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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
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• Most galaxies are located in groups


• Groups cool more efficiently than clusters 
➜ There are no non-cool-core groups!


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


• Groups have reduced gas fractions 
➜ Evidence of AGN over-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)



The X-ray Universe 2023 Athens, Greece

Why study feedback in groups?
• Most galaxies are located in groups


• Groups cool more efficiently than clusters 
➜ There are no non-cool-core groups!


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


• Groups have reduced gas fractions 
➜ Evidence of AGN over-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

3



The X-ray Universe 2023 Athens, Greece4

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) +20 more approved 
       1 hr/target, 1.5” seeing

α
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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


• 2 weak cool core systems with Tcool 
>4 Gyr


• lobes/cavities can be located outside 
cool core


NGC 4261

80 kpc
~5 kpc

The Astrophysical Journal, 732:95 (25pp), 2011 May 10 Giacintucci et al.

25.0 0:39:20.0 15.0 10.0 05.0

22:00.0

21:00.0

3:20:00.0

19:00.0

18:00.0

17:00.0

Right ascension

D
ec

lin
at

io
n

20 kpc

25.0 0:39:20.0 15.0 10.0 05.0

Right ascension

20 kpc

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

NGC 315

~45% of group-central AGN over-powered 
and/or inflating cavities outside cool core 
(c.f. Donohue & Voit 2022) 
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CLoGS: Evidence of cooling

• CO detection fraction: 49±9%


• 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



Ionized gas morphology (Olivares et al. 2022, see also Loubser et al. 2022, Lagos et al. 2022)
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Most X-ray bright systems 
consistent with Chaotic 
Cold Accretion:  
gas located in clumps, 
filaments, kpc-scale disks 
(David et al. 2017, Temi et al. 2018, 
Schellenberger et al. 2020, Boizelle et 
al. 2020) 
 
Larger-scale disks formed 
through galaxy interaction?
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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)

Our most powerful radio galaxies are fuelled by sub-kpc CO disks  
with limited H𝛂 nebulae - small gas mass but in the right place?
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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, H𝛂) 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.

• Powerful radio galaxies can be fueled by relatively small gas reservoirs.  
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