nique have found groups throughout the cluster, but both meth-
ods are sensitive to the availability of optical redshifts for a
cluster (Adami et al. 2005). This is particularly evident when
comparing the first DS test results from Dressler & Shectman
(1988b), who found no significant substructure within the Coma
cluster (their catalogue contained 100-200 galaxies over a 2 deg”
area), with later work on the Coma cluster by Colless & Dunn
(1996), who found that there is significant substructure with a
larger redshift catalogue over a similar area of the sky.

Identifying substructure within galaxy clusters is not only
important to understand the build-up of the cluster, the local
environments identified by substructure also provide insight
into the evolution of galaxies (Neumann etal. 2001, 2003;
Dressler & Shectman 1988b; Adami et al. 2005; Hess et al.
2015). Dressler (1980) found that galaxies residing in dense
environments tend to be passive with more evolved morpholo-
gies, while low-density environments have higher fractions of
less evolved, actively star-forming galaxies. This observed phe-
nomenon is now referred to as the morphology—density rela-
tion. Uncovering the cause of the morphology—density relation
is related to understanding the evolutionary pathway from late-
type spiral (Sa/Sb/Sc/Sd) galaxies to early-type elliptical (dE/E)
galaxies. On the traditional Hubble galaxy morphology ladder,
lenticular (S0) galaxies bridge the gap between the ellipticals
and the spirals. While SOs are thought to be quenched spirals
(see Coccato et al. 2020, and references therein), it is not known
how or even if SOs transition to elliptical galaxies. In cluster
environments in which the fraction of SO galaxies tends to be
high, gas removal processes dominate the evolutionary mecha-
nisms (see Aguerri 2012, for a review). It is still unclear which
environment has a stronger effect in driving morphological evo-
lution: Does the cluster drive these mechanisms, or are galaxies
in groups pre-processed (e.g., Porter et al. 2008; Wilman et al.
2009; Zabludoff & Mulchaey 1998) prior to infall onto the
cluster?
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Studying the neutral gas (HI) in galaxies can provide an
early picture of which environment (group or cluster) plays
the strongest role in triggering the morphological evolution of
galaxies as they migrate into clusters. The HTI disc extends
beyond the stellar disc of the galaxy (particularly in the field),
making it the most susceptible to environmental interactions
(e.g., Haynes & Giovanelli 1984; Serra et al. 2013; Jafté et al.
2015). Strangulation, the process that removes gas from the
halo thus halting the fresh supply of HI to the galaxy, is
thought to be one of the main drivers behind the morphology—
density relation (Balogh etal. 2000; Balogh & Morris 2000;
Van Den Bosch et al. 2008). However, strangulation alone can-
not fully explain the transition of galaxies from blue star-forming
spiral galaxies to the red, passive lenticular and elliptical galax-
ies that dominate the galaxy clusters. The effects of galaxy
harassment can completely destroy the discs of Sc/Sd galax-
ies such that the orbits of the constituent stars are affected.
It is thought that this could explain the formation of dwarf
elliptical (dE) galaxies that are prevalent in the centre of clus-
ters (Mo et al. 2010). Ram-pressure stripping (Gunn et al. 1972;
Chung et al. 2009; Kapferer et al. 2009; Abramson et al. 2011;
Jaffé et al. 2015; Yoon et al. 2017) is the process by which the
gas is stripped from the disc of a galaxy owing to its interac-
tion with the intra-cluster or intra-group medium. Ram-pressure
stripping is highly effective at rapidly removing the gas from
the discs of galaxies, and could be a driving factor in affect-
ing the transition of Sa/Sb to SOs (Mo et al. 2010). Signatures
of these different processes affecting the evolution of galaxies
are particularly evident in the HI. Strangulation results in a
truncated or anaemic HT disc, while galaxies that have under-
gone ram-pressure stripping or harassment tend to have asym-
metric HI discs or tails. The effectiveness of these processes in
dense environments means that galaxies in clusters are more H1
deficient than their field counterparts (e.g., Chung et al. 2009;
Solanes et al. 1996).

The Coma cluster (Abell 1656), a nearby rich cluster, is one
of the most well-studied galaxy clusters in the Universe (see
Biviano et al. 1996, for historical review). One of the most com-
prehensive projects targeting Coma and spanning the entire elec-
tromagnetic spectrum, is the Coma Cluster Treasury Survey'
(CCTS). At the heart of the survey was an observing programme
using the Advanced Camera for Surveys (ACS) on the Hubble
Space Telescope (HST). The goal of the Coma ACS survey was
to image the core and the infall region (Carter et al. 2008), how-
ever the observing programme was never completed owing to
the failure of the ACS. While the HST imaging was never com-
pleted, contributions to the CCTS from observing programmes
on other telescopes have provided rich insight into our under-
standing of the cluster and its population (e.g., Yagi et al. 2007,
2010; Smith et al. 2008).

At a distance of ~100Mpc and velocity dispersion of
~1000kms™', Coma is the nearest large cluster to us. While
Coma is often held up as a large, relaxed cluster, studies
of its X-ray emission show a complex dynamical state (see
Neumann et al. 2001, 2003, and references therein). There are
many theories as to the formation of Coma, however the pres-
ence and difference in velocities of the two large cD galaxies
(NGC 4874 and NGC 4889) at the centre of the cluster suggest
that Coma 1is the result of a merger (Fitchett & Webster 1987).
Coma has been the target of many redshift surveys in an effort to
understand the distribution and kinematics of the galaxies within

! http://astronomy.swin.edu.au/coma/project-overview.
htm
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the cluster and identify any substructure (e.g., Colless & Dunn
1996; Chiboucas et al. 2010; Albareti et al. 2017). The pres-
ence of substructure in the cluster is now well established (e.g.,
Fitchett & Webster 1987; Mellier et al. 1988; Neumann et al.
2001,2003; Adami et al. 2005). Many of the galaxy groups mak-
ing up the substructure are thought to have been accreted onto
the cluster, and in some cases could still be on first infall (e.g.,
Neumann et al. 2001, 2003; Adami et al. 2005).

There have also been a number of surveys of the HI con-
tent of galaxies in Coma, both targeted (e.g., Bravo-Alfaro et al.
2001; Gavazzi et al. 2006) and blind (e.g., Beijersbergen 2003;
Haynes et al. 2018). These works have provided insight into
the ongoing gas removal processes affecting the galaxies in the
cluster, as well as an understanding of the HI deficiency of
the cluster. The previous Coma H1 surveys have lacked cover-
age, sensitivity, resolution, or some combination thereof. In this
work, we use HI observations from the blind, high-sensitivity
and high-resolution survey with the Westerbork Synthesis Radio
Telescope (WSRT): the Westerbork Coma Survey (WCS;
Molnar et al., in prep.). With the wealth of information already
available, in combination with new H 1 observations of the clus-
ter, we can explore the morphologies of the Coma galaxies in
conjunction with their gas properties and local environment.
Coma is known to be home to a large number of SO galaxies: the
relative fraction of SOs, ellipticals, spirals and mergers is 42%,
22%, 32%, and 4%, respectively (Beijersbergen 2003). This
makes Coma an ideal laboratory to study HI properties of galax-
ies of different morphologies in the different local environments.

In this paper, we make use of data from a blind HT survey of
the Coma cluster (Sect. 2.3) from Molnar et al. (in prep.) to study
the HT gas properties of the different galaxy types in different
environments within the cluster. Most of the galaxies in Coma
are not individually detected in HI, thus we make use of the
HT stacking technique (Sect. 3) to improve the signal-to-noise
ratios (S/N) of groups of HI spectra. The optical spectroscopy
and photometry used in this work are presented in Sect. 2. We
explore the global HI properties of the galaxies in Coma by
deriving optical-H I scaling relations and by determining the H1
deficiency at different locations within the cluster (Sect. 4). We
use the substructure within the cluster as a measure of the local
environment (Sect. 5), and use HT stacking to probe the HI con-
tent of samples of galaxies within local environments relative to
the global HI properties of the cluster (Sect. 6.4). Throughout
this paper we use Hy = 70kms™' Mpc™' (h = 0.7), Q,, = 0.7,
and Q, = 0.3.

2. Multiwavelength data
2.1. Optical spectroscopy

A full, wide-area redshift census of Coma is essential to this
work for two reasons: First, HI stacking requires spectro-
scopic redshifts to align the HT non-detected spectra; second,
we require redshifts in order to more accurately characterise
the environment (substructure) within the cluster, as well any
infalling groups. This work makes use of redshifts from two dif-
ferent sources: literature (Sect. 2.1.1) and spectroscopy obtained
with Hydra at the WIYN Telescope? (Sect. 2.1.2). The final cata-
logue contains 1095 spectroscopically confirmed members of the
Coma cluster within a 2 deg radius of the cluster centre (58 are
new redshifts — see Sect. 2.1.2); 850 of these fall within the WCS

2 The WIYN Observatory is a joint facility of the University of
Wisconsin-Madison, Indiana University, the National Optical Astron-
omy Observatory, and the University of Missouri.

footprint (the orange outline in Fig. 2). The larger catalogue is
necessary when looking for substructure within the cluster.

2.1.1. Redshifts from the literature

The literature catalogue was collated from a number of published
and unpublished catalogues. More than two-thirds of the red-
shifts were obtained from the Sloan Digital Sky Survey (SDSS)
Data Release (DR) 13 (DR13; Albareti et al. 2017). The remain-
der come from a number of different sources (see Table A.1 for
the number of redshifts from the different sources); the refer-
ence for each redshift is given in the Coma galaxy catalogue in
Appendix C.

Using the VizieR astronomical catalogue database
(Ochsenbein et al.  2000), we queried data in published
catalogues within a 2 deg radius centred on the Coma cluster.
Merging the SDSS redshifts with those obtained from VizierR
created a large master catalogue with overlapping sources, some
of which had redshifts outside of the Coma volume. To construct
our catalogue of unique sources associated with the Coma clus-
ter, we only consider sources with 3000 < ¢z < 10500kms~!
as this is the spectral range spanned by the HI data set. Sources
within 5" radius of each other are considered to be the same
source; when multiple sources within the search radius were
found, only the redshift with the smallest uncertainty was kept
in the catalogue. Every galaxy with multiple redshift measure-
ments was checked by eye so as not to remove the redshifts of
real spatial overlapping galaxies.

2.1.2. Spectroscopy with Hydra

New spectroscopic data for galaxies in the Coma cluster was
obtained using Hydra, the multi-object spectrograph, on the
3.5m WIYN Telescope located at the Kitt Peak National Obser-
vatory. Despite being an extremely well-observed cluster, the
spectroscopic coverage of Coma drops off for galaxies fainter
than r ~ 17.7mag, thus we targeted galaxies fainter than
this limit. Since previous targeted spectroscopic surveys have
focussed on the core of the cluster, we prioritised galaxies with
r > 17.7mag on the outskirts of the cluster and with bluer
colours (g — r < 0.6) as these are the galaxies we expect to con-
tain HI. Figure 1 shows the colour magnitude diagram (CMD)
for the cluster. The lower right quadrant of the CMD shows very
few redshifts from literature, which is another motivation for tar-
geting galaxies in that quadrant of the CMD. Initially, eight con-
figurations of the five fields were targeted (three of the fields had
a second configuration, which was necessary because of the den-
sity of targets); however owing to poor weather conditions on the
first night, only six configurations were actually observed. The
data were collected on the nights of 19-20 April 2018.

All the data reduction was done using IRAF>. The first phase
of the data reduction after cosmic ray removal using lacosmic
(van Dokkum 2001) was done using the ccdred package; this
took care of the overscan, bias, and dark subtraction. The second
phase was guided by the dohydra task, which takes care of the
flat-fielding, aperture extraction, wavelength calibration, disper-
sion correction, and sky subtraction. The wavelength-calibrated
and sky-subtracted spectra were then matched to template spec-
tra to determine the redshift of the galaxies.

3 IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research in
Astronomy (AURA) under a cooperative agreement with the National
Science Foundation.
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r (mag)

Fig. 1. Colour-magnitude diagram for the Coma cluster. The blue points
represent the galaxies in the catalogue of literature redshifts. The black
dots represent all galaxies targeted with Hydra, but whose redshifts
place them in the foreground or background. The orange open squares
represent the galaxies targeted with Hydra with redshifts that place them
inside the cluster. Galaxies with r > 17.7 mag and g — r < 0.6 were pri-
oritised as indicated by the dashed red lines.

The redshift calculations were performed using the cross-
correlation technique that is implemented by the IRAF task
xcsao (Kurtz et al. 1992) contained within the rvsao package.
We searched for velocities between 0 km s~ and 100000 km s~
using seven different templates. We used three different types of
emission line templates, three different types of absorption line
templates, and one composite template so as to make sure we
had covered the range in different types of stellar populations.
Velocities were only accepted as robust if at least three templates
produced results within 100kms~', a common uncertainty for a
measurement based on absorption lines. The uncertainty on each
redshift measurement was determined from the peak of the cor-
relation between the template and observed spectrum. A detailed
explanation can be found in Kurtz et al. (1992). All results were
also inspected by eye. Three examples of Hydra spectra are
shown in Fig. 3. The spectra have been sky-subtracted, but have
not been flux calibrated as this is not necessary to obtain a red-
shift measurement; the vertical red bands indicate the regions of
the spectra for which there are strong sky lines; and the dashed
lines and grey regions indicate the wavelength and associated
error of the labelled lines. Of the 363 observed galaxies, the
spectra of 278 galaxies had high enough S/N to obtain a red-
shift measurement (see Fig. 3a); 58 of these redshifts are new
measurements of galaxies in the Coma cluster (see the red his-
togram in Fig. 4 for redshift distribution of these galaxies). The
95 galaxy spectra from which no redshift measurement could
be made were discarded from the sample owing to low S/N (see
Fig. 3b) or poor sky subtraction (there were 29 such galaxy spec-
tra — see Fig. 3c). The poor sky subtraction is evident in the spec-
trum shown in Fig. 3c by the emission line features in the red
vertical bands, these bands indicate the regions for which there
are known strong sky lines.

2.2. Photometric data

Despite being an extremely well-studied cluster, there are no
publicly available matched-aperture or total magnitude photo-
metric catalogues that cover the entire region of Coma that we
are interested in. It is important when comparing flux (or mag-
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nitude) measurements in different photometric bands that the
measurements are determined in the same manner (i.e., matched
apertures or model fits for total magnitudes). The overlapping
sources at the centre of the cluster also provide a challenge to
many aperture-based photometric pipelines. Our imaging data
includes near- and far-ultraviolet (UV) data from the Galaxy
Evolution Explorer (GALEX, Bianchi & GALEX Team 2000),
five optical bands (ugriz) from SDSS (DR12 Alam et al. 2015),
and the four mid-infrared bands (W1 — W4) from the Wide-field
Infrared Survey Explorer (WISE, Wright et al. 2010). Frames
from the 11 bands were mosaicked using SWARP (Bertin 2010)
to create a single 2 x 2 deg? image per band centred on the clus-
ter, all with the same pixel scale (0.396” /px). We also created
a pseudo B-band image from the SDSS g and i bands using the
following relation from Cook et al. (2014) for conversion from
SDSS to Johnsons magnitude:

B—i=(1.27%0.03)(g— i)+ (0.16 £ 0.01). (1)

This relation was calibrated using galaxies in the Local Volume
Legacy Survey (Dale et al. 2009). It should be noted that this
pseudo B-band magnitude is only used to calculate the diameter
(D»s) of each galaxy at the 25 mag arcsec™? isophote, which is
required to estimate expected HI mass (see Sect. 4).

We followed the strategy used by Barden et al. (2012) in the
GALAPAGOS pipeline to calculate magnitudes and other morpho-
logical properties for each galaxy for which we have a redshift
measurement within the WCS footprint. For each galaxy we cre-
ated a set of postage stamps that are then used to calculate prop-
erties such as magnitude and size. The modelling was done using
GALFITM (Bamford et al. 2011), which is a modified version of
GALFIT created by Peng et al. (2002, 2010). GALFITM is capa-
ble of modelling a source across multiple bands simultaneously.
It is very sensitive to the initial parameters, and so we therefore
calculated the initial values using source characterisation tools in
photutils (an AstroPy package for photometry). We also used
the photutils image segmentation feature to create masks for
each band: any source not associated with our target is masked,
with the exception of overlapping sources, which are modelled
simultaneously using GALFITM. There are 23 galaxies for which
the fit failed or was not possible because the galaxy is too faint
(4 of these are known ultra-diffuse galaxies). These galaxies are
still included in our spectroscopic sample as they come from
spectroscopic surveys that targeted extremely faint dwarf galax-
ies (e.g., Chiboucas et al. 2010) or ultra-diffuse galaxies (e.g.,
Alabi et al. 2018).

An example of a single Coma galaxy modelled using a single
Sersic profile by GALFITM is presented in Fig. 5. The Sersic
profile, one of the most commonly used profiles for modelling
galaxies of differing morphologies (Peng et al. 2010), is given
by

- 1/n
I(r) = I, exp [—K[(r—) - 1]],

where [ is the pixel intensity at the effective radius radius (r.).
The « is tied to the value of n such that when n = 4 (mak-
ing Eq. (2) consistent with a de Vaucouleurs profile), k = 7.67
(Peng et al. 2010). Galaxies better described by an exponential
profile have n = 1. During the model fitting process, we allow
the model parameters to vary across the bands. The full cata-
logue of properties for Coma galaxies within the WCS footprint
is given in Appendix C.

Stellar masses and star formation rates (SFRs) for the
Coma galaxies are calculated following the method outlined in

(@)
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Fig. 2. WIYN/Hydra targets, and observed sources. The 5 fields (3 of the fields had a second configuration) targeted with WIYN are indicated
by the large circles. The square and diamond data points represent the galaxies we targeted with Hydra. The galaxies with redshifts in the Coma
volume are represented by the magenta square data points and the foreground and background galaxies are represented by the blue diamond
markers. The green markers represent the three cD galaxies in Coma (+-NGC 4874, v—NGC 4889 and x-NGC 4839). The 0.4-2.4keV ROSAT

X-ray contours are given by the grey contours (outer contours correspond to 3 x 107 cts's

-1, and inner-most contours to 1 x 1073 cts s™!). Other

confirmed members of the Coma cluster are represented by the small grey circles. The WCS footprint is indicated by the orange outline.

Cluver et al. (2014) and using a custom pipeline (Jarrett et al.
2013, 2019). The mass-to-light ratios for each galaxy are cal-
culated from the WISE W1 — W2 colour using

log M/Ly = —2.54W1 - W2) - 0.17, 3)

where Ly is the W1 (3.4 um) in-band luminosity of the galaxy
relative to the Sun, and (W1 — W2) is the rest-frame colour
(Cluver et al. 2014). The distribution of stellar masses for Coma
is shown in panel a of Fig. 6.

As has been shown by Cluver et al. (2014, 2017), the W3
(12um) and W4 (23 um) bands trace the interstellar medium
(ISM) emission in galaxies and can thus be used to determine
SFRs. The SFRs used in this work are calculated from the 12 um
luminosity (W3) relation determined by Cluver et al. (2017).
The W3 flux measurements are separated into the contributions
from polycyclic aromatic hydrocarbon (PAH) emission (which is
related to the star formation activity) and a contribution from the
stellar continuum (Cluver et al. 2017). Panel b of Fig. 6 shows
the star formation as a function of stellar mass for the sample.
Many of the Coma galaxies do not have a measured SFR, and
therefore are presented as 20~ upper limits in Fig. 6. There is a

step-distribution in the SFR upper limits, which arises as a result
of the low-mass galaxies (M, < 10°3 M) not detected in the W3
band. The higher-mass galaxies (M, 2 10°3 M) are detected,
but the W3 flux is largely attributed to the stellar continuum that
is removed prior to determining the SFR.

2.3. Hidata

The blind, high-sensitivity and high-resolution WSRT H 1 obser-
vations from Molnar et al. (in prep.) provide an opportunity to
study the gas content of Coma galaxies located well within the
cluster environs, along with those on infall. Like most dense
galaxy environments, Coma is well known for being H1 defi-
cient, and so we use the HI stacking method to probe the average
H1 content of groups of galaxies.

The WCS observed Coma in two overlapping 20 MHz bands
(1369-1389 MHz and 1386—1406 MHz) and is comprised of
24 overlapping WSRT pointings of 1 X 12 i, making the effec-
tive integration owing to the overlap, 3 x 12/ per pointing.
The final data cubes were created using the MIRIAD software
package (Saultetal. 2011). Details about the data reduction

A76, page 5 of 29


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202038738&pdf_id=2

A&A 650, A76 (2021)

51237667444585791639

o &

1000 4 Ld

x

Arbitrary Counts

cz = 9006 +/- 22 km/s

e

4000

5000 5500 6000 6500

Wavelength (A)

()

4500

51237667444585922920

004 27 B |2 B |2 )
B ? il
g = i :
S 1001 i
= 0
<
100 i i i cz = T784 +/- 53 km/s
4000 4500 5000 5500 6000 6500
Wavelength (A)
(b)
S1237667324334506767
. ETE
600 - 33
2 [
S 400 4
£ 2001
< ‘ i
() -wrremey 1ty 3 cz = 8519 +/- 72 km/s

5000 5500 6000 6500

Wavelength (A)
(©)
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are provided in Molnar et al. (in prep.). The two data cubes,
together, cover approximately ~5deg? and a velocity range
of ~3000-10500kms~', however, there is a break in the
velocity range of ~24kms™! at the central cluster velocity of
6925kms~!. The two HT cubes have a spatial resolution of
26.5 x 40.3 arcsec? and a velocity resolution of 16.5kms™!.

The WCS contains 39 galaxies for which there are direct
H1 detections, with HI masses greater than 4.4 x 107 M. The
detections were identified using SoFiA (Serra et al. 2015) and
confirmed by eye. Details on the source finding and discussion
about the properties of the HT detections are provided in Molnar
et al. (in prep.).

3. Hi stacking method

The technique utilised in this study to probe the HI content
of the galaxies in the Coma cluster is called HI stacking.
This statistical technique has become popular to push the HI
mass sensitivity below the observation limit. The technique is
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particularly useful to study the average HT properties of sam-
ples of galaxies that are predominantly not directly detected in
H1. HI stacking has been successfully used to study the neutral
gas content of galaxies in clusters and dense environments (e.g.,
Brown et al. 2017; Chengalur et al. 2001; Fabello et al. 2012;
Jaffé et al. 2016; Lah et al. 2009; Verheijen et al. 2007).

H1 stacking uses the optical redshift information for each
galaxy to align the HI spectra. The aligned spectra are co-added
to create an average spectrum with lower noise statistics than
the individual spectra. In this study we make use of the publicly
available H1 Stacking Software (HISS; Healy et al. 2019)* tool
to perform all our stacking experiments.

For every galaxy with a redshift in our catalogue, we extract
a spectrum from the HI data cubes. For galaxies where the
B-band D»s is resolved by the beam, we extract the spectrum
using an aperture with the semi-major axis determined from
the galaxy diameter at the B-band 25th mag isophote (D;s) (see
Fig. A.1b). For galaxies unresolved by the beam, the correspond-
ing HI spectra are extracted using an aperture the size of the
beam (25” x 40”) (see Fig. A.la). Along with the target spec-
trum, for every galaxy, we also extract 25 “reference” spectra
using the same aperture as the target spectrum. The bottom left
panel of Figs. A.la and b show the locations around the target
from which the 25 reference spectra are extracted. These refer-
ence spectra are stacked in all our analyses in the same manner
as the target galaxy spectra. For each target galaxy we extract
background spectra from 25 offset positions around it. Taking
as input a background spectrum from the same relative offset
position around each target galaxy, we produce a background
reference spectrum. Using all the offset positions results in 25
separate reference spectra per stacked target spectrum, with each
reference spectrum containing the same number of stacked spec-
tra as the target stack. Stacked reference spectra are used to aid in
quantifying the signal in the main stacked spectrum. The average
of the 25 stacked reference spectra for a well-calibrated dataset
should be around zero (e.g., see the grey line in the panels of
Fig. 10). From the spread of the 25 stacked reference spectra,
we estimate the uncertainty on the quantity measured from the
stacked target spectrum.

4 github.com/healytwin1/HISS
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Fig. 6. Stellar mass and star formation distribution of Coma galaxies in the WCS footprint. Left: stellar mass distribution of Coma galaxies within
the WCS footprint. Right: star formation rate as a function of stellar mass for the Coma galaxies. The 20~ upper limit on the star formation is
shown for galaxies for which there is no detection in the W3 band; these are represented by the light grey points. The step function in the upper
limits arises owing to a non-detection in W3 for low-mass galaxies and a non-detection after continuum subtraction in W3 for high-mass galaxies.
Also shown for reference are fits to the star formation main sequence by Cluver et al. (2020), Popesso et al. (2019) and Saintonge et al. (2016).
The black dashed line indicates the quench threshold (Cluver et al. 2020) below which galaxies are not considered to be actively star forming.

4. Hiin Coma
4.1. HI-M, scaling relation

The stellar mass (M, ) to HI gas fraction (fy;, defined as the
HT1 mass to stellar mass fraction) scaling relations (M, —fy;) are
well characterised for galaxies in the field (e.g., Fabello et al.
2011; Brown et al. 2015; Healy et al. 2019), and have also been
used to study the deficiency of HI in galaxies in different den-
sity environments including the Virgo cluster (e.g., Cortese et al.
2011; Fabello et al. 2012). However, given the small number of
direct HT detections in Coma, there has been no study of the
M, —fu; scaling relation as a method to probe the HI content of
the cluster as a whole. In Fig. 7, we present the M,—fy; scaling
relation for Coma.

We separated the galaxies into samples by stellar mass (indi-
cated by the histogram in Fig. 7) to probe the fij;—M, scaling

relation. Figure 7 shows the Coma direct HI detections in the
blue distribution and the HT mass upper limits for the HI non-
detections in grey down-pointing triangles. The HI mass upper
limits are calculated using the noise from the individual spectra
and an upper estimate on the Wsq line width calculated using the
r-band Tully—Fisher relation from Ponomareva et al. (2018). The
scatter in the distribution of upper limits can also be attributed to
the spread in the noise distribution of the WCS mosaic. Given the
number of galaxies that are not detected in HI, we used the HI
stacking technique to probe the HT content below the detection
threshold.

Utilising the HT stacking technique, we were able to improve
the sensitivity in the stacked spectrum by more than order of
magnitude relative to the individual spectra. We stacked both
detections and non-detections, as well as just non-detections.
Despite the improved sensitivity of the stacked spectra, there are
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Fig. 7. Stellar mass (M, ) to HI gas fraction (fy;) scaling relation for the Coma cluster. The individual 30~ upper limits for the Coma HI non-
detections are represented by the grey down-pointing triangles, while the distribution of the individual HI detections is shown by the blue density
plot. The pink diamond and orange down-pointing triangle symbols represent the stacking of all Coma galaxies and only non-detections, respec-
tively. The pink diamonds show measurements from a detected stacked spectrum, and the orange triangles indicate the 30~ upper limit in the case
of a non-detection in the stacked spectrum. The round light green symbols and green line represent the stacking of field galaxies by Healy et al.
(2019) and Fabello et al. (2011), respectively; the dashed green line is an extrapolation of the Fabello et al. (2011) results. The individual fi,
measurements (pink stars) for galaxies in the Ursa Major cluster are also shown for reference (Verheijen & Sancisi 2001).

no detections in the stacked spectra corresponding to the sam-
ple with only non-detections; the stacked spectra for each stellar
mass bin can be found in Figs. B.1 and B.2. The 30 upper limits
for the stacking results suggest that Coma galaxies on average
have at least three orders of magnitude less gas than galaxies
at the same stellar mass in the field (indicated by the round
light green symbols Healy et al. 2019 and the dark green line
Fabello et al. 2011). In comparison, galaxies in Ursa Major clus-
ter (indicated by the pink stars from Bilimogga et al., in prep.)
have just under an order of magnitude less gas than the field
sample and an order of magnitude more than the results from
stacking all Coma galaxies (magenta diamonds in Fig. 7).

Figure 7 shows that there is a large spread in HT gas frac-
tion (fy;) values for the Coma galaxies, however looking at the
average fiy; values for all galaxies in the cluster (the pink dia-
monds in Fig. 7, which are measured from the stacked spec-
trum containing all individual detections and non-detections
in the stellar mass bin), we note that on average, the Coma
galaxies have fiy; values that are between one and two orders
of magnitude lower in each stellar mass bin than the field
relations and other individual measurements from less dense
environments. However, while the fij,—M, scaling relation com-
pares the HI mass to galaxies of similar stellar mass, galaxies
of similar stellar mass but different morphology and size have
different HT masses (Brown et al. 2015; Haynes & Giovanelli
1984; Healy etal. 2019). Thus, it is necessary to use a
probe of the HI content that takes morphology and size into
account.
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4.2. H|i deficiencies

The H1 deficiency parameter (DEFy;, Haynes & Giovanelli
1984) is a useful quantity to understand how deficient a galaxy
(or sample of galaxies) is compared to a field galaxy of the same
size and morphology. It is defined as

DEFy; =

1Og(MHI,exp) - lOg(MH I,obs)’ (4)

where My exp is the expected HI mass, which is calculated
using an optical-HT scaling relation that takes into account the
morphology and size of the galaxy (Haynes & Giovanelli 1984;
Denes et al. 2014).

The expected HI mass (Myexp) is derived from a log lin-
ear empirical relation, which is calibrated using field galaxies on
varying morphologies and sizes (Haynes & Giovanelli 1984),

Myexp = a + blog(hDas)* — 2log h, )

where D,s is the diameter of the galaxy in the B-band at the
25th mag arcsec™2, and a and b are empirical constants depen-
dent on the morphology of the galaxy (T type). The quantity 4 is
taken to be 0.7 from Hy = 70kms~! Mpc~'. While there have
been updates to the scaling relations used to estimate the HI
mass of galaxies without using T types (e.g., Denes et al. 2014,
2016; Jones et al. 2018), the deficiencies presented in this work
are calculated using T types.

The Coma galaxies have been separated into broad mor-
phological bins: early-type galaxies, SOs, late-type galaxies,
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Table 1. Values used for a and b in Eq. (5) for the different morpholog-
ical types.

Reference

Haynes & Giovanelli (1984, Table 5)
Haynes & Giovanelli (1984, Table 5)

Sample a b

All/unknown morphology 7.12 0.88
Early types/ellipticals/SOs 6.88 0.89

Late types 7.51 0.73 Solanes et al. (1996, Table 2)
Irregulars 7.45 0.70 Boselli & Gavazzi (2009, Table 3)
3Nga 245 196 155 131 83
141 107 73 65 53
104 89 81 66 30

DCfHI

@® Non-det (logM, > 9.5)
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Fig. 8. HI deficiency of the Coma galaxies as a function of projected
radius from the cluster centre. The individual HT deficiency measure-
ments for the Coma galaxies are represented by the green shaded distri-
bution for the HT detections and grey triangles for the lower limits on
the H1 non-detections. The average H I deficiencies for late-type Coma
galaxies from Gavazzi et al. (2006) are shown in orange. The black,
blue, and red triangles represent the lower limits from stacking the non-
detections in annuli in three samples: all non-detections, log M, < 9.5,
and log M, > 9.5, respectively. The horizontal dashed purple lines set
the limit on DEFy, values that indicate a galaxy is H I-normal.

and irregular galaxies; galaxies for which we cannot reliably
determine the classification are marked as unknown. The clas-
sifications were made by eye (by three adjudicators) using
colour optical images from three different surveys (SDSS,
PanSTARRS?, and DeCALS®) and g-band data observed using
the Canada-France-Hawaii Telescope (Head et al. 2015). These
classifications (where possible) have been cross-matched against
the Galaxy Zoo database (Lintott et al. 2011) and the Third Ref-
erence Catalogue of Bright Galaxies (RC3; de Vaucouleurs et al.
1991) and are used to calculate the HT deficiency. The values
used in Eq. (5) for the different morphological types are given in
Table 1.

We calculated individual measures of the HI deficiency for
every galaxy. For the galaxies for which there is no direct HI
detection, we used the 30 upper limit of the measured HT mass.
This means that the corresponding HT deficiency measurement
is a lower limit and the deficiency value is expected to increase
in the case of a better sensitivity spectrum.

Denes et al. (2014) used data from the H1 Parkes All Sky
Survey (HIPASS; Meyer et al. 2004) to map the global H1 defi-
ciency across the southern sky. They found that regions that con-
tained an over-density of HT deficient galaxies correlated with

5 Panoramic Survey Telescope and Rapid Response System
(Chambers et al. 2016).
% The Dark Energy Camera Legacy Survey (Dey et al. 2019).

known dense galaxy regions. The known galaxy clusters in the
southern sky have an average HT deficiency that lies between
0.5 < DEFy; < 2. For the many Coma galaxies where there is no
direct HI detection, we measured a lower limit on the HI defi-
ciency. These lower limits for the DEFy; of the Coma galaxies
(grey triangles) are predominantly between 0.5 < DEFy; < 2,
which indicates that Coma is at least as deficient as the clusters
covered in the Denes et al. (2014) sample.

For a sample of 18 clusters, Solanes et al. (2001) studied
the HT1 deficiency of spiral galaxies residing inside one Abell
radius compared to those outside. They compare the fraction of
H1 deficient spirals against different cluster properties. Coma is
consistent in the total number of spiral galaxies given its X-ray
luminosity, however it is an outlier in the number of HI defi-
cient spirals for its mass, Abell richness, and total number of spi-
ral galaxies. Gavazzi et al. (2006) did a more detailed study on
the radial pattern of HI deficiency across the Coma Superclus-
ter. However, like Solanes et al. (2001), the Gavazzi et al. (2006)
work only focusses on the late-type galaxies across the cluster.

In this work, we revisit the work by Gavazzi et al. (2006),
however we focus on HI non-detections, which cover all galaxy
morphologies across the cluster. To calculate the average DEFy;
for the HI non-detected galaxies, we used the HI stacking tech-
nique to stack the galaxies in annuli with increasing radius from
the cluster centre, scaling each input spectrum by the expected
HT1 mass of the galaxy (see Fabello et al. 2011, Eq. (3.5)) for
same technique but for HI gas fractions). While there are no
clear detections in the stacked spectra (see Figs. B.3—B.5), we
push the lower limits higher than the individual spectra (see the
black triangles in Fig. 8). These results indicate a bi-modality in
the HT content of the Coma galaxies — we either detect HT or
the galaxies contain on average at least ~10—100 times less HI
than their field counterparts. This suggests an extremely fast and
efficient quenching mechanism.

Oman & Hudson (2016) show using N-body simulations
of clusters that the time for quenching low-mass galaxies is
longer than that of high-mass galaxies. We thus separated the
non-detections by stellar mass into a high stellar mass sample
(M, > 10°° My, represented by the red symbols in Fig. 8) and
a low stellar mass sample (M, < 10°3 Mg, represented by the
blue symbols in Fig. 8). We choose this stellar mass as it is
the so-called “gas-richness” threshold (Kannappan et al. 2013):
galaxies below this threshold are typically HI gas-rich, while
galaxies above this threshold are typically HI gas-poor. For both
subsamples, there are no detections in the stacked spectra at any
radius. These results set lower limits on the average HI defi-
ciencies for the low- and high-stellar mass populations and we
are therefore unable to compare to radial trends in other clusters
(e.g., Solanes et al. 2001; Gavazzi et al. 2006) or to quenching
times for different mass samples (Oman & Hudson 2016) with
these data.

4.3. H1 stacking in and around the cluster

In this section we explore the average HI content of the Coma
galaxies. The focus is the total galaxy sample, including galaxies
without direct detections. The direct H I detections are studied in
detail in Molnar et al. (in prep.). Figure 9 shows the line-of-sight
velocity relative to the cluster (Av,/o; 0 is the cluster veloc-
ity dispersion, 1180km ") as a function of the projected radius
from the centre of the cluster (proj/7200, Where 290 = 1.8 Mipc
is the radius at 200 p.; Gavazzi et al. 2009); the data points
are coloured by their g — r colour. The escape velocities for
the cluster are determined using the prescription outlined in
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Fig. 9. Phase-space diagram for Coma. The black dashed lines rep-
resent the escape velocity for Coma, calculated using a concentration
index (c) of 5, My = 5.1 X 10' My, and ryyy = 1.8 Mpc (Gavazzi et al.
2009). Galaxies inside the escape velocity ‘trumpet’ are considered to
be within the cluster, while galaxies on the outside edge of the trumpet
are considered to be falling into the cluster. The light grey shaded cone
represents the virialised zone (Oman et al. 2013). The g — r colour of
each galaxy is given by the colour scale in colourbar.

Jaffé et al. (2015) assuming a concentration index (c) of 5, and
Mgy = 5.1 x 10" M, (Gavazzi et al. 2009). We refer to Fig. 9
as the phase-space diagram throughout this work.

We separate the Coma galaxies into four samples, by the
regions in the phase-space diagram in Fig. 9: (1) virialised cone;
(2) inside g0 which includes all galaxies with rp.j < 7200 and
within the escape velocity “trumpet”, but excludes the galaxies
in the virialised cone; (3) outside trumpet, which includes all
galaxies with rpr5 < 7200, but line-of-sight velocities that place
them outside of the escape velocity trumpet; and (4) outside ¢
(all galaxies with 7yr6; > 7200). The four samples are further sep-
arated by g — r colour. Galaxies with g — r < 0.6 are consid-
ered to be blue, and those with g — r > 0.6 are considered to be
red. For Coma, g — r = 0.6 provides a good separation between
the red sequence and the star-forming blue cloud. The stacked
spectra for each sample (with direct HI detections excluded) are
presented in Fig. 10. It should be acknowledged that the four
samples (virialised zone, inside rygo, outside trumpet, and out-
side rp00) contain interlopers due to projection effects especially
along the line-of-sight velocity. These projection effects most
likely affect the three samples contained within the 9 radius
of the cluster.

In Fig. 10 we compare the average H I content of the galaxies
for which there are no direct HI detections for the three different
regions of the cluster. We also separate the galaxies by colour;
the resulting average spectra for the blue and red galaxies in each
region are shown in the middle and bottom rows of Fig. 10. The
stacked spectra are smoothed after stacking to a velocity resolu-
tion of 40kms™" to improve the signal-to-noise ratio (S/N). We
also stack the 25 reference spectra (see Sect. 3) using the same
scheme as the target spectra. From the 25 stacked reference spec-
tra, we create an average reference spectrum represented by the
grey spectra in Fig. 10. Also shown in Fig. 10 is the variance of
the 25 stacked reference spectra; this is represented by the orange
band around the grey line. The comparison between the average
reference spectrum, where we do not expect to see a signal, and
the stacked target spectrum provides confidence that any signal
visible in the target spectrum is real. We consider stacked spectra
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with a signal in the region v = 0+200kms~' that has S/N = 3.5
to be marginally detected. We feel confident using a S/N = 3.5
since there is no corresponding signal in the reference spectrum.

Only the sample of galaxies outside ryg9 shows a possi-
ble detection in all three colour samples. Even though both the
red and blue samples have roughly the same average HI mass
((Myy)), it should be noted that the lower limits on the aver-
age H1 deficiency ((DEFy)), which is shown in the bottom left
corner of each panel, show the red galaxies to be more HI defi-
cient than the blue galaxies. Despite both the blue and red sam-
ples showing lower limits for the H1I deficiency, the two samples
have similar number of galaxies meaning that the stacked spec-
tra have similar sensitivities making their limits comparable. The
difference between the DEFy; for the two samples is not unex-
pected as red galaxies are well known for being more gas poor
than blue galaxies. Unlike what is found by Jaffé et al. (2016)
for Abell 963, none of the samples show any possible detections
within the r,00; however these authors also do not detect a signal
for their red galaxies outside the rg9, which we do.

Simulations have shown that quenching begins after some
delay time once a galaxy has crossed 2.5v,; (for reference,
r200 ~ 0.73 ryir, Oman & Hudson 2016) with higher-mass galax-
ies affected slightly more quickly than lower-mass galaxies
(Oman & Hudson 2016), however once quenching has begun,
the time taken for the galaxies to transition from a field-like
galaxy to one fully processed by the cluster is very short. Indeed,
less than 10 of our galaxies outside ryoy have measurable SFRs,
and most of those are below the star-forming main sequence (see
panel b of Fig. 6 for galaxies with 7 < log M, /Mg < 9.5).

Gavazzi et al. (2006) show on average Coma galaxies at
r > 5Mpc, which is beyond 2 ry;,, are HI normal. We have
shown in the previous section, on average, that our Coma galax-
ies are (at a lower limit) at least 10-100 times more HT defi-
cient than their field counterparts. If we assume that galaxies
that are accreted onto the cluster are HI normal and on the star-
forming main sequence when they cross 2.5 ry;;, the processes
driving the removal of HI in galaxies as they fall into the clus-
ter must be very quick and have a strong influence beyond ry;;.
In Sect. 6.4 we also compare the average HI content between
the Coma galaxies in groups or substructure to those that are not
associated with any groups.

5. Finding substructure in Coma

Substructure, defined as structure kinematically distinct from the
parent halo, is a natural consequence of a hierarchical universe
(Hou et al. 2012). As discussed in the introduction, there are
many different methods that can identify substructure within a
galaxy cluster (e.g., Adami et al. 2005; Dressler 1980; Jaffé et al.
2013; Neumann et al. 2003). We are interested in how the aver-
age HT gas content may change in groups or substructure with
different morphologies or possible infall times across the cluster.

To identify these groups/substructure, we chose to use the
DS test to identify groups that are kinematically distinct from the
cluster. Dressler & Shectman (1988b) applied their test for kine-
matic deviations to look for substructure in a number of Abell
clusters (including Coma). Their conclusion regarding Coma
was that there was no substructure within the cluster. Since
Dressler (1980), there have been many targeted and blind spec-
troscopic surveys of the Coma cluster and subsequent studies
of Coma have found significant substructure (e.g., Adami et al.
2005; Colless & Dunn 1996). To detect substructure, one needs
~1000 redshifts in a ~1 Mpc region (Adami et al. 2005). We
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Fig. 10. Stacked spectra for all (top row), blue (middle row), and red (bottom row) H I non-detections in different regions of the cluster. The average
stacked spectrum in each panel is indicated by the solid black, blue, and red lines. The average stacked reference spectrum is represented by the
solid grey line. The green band indicates the velocity range ¢z + 200km s~ over which HI emission is expected to be seen. Only the sample of
galaxies outside the ryo (right-most column) of the cluster appear to contain detectable HI.

apply the DS test, given by

Non + 11, 5
512 = [0'—2] [(Vlocal - VC1)2 + (0-1200211 - 0-(231)] ’ (6)

cl

to our redshift catalogue. We used nearest neighbour (Vy,) val-
ues in increments of 5 from 5-30 with a velocity dispersion
(¢) of 1180kms™" and a cluster velocity (ve;) of 6925kms™.
Figure A.2 shows the results of the DS Test for Ny, = 25. Using
similar plots for all the N,, values, and two independent judges,
we identified groups where there are large overlapping circles
(which represent large ¢; values) of similar colour representing
similar velocity values. Using the N, = 25 as a reference, galax-
ies were assigned to groups using a combination of the different
Npp runs.

Within the WCS HI data footprint, we find 15 distinct
groups. These groups stand out across the six iterations of the
DS test, and are highlighted by the different colours in Fig. 11.
The properties of the 15 groups are given in Table 2. Despite
the difference in the method of identifying substructure, we
find some overlap between our groups and those identified by
Adami et al. (2005), who use a hierarchical clustering algorithm
(see Serna & Gerbal 1996) which uses a measure of the binding
energy to find groups of galaxies that are bound in substructure.
Of the 17 groups Adami et al. (2005) found, 14 are within the
WCS footprint and seven correspond to groups that we found
using the DS Test. The groups overlapping between our work

and Adami et al. (2005) are S1, S2, S6, and S11 (combined into
one group at the core of the cluster), S8, S9, and S15.

6. ldentified substructures

6.1. Core substructures

In the core of the cluster (see Fig. 11), we identified two groups
(groups S1 and S2) around the two cD galaxies (NGC 4874 and
NGC 4889) and another two groups surrounding the two cen-
tral groups: S3 and S5. There is much discussion in the litera-
ture surrounding the centre of the Coma cluster. A commonly
accepted scenario is that the two cD galaxies eventually merge
(e.g., Colless & Dunn 1996; Adami et al. 2005).

Using the hierarchical clustering method to developed by
Serna & Gerbal (1996) to identify substructure, Adami et al.
(2005) found one group (G1) in the central region of the cluster.
These authors later note that with X-ray analysis there are two dis-
tinct peaks in the X-ray corresponding to the two galaxies. They
postulate that these two groups are in the process of colliding: S1,
the larger of the two groups with 27 members, has a mean velocity
of 7699 kms ™', and S2 (with 18 members) has a mean velocity of
6113kms™!. Both the groups have velocity dispersions that are of
the order of ~900 km ™! (see Table 2 for more details).

Located immediately north of S1 and S2 (see Fig. 12), S3
contains 14 members. The smallest group containing only six
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Fig. 11. Substructure in the WCS footprint. The 15 identified groups are shown in different colours. The background grey contours represent the
X-ray emission measured by ROSAT in 0.4-2.4keV. The dashed grey lines indicate the direction to nearby clusters connected to Coma. The
groups identified by Adami et al. (2005) are labelled and denoted by black crosses.

Table 2. Details of the 15 groups found within the Coma cluster using the DS test.

GroupID  Members ) Toroup  E:SOLLU®  log(My/Mo) ©  log(My /M)  (DEFy) @ NGC members
(kms™')  (kms') (Mo) (Mo)

S1 27 7699 924 8:10:0:5:4 <7.20 10.84 >0.72 NGC 4874

S2 18 6113 932 6:6:0:5:1 <743 10.80 >1.00 NGC 4889, NGC 4894
S3 14 7626 358 7:3:0:4:0 <7.34 9.87 >0.67

S4 22 7981 899 6:7:1:5:3 <7.28 10.40 >1.08

S5 10 5868 843 5:5:0:0:0 <7.54 10.25 >1.57 NGC 4869

S6 17 6095 884 9:7:0:1:0 <7.39 9.82 >1.57

S7 11(2) 6137 1031 4:3:2:2:0 7.37 9.83 >1.40

S8 22(1) 7386 1238 11:5:1:3:2 7.76 10.15 >1.32 NGC 4919, NGC 4911
S9 11(1) 6498 942 7:3:1:0:0 8.22 10.64 1.13 NGC 4923, NGC 4921
S10 6(1) 8355 895 1:4:1:0:0 <771 10.62 0.81 NGC 4860, NGC 4858
S11 24 7621 462 12:6:0:2:4 <7.36 10.52 >1.12 NGC 4839

S12 7 7584 460 4:1:0:2:0 <7.69 9.68 >1.23

S13 24 (3) 7351 691 13:5:1:5:0 8.13 10.30 0.74 NGC 4859, NGC 4892
S14 17 6898 522 10:7:0:0:0 <7.59 10.25 >1.45

S15 11 6436 603 7:3:1:0:0 <7.93 10.22 >1.16 NGC 4943, NGC 4934

Notes. ““Numbers in brackets are the number of individual direct detections in the group. ®Number of elliptical or early-type galaxies (E),
S0/lenticulars (S0), late-types (L), irregular galaxies (1), and galaxies of unknown morphology (U). Y Average My, obtained from stacking, where
there is no detection in the stacked spectrum, a 30~ upper limit is used. ( Average DEFy; obtained from stacking, where there is no detection in the
stacked spectrum, a 1o lower limit is used.

galaxies, S5 is located to the south-west of S1. Both the S3 and stacked spectra (see Fig. B.6), however given the gas removal
S5 groups are dominated by early-type and SO galaxies. None of processes at play in cluster centres, this is unsurprising. The
these groups (S1, S2, S3, or S5) show a detection of HI in their measured upper limits on the HI mass and lower limits on the
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Fig. 12. Fifteen identified groups within the WCS footprint. The contours (taken from Adami et al. 2005, Fig. 4) represent the X-ray excess found

by Neumann et al. (2003).

HT deficiency for the groups can be found in Table 2, and the
corresponding stacked spectra in Appendix B.

6.2. Groups coincident with excess X-ray emission

6.2.1. South-west structure

Using X-ray observations by XMM-Newton, Neumann et al.
(2003) studied the dynamical structure within Coma. They
fit an elliptical beta model to the X-ray emission where any
residuals from this fit may indicate structure within the clus-
ter. Figure 2 in Neumann et al. (2003) shows that there is
X-ray emission not explained by the beta model. Neumann et al.
(2003) also found a number of bright galaxies coincident with
the peaks in this excess emission. Adami et al. (2005) compared
the groups that they found to the excess X-ray emission maps
from Neumann et al. (2003), and found a number of overlaps.
We used the excess X-ray contours from Adami et al. (2005,
Fig. 4) to compare to the location of our groups. Figure 12 shows
the isocontours residual X-ray emission along with the location
of our groups. Figure 12 shows that groups S4, S6, S8, S9, S10

(this group is slightly offset from the X-ray), and S11 are coinci-
dent with X-ray emission.

Of the groups we identified that are coincident with
X-ray emission, S11 is perhaps the most well studied (e.g.,
Colless & Dunn 1996; Neumann et al. 2001; Akamatsu et al.
2013; Burnsetal. 1994; Lyskovaetal. 2019; Beijersbergen
2003). The S11 group is located to the south-west of the clus-
ter core and is home to NGC 4839. Previously, Beijersbergen
(2003) found a group of 18 galaxies within 0.15° of NGC 48309,
and using data from their blind WSRT HT survey of the clus-
ter, calculated for the group, an average HI mass (My;) 30
upper limit to be (My,;) < 7.55 x 10% M,. Within the same
radius, we found 26 galaxies, however using the DS test we
found 36 galaxies associated with this group. Our average 30
mass limit is (My;) < 2.29 x 107 My,. Many groups have studied
this collection of galaxies in an effort to understand if it is still
on first infall (e.g., Colless & Dunn 1996; Neumann et al. 2001;
Akamatsu et al. 2013), or has already passed through the centre
of the cluster (e.g., Burns et al. 1994; Lyskova et al. 2019).

Lyskova et al. (2019) show using smooth particle hydro-
dynamical simulations that a post-merger scenario, in which
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the group has already passed around the centre of the cluster,
explains the observed X-ray emission better than the pre-merger
scenario where this group is on first infall. In the post-merger
scenario, Lyskova et al. (2019) postulate that S11 entered the
cluster from a filament on the north-east side of the cluster.
Malavasi et al. (2020) use the DisPerSE algorithm to identify
filaments connecting to Coma, and while they identify three
such filaments (including one joining to the north-east of the
cluster), they do not identify the filament known as the “Great
Wall” to the south-west of Coma, which connects the cluster to
Abell 1367. It is the “Great wall” filament that S11 is thought to
be accreted from (Colless & Dunn 1996; Akamatsu et al. 2013).
From our results, we cannot conclude whether these groups are
on first infall, or have already passed through the cluster. How-
ever, our results indicate that this group is extremely H1 deficient
and contains an evolved population of galaxies; this supports the
post-merger scenario, but also the first infall scenario under the
assumption that this group has been pre-processed. Recent work
by Salerno et al. (2020) has shown that filaments can be very
effective at quenching star formation. Nevertheless, the ques-
tion whether the NGC 4839 (S11) group is on first infall or has
already passed through the cluster, remains open.

6.2.2. South-eastern structure

Neumann et al. (2003) identified X-ray substructure to the south-
east of the core of the cluster (see S4, S8, and S9 in Fig. 12).
Neumann et al. (2003) attributed this X-ray over-density to
emission from the intra-group medium of one group of galax-
ies containing NGC 4911 and NGC 4921. They attributed the
bending in the structure due to projection effects by assuming
that the direction of the structure motion is to the east with
NGC 4921 at the head. They also concluded that NGC 4911 and
NGC 4921 are gravitationally bound because they have simi-
lar velocities. We do not find these two galaxies to be part of
the same group, which can largely be attributed to the differ-
ences in their velocities (~2000kms™"). The velocity we used
for NGC 4926 is taken from SDSS DR13. The SDSS DR 13 mea-
surement is in good agreement with other optical and H 1 redshift
measurements of this galaxy (e.g., Dressler & Shectman 1988a;
de Vaucouleurs et al. 1991; Zabludoff et al. 1993; Haynes et al.
1997; Bravo-Alfaro et al. 2000), including the HT measurement
from the WCS. Adami et al. (2005) also found NGC 4911 and
NGC 4926 to be part of different groups and note that the veloc-
ity quoted by Neumann et al. (2003) is incorrect.

We identified three groups (S4, S8, and S9) coincident with
this X-ray substructure; S8 and S9 have been previously iden-
tified by Adami et al. (2005) as G4 and G7, respectively. The
S8 group contains NGC 4911, which appears to be spatially
coincident with the peak of the X-ray emission (Adami et al.
2005; Neumann et al. 2003). If the X-ray is associated with these
groups, the fact that it is still detectable implies that the groups
have not yet passed through the cluster (Adami et al. 2005).
However the X-ray emission shows no sign of shock heated gas,
which is a signature of radial infall, thus Adami et al. (2005)
argued that it is more likely that these groups are on a spiral infall
trajectory. Of the three groups, S4 and S8 have mean velocities
that are higher than the cluster velocity; S4 and S8 also con-
tain a number of late-type and irregular galaxies (in addition
to the E and SO galaxies), whereas S9 is dominated by early-
type galaxies (E or SO) and has only one late-type galaxy (see
Table 2). Both S4 and S8 are on average extremely HT defi-
cient ((DEFy;) > 1, see Table 2), thus it is possible that the
galaxies have been stripped of their HI, a process that can occur
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extremely rapidly after crossing into the cluster (~2.5 ry;), but
the presence of the bluer galaxies may indicate that they have yet
to transition across the ‘green valley’ (Oman & Hudson 2016).
Dominated by an older population of galaxies, S9 has a mean
velocity of 6498 km s~!, which is similar to that cluster veloc-
ity and could indicate that it is moving in the plane of the sky.
The presence of one H I detection in this group would imply that
it could also be a recent infall, however given the difference in
mean velocities from S4 and S8, it is unlikely to have followed
the same trajectory.

6.2.3. Western filament

The last major X-ray residual is the western filament which is
aligned north-south, extending roughly a megaparsec north from
NGC 4839. Neumann et al. (2003) discussed possible origins of
this structure: the change in X-ray temperature between the west-
ern filament and the centre of the cluster suggests that it could
be due to heating from compression or shock waves during the
infall of a structure onto the core of the cluster. They also dis-
cussed the possibility that the two X-ray maxima in the filament
are due to a galaxy group that was broken up on infall; they dis-
count the possibility of two groups falling in to the cluster at
the same time. However, Neumann et al. (2003) did not find any
galaxy over-densities associated with the filament.

Adami et al. (2005) found two groups coincident with the
western filament: G12 and G14 (see Fig. 11). We also found two
groups coincident with the filament: S6 and S10 (see Fig. 12).
Located about half way up the filament, S6 is coincident with
G14 found by Adami et al. (2005). Our other group that is coin-
cident with the filament, S10, is located at the northern most part
of the structure.

Both S6 and S10 lie on lines that connect Coma to other
clusters: S6 on the line connecting to Abell 1367, and S10 on
the line connecting to Abell 779 (see Fig. 12). Both of these
groups are dominated by early-type and SO galaxies, however,
S10 contains one direct HI detection that dominates the stacked
spectrum (see Fig. B.6). The S10 group has a higher average
velocity (cz = 8355kms™") than Coma which could indicate
that it is falling in from the filament connected to Abell 779. The
average velocity of S6 is similar to Coma, which like S9, could
either indicate that the group is moving slowly or in the plane of
the sky.

6.3. Groups near the outskirts

There are four groups that can be considered on the outskirts:
S12,S13, S14, and S15. Of these four groups, only S15 had been
previously identified by Adami et al. (2005) as G5. Adami et al.
(2005) identified five other groups on the outskirts of the clus-
ter that we do not identify in this work. It should be noted that
two of those groups are outside our HI dataset and the other
two are on the edge. Despite using a galaxy catalogue that cov-
ered a larger area than our HT dataset, we only identified groups
for which we had H1 data. The one group contained within our
H1 dataset by Adami et al. (2005) that we did not find, G11, is
located around a = 12"57™ § = 27°00'. It is clear from Fig. A.2,
which shows the results of the DS test, that there are no over-
lapping large circles of similar colour. Given that our redshift
catalogue has more redshifts than Adami et al. (2005), in partic-
ular in that region owing to our observing campaign with WIYN
(see Sect. 2.1.2), it is possible that with the smaller number of
redshifts, G11 was artificially highlighted.

The S13 group has a diverse population of galaxies and con-
tains the highest number of direct HI detections, while the other
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Fig. 13. Stacked spectra for galaxies in groups (fop row), and galaxies not in groups (bottom row) separated into different annuli from the cluster
centre. The average stacked spectrum in each panel is indicated by a solid black line. The average stacked reference spectrum is represented by
a solid grey line, with the variance of 25 stacked reference spectra surrounding the average reference spectrum in orange. The green band is the
velocity range cz + 200km s~ over which the H1 emission is expected to be seen.

three groups (S12, S14, and S15) are dominated by older early-
type or SO galaxies with no direct HI detections. Both S14 and
S15 lie on lines to other clusters (Abell 2199 and Abell 1367,
respectively) and have similar velocities to the cluster indicat-
ing slow movement or a velocity vector in the plane of the sky.
If S14 is being accreted onto Coma, then the average HT defi-
ciency of the group and the evolved galaxy morphologies could
indicate that this group underwent advanced evolutionary pro-
cesses prior to being accreted. The high average velocity of S13
(cz = 7351 kms™") could indicate that it is falling into Coma
from the foreground, this is supported by the fact that this group
is not in line with any of the known filaments connecting to
Coma. Given that S13 also contains so many direct detections,
this also may suggest that it is being accreted from a low-density
environment.

6.4. H1in substructure versus the cluster

We explore the HI content of the Coma galaxies in substructure
compared to Coma galaxies not in substructure. We separate the
Coma galaxies into 0.4 Mpc annuli increasing from the cluster
centre. The 15 substructures are also separated into the different
annuli: S1-S5 (0—0.4 Mpc), S6-S11 (0.4-0.8 Mpc), and S12—
S15 (>1.2Mpc). Figure 13 shows the stacked spectra for galax-
ies in groups in the different annuli (top row) as well as galaxies
not in groups (bottom row). There are no possible detections in
any of the stacked spectra in Fig. 13 with the exception of the
galaxies with r > 1.2 Mpc. This is perhaps not surprising as we
did not take into account the velocity of the galaxies when sep-
arating them into the different annuli. It is possible that there
are infalling galaxies in the two innermost annuli; however, this
inner region is typically dominated by the oldest members of the
cluster.

In order to explore the difference in HI content between
galaxies not associated with any substructure and those that
reside in substructure in the different regions of the cluster, we
separated the two groups of galaxies into three bins loosely based
on the regions of the phase—space diagram (Fig. 9). The galaxies

and substructures that reside predominantly in the virialised cone
are assigned to the ‘virialised bin’; galaxies/substructures inside
ry0 are assigned to the ‘inside cluster’ bin, and the remaining
galaxies/substructures, which predominantly have ryo; > 1200,
are assigned to the ‘recent infalls’. The resulting stacked pro-
files for the six samples are presented in Fig. 14. The top panel
of Fig. 14 shows the stacked spectra from the galaxies in sub-
structure and the bottom panel shows the stacked spectra from
the galaxies not associated with any substructure. As with all the
previous stacking, we only examine the galaxies for which there
are no direct HI detections.

We note detections in the stacked spectra for the ‘recent
infalls’ samples, both for galaxies in groups and galaxies not
associated with any substructure (right-most panels of Fig. 14). It
is not unexpected that only the ‘recent infalls’ show detections in
the stacked spectrum. The average HI deficiency measurement
for each sample is given in the bottom left corner of each panel
in Fig. 14. It is interesting to note that while the two samples
(galaxies within substructure and galaxies not in substructure)
have similar average HI masses, they differ in average H1 defi-
ciencies. Galaxies in groups have a lower limit on the average
HT1 deficiency of (DEFy;) > 1.47, while the non-group galaxies
have an average HT deficiency of (DEFy;) = 1.05 = 0.56. The
galaxy size, stellar mass, and colour distribution for both sam-
ples is similar, and while the (DEFy ;) measurements indicate that
both samples are HT deficient, the fact that we can only measure
a lower limit on the average H T deficiency for the group galaxies
suggests that they are more deficient than the non-group galax-
ies for which we can measure an average HI deficiency. This
could indicate that the gas removal process is more efficient for
the group galaxies.

7. Summary

In this work we have aimed to study the average HI content
and morphologies of galaxies in the substructure of the Coma
cluster. We collated a large catalogue of redshifts for the Coma
cluster, including 59 new redshifts that we observed with the
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Fig. 14. Stacked spectra for galaxies in groups (fop row), and galaxies not in groups (bottom row) separated into different regions in the cluster.
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range cz + 200kms™" over which the HT emission is expected to be seen.

multi-object spectrometer, Hydra, at WIYN. Using the newly
compiled catalogue, we applied the DS test to find substructure
within the cluster. Fifteen substructures were found, of which
three had not been previously identified.

The WCS provided high-resolution and high-sensitivity H1
data that covered both the cluster core and the NGC 4839 group
to the south-west. However, with only 39 direct HT detections
out of the 850 galaxies that lie within the WCS footprint, we
needed an alternate method to study the HI content of the galax-
ies in the different groups. The H I stacking technique enabled us
to probe the average H1 content of samples of galaxies.

Using the HI stacking technique, we are able to probe
~1-2 orders of magnitude lower in HI mass. Despite this
improvement in sensitivity, for many of the stacked samples
there is no detection in the stacked spectrum. The HT gas frac-
tion to stellar mass relation as well as a study of HI deficiency
indicates that Coma galaxies are at least 50 times more HT defi-
cient than their field counterparts. The bi-modality in the HI con-
tent, where galaxies either have detectable HT content or con-
tain orders of magnitude less HI than expected, supports the
theories that favour extremely rapid quenching and gas removal
mechanisms.

Given the effectiveness of gas removal processes increases
closer to the centre of the cluster, we expect to see the average
HT content increase with distance from the cluster centre. For
most samples of galaxies inside the cluster ryg, there is no H1
detectable in the stacked spectra, however we do detect HI in
both blue and red galaxies outside the rppo. When we separate
the outer galaxies into those that are in groups versus those not in
groups, both samples show detections in the ‘recent infall’ galax-
ies (see Fig. 14). The average H1 masses for the two samples are
similar, however we note that the average HT deficiency for the
group galaxies is not detected at a lower limit that is higher than
the measured average HT deficiency of the non-group galaxies,
implying that the group galaxies are more HI deficient.
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Appendix A: Miscellaneous figures and tables

Table A.1. Number of redshifts obtained from the different literature
sources discussed in Sect. 2.1.1.

Redshift source Number of redshifts
Alabi et al. (2018) 14

Albareti et al. (2017) (SDSS DR13) 773
Biviano et al. (1996) 5

Bravo-Alfaro et al. (2000)
Caldwell et al. (1993)
Castander et al. (2001)
Chiboucas et al. (2010)
Chiboucas et al. (2011)
Colless & Dunn (1996)
Cortese et al. (2003)
Davies et al. (1987)
Edwards & Fadda (2011)
Falco et al. (1999)
Gregory & Tiffit (1976)
Gu et al. (2018)
Harrison et al. (2010)
Haynes et al. (1997)
Huchra et al. (2012)
Jangren et al. (2005)
Jgrgensen et al. (1995)
Kadowaki et al. (2017)
Karachentsev & Kopylov (1990)
Kourkchi et al. (2012)
Lucey et al. (1991)
Mobasher et al. (2001)
Rines et al. (2001)
Molnar et al. (in prep.)
Smith et al. (2009)

—_

This work 59
Wegner et al. (1990) 1
van Haarlem (in prep.) 49
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Fig. A.1. Method used to extract the 1D HI spectra is presented in the figures above. (a) presents a galaxy that is unresolved by the WRST beam,
and (b) a galaxy that is resolved by the beam. A colour cut-out of the galaxy with the extraction aperture overlaid in green is shown in the top left
panel. Bottom left panel: location of the 25 reference spectra relative to the target spectrum. Middle top panel: target spectrum, and the middle
bottom panel shows the 25 reference spectra. In both middle panels, the vertical dashed green line indicates the redshift of the target galaxy; the
orange band represents the gap between the two frequency bands. (a) Source unresolved by the WRST beam. (b) Source resolved by the WRST
beam.
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Fig. A.2. Bubble plot showing the results of the DS test for the Coma cluster. The ¢ values are a result of using the 25 nearest neighbours. The red
and blue colours indicate the recessional velocity (cz) of each galaxy. The green markers represent the three cD galaxies in Coma (+-NGC 4874,
V-NGC 4889 and Xx—-NGC 4839). The background grey contours represent the X-ray emission measured by ROSAT in 0.4-2.4 keV.
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Appendix B: Stacked spectra
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Fig. B.1. Stacked spectra from which the full catalogue data points in Fig. 7 are measured. The stacked spectra (the black line) have been smoothed
to a velocity resolution of 80 kms™'. The orange band represents the 1o distribution from 25 stacked reference spectra. The vertical dashed green
lines indicate the range over which the spectra are integrated to determine the average integrated flux density for each sample. Each panel represents
a different stellar mass bin. The number of spectra in each bin are given in the top left corner of each panel.
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Fig. B.2. Same as Fig. B.1, for the sample of HI non-detections.
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Fig. B.3. Coma non-detections stacked in annuli with increasing radius from the cluster centre. The stacked spectra (the black line) have been
smoothed to a velocity resolution of 80kms™'. The orange band represents the 1o~ distribution from 25 stacked reference spectra. The vertical
dashed green lines indicate the range over which the spectra are integrated to determine the average integrated flux density for each sample. Each
panel represents a different stellar mass bin. The number of spectra in each bin are given in the top left corner of each panel. These spectra are
used to determine the average DEFy; (DEFy; = lo0g My exp — 10g My obs ) in Fig. 8.
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Fig. B.4. Same as Fig. B.3 for the sample of galaxies with log M, < 9.5.
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Fig. B.5. Same as Fig. B.3 for the sample of galaxies with log M, > 9.5.
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Fig. B.6. Stacked spectra for each of the substructures S1-S10. The stacked spectra (the black line) have been smoothed to a velocity resolution
of 80kms™'. The orange band represents the 1o distribution from 25 stacked reference spectra. The vertical dashed green lines indicate the range
over which the spectra are integrated to determine the average integrated flux density for each sample.
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J. Healy et al.: HI content in Coma cluster substructure

Appendix D: Coma atlas
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Fig. D.1. Atlas page for one galaxy in the WCS. Top left panel: colour image of the galaxy from the DECaLS survey. Overlaid in green on the
optical image is an aperture defined by the radius at the B-band 25th mag arcsec2 isophote; the yellow hatched ellipse indicates the size of the
WRST beam. Below the optical image is a table containing the magnitude, r.g, axis ratio, position angle, and sersic index of the galaxy in each of
the 11 bands. To the right of the optical image are the cut-outs of the galaxy in the 11 photometric bands. Shown below the cut-outs are the best-fit
GALFITM model and the residual image for each band. The extracted spectrum for the target galaxy is plotted in black in the bottom right panel,
with its optical redshift indicated by the dashed green line. The 25 reference spectra are also shown in this panel in the rainbow colours. Atlas pages
for the other Coma galaxies can be found at https://drive.google.com/drive/folders/1sKdnUGgCSi6u-Wf1l1CwRALWAUFYCvgA4?
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