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Why study feedback in groups?

• Most galaxies are located in groups


• Shallow potential wells compared to clusters  
➜ AGN heating may have a greater impact


• Environment drives interesting physics: galaxy 
interactions, gas stripping/heating


• Selection problems:


• RASS biased toward X-ray bright, centrally-
concentrated groups (Eckert et al. 2011). 


• Optical selection becomes unreliable for small 
numbers of members (e.g., Pearson et al. 2015)

NGC 5044
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Cooling and feedback: clusters vs groups

• X-ray line emission at ≲1.5 keV means 
groups cool their hot halos more 
effectively than clusters 


 
➜ most groups are strong CC, no NCC 
groups?
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Cooling and feedback: clusters vs groups

• AGN must heat gas less 
efficiently in groups than clusters 
if they are not to eject the IGrM 
(Best et al. 2007, Giodini et al. 2010). 
➜ Groups operate in low-power 
“bubbling” mode?


• Lower gas fractions in groups 
suggests this has partially 
happened. 

Universe 2019, xx, 5 15 of 50

Figure 7. Compilation of existing measurements of the hot gas fraction at R500 in galaxy groups and
clusters as a function of halo mass M500. The data points show the galaxy group samples of Sun et al.
(2009) (orange), Lovisari et al. (2015) (magenta), Sanderson et al. (2013) (cyan), and Nugent et al. (2020)
(green). The data from the X-COP sample (Eckert et al., 2019) at the high-mass end are shown as the
blue points for comparison. The solid lines show the fgas � M relations derived from REXCESS (blue,
Pratt et al., 2009), XMM-XXL (red, Eckert et al., 2016), SPT-SZ (magenta, Chiu et al., 2018) and the
literature sample of Ettori (2015). The gray shaded area shows the 90% confidence range encompassing
the existing observational data and their corresponding uncertainties (see text).
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While at the high-mass end, the gas fractions approach the cosmic baryon fraction, on galaxy
group scales, the IGrM only contains about half of the baryons expected from the self-similar structure
formation scenario. On the other hand, the stellar fraction f? is a weak function of halo mass and
decreases only slightly from 2 � 3% at 1013M� to 1 � 1.5% at 1015M� (Andreon, 2010; Chiu et al., 2018;
Coupon et al., 2015; Eckert et al., 2016; Gonzalez et al., 2013; Kravtsov et al., 2018; Leauthaud et al.,
2012). The weak dependence of the stellar fraction on halo mass is insufficient to compensate for the
steeper dependence of the gas fraction, which results in a deficit of baryons in galaxy groups with
respect to the cosmic baryon fraction. We note here that this result is independent of the hydrostatic
equilibrium assumption adopted by most authors. Indeed, an additional non-thermal pressure term
would lead to a slight underestimation of the mass in these studies (e.g. Rasia et al., 2006), which in turn
would result in the gas fraction being overestimated (Eckert et al., 2019). A high level of non-thermal
pressure would thus render the lack of baryons in group-scale halos even more severe.

We caution here that the measurement of the gas fraction of group-scale halos is a difficult one
and is hampered by numerous systematic uncertainties. While halo mass estimates definitely represent
the leading source of systematics, several other sources introduce potential systematic errors. In the
temperature range of galaxy groups, line cooling renders the X-ray emissivity highly dependent on gas
metallicity, which is difficult to measure away from group cores (see the review by Gastaldello et al.
within this issue). This can introduce uncertainties as large as 20% in the recovered gas mass (Lovisari
et al., 2015). Sample selection, usually based on ROSAT all-sky survey data, may bias the selected

Eckert et al. (2021)
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CLoGS: a Complete Local-volume Group Sample
Statistically complete optically selected sample of 53 nearby groups

• within 80 Mpc

• ≥4 member galaxies, ≥1 early-type member with LB ≥ 3x1010 L⦿

• Declination ≥ -30º  (covered by VLA sky surveys, visible from GMRT) 

X-ray: XMM and/or Chandra observations of all groups (O’Sullivan et al. 2017 + in prep.) 
               typically 20-40 ks XMM observations

Radio: GMRT 610 & 235 MHz for all groups (Kolokythas et al. 2018, 2019) 
            ~4 hrs/target, rms ~0.1mJy/bm @610 MHz, ~0.6mJy/bm @ 235 MHz

CO: IRAM 30m or APEX for all dominant galaxies (O’Sullivan et al. 2015, 2018) 
       1-2 hrs/target, detecting MH2 = 107 - 6x109 M⦿

H : MUSE IFU for 18 dominant galaxies (Olivares et al. 2022)  
       1 hr/target, 1.5” seeing

α
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CLoGS: X-ray & radio results
Detection fraction 
• ~50% (26) have group-scale halos (>65kpc, Lx>1041 erg/s)

• ~30% (16) have galaxy-scale halos (Lx=1040-1041 erg/s)

• ~20% have no detected diffuse X-ray emission

Temperature range: 0.4-1.5 keV

Mass range: M500 = 0.5-5 x 1013 M⦿

Of the group-scale halos: 
• ~1/3 are dynamically active (mergers or sloshing)

• 12 of 26 not previously identified as X-ray bright groups 

of which 8 not detected by RASS 
➜ >40% of nearby groups excluded from previous studies? 


• 11 (42%) host radio jet sources 
[+3 more in X-ray faint systems]
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CLoGS: thermal balance

Smaller jet systems (≲50 kpc) 
in thermal balance


Larger jet systems over-powered 
relative to cooling


• Pcav ≥ 100x Lcool


• But there are some problem cases…


NGC 4261

80 kpc

The jet and counterjet of 3C 270 3

only data from the S3 chip are considered in this paper. The jet was
advantageously misaligned with the read-out direction in both ob-
servations. To take advantage of the latest calibrations we have also
made new level 2 events files for the earlier data, with and without
VFAINT cleaning to help remove particle background. The cali-
brated dataset from 2000 has an observation duration of 32.249 ks.

We made a merged events file of the two observations for
image-display purposes. For spectral fitting we have extracted data
files and calibrations for the two observations separately, and we
normally fit them jointly to models. For spectral extraction we use
the CIAO task SPECEXTRACT, except for the core spectrum where
we use PSEXTRACT which is more suitable for a point source,
followed by MKACISRMF and MKARF to apply the latest calibra-
tions. For the 2000 data, the core spectrum is extracted from the
file where VFAINT cleaning has not been applied, since this clean-
ing removes some events that are likely to be real for a bright point
source. Spectra are binned to a minimum of 25 counts per bin for
χ2 fitting with Gaussian errors using XSPEC. All spectral fitting
was performed over the energy range 0.3–10 keV, and includes ab-
sorption along the line of sight in our Galaxy assuming a column
density of NH = 1.58 × 1020 cm−2 (from the COLDEN program
provided by the CXC, using data of Dickey & Lockman (1990)).

Parameter values are quoted with errors corresponding to 90%
confidence for one interesting parameter (χ2

min+2.7, with all other
interesting parameters allowed to vary), unless otherwise stated.
For non-thermal components, spectral index, α, is defined in the
sense that the flux density is proportional to ν−α: the photon spec-
tral index is α + 1, and the number power-law spectral index of
radiating electrons is p = 2α+ 1.

3 RESULTS

3.1 Imaging

Our 100-ks Chandra exposure reveals more clearly the resolved
jet and counterjet, whose presence was noted in the earlier shorter
exposure by Chiaberge et al. (2003) and Zezas et al. (2005). From
inspection, the jet and counterjet substructures are the same in the
two observations and there is no obvious sign of point-like vari-
ability. We have therefore combined the data from the two observa-
tions. However, our ability to assess variability is limited by the low
number of net counts and the strong change in low-energy quantum
efficiency of the detector between the observations (see Section 3.3
for more information). Figure 2 shows a false-colour representa-
tion of the data. The jet (to the W) and counterjet (to the E) are
clearly detected out to 31.7 and 20.2 arcsec, respectively. Both are
whiter in colour (i.e., emit relatively more flux above ∼ 1 keV)
than the galaxy emission, which is asymmetric and flares, particu-
larly to the SW. In both the jet and counterjet the emission appears
to be most red (i.e., has the steepest spectrum) furthest from the nu-
cleus (see also Section 3.3). The colour representation shows two
point sources, 34.2 and 38 arcsec from the nucleus to the W, and
one that is 25.9 arcsec to the E. All three are significantly bluer in
colour than either the jet or the diffuse emission in the galaxy, and
we do not believe them to be jet features. The jet and counterjet
X-ray emission correspond to the regions where the radio emission
is brightest, as shown in Figure 3.

Particularly striking in the new data are wedge-like deficits
of diffuse X-ray emission around the jet (see also Fig. 4), and to
a lesser extent around the counterjet. These are by far the most
prominent structural features in the galaxy-scale gas distribution.

Figure 2. False-colour Chandra image from the combined Chandra ob-
servations. Red is 0.3-0.8 keV, green is 0.8-1.2 keV, blue is 1.2-5 keV. The
images have each been smoothed with a Gaussian of σ = 1 arcsec before
being combined.

Figure 3. Zoomed version of Fig 2 overlayed with contours from a 5 GHz
VLA radio map (Birkinshaw & Davies 1985) made with a 2.3×1.8 arcsec2
beam; contours at 0.7, 1, 1.5, 2, 3 mJy beam−1.

Their lifetime would be of order the sound crossing time, <∼ 20
Myr, unless they are maintained. This maintenance could be pro-
vided by the radio source, whose overall lifetime is likely to be
of order 20 Myr based on forward expansion at several times the
speed of sound. The correspondence of these lifetimes and of the
wedge geometry with the jet direction would be coincidences if
the wedges were temporary features associated with the galaxy en-
counter suggested by the faint, and almost certainly older, NW tidal

c© 0000 RAS, MNRAS 000, 000–000

~5 kpc
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CLoGS: problem cases

NGC 315

• Lobe/plume 100s kpc  

outside cool core

NGC 5903

• 75 kpc single radio lobe / cavity

• central Tcool ~4.5 Gyr 

• 100 kpc tidal HI filament being accreted

XMM 0.5-2 keV 
GMRT 235 MHz

~45% of group-central radio galaxies over-powered 
compared to LX

NGC 5127

• ~80 kpc lobes/cavities

• Central Tcool~4.5 Gyr

The Astrophysical Journal, 732:95 (25pp), 2011 May 10 Giacintucci et al.
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Figure 1. UGC 408. Left: GMRT 610 MHz full-resolution contours (FWHM = 6.′′4×5.′′2, P.A. = 56◦; 1σ = 100 µJy beam−1), overlaid on the smoothed, 0.3–2.0 keV
Chandra image. Radio contours are spaced by a factor of two, starting from +3σ . Right: GMRT 235 MHz low-resolution contours (FWHM = 24.′′0 × 21.′′0, P.A. =
0◦; 1σ = 500 µJy beam−1) on the POSS-2 optical image. Radio contours (black and white) are spaced by a factor of two, starting from +3σ . The −3σ level is shown
as dashed black contours. For this source the scale is 0.300 kpc arcsec−1.
(A color version of this figure is available in the online journal.)
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Figure 2. NGC 315. GMRT 235 MHz low-resolution, gray-scale image (FWHM = 40.′′0 × 40.′′0, P.A. = 0◦; 1σ = 1.5 mJy beam−1). The smoothed, 0.3–2.0 keV
XMM-Newton image (with point sources removed) is shown as red contours starting at 3σ above the background and increasing by a factor of two. The inset shows the
GMRT 610 MHz full-resolution contours (FWHM = 5.′′2 × 5.′′0, P.A. = 61◦; 1σ = 100 µJy beam−1) of the innermost region, overlaid on the POSS-2 optical image.
Radio contours are spaced by a factor of two, starting from 0.4 mJy beam−1. For this source the scale is 0.336 kpc arcsec−1.
(A color version of this figure is available in the online journal.)

which revealed a prominent X-ray jet coincident with the first
∼30′′ of the brighter radio jet. A smoothed XMM-Newton image
is shown as red contours in Figure 2. Extended X-ray emission
around the galaxy is detected to a radius of ∼8′–10′ from the
core (see also Croston et al. 2008). No correlation is found
between the X-ray and radio emission on such a large scale.

5.3. NGC 383

NGC 383 is the dominant D galaxy, a part of the Arp 133
system, at the core of the poor group WBL 25, also known as

IV Zw 38. It is also a part of the Pisces–Perseus supercluster (an
optical analysis can be found in Miles et al. 2004). This galaxy
has long been known to host the famous, twin-jet FR I source
3C 31, which belongs to the same class of giant radio galaxies
as NGC 315 (Section 5.2). 3C 31 has been studied in detail both
on large and small scales by many authors (e.g., Burch 1977;
Blandford & Icke 1978; Fomalont et al. 1980; Strom et al. 1983;
Andernach et al. 1992; Laing & Bridle 2002; Laing et al. 2008,
and references therein).

Figure 3 presents our new GMRT image at 610 MHz (left),
overlaid on the XMM-Newton image. The inset shows the

7
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CLoGS: Cool gas

• CO detection fraction: 49±9% 
MH2 = 107 - 6x109 M⦿


• compare with 22±3% for Atlas3D ellipticals 
(similar survey depth)


• HI detection fraction >50% (from literature) 
MHI = 5x106 - 3x1010 M⦿


• Large gas mass not required for AGN 
outburst


• Largest CO masses found mainly in X-ray 
faint groups ➜ difficult to explain as IGrM 
cooling

(updated from O’Sullivan et al. 2018)
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inner

10" / 1.5 kpc

Cold gas: filaments and disks

• IGrM cooling: clumps, filaments, kpc-scale disks in X-ray bright systems (David et al. 2017, Temi et al. 2018, 
Schellenberger et al. 2020, Ruffa et al. 2019, Boizelle et al. 2020) consistent with Chaotic Cold Accretion (Olivares et al 2022)


NGC 5044, Schellenberger et al.  (2020)

BLACK HOLE MASSES IN NGC 315 AND NGC 4261 9
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Figure 6. Moment maps constructed from NGC 315 CO(2-1) (top panels) and NGC 4261 CO(2-1) and CO(3-2) (middle/bottom panels)
ALMA data cubes. The moment maps reveal regular, albeit slightly warped, disk rotation. In the outer disk regions, spectra were binned
together to achieve higher S/N. The moment values are linearly mapped to colors, shown by the color bar to the top of the maps, and the
ranges in each panel indicate the minimum and maximum values of each color bar. The orientation of the radio jets (dashed lines) are roughly
perpendicular to the lines of nodes. Major-axis position-velocity diagrams (PVDs; right panels) are displayed with their vLOS relative to vsys

from Table 3, with color bar ranges in each panel. Velocity profiles (far right panels) for each cube were constructed by integrating flux densities
within mask regions that follow the emission observed in each channel.

to vsys, corresponding to MBH ⇠ 2.1⇥ 109 M� after assum-
ing a disk i ⇡ 75�. For NGC 4261, the innermost CO(2-1)
and CO(3-2) emission reaches |vLOS - vsys| ⇠ 590 and 660
km s-1, respectively, suggesting MBH ⇠ (1.5 - 1.6)⇥109 M�
for i ⇡ 65�. The locii of high-velocity CO emission in the
NGC 315 and NGC 4261 data sets remain more blended with
minor-axis emission (with vLOS ⇠ vsys) than the spectacularly
well-resolved cases of NGC 3258 (Paper II) and NGC 383
(North et al. 2019). The greater degree of blending is driven
by both higher disk inclination angles and the factor of ⇠ 3
larger ✓FWHM of our Cycle 5 and 6 observations compared to
those papers’ data.

All three zeroth moment maps in Figure 6 show apparently
smooth, centrally concentrated CO emission, although the
corresponding physical resolutions of 30-100 pc preclude
any conclusions about CO substructure on cloud scales of
a few to ⇠30 pc (e.g., Utomo et al. 2015; Faesi et al. 2018).
We measured a total CO(2-1) flux of 12.37± 0.06(stat)±
1.24(sys) Jy km s-1 for NGC 315 (quoting statistical and
systemic uncertainties, respectively) and 3.06± 0.15(stat)±
0.31(sys) Jy km s-1 for NGC 4261. Due to the incomplete
Band 7 spectral coverage, we cannot confidently estimate the
total CO(3-2) flux of the NGC 4261 disk. After degrad-

ing the CO(3-2) cube angular resolution to match that of the
NGC 4261 CO(2-1) data, we determined the CO line lumi-
nosities in temperatures units (L0

CO; Carilli & Walter 2013)
over the data sets’ common velocity range and measured a
ratio R32 = L0

CO32/L0
CO21 of ⇠0.3-0.4 in the outer disk that

rises to ⇠0.6 near the nucleus. This rise in R32 hints at a
modest central increase in gas temperature and/or density.

We estimated H2 gas masses assuming a line luminosity
ratio R21 = L0

CO21/L0
CO10 = 0.7 and adopting a CO(1-0)-

to-H2 conversion factor ↵CO = 3.1 M� pc-2 (K km s-1)-1

from a sample of nearby, late-type galaxies (Sandstrom
et al. 2013). We then computed total gas masses (Mgas)
by correcting the H2 mass measurements for the helium
mass fraction fHe = 0.36. For NGC 315, the implied disk
mass of (Mgas/108 M�) = 2.39 ± 0.01(stat) ± 0.24(sys) is
consistent with previous upper limits (Davis et al. 2019)
and a tentative detection based on single-dish observations
(log10[Mgas/M�] ⇠ 7.9 after correcting for our assumed
distance, ↵CO, and fHe; Ocaña Flaquer et al. 2010). In
the same manner for NGC 4261, we estimated a total gas
mass of (Mgas/107 M�) = 1.12± 0.05(stat)± 0.11(sys) that
is well below the detection threshold of previous surveys
(log10[Mgas/M�] ⇠ 7.5-7.8 after correcting for our assumed

NGC 315 & NGC 4261, Boizelle et al. (2020)
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Cold gas: filaments and disks

• Larger CO/HI/H𝛂 disks/rings: found in X-ray faint systems with star forming, fast rotating BGGs, 
misaligned w.r.t. stellar component (Olivares et al. 2022, Kolokythas et al. 2022, Loubser et al. in prep.). 


• Tidal gas structures seen in some X-ray bright and faint systems.

NGC 5903, O’Sullivan et al. (2018) 

GALAXY GROUPS �44

NEW INSIGHTS IN BRIGHTEST GROUP GALAXIES WITH MUSE
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We present here one such study of a nearby (z = 0.0165;
Wegner et al. 1993), low-luminosity (L1.4GHz = 2.1 ⇥ 1023 W
Hz�1; Shulevski et al. 2012) radio source: B2 0258+35. This
source is nested in a gas-rich galaxy, NGC 1167, and appears
to be interacting strongly with the ISM. The galactic H i is well
studied (Struve et al. 2010) and so are the properties of the radio
source (Sanghera et al. 1995; Giroletti et al. 2005; Brienza et al.
2018). This radio galaxy is thus a good candidate to understand
the nature of jet–ISM interactions and the possible impact the
radio source has on the ambient medium.

B2 0258+35 is classified as a compact steep-spectrum (CSS)
source (Sanghera et al. 1995). The sources in this class are com-
pact with their synchrotron spectrum peaking at a few hundred
MHz and are generally considered to be young (e.g. O’Dea
1998). Earlier radio continuum studies of B2 0258+35 (Giroletti
et al. 2005) have found the radio source to be about 1 kpc in size,
consisting of a core and two jets (see Figure 1, inset). The north-
ern jet is comparatively faint and the southern jet is bent sharply.
This asymmetry both in brightness and morphology suggests an
interaction with the ISM, similar to that seen in IC 5063 (Mor-
ganti et al. 1998). The age of B2 0258+35 is estimated to be
between 0.4 Myr (Brienza et al. 2018) and 0.9 Myr (Giroletti
et al. 2005). Following the correlation between the age and the
size of the source (Orienti & Dallacasa 2014; Murgia 2003), it
has also been found that the source is smaller than expected for
this age, given an unconstrained expansion. This suggests that it
may have been confined within the host galaxy for a protracted
length of time (Brienza et al. 2018). However, we note that a
hypothesis based on the above-mentioned correlations alone is
quite uncertain, but as we show in the subsequent sections, the
H i absorption and CO emission studies further strengthen this
hypothesis.

The host galaxy, NGC 1167, was further found to host large-
scale (⇠ 240 kpc) extremely low surface brightness radio lobes
(Shulevski et al. 2012), about ⇠ 110 Myr old (Brienza et al.
2018), which make up only 3% of the total source luminos-
ity (4.75 mJy arcmin�2 at 145 MHz). Though such low surface
brightness may imply that these structures are remnants of a pre-
vious activity, their spectral indices have been found to be ‘nor-
mal’ and not ultra-steep as expected for these sources (Brienza
et al. 2018). Various possibilities have been put forth to explain
this feature, including in situ particle reacceleration, multiple
duty cycles, dense ISM smothering the large-scale jets that are
still being fuelled at a low level, and magnetic draping enhancing
the mixing within the lobes while suppressing the same between
the radio lobes and the surrounding medium (Brienza et al. 2018;
Adebahr et al. 2019).

NGC 1167 is a gas-rich (MH i = 1.5 ⇥ 1010 M�) early-type
galaxy, with a regularly rotating 160 kpc H i disc (seen in emis-
sion; Figure 1). The disc has very regular kinematics within a
radius of 65 kpc, and only in the very outer parts does it show
signs of interactions, likely with a satellite galaxy. This indicates
that the galaxy has not undergone a major merger in the last few
billion years.

H i has also been detected in absorption against the CSS
source with the WSRT (Struve et al. 2010) at a low spatial res-
olution (⇠ 10 kpc; Figure 1). CO (1-0) emission has also been
detected from NGC 1167 (Prandoni et al. 2007; O’Sullivan et al.
2015; Bolatto et al. 2017). The galaxy had originally been opti-
cally classified as a Seyfert 2 galaxy (Ho et al. 1997). However,
more recent observations show that the central optical AGN has
a LINER (low ionization nuclear emission-line region) spectrum
(see Emonts 2006). NGC 1167 is also a part of the CALIFA

Fig. 1. Large-scale H i disc seen in emission along with the velocity field
(in colour). The eastern portion of the rotating disc is the approaching
side. H i is seen in absorption within a radius of ⇠ 10 kpc (angular reso-
lution of the WSRT observations ⇠ 2900; Struve et al. 2010). The large-
scale low surface brightness radio lobes (WSRT observations with a
beam of 3900 ⇥ 3300; Shulevski et al. 2012) are shown as black contours.
The contours start at 400µJy beam�1 and increase by a factor of 2. The
central CSS source (at 22 GHz with VLA A-array at an angular reso-
lution of 0.1200 Giroletti et al. 2005) is shown in the inset. The position
angle of the H i disc is 75� (Struve et al. 2010), while that of the CSS
source is 132� (Giroletti et al. 2005).

survey and their integral field unit (IFU) studies further confirm
the LINER nature of the nucleus (Gomes et al. 2016a).

Here, we present high-resolution Very Large Array (VLA)
and European VLBI Network (EVN) H i absorption studies of
the central CSS source B2 0258+35. We detect resolved, unusu-
ally broad H i absorption that closely matches the CO emission
profile, pointing towards a circumnuclear structure that is being
disturbed as a result of strong interaction with the expanding ra-
dio jets.

In Section 2 we describe the VLA and EVN observations. We
present the results in Section 3, discuss the implications of our
results for studies seeking to quantify AGN feedback in Section
4, and provide a summary in Section 5.

Wherever required we have assumed a flat universe with H0
= 67.3 km s�1Mpc�1, ⌦⇤ = 0.685, and ⌦M = 0.315 (Planck Col-
laboration et al. 2014). At z=0.0165, 100 corresponds to 0.349
kpc.

2. Observations and data reduction

2.1. Very Large Array observations

The H i observations with the VLA A-array were carried out in
October 2008 (Proposal id: AS0955) for a total on-source time
of 5.82 hours. A bandwidth of 6.25 MHz, centred at the red-
shifted H i line frequency of 1396.5 MHz, subdivided into 64
channels was used as the set-up. This gave us a raw velocity
resolution of 21 km s�1. 3C147 was used for flux calibration
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Summary
Based on CLoGS, an optically-selected, statistically complete sample of nearby 
groups, including several newly detected in X-rays:

• Recent / current jet activity observed in ~40% of X-ray bright groups.

• ~45% of jets appear over-powered relative to cooling and in some cases are 

inflating lobes outside the cooling region.

• Cool gas (CO, HI) is detected in >50% of group-central galaxies. 

• BGGs of X-ray bright groups typically host filamentary nebulae and/or kpc-

scale disks, consistent with gas cooling from the IGrM.

• Greatest cold gas masses seen in BGGs of X-ray faint groups, typically in 

large-scale disks. These BGGs are often fast rotators, star-forming.

• Galaxy interactions can be a significant source of cold gas for BGGs.  
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Complete Local-Volume Group Sample (CLoGS):  Selection

Right Ascension
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Begin with Lyon Galaxy Group Sample (Garcia 1993) 
all-sky, optically selected, cz<5500 km/s, D<80 Mpc

Select groups with: 
• ≥4 members 
• ≥1 early-type member with LB ≥ 3x1010 L⦿ 
• Declination > -30º                               ➜ visible from VLA, GMRT

Expand and Refine membership 
• Update membership from HyperLEDA 
• Use isodensity maps to reject problem cases

Filter on Richness (R = Ngal with LB≥1.6×1010 L⦿) 
• Exclude known clusters: R≥10 
• Exclude groups too small to characterize: R=1  

485

67

53
High-richness subsample: 

R=4-8, 26 groups 
 

Low richness subsample:  
R=2-3, 27 groups
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7 25 21
XMM:  
27 new observations (~800ks) 
19 archive observations

Chandra: 
7 new observations (~360ks) 

25 archive observations

CLoGS: Observational data
• X-ray: (O’Sullivan et al. 2017) 

Chandra and/or XMM for all 53 groups

• Radio: (Kolokythas et al. 2018, 2019) 
GMRT 610 & 235 MHz for all groups (~4 hrs/target, rms ~0.1mJy/bm @610 MHz, ~0.6mJy/bm @ 235 MHz)


• CO: (O’Sullivan et al. 2015, 2018) 
IRAM 30m or APEX for all dominant galaxies (1-2 hrs/target, detecting MH2 = 107 - 6x109 M⦿)


• H : (Olivares et al. 2022)  
MUSE IFU for 18 dominant galaxies in high-richness groups (1 hr/target, 1.5” seeing)


• + long-slit spectra, wide-field optical imaging, etc.

α


