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ABSTRACT

Why are some galaxy groups pervaded by a hot X-ray emitting intracluster medium, whilst others have no detectable X-ray emission?
Is the presence of hot gas a reliable indicator of dynamical maturity, and can some virialised groups contain little or none of it?
What are the main differences between samples of groups selected in the X-ray and optical bands? We address these questions by
studying 232 optical spectroscopically selected groups from the Galaxy And Mass Assembly (GAMA) survey that overlap the XXL
X-ray cluster survey. X-ray aperture flux measurements combined with GAMA group data provides the largest available sample of
optical groups with detailed galaxy membership information and consistently measured X-ray fluxes and upper limits. A sample of
142 of these groups is divided into three subsets based on the relative strength of X-ray and optical emission, and we see a trend in
galaxy properties between these subsets: X-ray overluminous groups contain a lower fraction of both blue and star forming galaxies
compared with X-ray underluminous systems. X-ray overluminous groups also have a more dominant central galaxy, with a magnitude
gap between first and second ranked galaxies on average 0.22 mag larger than in underluminous groups. Moreover, the central galaxy
in overluminous groups lies closer to the luminosity-weighted centre of the group. We examine a number of other structural properties
of our groups, such as axis ratio, velocity dispersion, and group crossing time, and find evidence of trends with X-ray emission in some
of these properties despite the high stochastic noise arising from the limited number of group galaxies. We attribute the trends we see
primarily to the evolutionary state of groups, with X-ray overluminous systems being more dynamically evolved than underluminous
groups. The X-ray overluminous groups have had more time to develop a luminous intragroup medium, quench member galaxies, and
build the mass of the central galaxy through mergers compared to underluminous groups. However, an interesting minority of X-ray
underluminous groups have properties that suggest them to be dynamically mature. We find that the lack of hot gas in these systems
cannot be accounted for by high star formation efficiency, suggesting that high gas entropy resulting from feedback is the likely cause
of their weak X-ray emission.

Key words. galaxies: evolution – galaxies: groups: general – X-rays: galaxies: clusters – galaxies: star formation

1. Introduction

In the low redshift universe, small collections of galaxies, such
as galaxy groups, are the modal environment in which galaxies
reside (e.g., Eke et al. 2005; Aragón-Calvo et al. 2010). Group
environments provide excellent laboratories in which to study
? Full Table A.1 is only available at the CDS via anonymous ftp

to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/663/A2

the processes of environmentally driven galaxy transformation,
since galaxies can experience interactions with other member
galaxies, as well as with the group potential and the intergalactic
gas it holds. Investigating how galaxies evolve within groups as
these group structures themselves form and develop is vital to
our understanding of galaxy evolution.

It is well established that environment is an important
driver of galaxy evolution (e.g., Oemler 1974; Dressler 1980;
Peng et al. 2010, 2012). High-density environments are linked
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with changes in a number of galaxy properties, including an
increase in the galaxy red fraction (e.g., Balogh et al. 2004;
Blanton et al. 2005; Weinmann et al. 2006; Baldry et al. 2006;
van den Bosch et al. 2008; Bamford et al. 2009) and a lower
average galaxy star formation rate (e.g., Lewis et al. 2002;
Gómez et al. 2003; Kauffmann et al. 2004; von der Linden et al.
2010). The long-established morphology–density relation also
links environment to the morphological mix of galaxies, with
the modal galaxy morphology shifting from spiral to ellip-
tical in regions of high galaxy density (e.g., Oemler 1974;
Davis & Geller 1976; Dressler 1980; Postman & Geller 1984;
Dressler et al. 1997; Bamford et al. 2009; van der Wel et al.
2010).

There are numerous ways in which environments such as
groups and clusters can cause such transformations in galaxy
populations. Group-sized haloes, with low relative velocities
between member galaxies, can facilitate mergers and tidal
interactions, disrupting the structure of galaxies and creat-
ing tidal features (e.g., Ghigna et al. 1998; Moore et al. 1999;
Hernández-Fernández et al. 2012). At the higher relative veloc-
ities present in rich clusters, rapid galaxy fly-by encounters can
perturb galaxy structure and change galaxy properties in a pro-
cess known as ‘harassment’ (e.g., Moore et al. 1996; Porter et al.
2008; Aguerri & González-García 2009).

In addition to interactions between member galaxies, groups
and clusters also contain a hot intergalactic plasma known
as the intracluster medium or the intragroup medium (IGM).
This hot IGM interacts with the gas present in infalling galax-
ies, causing the removal of the hot gaseous halo surround-
ing the galaxy (sometimes called strangulation or starvation;
Larson et al. 1980; Balogh et al. 2000) or, in more severe cases,
the removal of the cold gas disk (known as ram-pressure strip-
ping; e.g., Gunn & Gott 1972; Abadi et al. 1999; Chung et al.
2007; Owers et al. 2012; Poggianti et al. 2016; Barsanti et al.
2018; Schaefer et al. 2019). A combination of these processes
is thought to lead to the high fraction of quiescent, spheroidal
galaxies found within large galaxy groups and clusters.

A variety of different techniques have been used to find
and define galaxy groups and clusters. The nature of the group
sample obtained, and hence the environmental influences on
the member galaxies, can vary according to the method used.
This has been responsible for a good deal of confusion and
disagreement between different studies of galaxy-environment
relationships. For example, selecting groups via X-ray emis-
sion may privilege virialised structures, in which the IGM has
been heated by collapse into a well-developed group poten-
tial, and may miss smaller, younger groups that could be found
using an optical selection method (e.g., Finoguenov et al. 2009;
Dietrich et al. 2009). Optical selection of groups can employ a
variety of techniques: finding visual overdensities (e.g., Abell
1957; Dalton et al. 1997), through red sequence fitting (e.g.,
Gladders & Yee 2000, 2005; Andreon & Moretti 2011), or by
analysing spectroscopic galaxy redshift surveys using a cluster-
ing or friends-of-friends (FoF) algorithm (e.g., Eke et al. 2004;
Brough et al. 2006a; Robotham et al. 2011; Tempel et al. 2014).
However, these optically based methods do not give a mea-
sure of the state of the IGM, which requires X-ray observa-
tions, and optical surveys can be vulnerable to contamination
by apparent groups that are actually line-of-sight superpositions
of galaxies (e.g., McNamara et al. 2001; Barkhouse et al. 2006)
rather than truly bound systems. Obtaining a statistically homo-
geneous sample that combines optical groups with consistently
measured X-ray luminosities has so far proven to be an elusive
goal.

Previous studies that have measured the X-ray content of
optically selected groups have found these systems to be X-ray
underluminous for their mass compared to X-ray selected sys-
tems (Bower et al. 1994; Castander et al. 1994; Gilbank et al.
2004; Lubin et al. 2004; Fang et al. 2007; Dietrich et al. 2009;
Andreon et al. 2019; see also Andreon et al. 2016) and are some-
times undetected in X-rays, especially in clusters at high redshift
or low richness (e.g., Sadibekova et al. 2014; Rozo & Rykoff
2014). This difference in the X-ray emission between optical
and X-ray selected samples indicates that groups of a given
optical richness can have a significant range in X-ray luminos-
ity, pointing to systematic differences in the properties of the
hot IGM.

Several theories have been put forward to explain the ori-
gin of such variations between groups in the IGM. Firstly, a
dynamically young group or cluster will still be forming and
will therefore be incompletely virialised. In such a situation,
the intracluster medium has not yet been fully compressed
in the developing potential well to form the hot, high-density
plasma that generates X-ray emission (e.g., Donahue et al. 2001;
Gilbank et al. 2004; Barkhouse et al. 2006; Rasmussen et al.
2006; Popesso et al. 2007; Balogh et al. 2011).

Alternatively, energy injection into the IGM from super-
novae or active galactic nuclei (‘feedback’) may have raised
the entropy of the IGM above the value generated by shocks
during group collapse. An increased IGM entropy results in a
lower central density of the IGM once it comes into hydrostatic
equilibrium in the potential well, thus lowering the X-ray emis-
sion (e.g., Bower 1997; Gilbank et al. 2004; Hicks et al. 2008;
McCarthy et al. 2010; Pearson et al. 2017). In this picture, the
X-ray luminosity of a group will be influenced by its feedback
history.

Finally, it is possible that galaxies within some groups could
have very high star formation efficiency. In such a case, more of
the gas would be converted into stars, leaving less available for
the IGM. This would lower the IGM density and hence the X-ray
luminosity (e.g., Gilbank et al. 2004; Hicks et al. 2008). Estab-
lishing the relative importance of these three possible processes
is key to understanding the differences between group samples
selected in different ways.

Previous studies investigating the range in X-ray prop-
erties of optically selected groups have been hampered by
incomplete knowledge of group membership, poor character-
isation of X-ray dim groups, and small samples of groups
with both X-ray and optical data (e.g., Finoguenov et al. 2009;
Andreon & Moretti 2011). Many previous studies that targeted
optically selected groups used only shallow ROSAT X-ray mea-
surements, with many groups and clusters simply undetected
in X-rays (e.g., Donahue et al. 2001; Mulchaey et al. 2003;
Brough et al. 2006a; Popesso et al. 2007; Wang et al. 2014;
Roberts et al. 2016). Others had deeper X-ray measurements,
but for only a small number of systems (e.g., Rasmussen et al.
2006; Andreon & Moretti 2011; Hicks et al. 2013; Pearson et al.
2017). Furthermore, many comparisons of the optical and X-ray
properties of groups have lacked the extensive optical spec-
troscopy needed to obtain redshifts for a statistically useful sam-
ple, with studies involving <20 groups in many cases (e.g.,
Gilbank et al. 2004; Balogh et al. 2011).

In order to make statistical comparisons between groups
with different IGM properties, one requires a deep, spectro-
scopic, optical group catalogue with overlapping X-ray photom-
etry across the entire field. It is only now, combining a large
spectroscopically complete sample from the Galaxy and Mass
Assembly (GAMA) survey (Driver et al. 2011; Liske et al. 2015;
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Baldry et al. 2018) with well-matched X-ray data from the
XMM-Newton XXL survey (XXL, Pierre et al. 2016, hereafter
XXL Paper I), that such a study is possible.

Using this combined group sample, we investigate the prop-
erties of optically selected galaxy groups separated into differ-
ent subsets based on their X-ray luminosity. In this way we aim
to explore the relative contribution of different factors that may
affect the state of the IGM in galaxy groups. If a galaxy group
is X-ray underluminous due to dynamical youth, then we should
see evidence of this in the structure of the group or the proper-
ties of its galaxies (e.g., Ribeiro et al. 2013; Roberts et al. 2018;
Yuan & Han 2020). Alternatively, a high stellar mass fraction in
X-ray underluminous groups would point to variations in star
formation efficiency. If neither of these factors seems dominant,
then variations in the impact of feedback from group to group
could be indicated.

The structure of the paper is as follows: In Sect. 2 we
describe the sources of optical and X-ray data, including
the method for deriving X-ray luminosities and upper limits.
Section 3 details the process of separating our sample into three
different sub-samples based on X-ray luminosity. In Sect. 4 we
present our analysis, comparing the properties of these group
sub-samples. We discuss our findings and the evolution of X-ray
under- and overluminous groups in Sect. 5 and draw our con-
clusions in Sect. 6. Throughout this work we use AB magni-
tudes and adopt a cosmology consistent with prior XXL survey
studies, based on measurements from the Wilkinson Microwave
Anisotropy Probe satellite mission (Hinshaw et al. 2013), with
values Ωm = 0.28, ΩΛ = 0.72, and H0 = 70 km s−1 Mpc−1.
Our optical luminosities are all expressed in units of solar
luminosity.

2. Data

2.1. Galaxy And Mass Assembly

In this work we use data from the GAMA survey (Driver et al.
2011; Liske et al. 2015; Baldry et al. 2018), which provides opti-
cal spectra for ∼300 000 galaxies over five different regions in
the sky. The multi-pass optical spectroscopy is 98% complete
to a magnitude of r = 19.8 mag over three primary equatorial
regions of the sky, even within dense concentrations of galax-
ies, making it ideal for probing environments such as groups
(Robotham et al. 2010; Gordon et al. 2018). One additional field
in the GAMA survey, designated G02, has slightly lower com-
pleteness but has a significant overlap with the north field of the
XXL survey (XXL Paper I, see our Sect. 2.2), giving high quality
X-ray photometry. GAMA provides redshifts for ∼35 000 galax-
ies in the ∼56 deg2 of the G02 field, between right ascensions
30.2◦–38.8◦ and declination −10.25◦ to −3.72◦. The GAMA sur-
vey includes additional auxiliary information, including spec-
tral line strengths and group memberships for all galaxies in
this region (Robotham et al. 2011; Gordon et al. 2017). More
information about the G02 field is be found in Baldry et al.
(2018). GAMA spectroscopy in this field is over 95% complete
for 19.6 deg2 that overlaps the XXL north field, between right
ascension 30.2◦–38.8◦ and declination −6◦ to −3.72◦. Within
this region GAMA provides high quality redshifts (defined as
a redshift quality nQ ≥ 3; see Liske et al. 2015, for details),
for ∼20 000 galaxies, allowing galaxy groups to be identified as
described in the next section.

Group membership. The extensive redshift survey has been
used to construct a catalogue of galaxy groups within the three
equatorial fields as well as the G02 field in the GAMA survey

(Robotham et al. 2011; Baldry et al. 2018) using a FoF algo-
rithm. This algorithm identifies galaxies that are neighbours in
both sky position and velocity space, and links them to con-
struct groups of galaxies with at least two members. The cat-
alogue includes basic group parameters, such as group radius,
axial ratio, and velocity dispersion, for all groups with at least
five members. Additionally, properties such as the group dynam-
ical mass are calculated, and total r-band optical luminosities are
derived for each group, including a correction for flux missed
due to the magnitude limit of the survey. An extensive set of
mock catalogues, based on cosmological simulations, has been
used to calibrate the grouping algorithm and assess any biases
in derived group properties. Further details can be found in
Robotham et al. (2011).

The catalogue defines a centroid position for each group,
using an iterative centre of light method. This proceeds by calcu-
lating the centre of light location using all group galaxies, then
rejecting the member galaxy furthest from this position. This
process is then repeated until only two members remain, where-
upon the brightest of the two remaining members is taken as the
centre of the group. This procedure was found in Robotham et al.
(2011) to best recover the group centre in mock catalogues. In
some cases, however, this position may not coincide with the
X-ray centre of the group. We discuss this point in Sect. 2.3.2.

In this study, we make use of the most recent version of the
group catalogue, G3Cv10, and restrict our sample to groups with
at least five member galaxies above the magnitude limit. This
catalogue contains 2540 groups within the G02 region, of which
307 contain at least 5 members above the GAMA apparent mag-
nitude limit of r = 19.8 mag. Of these groups, 238 lie within the
region overlapping the XXL footprint (Fig. 1; see Sect. 2.2 for
more details). These groups have a mean of ∼9 group members,
and a mean optical (r-band) luminosity of ∼1.5 × 1011 L� h−2.
Our study is based on these GAMA groups, taking the iterative
centre of each group as the reference point for extracting X-ray
photometry.

2.2. XXL

The XXL survey is one of the largest XMM-Newton surveys,
totalling nearly 7 Ms of XMM observations covering 50 deg2

with ∼600 pointings covering two large areas of the sky. This
survey provides a sensitivity of 6 × 10−15 erg s−1 cm−2 in the
[0.5−2] keV energy band for point sources. The north field
(XXL-N) covers an area largely contained within right ascension
30

◦

–39
◦

and declination −6◦ to −4◦. This provides a significant
overlap with the GAMA G02 region, with the overlapping region
containing 238 groups for use in this study.

When combining these data, we ensured that all groups in
our sample have high quality X-ray data and hence removed six
groups that lie within fields with high XMM background counts.
Figure 1 shows the configuration of the overlapping XXL point-
ings and highlights those with high sky backgrounds. This leaves
232 GAMA groups with at least five members that have good X-
ray data from the XXL north field.

2.2.1. X-ray aperture photometry

While the XXL survey team has published several catalogues
of extended X-ray sources (e.g., Pacaud et al. 2016, hereafter
XXL Paper II; Adami et al. 2018, hereafter XXL Paper XX),
these catalogues only record the brighter X-ray sources. For
our study, we required X-ray measurements or upper limits
for all optical groups in our sample, and we are especially
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Fig. 1. Locations of the FoF group centres (blue points) with respect to the XXL fields (grey and red circles). The GAMA field used in this study
is shown with a blue box, taken as a subset from the G02 field (dashed black lines). We remove six optical groups (red crosses) that lie in fields
with high sky backgrounds (red circles), in addition to groups outside our matching area (black crosses). The remaining 232 groups (blue points)
are taken for this analysis (see Table 1 for details).

interested in those that have low X-ray luminosity. In order
to achieve this we extract our own X-ray photometry from a
region of radius 300 kpc about each GAMA group centre using
the method described in Willis et al. (2018). Briefly, we com-
pute the background-marginalised posterior probability distri-
bution function (pdf) of the source count-rate. For this, photon
counts and exposure time information of the source and back-
ground aperture are extracted. The photon counts are described
by Poisson likelihoods. If the source lies <2′ from the point-
ing centre, the background aperture is a detached annulus (1′
outside the source aperture) of width 1.5′ centred on the group
position. When the group lies >2′ from the pointing centre, the
background is taken from an annulus centred on the pointing
direction, which has a width equal to the diameter of the source
circle, and a radius equal to the off-axis angle of the source. This
annulus encompasses the source aperture, but a region around
the source is excluded from it. All point-like sources detected
by the XXL pipeline are masked out from each image, expo-
sure, and background map along with any detector gaps and bad
detector regions (see XXL Paper II for details).

The method is applied individually to each of the three
XMM-Newton cameras, giving three count-rate posterior prob-
ability distributions per source in the 0.5−2 keV energy band.
Part of the 300 kpc source aperture may be lost for four reasons:
(i) the source circle may extend beyond the sensitive area of the
detector array, (ii) all three EPIC cameras have gaps between
charge-coupled device (CCD) chips in the focal plane, (iii) some
regions may be masked where contaminating point sources have
been removed, and (iv) one of the CCD chips in the MOS1 cam-
era ceased to operate part way through the mission and has effec-
tively been dead since 2005. We applied a simple geometric scal-
ing to account for any area lost from the source aperture due the
combination of these effects. However, where any of the three
XMM-Newton cameras had more than 50% of the aperture lost,
the flux measurement from that camera has been removed from
the calculation of the final posterior distribution.

In two cases, photometry within the 300 kpc aperture was
not possible due to artefacts and bright point sources close to
the source position. A further 16 groups had masking covering
more than 50% of the source aperture in all three XMM-Newton
cameras. An additional single group was found to have highly
discrepant flux values between the three XMM-Newton detec-

tors. All of these systems were removed from the sample, leaving
213 groups in our group sample.

Count rates for each camera are converted into a k-corrected
source-frame flux using an energy conversion factor, calculated
with the X-ray spectral fitting package XSPEC (Arnaud 1996)
using an APEC emission model with temperature T = 1 keV,
column density NH = 2.6 × 1020 cm2, metallicity Ab = 0.3,
and standard on-axis EPIC response matrices. The group red-
shift of the GAMA optical counterpart is used for each source.
This gives a flux pdf for each camera, and the final flux posterior
pdf is obtained by multiplying the available individual distribu-
tions. The resultant posterior distribution is then used to deter-
mine the X-ray flux of each group. The peak of the pdf gives
a best flux estimate for all sources where a peak is found, and
the pdf is also used to calculate an asymmetric one sigma error
bar. In some cases the pdf is highest at zero flux. In this case
we instead calculate a 90% flux upper limit from the posterior
distribution. The flux measurements and upper limits are used,
in conjunction with the GAMA-derived redshift, to calculate an
X-ray luminosity for each group, denoted LXXL

300 kpc.

2.2.2. Aperture size effects

We employed a metric aperture for this study, rather than extract-
ing X-ray flux within an overdensity radius, due to its simplicity
(allowing easy comparison with later studies) and independence
of the assumptions required to estimate system mass. Compared
to a metric radius, use of an overdensity radius would system-
atically raise the LX values of more massive systems relative
to less massive ones, resulting in a somewhat steeper relation-
ship between LX and Lopt than that found below. However, the
classification of groups into X-ray overluminosity classes (see
Sect. 3), which is our main aim in this study, should be essen-
tially unchanged.

The choice of a 300 kpc radius aperture is intended to encom-
pass the core region of all the groups in our sample. If the aper-
ture is too large compared to the source it will contain a higher
fraction of background flux, and consequently have higher mea-
surement uncertainties. Conversely, a smaller aperture may miss
significant flux from the extended hot gas.

We explored the use of two aperture sizes: 100 kpc and
300 kpc. We found that the two flux measurements generally
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Fig. 2. Positions of the GAMA FoF groups compared to X-ray cluster complexes. X-ray clusters from XXL Paper XX that overlap one another
within 5000 km s−1 and 2 Mpc are shown as black dashed circles with a radius of 2 Mpc at the X-ray source redshift. Red crosses show the positions
of GAMA groups that match to these X-ray sources in redshift space. These systems may be infalling or merging into cluster complexes, which
may affect their properties. They have therefore been excluded from our analysis.

scale with each other, albeit with some scatter. However, the
smaller aperture unsurprisingly lost more source flux and also
resulted in 16 sources with no reliable flux estimate due to high
fractions of the aperture being lost to point source masking. The
number of systems lost decreased to two when the larger 300 kpc
aperture was employed. Given this, we proceed using flux val-
ues from the 300 kpc aperture, unless otherwise noted. We have,
however, confirmed that using 100 kpc fluxes does not signifi-
cantly change the results of our study.

Since the correction for the lost area within the source aper-
ture is a simple one, we conducted checks to explore whether
point source masking might have adversely affected our LXXL

300 kpc

estimates. We find no correlation between LXXL
300 kpc and the frac-

tion of the aperture masked, or the number of masked point
sources. This demonstrates that the masking of point sources
within our X-ray apertures is not a major cause of the scatter
in LXXL

300 kpc (we recall that groups with over 50% masking have
already been removed from our sample). However, it is still pos-
sible that masking could have an impact in some individual cases
where point sources or chip gaps lead to significant masking in
the inner regions of the source aperture. Such cases are discussed
in Sect. 5.6.

2.3. Comparison with existing X-ray clusters

X-ray luminosities and positions for the brightest 365 extended
sources in the XXL survey have already been published in
XXL Paper XX. In the following, we compare our results with
the 74 sources from this cluster catalogue that lie within the field
and redshift range of our sample. This is done for three reasons:
the comparison provides a check on both our calculated lumi-
nosities and group centre positions, and it allows us to check for
groups that may be part of larger source complexes.

2.3.1. Removal of complex systems

Since our main purpose is to study the properties of individ-
ual galaxy groups, we need to remove groups that are part
of larger cluster or filament systems. Such systems, including
groups in the process of merging, or falling into a cluster, may
be confused in terms of both galaxy membership and X-ray
emission. The additional processes at work in dynamic large-

scale structures can modify the properties of member galaxies
(e.g., Markevitch et al. 1999; Poggianti et al. 2004; Owers et al.
2012; Kleiner et al. 2014; Stroe et al. 2020), and the state of
the IGM (e.g., Zabludoff & Zaritsky 1995; Brough et al. 2006b;
Bekki et al. 2010; Owers et al. 2011). While these systems are,
of course, of great interest in their own right, they represent an
unwanted complication for the present study.

In order to identify which groups could be considered a
part of a larger complex system, we compare the locations of
our optical FoF groups to X-ray sources from the X-ray clus-
ter catalogue of XXL Paper XX. Drawing a redshift space vol-
ume of 2 Mpc and 5000 km s−1 around each of the catalogued
X-ray clusters, we define a potential complex system to be any
region where at least two of these volumes overlap. The value of
±2 Mpc was chosen to ensure that it is larger than the radius to
the most distant FoF member in any group in our sample. The
5000 km s−1 offset is deliberately chosen to be large because the
X-ray source redshifts are often based on a small number of red-
shifts and are thus uncertain. These wide regions are chosen to
be conservative. We mark these overlapping clusters in Fig. 2
with black dashed circles. The radius of each circle is 2 Mpc at
the X-ray source redshift. The XLSSC source number is given
above each source. FoF optical groups are shown in blue, and
those that match to any of the complex X-ray sources within
2 Mpc and 5000 km s−1 are marked with red crosses. These opti-
cal groups are deemed to be part of these larger complex systems
and have been removed from our sample. A total of 13 groups
are removed in this way, leaving 200 in our sample (see Table 1
for further details).

We have checked that including these groups does not signif-
icantly alter the results presented. However, by excluding these
systems, we are more confident that merging cluster systems,
and infalling groups are not a contaminant in our results.

2.3.2. Optical vs. X-ray centre

In addition to removing complex systems, we also compare the
flux measured from the XXL catalogue of XXL Paper XX to our
aperture X-ray photometry, to check for consistency between the
two measurements. We find 47 optical FoF groups that match to
a single source in the XXL catalogue within 3000 km s−1 and
2 Mpc. We note that the 3000 km s−1 is a smaller matching dis-
tance than we used in the previous section, but the optical group
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Table 1. Breakdown of the number of galaxy groups used in this study.

Sample No. of GAMA
Groups

Groups within XXL footprint 238
High background XXL fields
excluded

232

Groups with >50% aperture masking
and poor X-ray photometry excluded

213

Groups near potential substructure
excluded

200

Groups with 10.5 < log(Lopt) < 11.5
and 0.05 < z < 0.35

175

Removal of upper limit groups from
X-ray overluminous and normal sub-
samples (main sample used through-
out)

142

Groups with 0.05 < z < 0.3 (used in
Sect. 4.2)

128

redshifts are based on more members and thus have smaller
uncertainties. Source luminosities in the XXL catalogue have
been calculated within an overdensity radius r500, estimated
from the X-ray temperature. For most groups this is larger than
300 kpc. In Fig. 3 our LXXL

300 kpc aperture-derived X-ray luminosi-
ties are plotted against the Paper XX-derived X-ray luminosities
(LXXL

r500,MT) calculated within r500. Both of these measurements are
taken in the [0.5−2] keV band.

As can be seen, there is a good correlation between the
two X-ray luminosities. Most points lie above the dashed line
of equality, as expected given that r500 is generally larger than
300 kpc. However, a few sources deviate markedly, with a value
of LXXL

300 kpc, which is substantially less than the corresponding
LXXL

r500,MT value. The main reason for this can be deduced by exam-
ining the offset between the catalogue XXL source and the centre
location of the matched optical GAMA group. This is shown by
the colour of the points in Fig. 3. It can be seen that all the most
deviant points have a large offset between the GAMA group cen-
tre and the XXL source.

There are two possibilities for large spatial offsets of this
sort. Either the X-ray source is associated with the GAMA
group, but the X-ray emission is not centred on the galaxy
located by the GAMA iterative centre of light algorithm, or the
matched XXL source is not actually associated with the GAMA
group at all. In the first case, we should move the centre of our X-
ray flux aperture to best measure the emission, but in the second
case we should not.

To distinguish between these two possibilities we studied the
groups with large offsets individually. Nine GAMA groups with
z < 0.35 were found to match to a single XXL source with a
projected separation of >300 kpc between the optical and X-ray
centres. We visually inspected each of these groups to determine
whether the XXL source is centred on a group member, or is
located away from any group member.

In four cases, the XXL source is not centred on any of the
brighter GAMA group members, but appears to be associated
with other galaxies in the foreground or background. In these
cases, we assume the XXL source is not associated with the
group, and keep the aperture flux centred on the GAMA itera-
tive centre. We assume here that, given the distance between the

0 300 600 900 1200 1500 1800
Offset from XXL source (kpc)

0

20

40

Co
un

ts
1041 1042 1043 1044

X-ray 300 kpc luminosity (erg s−1)

1042

1043

1044

X-
ra

y 
r 5

00
 lu

m
in

os
ity

 (e
rg

 s
−1

)
0

200

400

600

800

>1000

Of
fs

et
 fr

om
 X

XL
 so

ur
ce

 (k
pc

)

Fig. 3. XXL-derived [0.5−2] keV LXXL
r500,MT from XXL Paper XX plotted

against our aperture [0.5−2] keV LXXL
300 kpc for the matched groups in our

sample, with 1σ uncertainties shown. The colour bar displays the 2D
projected sky offset between the GAMA group centre and the XXL X-
ray position. The dotted black line denotes a 1:1 match. The two X-ray
luminosity measurements are similar in most cases, except when there
is a large offset between the XXL source position and the optical group
centre. Green stars show re-measured LXXL

300 kpc values for groups where
a catalogue XXL source overlaps with a prominent non-central GAMA
group member (see Sect. 2.3.2 for details). They are connected to the
original values by a green line.

XXL source and the GAMA source is >300 kpc, there is negli-
gible contamination into our 300 kpc aperture.

In the five remaining groups, we find that the XXL source is
indeed centred on a prominent member of the group. We there-
fore re-calculated the aperture photometry for these five groups,
relocating the centre of our aperture to the XXL source posi-
tion. The aperture based X-ray luminosities for these five sys-
tems rise by factors of between 1.7 and 6.6 when this adjust-
ment is made, bringing them into much better agreement with
the XXL catalogue luminosities. Four of these groups are high-
lighted in Fig. 3, showing the original measured flux connected
to the re-measured LXXL

300 kpc value (green stars). The fifth group
is not shown due to the source having poor LXXL

r500,MT signal-to-
noise. We use the adjusted LXXL

300 kpc value for these five groups.
In all other groups, the aperture X-ray photometry is calculated
from the optical iterative group centre presented in the GAMA
survey (Robotham et al. 2011).

3. X-ray overluminous and underluminous group
selection

3.1. Metric for selection

In order to examine the differences between groups with high
X-ray emission and those with low X-ray emission, we need
to define a metric for groups that are ‘X-ray overluminous’
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Fig. 4. LXXL
300 kpc vs. Lopt for all GAMA groups, with 1σ uncertainties

shown. The 90% confidence upper limits on the X-ray luminosity are
denoted with grey arrows. Five groups in which the GAMA centre is
substantially offset from the X-ray position have been readjusted to
reflect the aperture luminosity centred on the X-ray source position.
The best fit line, using a bisection of linear fits, is shown as a black line.

and ‘X-ray underluminous’. We chose to compare the X-ray
luminosity of each group to its total r-band optical luminosity.
The total group optical luminosity has been corrected to account
for missing flux below the GAMA survey sensitivity limit and
has been shown to correlate well with the group halo mass, as
derived, for example, by weak lensing (Han et al. 2015). Using
the total optical luminosity also avoids uncertainties introduced
when using the velocity dispersion to calculate the group dynam-
ical mass. We therefore use the LXXL

300 kpc−Lopt diagram to provide
a measure of how over- or underluminous the X-ray emission
from a group is in relation to its mass. However, we find that
alternative methods, such as using group dynamical mass, veloc-
ity dispersion, or group multiplicity, yield similar results.

Figure 4 shows the LXXL
300 kpc vs. Lopt diagram for all 201

groups in our sample. This includes the corrected luminosities
for groups that have had their X-ray value changed because of
a misalignment between the optical and X-ray centre (discussed
in Sect. 2.3.2).

We fit a straight line in order to separate the groups into
X-ray overluminous and X-ray underluminous classes. We cal-
culate a bisector of the linear fits X|Y and Y |X, so as not to
assume an independent variable. For this fit we only consider
the detected sources, and not the upper limits. This best fit line
is shown as a solid line in Fig. 4.

The gradient of our fit is
d(log(LXXL

300 kpc))
d(log(Lopt))

= 2.03. This is some-
what lower than the value reported in Wang et al. (2011), but
agrees well with the slope of 2.05 derived by Osmond & Ponman
(2004) for a sample of galaxy groups with ROSAT X-ray
observations, and agrees with theoretical expectations (e.g.,
Donahue et al. 2001). We note that as we are interested in the
origin of the scatter in LXXL

300 kpc vs. Lopt in this study, we use this
simple linear fit to separate galaxies with different X-ray lumi-

nosities (see below). Our fitted gradient is used as the basis for
our selection throughout the study.

The metric we adopt as a measure of X-ray overluminosity is
LXXL

300 kpc/L
2.03
opt , which we denote RXO. The value of this quantity

defines the position of a group relative to the fit line in Fig. 4.

3.2. X-ray overluminosity sub-samples

We divide our group sample into three different sub-samples
based on the value of RXO. Groups with RXO at least double the
value corresponding to the best fit relation in Fig. 4 are consid-
ered ‘X-ray overluminous’, while groups with RXO at least three
times lower than the best fit value are denoted ‘X-ray underlumi-
nous’. Finally, all groups lying between these values are ‘X-ray
normal’. These values were chosen to provide reasonable sub-
sample sizes of X-ray over- and X-ray underluminous groups.
We note that the median percentage errors on our X-ray lumi-
nosities are ∼40%, so statistical scatter can move only a modest
fraction of the points from one sub-sample to another, as dis-
cussed in Sect. 5.6, where we also consider the impact of chang-
ing the threshold lines that separate the sub-samples.

While most of the groups with X-ray upper limits lie in
the X-ray underluminous region, there are several sources with
upper limits lying in the ‘normal’ and ‘overluminous’ regions.
The upper limits contain important information about some of
the most X-ray underluminous groups, but have to be used with
care to avoid adding noise to our results. These sources pose a
problem, as their unknown true value of LX300 kpc could lie in
any of the sub-samples below the recorded upper limit value. To
avoid the danger of attributing them to the incorrect sub-sample
and adding extra noise to our results, we remove all upper limit
sources from both the normal and overluminous sub-samples for
our analysis. However, groups with X-ray upper limits that fall
in the underluminous region of Fig. 5 are known to be underlu-
minous, so these groups are retained in the X-ray underluminous
sub-sample and are marked in Fig. 5 with red down-arrows.

Ideally, our three group sub-samples would have similar dis-
tributions in redshift and in optical luminosity, in case either of
these parameters has an impact on other group properties. To
help achieve greater similarity between the distributions of these
two properties, we truncate our sample by excluding groups out-
side the redshift range 0.05 < z < 0.35 and the optical lumi-
nosity range 10.5 < log(Lopt/L�/h2) < 11.5. As an indication of
the expected total mass of these groups, we can use the scaling
relation between total Sloan Digital Sky Survey (SDSS) r-band
luminosity and virial mass found by weak lensing mass from the
work of Mulroy et al. (2017). For our optical luminosity range,
this scaling relation finds that the virial mass range is: 13.4 <
log(Mgroup/M�) < 14.2. The resultant sample of groups, split
into respective X-ray overluminous, normal, and underluminous
sub-samples is shown in Fig. 5.

After imposing group luminosity limits and redshift limits
and removing upper limit points in the X-ray overluminous and
X-ray normal samples, we are left with a final group sample of
142 groups, with 40, 65, and 37 X-ray overluminous, normal,
and underluminous groups, respectively. These groups contain a
total of 1163 galaxies, with 295, 538, and 330 galaxies in each
of the respective sub-samples.

3.3. Sub-sample comparisons

Throughout this paper, we test for differences between sub-
samples using the Anderson–Darling (A–D) test for k-samples
as implemented in Scholz & Stephens (1987). In comparison to
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Fig. 5. LXXL
300 kpc vs. Lopt for all groups in our final sample, with 1σ uncer-

tainties shown. The trend line from Fig. 4 is shown as a solid black line.
The dashed lines show the thresholds used in creating our X-ray over-
luminous and X-ray underluminous samples. These lines are a factor of
2 above and 3 below the best fit line, respectively. These values were
chosen to achieve comparable numbers of groups in the bright and dim
samples. More discussion on different choices for this selection can be
found in Sect. 5.

the commonly used Kolmogorov–Smirnov (K–S) test, the A–D
test is more sensitive to a difference at the tail-end of the distribu-
tions, which is especially important in some of the distributions
we examine. For consistency, we use the A–D test throughout
the paper, but we note that qualitative similarities exist between
the results from A–D and K–S tests.

Having applied the cuts to better account for differences
between the overluminous and underluminous groups, we test
the group sub-samples for differences in several group param-
eters. Figure 6 shows the histogram of group central redshift
for each sub-sample. We find the mean redshift of the three
sub-samples are all similar (overluminous: z̄ = 0.21, normal:
z̄ = 0.23, underluminous: z̄ = 0.19), so it is unlikely that redshift-
dependent effects could introduce any significant biases into our
results We note that using the A–D test to compare the red-
shift distributions between the X-ray overluminous and under-
luminous sub-samples and find a difference between these sub-
samples has a probability of chance occurrence of p ≈ 0.036.
This constitutes a >2σ result, and as such may be a selection
effect. However, it is unlikely for this difference, despite being
statistically significant, to account for any differences in group
properties in the following sections.

Additionally, despite the limits imposed on Lopt, the sub-
samples still have significant differences in their Lopt distri-
butions. Figure 7 shows the distributions of log(Lopt) for the
three sub-samples. An A–D test comparing the X-ray overlumi-
nous and underluminous sub-samples confirms a very significant
(p = 0.0013) difference. We find that the X-ray underluminous
sample has a mean optical luminosity of 12.1 × 1010 L� h−2,
∼1.5 times higher than the X-ray overluminous sample value
(Lopt = 8.1 × 1010 L� h−2).
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Fig. 6. Histogram of the group redshift for the X-ray overluminous
(blue), X-ray normal (black dashed), and X-ray underluminous (red)
sub-samples.
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Fig. 7. Histogram showing the distribution of group log(Lopt) for X-ray
overluminous (blue), X-ray normal (dashed black), and X-ray under-
luminous (red) sub-samples. We find the average group Lopt increases
from X-ray overluminous to X-ray underluminous samples.

This difference in Lopt between the group sub-samples means
that differences in properties between the sub-samples could
result from differences in Lopt, as well as differences in X-ray
status. For example, previous studies have found evidence that
groups with higher optical luminosity tend to have a higher
fraction of red, evolved galaxies, and a larger magnitude gap
between first and second ranked galaxies (e.g., Weinmann et al.
2006; Davies et al. 2019). In the case of group properties, we are
able to scale several of our parameters by their Lopt values, in
order to remove any expected dependence, as discussed below.
Moreover, as will be seen in Sect. 4, the trends we find in galaxy
properties across our sample run in the opposite direction to what
would be expected if they were driven by differences in Lopt.

4. Results

We now compare the properties of the groups and their member
galaxies across the three group sub-samples.
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4.1. Group structural parameters

For each group, a range of group properties are available from
the GAMA G3Cv10 catalogue, described briefly in Sect. 2.1.
Further details of these group parameters and how they have
been calculated are presented in Robotham et al. (2011).

In this study, we aim to test differences between the group
structural parameters in each of the 3 sub-samples. We consider
the group 50% radius (R50), axis ratio (B/A), internal velocity
dispersion (σ), velocity skew, the offset of the brightest group
galaxy (BGG) from the optical luminosity weighted centre, and
the r-band magnitude gap between brightest and second bright-
est member galaxies for all groups in each sub-sample. Addi-
tionally, we calculate scaled versions of group radius, dynam-
ical mass (calculated using Eq. (18) in Robotham et al. 2011),
and velocity dispersion, to remove the expected dependence on
Lopt for self-similar systems with uniform mass-to-light ratios.
As noted in Sect. 3.3, the distribution of Lopt varies between our
three group subsets. The scaled group 50% radius, dynamical
mass, and velocity dispersion are R50/L

1/3
opt , M/Lopt, and σ/L1/3

opt ,
respectively. We also calculated a group crossing time based on
the study of Ai & Zhu (2018), defined as

tcross =
1.511/2R50

31/2σ
· (1)

For each parameter we compare the mean values and dis-
tributions of each sub-sample, to determine if there are any
significant structural differences between the group subsets. The
two-sample A–D test is used to compare the distributions of each
parameter between the X-ray overluminous and X-ray underlu-
minous sub-samples.

Looking first at the BGGs, we find that groups in the overlu-
minous sub-sample have a smaller offset between the BGG and
the optical luminosity weighted group centre, compared with the
X-ray underluminous sub-sample. Figure 8 shows the log(BGG
offset) for all groups classed as X-ray overluminous (blue), X-
ray underluminous (red), and X-ray normal (black). We see in
the upper panel the means for each category, showing that the
X-ray underluminous groups have a higher BGG offset in each
of two luminosity bins (points) and when averaged across the
whole sample (stars). The median offset of the BGG in the over-
luminous sample is 98 kpc, ∼1.8 times smaller than in the X-ray
underluminous sample (175 kpc). The right hand panel of Fig. 8
compares the distribution of each sample, which highlights the
excess of high offset systems in the X-ray underluminous sam-
ple, compared with the overluminous sample. An A–D test con-
firms that these two distributions differ with a chance probability
p < 0.04.

Secondly, we see that the magnitude gap – the difference
in magnitude between the brightest and second brightest group
member galaxies – shows a difference across the group subsets.
Figure 9 displays the magnitude gap for all groups, in a simi-
lar format to Fig. 8. The magnitude gap in X-ray overluminous
groups is on average 0.22 mag higher than for the X-ray under-
luminous sub-sample. It can be seen from the rightmost panel
in Fig. 9 that the difference between the distributions is con-
centrated at the ends of the distribution – in particular, many
of the X-ray underluminous groups have very small magnitude
gaps. Despite this, an A–D test does not show a very signifi-
cant difference between the distribution of magnitude gap in the
sub-samples, with a p value of ≈0.1. We discuss this further in
Sect. 5.2.

We also used the A–D test to search for significant differ-
ences between the X-ray overluminous and underluminous sub-
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Fig. 8. Values of the offset of the central galaxy from the optical
luminosity weighted centre for each member of the X-ray overlumi-
nous (blue), X-ray normal (black), and X-ray underluminous (red) sub-
samples. Underluminous groups with X-ray upper limits are denoted
with a light red triangle. The main panel shows the values for each
group, while the right panel shows the distribution of central galaxy
offset for each of the sub-samples. The top panel shows the sub-sample
means, both across the full range in Lopt (stars) and split into two bins
in Lopt (circles). X-ray underluminous systems have, on average, larger
offsets than the X-ray overluminous groups.
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Fig. 9. Similar to Fig. 8, showing the difference in magnitude between
the two brightest member galaxies of each group. We see a trend in mag-
nitude gap from the X-ray underluminous groups to the overluminous
groups.

samples in other group structural properties: axis ratio, veloc-
ity skew, scaled velocity dispersion, scaled group mass, scaled
group radius, and crossing time. None of these tests showed dis-
crepancies at the 2σ level.

However, examining the distribution plots analogous to
Fig. 9, we see evidence of systematic differences in a num-
ber of the structural properties between the three X-ray lumi-
nosity classes in the higher of the two Lopt bins. For example,
Fig. 10 shows these plots for the scaled group mass (effectively
the virial mass-to-light ratio) and the axis ratio. While the full
distributions of these parameters are not statistically distinguish-
able, we do see differences in the mean values for sources with
log(Lopt) > 11 (the higher of the two Lopt bins in the top panel).

A2, page 9 of 18



A&A 663, A2 (2022)

In both cases, the mean values of the structure parameters
are ordered such that overluminous> normal> underluminous,
with deviations that are larger than the uncertainties. We com-
pare the mean values of the overluminous and underluminous
groups with log(Lopt) > 11. A two-sided t-test of means gives a
significance of p = 0.067 and p = 0.11 when comparing the dif-
ference in means in the scaled mass and axial ratio between the
underluminous and overluminous sources, respectively. While a
comparison of the magnitude gap and the mass ratio for the full
underluminous and overluminous sub-samples did not show any
statistically significant difference, the differences in mean values
seen in high Lopt groups may suggest that larger groups do have
some structural differences.

Assuming, for the moment, that these are real effects, why
might they be visible only in the higher of the two optical lumi-
nosity bins? It is important to bear in mind that, despite the
power of the GAMA survey, the majority of our groups con-
tain only 5–7 catalogued galaxies. With such small numbers, the
stochastic noise in calculating structural parameters is large. For
example, the velocity dispersion will be subject to a sampling
error of over ∼35% if only five group members are available
from which to calculate it (Ruel et al. 2014).

This sampling noise will dilute the significance of any real
trends in the data. Since the groups with high Lopt also tend to
have higher multiplicity (the mean multiplicity of groups with
Lopt > 1011 L� h−2 is 9.8, whilst for those with Lopt ≤ 1011 L� h−2

it is 6.3) they will be subject to less sampling noise, making any
trends in the structural parameters more apparent. We explore
this idea further in Sect. 5.2.

4.2. Galaxy properties

We now investigate differences in the (g − i) colour and the Hα-
based star formation rate of the member galaxies within our three
group subsets. The colour and star formation properties of galax-
ies are known to depend on their absolute magnitude or stellar
mass, so we must restrict the examination to a stellar mass or
magnitude limit that can be consistently probed for all groups
regardless of their redshift.

GAMA is an r-band selected survey, so the clearest selec-
tion is an r absolute magnitude limit. For the remainder of the
paper, we only consider group members brighter than an r-band
absolute magnitude of Mr = −21.1 mag, within a redshift range
of 0.05 < z < 0.3. This leaves a sample of 128 groups, which
we investigated (see Table 1 for details). We could have chosen
a fainter (brighter) magnitude limit, which would have led to a
smaller (larger) maximum redshift, but we obtain qualitatively
similar results for magnitude limits varied between magnitudes
Mr = −20 and −21.1 mag.

We calculated absolute magnitudes and colours for all galax-
ies with GAMA spectral quality nQ > 2, using photomet-
ric values derived from the SDSS data release 8 photometry
(Aihara et al. 2011). Absolute magnitudes and optical colours
are calculated, correcting for galactic dust using maps from
Schlegel et al. (1998), and K-corrected to redshift z = 0 using
the analytical approximations of Chilingarian et al. (2010). We
estimated the stellar masses of galaxies using the relation of
Taylor et al. (2011), which uses the absolute i-band magnitude
and the (g − i) colour:

log(Mstellar) = 1.15 + 0.70 × (g − i) − 0.4 × MI . (2)

We calculated this for each of the ∼7700 galaxies in the magni-
tude limited sample. For group members in our sample brighter
than an r-band absolute magnitude of Mr = −21.1 mag, we find
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Fig. 10. Similar to Fig. 8, showing the difference in the group scaled
mass ratio (Group Mass/Lopt, top) and group axial ratio (B/A, bottom).
In both plots there appears to be a difference between the over- and
underluminous groups in high Lopt systems. This is explored further
in Sect. 5.2. However, a comparison of the full distribution for either
parameter does not show significant differences between the overlumi-
nous and underluminous sample.

the mean galaxy stellar mass of the ten faintest galaxies to be
log(Mstellar/M�) ≈ 10.10.

4.2.1. Colour

Colours of galaxies are well known to be bimodal, with the
two populations commonly denoted as ‘red’ or ‘blue’ (e.g.,
Strateva et al. 2001; Baldry et al. 2004; Balogh et al. 2004). We
compare the ratio of the blue population to the total population
in each of the three sub-samples. We split the sample by fit-
ting the (g − i) colour distributions of galaxies in separate mass
bins with two separate Gaussian curves (similar to that used in
Crossett et al. 2017, but see also Taylor et al. 2011 and refer-
ences therein). The intersection of the two Gaussian curves was
then taken in each mass bin, and the resultant values were used to
construct a line to separate red from blue galaxies. The equation
of the derived line is

(g − i) = 0.064 × log(Mstellar) + 0.329. (3)

Figure 11 shows all galaxies within the GAMA G02-XXL over-
lap region, including galaxies not affiliated with any group.
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Fig. 11. (g − i) colour vs. stellar mass diagram for all galaxies in the
GAMA G02-XXL overlap region. The red line denotes a linear fit cal-
culated by fitting Gaussian curves to the red and blue populations. We
consider galaxies as blue if they lie below the linear fit, and red if
they lie above it. The solid black line denotes the mean mass of the
ten faintest galaxies to our Mr = −21.1 mag limit, corresponding to
log(Mstellar/M�) ≈ 10.10.

The line shown divides the sample into the blue and red
populations.

We then use this split in colour to calculate the fraction
of blue galaxies within each group brighter than our Mr =
−21.1 mag limit. Figure 12 shows the blue fraction for each
group in the sample, with colours representing the X-ray overlu-
minous, underluminous, and normal sub-samples. As in Fig. 9,
the mean values are shown in the upper panel, and the distri-
bution is displayed in the right panel. Many of the groups here
have blue fractions equal to zero, indicating an absence of blue
galaxies in the group above the limiting magnitude. We see that
the overluminous groups have a lower blue fraction on aver-
age when compared with the X-ray underluminous and normal
groups. The rightmost panel in the figure shows that the main
deviation in the distribution lies at the bottom end, where a large
fraction of X-ray luminous groups have zero blue fraction. The
A–D test shows a clear difference between the under- and overlu-
minous samples (p = 0.0074). The lower blue fraction in X-ray
overluminous groups is similar to that seen in large clusters in
Wang et al. (2014). However, our results are seen in group-sized
haloes, highlighting that this result may hold over a large range
of halo mass.

4.2.2. Star formation rate

In addition to the colour of galaxies in each of the group sub-
samples, we also compared the star formation rate of each sub-
sample using Hα measurements from Gordon et al. (2017). We
calculated the Hα luminosity, LHα using

LHα = (EWHα + EWc) × 10−0.4×(Mr−34.1)

×
3 × 1018

(6564.61 × (1 + z))2 ×

(
FHα/FHβ

2.86

)2.36

, (4)

where EWHα is the equivalent width of Hα, EWc is the cor-
rection to Hα to account for emission filling (taken as 2.5
from Hopkins et al. 2013), and the FHα

FHβ
is the flux ratio of Hα

to Hβ emission, used to correct for dust obscuration in each
galaxy. This equation has been used numerous times to calculate
Hα luminosities (e.g., Gunawardhana et al. 2011; Hopkins et al.
2013; Davies et al. 2016).
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Fig. 12. Similar to Fig. 8, showing the fraction of blue galaxies in each
group. The blue fraction is calculated for galaxies brighter than our
absolute magnitude limit of Mr = −21.1 mag. We find that the X-ray
overluminous groups have a lower blue fraction across the entire Lopt
range compared with the X-ray underluminous groups. Galaxies in X-
ray ‘normal’ groups are intermediate.
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Fig. 13. Star formation rate vs. stellar mass for all galaxies in the
GAMA G02-XXL overlap region. A main star forming sequence and
a passive cloud are clearly distinguished. We separate the star forming
galaxies and passive galaxies using a constant specific star formation
rate of log(sSFR) =−10 yr−1 (dashed red line).

We then converted this to a star formation rate using the rela-
tion given in Davies et al. (2016),

SFRHα =
LHα

1.27 × 1034 × 1.53. (5)

The star formation rates of all galaxies in the G02-XXL over-
lap region are shown in Fig. 13, plotted against stellar mass.
We separate the sample into star forming and passive galax-
ies using the specific star formation rate (sSFR; the star for-
mation rate divided by stellar mass), with a threshold value set
as log(sSFR) =−10 yr−1. This relation is shown in Fig. 13, and
clearly separates the main populations. We use this separation
below, but find similar results using a relation based on that of
Davies et al. (2016).

Figure 14 shows the fraction of star forming galaxies for all
groups in our sample, in the same format as Fig. 12. This shows
that the star forming fraction in X-ray overluminous groups is
low across the entire Lopt range, whereas the X-ray underlu-
minous groups have a star forming fraction that more strongly
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Fig. 14. Same as Fig. 9, showing the fraction of star forming galaxies
brighter than Mr = −21.1 mag in each group. The X-ray overluminous
groups have a low star forming fraction across the entire Lopt range,
while star formation in the underluminous groups depends more on the
Lopt value.

depends on Lopt. Over the whole Lopt range, the fraction of star
forming galaxies in the X-ray underluminous groups is on aver-
age 1.7 times higher than that of the overluminous groups, and
an A–D test finds that the distributions of the over- and underlu-
minous sub-samples differ with p = 0.0023. The relationship we
find between X-ray overluminosity and star formation fraction
matches results from Roberts et al. (2016), who found a lower
star forming fraction in X-ray bright SDSS groups and clusters.
Our results show that this link between X-ray overluminosity
and galaxy star formation extends to some of the most X-ray
underluminous and low mass systems.

Finally, we check to see if the three sub-samples have a dif-
ference in the fraction of active galactic nuclei (AGN), which
might impact on our star formation results, since AGN can
also generate high Hα luminosity. We compare the fraction of
galaxies that host an AGN in the three sub-samples, using the
emission line diagnostic of Baldwin et al. (1981). We find that
the AGN fraction, using either the emission line definitions of
Kewley et al. (2001) or Kauffmann et al. (2003), does not differ
significantly between the three X-ray sub-samples and is in any
case modest; 10% of our galaxies are classified as AGN in the
definition of Kewley et al. (2001). We therefore conclude that the
differences in the star forming fraction that we identify cannot
be driven by AGN emission. A full analysis of the incidence of
AGN in these three sub-samples, including the analysis of both
optical and X-ray AGN is beyond the scope of the present work,
but may be investigated in more detail in future studies of these
groups.

5. Discussion

5.1. X-ray luminosity as a measure of group age

The results discussed above demonstrate that a number of group
properties show systematic trends across the sequence: X-ray
underluminous, through X-ray normal, to X-ray overluminous
systems. Increasing X-ray overluminosity is associated with a
decrease in blue galaxies, a reduction in star formation and
increasing dominance of the brightest member galaxy (found
by both the brightest galaxy offset from the optical centre and
by the gap in r-band magnitude), as well as an increase (only

detected at a significant level in the high multiplicity systems,
as reported in Sect. 5.2) in the virial mass-to-light ratio. These
trends cannot be driven by the differences in mean optical lumi-
nosity between our three group subsets discussed in Sect. 3.3,
since most go against generally observed trends with Lopt. We
recall that our X-ray underluminous groups have higher average
group Lopt. In general, cluster richness is found to correlate pos-
itively with properties such as the passive fraction, and magni-
tude gap (e.g., Davies et al. 2019), whilst we find that our X-ray
underluminous sub-sample shows low passive fraction and mag-
nitude gap, despite having, on average, higher Lopt than the other
two sub-samples.

These trends can be understood on the basis of group evolu-
tion. As groups evolve, they are expected to deepen their grav-
itational potential well, compress intergalactic gas, and develop
a dense hot IGM, which emits X-rays. The X-ray emissivity is
proportional to the square of the gas density, which will therefore
increase during this process.

Similarly, as the group evolves, the galaxy populations
will quench their star formation and evolve to become pas-
sive and redder. At the same time, galaxy merging within the
low velocity dispersion group environment can build a domi-
nant central galaxy residing at the bottom of the gravitational
potential. Since the more massive galaxies lose orbital energy
and merge preferentially, this process also increases the magni-
tude difference between the brightest and second brightest group
members (e.g., Smith et al. 2010; Oliva-Altamirano et al. 2014;
Raouf et al. 2019).

We therefore suggest that the position of a group in the
LXXL

300 kpc vs. Lopt diagram is a useful measure of group evolu-
tionary state. Dynamical evolution of a group will cause it to
move vertically upwards in the diagram, as its IGM is com-
pressed, increasing its temperature and density, and hence its
X-ray luminosity. Growth of a virialised system through accre-
tion and merging will move systems diagonally upwards, from
bottom left to top right, as both optical and X-ray luminosity rise.

Of course, even if dynamical evolution plays a dominant role
in determining X-ray properties, it is still possible that other fac-
tors are also at play. We explore this in more detail in Sect. 5.3.

5.2. Group structural parameters in larger systems

Given the interpretation above, it seems surprising that we do not
see more significant differences in group structural properties.
For example, a group in the early stages of formation might be
expected to have a larger radius, lower velocity dispersion, and
higher axis ratio and velocity skew. Three factors might make
it difficult to detect such effects. Firstly, the evolution of struc-
tural properties as a group evolves is not necessarily simple and
monotonic. For example, even for a spherically symmetric col-
lapse the velocity dispersion will increase as a group starts to
form, reach a maximum as the system passes through maximum
collapse and then settle down at an intermediate value as it viri-
alises. Hierarchical merging and departures from spherical sym-
metry add further complexity.

Secondly, the visibility of some structural changes may
depend upon viewing direction (for example, for axis ratio and
velocity skew). Thirdly, structural properties will be subject to
large stochastic fluctuations for systems with only a few mem-
ber galaxies. The trends in some structural parameters discussed
in Sect. 4.1, which are seen only in the high Lopt groups, suggest
that this last factor may be at work.

Our large sample of groups may help offset any effects
of the first two factors, although we cannot completely rule
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Fig. 15. Distribution in the scaled group virial mass for the three sub-
samples when only high multiplicity groups (Ngal > 7) are included.
X-ray overluminous groups show a higher scaled mass compared to X-
ray underluminous systems.

these out. However, it is possible to mitigate the effects of the
third factor. To explore the possibility that trends in structural
properties are being lost in the statistical noise resulting from
groups with low numbers of catalogued galaxies, we repeated
our analysis including only groups with at least eight galaxy
members. This further reduces the sub-samples to 11, 36, and
16 groups in the X-ray overluminous, normal, and underlumi-
nous sub-samples, respectively. Of course, the reduction in the
number of groups available will tend to weaken the sensitiv-
ity of our tests, but this may be offset by the increased reli-
ability in the value of the structure parameters for each group
included.

The most significant new result from this analysis of the
high multiplicity groups is for the scaled group mass (defined
as M/Lopt). As shown in Fig. 15, when we only consider groups
with at least eight members the group virial mass-to-light ratio
is systematically larger in the overluminous groups compared
with the underluminous sample, with the X-ray normal groups
being intermediate. An A–D test shows the under- and overlu-
minous samples to differ in their distribution with a significance
of p = 0.038; X-ray overluminous groups have a larger dynam-
ical mass for their optical luminosity compared with the X-ray
underluminous groups.

As we discussed in Sect. 4.1, there appeared to be a differ-
ence in the mean magnitude gap between X-ray overluminous
and underluminous systems. Despite the visual difference, this
was found not to be a statistically significant result for the full
group sample, even at the 2σ level. However, when we con-
sider only the high multiplicity groups (with n ≥ 8), the A–D
test does show a significant difference in the r-band magnitude
gap between the overluminous and underluminous sub-samples
(p = 0.03). This increased significance is consistent with Fig. 9,
which showed that the difference in the sub-sample magnitude
gaps is larger at high group luminosity (top panel) and thus group
multiplicity. It is plausible that the luminosity-dependent differ-
ence is a result of more massive groups having been virialised for
a greater amount of time, and a resulting longer time to build up
a significant BGG. However, none of the other structural param-
eters showed strong evidence of such a trend in the high multi-
plicity systems.
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Fig. 16. Ratio of LUX300 kpc/L2.03
opt (UXO) plotted against Lopt for all groups.

Blue, black, and red colours denote groups in the X-ray overluminous,
normal, and underluminous subsamples. Inverted triangles denote X-ray
upper limits, where no significant X-ray flux value was detected. We
highlight X-ray underluminous systems with properties suggesting an
evolved group (called here EXdim groups) with green circles. If these
groups are dynamically evolved, their low X-ray emission must have
some other cause.

5.3. Evolved X-ray underluminous groups

While our principal result is that galaxy groups with different
LXXL

300 kpc vs. Lopt values appear to be separated by group evolution-
ary state, this does not explain all groups in our sample. There are
several groups with predominantly old stellar populations that do
not have significant X-ray emission.

To explore the nature of this subset of groups, we iden-
tified groups from our X-ray underluminous sub-sample that
have properties suggesting that they are old, evolved systems.
We do this by requiring them to have a low star forming frac-
tion and a short group crossing time. Additionally, we require
that the 90% upper limit to their LXXL

300 kpc probability distribution
(denoted LUX300 kpc) lie below the X-ray overluminosity thresh-
old, LUX300 kpc/L2.03

opt = 2 × 1019, separating the underluminous
and normal group subsets. This helps ensure that these are gen-
uinely X-ray underluminous systems rather than normal systems
that have statistically scattered towards low LXXL

300 kpc.
In Fig. 16 we plot the group LUX300 kpc/L2.03

opt ratio (hereafter
UXO) against Lopt for all groups in our sample. We selected
evolved, but X-ray underluminous (hereafter EXdim), groups
to have a star forming fraction <0.3, log(tcross) < −3.5, and
LUX300 kpc/L2.03

opt < 2 × 1019. There are eight such groups, con-
stituting about 20% of our sub-sample of X-ray underluminous
groups.

If these EXdim systems are indeed evolved systems then they
should contain hot gas. Their low X-ray luminosity then implies
that this hot IGM must have low density, and hence low X-ray
emissivity. Two different explanations for such a low IGM den-
sity present themselves. Firstly, there could be a low gas frac-
tion in these groups due to a high star formation efficiency (e.g.,
Hicks et al. 2008) having converted most of the baryonic con-
tent of the group into stars. Alternatively, the entropy of the
IGM may have been raised by feedback processes (e.g., Bower
1997; Hicks et al. 2008; Pearson et al. 2017), resulting in a very
extended hot gas distribution, with low gas density in the inner
regions where most of the X-ray emission originates.
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Fig. 17. UXO vs. the group total group stellar mass/group dynamical
mass. Symbols are as in Fig. 16. The EXdim systems are shown with
green circles. These evolved X-ray dim groups clearly do not prefer-
entially fall towards the right of the diagram and hence do not have an
unusually large fraction of their baryons locked into stars.

In order to test whether these EXdim groups are unusually
efficient in forming stars compared to other groups, we compare
the total mass of group member galaxies to the dynamical mass
for each group. Figure 17 plots the LUX300 kpc/L2.03

opt value against
the total galaxy stellar mass/dynamical group mass for all groups
in our sample. The groups are split into our three X-ray sub-
samples, and the EXdim systems are highlighted.

We see that the EXdim systems occupy the full range
of stellar fraction values, with no preference for high stellar
mass/group dynamical mass. This indicates that efficient star
formation is not the cause of the low X-ray emission in these
evolved groups. We conclude that a high entropy IGM is a more
likely candidate for the EXdim systems than a high star for-
mation efficiency. However, deeper X-ray imaging would be
required to detect any low entropy gas in order to further test
this theory.

5.4. X-ray vs. optical selection

Our results demonstrate that the X-ray luminosity of galaxy
groups of a given mass is primarily linked to their evolu-
tionary state. Systems with low X-ray luminosity are more
likely to be dynamically young, and hence incompletely viri-
alised. However, approximately 20% of our X-ray underlumi-
nous sub-sample appear to be mature systems, in which the
low X-ray luminosity is most likely the result of strong feed-
back having raised the entropy of the IGM. This sub-sample
of our groups, which we denote our EXdim sample, amounts
to 6% of the total sample of 142 groups we have analysed in
detail.

It follows that selecting groups on the basis of their X-ray
emission will generate samples that, compared to a FoF selection
from galaxy catalogues, are dominated by dynamically evolved
systems. It will also tend to under-represent groups that have
experienced strong feedback.

Of course, optical selection of groups introduces its own
biases. As has been well discussed in the literature (e.g.,
Gladders & Yee 2000; McNamara et al. 2001; Barkhouse et al.
2006). FoF-selected groups may be dynamically young to the
point where they are not even gravitationally bound, and such

catalogues are vulnerable to contamination by line-of-sight
groupings, as well as to groups created by fragmentation of
larger structures by an FoF algorithm. X-ray emission is less vul-
nerable to such effects due to the squared dependence of X-ray
emissivity on gas density, which causes X-ray emission to pick
out the deepest parts of a gravitational potential (e.g., Gal 2006;
Finoguenov et al. 2009).

In the case of our own study, it may be of interest to quote
some basic statistics to give an idea of the relative power of the
GAMA and XXL surveys for detecting galaxy groups. Exclud-
ing the high background XXL fields, the total area covered by
our survey is ∼17 deg2. In this area we have a total of 230 GAMA
groups with five or more galaxy members, although we have
excluded some of these as being possibly associated with com-
plex larger structures, and our cuts in redshift and group optical
luminosity, together with the removal of groups with high X-ray
upper limits, reduced the final sample analysed in detail to
142 groups. Our X-ray photometry provides detections (in the
sense that our X-ray posterior distribution has a non-zero peak)
for 131 of these 142 groups.

For comparison, the XXL catalogue of XXL Paper XX con-
tains 139 galaxy groups and clusters detected in X-rays within
the same area of sky. Of these, only 94 groups lie below a red-
shift of z = 0.45, the maximum redshift of the GAMA group cat-
alogue. This includes high statistical quality sources (designated
‘C1 clusters’ in the XXL project) together with lower statistical
quality (C2 and C3) sources that have been confirmed to be clus-
ters by optical spectroscopy. We find optical GAMA group coun-
terparts in our sample (within 2 Mpc and 5000 km s−1) for 64 of
these X-ray sources (including cases where two X-ray sources
may match a single optical FoF group). These figures show how
well-matched the GAMA and XXL surveys are for a study of
this kind.

Of the 30 X-ray groups that have no matches to optical
groups in our sample, 18 have redshifts above z = 0.3. It is
likely that many of these X-ray systems have a corresponding
optical group too distant for the GAMA survey to detect at
least five members. To investigate this, we checked for optical
counterparts to each XXL source, this time including groups
with multiplicities of at least two members. This resulted in
all but five sources having an optical counterpart within 2 Mpc
and 5000 km s−1. These remaining five sources have redshifts
z > 0.34, so either they are too distant for GAMA to detect
potential group members, or the GAMA FoF algorithm has
incorporated them into larger structures that do not match within
2 Mpc.

5.5. The role of large-scale structure

One possibility that has not been explored in the present study is
that some differences in X-ray emission may be related to differ-
ences in the large-scale structure surrounding groups. Filaments
and other large-scale structures are known to change the proper-
ties of galaxies entering group and cluster environments (e.g.,
Porter et al. 2008; Martínez et al. 2016; Kleiner et al. 2017;
Kraljic et al. 2018). It could be that X-ray overluminous groups
are able to accrete more gas from structures such as filaments,
increasing the density of the IGM and thus enhancing their X-
ray emission. Additionally, proximity to larger structures may
also explain the properties of the EXdim systems. The present
study removed several groups embedded in larger cluster sys-
tems and an analysis of the large-scale environment of the group
sub-samples has not been completed. This hypothesis will be
examined in a future publication.
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5.6. Potential biases

Here we address some of the biases that may affect our results,
and examine the sensitivity of our results to these factors.

We have already discussed the potential bias that could arise
from the difference in Lopt between our three sub-samples, which
means that our results could be partially driven by Lopt. How-
ever, the X-ray overluminous groups in our sample have a lower
Lopt than the X-ray normal or underluminous groups. Previous
studies have shown that the fraction of red galaxies, and the
magnitude gap both tend to increase with richness, and hence
with Lopt, so that a larger group should have a higher fraction of
red galaxies, and a larger magnitude gap (e.g., Weinmann et al.
2006; Davies et al. 2019). Our results contradict this expectation,
since our overluminous groups tend to have the largest mag-
nitude gaps, and highest passive fractions. Hence these results
cannot arise from differences in Lopt between X-ray over- and
underluminous sub-samples, but must indicate genuine evolu-
tionary effects.

Secondly, whilst the optical luminosities of our groups are
well constrained, there are a number of effects that might affect
the reliability of our X-ray measurements. Some of the X-ray
flux estimates are subject to substantial statistical uncertainty.
Hence a fraction of our points will have scattered from one sub-
sample to the next. To check the impact of this, we artificially
alter the X-ray flux measurement of each group in our sample,
multiplying the existing value by the corresponding one sigma
error multiplied by a random number drawn from a standard
normal curve. In this way we produce 100 randomly perturbed
datasets. We find that an average of 22 non-upper-limit groups
change sub-sample as a result of these perturbations. This cor-
responds to less than 20% of our sample changing sub-samples.
This is unlikely to have a major impact on our results, although
such statistical ‘blurring’ will tend to reduce the significance of
real trends seen in the data.

One advantage of the XMM EPIC instrument is that it has
three independent CCD cameras, known as MOS1, MOS2, and
PN Hence, we can derive three separate flux estimates for a given
source and compare them. We used this to check that the flux
estimates from all three cameras were in reasonable agreement
and found nine groups in which results from one camera differed
from the other two by >3.5σ for no obvious reason. This level of
disagreement is such that one would not expect even one exam-
ple to arise by chance in our sample. Since we have identified no
specific problem with these discrepant measurements we have
removed them from our analysis. However, to check the effects
of discarding these discrepant readings, we repeated our analy-
sis, omitting the discrepant count rate measurements for these
nine groups and using the remaining cameras for our flux esti-
mate. The revised X-ray fluxes causes five of these groups to
change sub-sample (e.g., from X-ray underluminous to X-ray
normal). However, this produces no qualitative difference to any
of our principal results.

During this analysis we also identified three groups with sig-
nificant masking from excised point sources or CCD chip gaps
in the inner region of the source circle. These measurements had
less than 50% of the aperture removed by masking, and so were
not discarded by our automatic requirement (see Sect. 2.2.1)
that only cameras with >50% of the source circle unmasked
are used for flux estimation. However, there is still a danger
that fluxes could be underestimated in these cases. We therefore
repeated the analysis, discarding measurements that were man-
ually flagged as having significant CCD gaps or masked central
point sources. None of these three sources changed sub-samples

with the revised X-ray fluxes, and the changes had no impact on
our results.

Additionally, point sources masked in our X-ray photom-
etry followed the point source masks of Faccioli et al. (2018
XXL Paper XXIV). Whilst most of the sources in the masks are
known to be point sources, it is possible that some of the masked
X-ray emission could be from faint group emission. Exclusion
of these sources could create an underestimate of the X-ray flux,
as reported in Willis et al. (2021). However, as mentioned in
Sect. 2.2.1, we find no correlation between the X-ray sub-sample
with the number of masked point sources within 150 kpc of the
group location, or with the masked area fraction. While it may
be possible that some group flux may be masked out in a small
number of cases, this does not affect our results in a systematic
way.

Willis et al. (2021) also noted that a larger distance from
an XMM field centre can lower the probability of detecting a
source. It could be possible that many X-ray underluminous
groups have a high off-axis angle in the XMM field, causing the
difference in RXO. We compare the off-axis angles of all three
sub-samples, and find that the distributions are not significantly
different, with an A–D test having a value of p = 0.19. This
shows that our results are unlikely driven by differences in the
XMM field location.

A third factor that may affect our results is the choice of
the threshold lines in the LXXL

300 kpc vs. Lopt plane that separate our
three sub-samples in Fig. 5. To investigate this we tried adjust-
ing both the slope and the normalisation of our two threshold
lines. We increased and decreased the power law slope by 0.5,
re-scaling the normalisation of the line to intersect the original
fit at the median Lopt value. We then used these adjusted power
laws to redefine our three sub-samples, and compared the sub-
sample sizes to our original sub-samples. The number of galax-
ies in any of the three sub-samples changed by no more than 4%
when increasing the power law exponent by 0.5, and 5% when
decreasing the exponent by 0.5.

The normalisation of the lines used to separate the three sub-
samples – two times above the scaling relation and three times
below – were relatively arbitrary. These factors were chosen to
be round numbers, which resulted in similar sized overluminous
and underluminous sub-samples. Again, we have checked that
our results are robust to modest changes to these factors, though
of course the statistical significance of our trends is reduced if the
factors are made too small (such that the subsets are not clearly
separated in RXO) or too large (resulting in small sub-samples of
over- and underluminous systems).

Finally, we repeated the analysis without excluding the
potentially ‘complex’ systems. In our original selection of
groups for the study, we omitted 13 groups with multiple close
X-ray sources, arguing that these could be merging or interact-
ing in larger scale structures. Again we find that including these
systems results in no significant change to our main results.

6. Summary

In this study we have combined data from overlapping high qual-
ity surveys in the X-ray and optical bands to generate a sample
of galaxy groups with good data in both bands, which has not
been available previously. Combining medium-deep X-ray data
taken over a large contiguous area for the XXL cluster survey
with spectroscopically selected groups from the GAMA survey
has allowed the assembly of a large sample of optically selected
groups with matched X-ray flux values or upper limits.
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Using this sample we have compared groups with strong and
weak X-ray emission to investigate the relationship between the
presence of hot X-ray emitting gas and other group properties.
We separated our group sample into subsets with low, medium,
and high X-ray emission for their mass, based on the parameter
RXO = LX300 kpc/L2.03

opt , and found the following:
– Groups that are X-ray overluminous (high RXO) have a BGG

offset from the optical luminosity weighted centre that is
1.8 times lower, and an r-band magnitude gap between the
first and second ranked galaxies on average 0.22 mag higher,
than groups that are X-ray underluminous.

– X-ray overluminous groups also contain a higher fraction of
passive galaxies compared with X-ray underluminous sys-
tems, with a star forming fraction 1.7 times lower in the over-
luminous sub-sample.

– Trends in group structural parameters between the three sub-
samples are less marked, possibly due to the large statistical
errors associated with limited numbers of member galaxies.
However, restricting the sample to groups with at least eight
members indicates that X-ray overluminous groups have a
higher dynamical mass-to-light ratio compared with X-ray
underluminous groups.

– These results are consistent with the hypothesis that X-ray
luminosity is an indicator of evolutionary maturity and that
most systems with low RXO are not yet fully virialised.

– However, approximately 20% of our X-ray underluminous
sub-sample seems to consist of groups that are dynamically
evolved. These groups do not appear to have had their gas
exhausted by exceptionally high efficiency star formation, so
we conclude that the most likely explanation for their low
X-ray luminosity is a high entropy IGM, probably the result
of vigorous feedback.

Future work to solidify our result that the group evolutionary
stage is a key driver of the properties of most groups will likely
require further observations. While some of the marginal trends
in group structural parameters could be clarified with more
spectroscopic characterisation of our existing group sample, a
greater total number of groups would be beneficial. X-ray cov-
erage of another GAMA field is being obtained as part of the
eROSITA Final Equatorial Depth Survey (eFEDS) programme
with the eROSITA satellite (Predehl et al. 2021; Brunner et al.
2022). However, these observations are substantially less deep
than the XXL data and have poorer spatial resolution. Hence,
whilst they may provide useful constraints on the mean trends of
X-ray luminosity with optical group properties (e.g., by stacking
the X-ray data), they will not have sufficient depth to investigate
the scatter in properties, as we have done in the present study.
Thus, in the short term a combination of eROSITA coverage
and pointed X-ray follow-up of the well-characterised GAMA
groups is the best way to increase the sample. In the future, large
field spectroscopic surveys such as the 4MOST Hemisphere
Survey with the 4-metre Multi-Object Spectroscopic Telescope
(4MOST, de Jong et al. 2019) will hugely increase the number of
groups with GAMA-like characterisation, but the lack of XXL-
depth X-ray coverage over the field will be the limiting factor for
at least the next 10 years.

The most immediate route for further progress is a follow-
up of our sample of dynamically evolved X-ray underluminous
galaxy groups. These systems may already be the ‘missing link’
in the feedback cycle of groups.
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Appendix A: List of groups used in this study.

Table A.1. All groups used in this study. The full table is available online.

Group ID RA Dec z Lopt FXXL
300kpc notes

(deg) (deg) (1011 L�/h2) (10−16erg s−1cm−2)

400014 30.9770 -4.2325 0.135 2.39 257.046.9
46.9 -

400019 37.8915 -5.2619 0.142 2.11 115.040.8
38.3 -

400026 36.5726 -5.0787 0.053 2.43 1410.0105.0
105.0 Close to multiple XXL X-ray sources

400028 31.6183 -4.6862 0.135 1.47 21.666.9
15.2 -

400029 30.8175 -5.4053 0.210 2.29 93.157.9
47.9 -

400032 36.6178 -4.0144 0.208 1.75 40.945.9
25.9 -

400039 36.8133 -5.0756 0.143 1.81 0.027.1
0.0 -

Notes. Columns: 1) The Group ID as listed in the GAMA survey 2-3) The right ascension and declination of each group as determined by the
iterative centre as per Robotham et al. (2011), unless otherwise noted 4) The median redshift of the group 5) The total redshift corrected group
optical luminosity as per Robotham et al. (2011) 6) The 300 kpc XXL X-ray flux values, with positive and negative 1σ uncertainties shown
(described in Sect. 2.2.1) 7) Notes describing any alterations made to the data, and if the group was removed from our sample for any reason (see
Table 1 for details).
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