
AGN feedback in galaxy groups using 
X-rays, Radio, CO and H𝛂 observations

Ewan O’Sullivan 
K. Kolokythas, V. Olivares, G. Schellenberger, A. Babul,  
F. Combes, L.P. David, S. Giacintucci, M. Gitti, I. Loubser,  
T.J. Ponman, S. Raychaudhury, P. Salomé, J.M. Vrtilek



AGN feedback in galaxy groups Galactic Fidelity seminar, May 2021!2

Galaxy groups

Most galaxies are located in groups


Environment drives interesting physics:

• Galaxy evolution

• Gas stripping and shock heating 

• Formation of hot intra-group medium

• Shallow potential wells  

➜ greater impact from AGN, mergers? 

Stephan’s Quintet

NASA/CXC/CFHT
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Galaxy groups: a diverse class

X-ray and AGN feedback studies focus on X-ray bright, ~1013-1014 M⦿, ~0.5-2 keV systems

HCG 87

NASA/ESA/Gemini

NGC 5044Stephan’s Quintet
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The cooling flow problem

• ICM X-ray emission proportional to ne2  ➜ rapid cooling in relaxed cluster cores

• Observed cooling rates (X-ray, cold gas, star formation) far lower than expected

• What suppresses cooling?

Allen & Fabian (1997)
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The Perseus cluster

NASA/CXC/Stanford/I. Zhuravleva et al. NASA/CXC/IoA/A.Fabian et al.; NRAO/VLA/G. 
Taylor; NASA/ESA/Hubble Heritage (STScI/AURA)
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Figure 1. Image of the nebula associated with NGC 1275 in Hα + [N ii] as reproduced from Conselice et al. (2001) (left panel) and H2 1–0 S(1) as reported in this
paper (right panel). There is an excellent morphological correspondence between the optical ionized-gas and near-IR molecular-gas nebulae. The green circles in both
panels indicate imperfectly subtracted bright foreground stars.
(A color version of this figure is available in the online journal.)

order of magnitude) downward revisions in the mass-deposition
rates from such flows (e.g., reviews by Peterson & Fabian 2006;
McNamara & Nulsen 2007). This has reinforced doubts among
many about the existence of X-ray cooling flows, and further
complicates our understanding of the link between the optical
emission-line nebulae and supposed X-ray cooling flows.

Important insights into the composition and excitation of
these optical emission-line nebulae came with the discovery by
Elston & Maloney (1994) of strong 2.12 µm (rest wavelength)
emission from the v = 1–0 S(1) ro-vibrational transition
of molecular hydrogen (H2) gas toward a number of central
cluster cD galaxies, including NGC 1275. Soon thereafter,
Jaffe & Bremer (1997) and Falcke et al. (1998) showed that
only those central cD galaxies in clusters predicted to have
strong X-ray cooling flows, but not others, exhibit detectable
near-IR H2 lines. Edge et al. (2002) greatly expanded on
the number of detections and showed that over two-thirds
of central cD galaxies in clusters suspected to harbor strong
X-ray cooling flows exhibit near-IR H2 lines. Donahue et al.
(2000) demonstrated from narrowband Hubble Space Telescope
(HST) imaging that the 2.12 µm H2 line in two relatively
distant clusters closely resembles their optical emission-line
nebulae, suggesting that the optical line-emitting and molecular
gas phases are closely cospatial. Hatch et al. (2005) detected
near-IR H2 lines at several regions in the optical emission-
line nebula of NGC 1275 observed using slit spectroscopy,
and found that the near-IR H2 lines have the same (radial)
velocities as the Pα emission. They argued that the optical line-
emitting and molecular hydrogen gas phases must therefore
share a common excitation mechanism. Jaffe et al. (2005)
showed from slit spectroscopy that the optical atomic/ionized
and near-IR H2 lines from a number of central cD galaxies
not only have similar (radial) velocities but also similar radial
brightness profiles, and likewise argued for a common excitation
mechanism for both gas phases.

Just like for the nebular optical emission lines, Jaffe &
Bremer (1997) pointed out that the H2 1–0 S(1) line is too
luminous to constitute gas cooling passively from an X-ray

cooling flow at the then predicted mass-deposition rates, let
alone the recent downward revisions on these rates to upper
limits. They also pointed out that the observed ratio in the
H2 1–0 S(1) to Hα luminosity (roughly 0.1) is about an order of
magnitude larger than the same ratio observed in Galactic H ii
regions and starburst galaxies (about 0.01), reinforcing earlier
findings that (in general) the optical emission-line nebulae
do not exhibit H ii-region-like spectra but instead LINER-like
spectra (Heckman 1987, and references therein). Both Jaffe
et al. (2001) and Wilman et al. (2002) found that most of the
v = 1–0 H2 lines have line ratios indicative of thermalized gas
at temperatures of ∼1000–2000 K. Reproducing the observed
H2 1–0 S(1) to Hα line ratios has driven many subsequent
models for simultaneously explaining the presumed heating of
the molecular hydrogen gas and presumed ionization of the
optical emission-line nebula.

The way in which the luminous optical emission-line neb-
ulae of central cluster cD galaxies are powered remains, in
most cases, an outstanding puzzle. Many of the ideas de-
bated to this day were critically examined over 20 years ago
by Heckman et al. (1989): here, we confine our summary of
the proposed models and their viability to the emission-line
nebula in NGC 1275 (the same general ideas, although not
necessarily in equal degrees of viability, apply to the lumi-
nous emission-line nebulae in other central cluster cD galax-
ies). These models can be divided into three broad categories:
(1) photoionization (purely radiative energy injection); (2) col-
lisional excitation/ionization in thermalized gas heated non-
radiatively (non-radiative, purely thermalized energy injection);
and (3) in addition to (2), excitation/ionization by collisions
with energetic particles (non-radiative, non-thermalized energy
injection). In the last model, the same energetic particles also
produce thermal heating of the line-emitting gas.

Virtually all the models proposed that invoke photoioniza-
tion for powering the optical emission-line nebula in NGC 1275
face severe difficulties on energetic and/or other grounds. Pho-
toionization by the active galactic nucleus (AGN) in NGC 1275,
except in a compact region immediately around the nucleus, is
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Figure 1. Image of the nebula associated with NGC 1275 in Hα + [N ii] as reproduced from Conselice et al. (2001) (left panel) and H2 1–0 S(1) as reported in this
paper (right panel). There is an excellent morphological correspondence between the optical ionized-gas and near-IR molecular-gas nebulae. The green circles in both
panels indicate imperfectly subtracted bright foreground stars.
(A color version of this figure is available in the online journal.)
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Fig. 1. CO spectra superposed on the Hα filament structure around NGC 1275 (Conselice et al. 2001). The double circles show the 1.3 and 3 mm
beamwidths at the regions where CO was detected. CO(1–0) and CO(2–1) spectra are shown when detected. The channel width is 42 km s−1

and the y-axis is main beam brightness temperature, in mK. The velocity scale is from −560 to 560 km s−1 in each insert. Small circles (1.3 mm
beamwidth) show regions where no CO was detected. See Table 1 for more details.

250× 4 MHz filters for the 1.3 mm receivers, thereby covering
1300 km s−1 at both wavelengths. We used wobbler switching,
and checked the pointing on 3C 84, the radio source at the centre
of NGC 1275. We observed in excellent weather with Tsys typ-
ically 250 K at 1.3 mm. To study the large extent of molecular
gas around NGC 1275, we observed 18 regions inside the Hα
filaments (Fig. 1). The beams of the 30 m telescope, at 3 mm and
1.3 mm, are 22′′ and 11′′ respectively (corresponding to 7.7 and
3.8 kpc at NGC 1275). The line intensities are given in main-
beam brightness temperatures, Tmb. The ratio of Tmb to T ∗a at the
30 m is Tmb/T ∗a = Feff/Beff = 1.27 at 3 mm and 1.75 at 1.3 mm
(see http://www.iram.es/).

The data were calibrated with the MIRA software and re-
duced with the CLASS package. We dropped spiky channels and
bad scans, and subtracted linear baselines from each spectrum
before averaging. Table 1 summarises the results.

3. Results, by region

3.1. The gas masses

For comparison with other work, the gas mass was es-
timated from a standard Milky Way conversion factor
Mgas/L′CO = 4.6 M⊙ (K km s−1 pc2)−1 (Solomon et al. 1997) for
both transitions. Note however that the ICM metallicity is known
to be less than solar Z < 0.6 Z⊙ in the Perseus cluster core
(Schmidt et al. 2002). This low metallicity would lead to a larger
N(H2)/CO conversion factor than the standard one used here
(Leroy et al. 2009) and thus under-estimated gas masses. The
CO luminosity is defined by L′CO = Tb ∆V ΩS D2

A with TbΩS the
source brightness temperature times the source solid angle, ∆V
the line width and D2

A the angular distance of the source. This
gives L′CO = 23.5Ωs∗b ICO D2

A (1 + z), with z the source redshift,
Ωs∗b the solid angle of the source convolved with the telescope

A85, page 2 of 8

Salomé et al (2011)

Perseus: Cooling gas

Filamentary nebula of gas with temperatures 10-105 K, but relatively little star formation

H𝛂 + [NII] H2 CO
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AGN feedback in NGC 6338

High mass merging group


Both cores show evidence of 
cooling and feedback


O’Sullivan et al. 2019 
Pan et al. 2020
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AGN feedback in NGC 6338

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

5 kpc

Chandra 0.5-2 keV 
APO H𝛂 contours

Temperature (keV)

LOFAR Observations of X-ray Cavity Systems 11

Figure 1. — continued (NGC 6338, IC1262, NGC 6269 and NGC 5098). For the LOFAR image, the first contour is at 0.00105 mJy
beam�1 (NGC 6338), 0.00105 mJy beam�1 (IC1262), 0.0017 mJy beam�1 (NGC 6269), 0.018 mJy beam�1 (NGC 5098), and each

contour increases by a factor of two.

c� 0000 RAS, MNRAS 000, 000–000

Chandra residual map

LOFAR 143 MHz 
Bîrzan et al (2020)
New uGMRT band 4 
contours (~650 MHz)

see also Birzan et al. (2020)
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AGN feedback in NGC 6338

NOEMA CO(1-0), SDSS MaNGA H𝛂 (Pan et al. 2020)

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

5 kpc

Chandra 0.5-2 keV 
APO H𝛂 contours

Temperature (keV)
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AGN feedback: thermal balance

• Energy input from AGN jets 
= cavity enthalpy 
= 4pV / tsonic


• Energy losses 
= X-ray luminosity of cooling region
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Cooling and feedback: clusters 

• Clusters can be divided into 
strong, weak and non-cool core 
systems


• Evidence of cooling (AGN jets, H𝛂, 
CO, star formation) strongly 
correlated with Tcool

Non-cool core

Weak 
cool core

Strong cool core

ACCEPT sample, Cavagnolo et al. (2010)

1 10 100 1000
0.01

0.1

1

10

100

1000
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Cooling and feedback: clusters vs groups

• X-ray line emission means groups 
cool more rapidly than clusters 
➜ almost all groups are strong CC

1 10 100 1000
0.01

0.1

1

10

100

1000
Non-cool core

Weak 
cool core

Strong cool core

Groups

ACCEPT sample, Cavagnolo et al. (2010)

1 keV group

6 keV cluster

Fe-L complex
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Cooling and feedback: clusters vs groups
• Radio samples suggest 

efficiency of AGN jet 
heating decreases from 
clusters to groups (Best 
et al. 2007)


• If it does not, group 
AGN are powerful 
enough to unbind gas 
(Giodini et al. 2010)


• Gas mass fraction in 
group cores is lower 
than in cluster cores 
(e.g., Eckert et al. 2021, 
Laganá et al. 2013)
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Cooling and feedback: clusters vs groups

• Proposed solution: “bubbling” 
feedback - group-central AGN 
have smaller outbursts more often 
(e.g., Gaspari et al . 2011, 2012)


• But observations show many large, 
powerful group-central radio 
galaxies 
(Pasini et al. 2020)

6 T. Pasini, M. Brüggen, F. de Gasperin et al.

Figure 6. ICM X-ray luminosity in the 0.1-2.4 keV band vs. 1.4
GHz luminosity of the central radio galaxy for the CS. The points
are sized by the radio LLS and colorized for the redshift. Left
arrows denote NVSS radio upper limits. The grey line represents
the best fit: logLR = 1.26 ± 0.20 · logLX - 25.80 ± 9.04.

minosity vs. the 1.4 GHz power of the central radio galaxy
for every cluster. As in Fig. 4, the sizes of symbols are pro-
portional to the LLS, and colour denotes redshift. It appears
that a correlation also exists in galaxy clusters, albeit with
more scatter compared to unresolved groups. However, un-
like for groups, the LLS seems to be less correlated with
the central radio power, and there is only one radio source
with LLS > 200 kpc. Since the cluster sample is restricted
to lower redshifts, one could argue that large and powerful
radio galaxies could be only found at z � 0.3. However, large
radio sources in the MS are already found at z  0.3, where
sources in the CS are instead small (see Sec. 4 for a further
discussion). Moreover, Gupta et al. (2020) have shown that
there is little redshift evolution in the radio luminosity at
fixed host stellar mass out to z ⇠ 1 for sources hosted in
clusters. However, their results do show strong mass evolu-
tion in the number of radio-powerful AGN.

Again we applied the Kendall ⌧ test in order to check
whether the X-ray radio correlation is significant. We found
a null-hypothesis probability of p = 0.0028. This suggests
that clusters also show a correlation, even though it is weaker
than for groups. Finally, combining the two samples (MS and
CS), we obtain p < 0.0001.

3.3 The correlation for clusters and groups:
comparison with simulated datasets

In Fig. 7 we show the X-ray luminosities vs the 1.4 GHz
powers for both the MS and the CS. Obvious is the dearth
of data at LX < 5 · 1043 erg s�1 - L1.4GHz ⇠ 1032 erg
s�1 Hz�1, set by the flux cuts of our samples. Since we
are dealing with left-censored data (i.e., upper limits), any
correlation that depends on data where the lowest values

Figure 7. ICM X-ray luminosity in the 0.1-2.4 keV band vs.
1.4 GHz luminosity of the central radio galaxy for both the MS
(circles) and the CS (diamonds). The points are sized by the radio
LLS and colorized for the redshift.

are upper limits are hard to assess. This is a long-standing
problem in astronomy (see e.g., Feigelson, 1992).

In order to investigate the e↵ects of this left-censoring
we performed a “scrambling test”, that was applied to sim-
ilar problems by, e.g., Bregman (2005) and Merloni et al.
(2006). In this test we keep each pair of X-ray luminosity
and redshift of the MS and ‘shu✏e’ the associated radio
fluxes, assigning each one to a random (LX/z) pair. Apply-
ing the newly assigned redshift, we then calculate the ra-
dio luminosity from the flux. We produced 1000 scrambled
datasets in this manner and calculated for each of them the
null-hypothesis probability through the Kendall ⌧ test. The
distribution of such values is presented in Fig. 8.

Out of 1000 ’shu✏ing’, the null-hypothesis probability
was never found to be lower than the real dataset. The dis-
tribution is similar to a lognormal, with the peak lying be-
tween ⇠ 2% and 20%. The mean sets around ⇠ 12.5 %, with
a standard deviation of ⇠ 3.5 %. The null-hypothesis prob-
ability of the real dataset lies more than 3� away from it,
suggesting that the correlation holds.

Alternatively, we can also simulate our population of
radio and X-ray sources by randomly drawing them from
luminosity functions and redshift distributions, then apply-
ing the respective flux cuts in the X-ray and radio and mea-
suring the correlation. This Monte-Carlo simulation can be
performed with and without an underlying correlation be-
tween X-ray and radio powers.

The simulation was performed along the following steps:

• We first draw a random redshift within the ranges z =
0.01� 2 for the MS and z = 0.01� 0.4 for the CS, assuming
a constant comoving source density, i.e.:

dN
dz

=
4⇡cDL

2(z)
(1 + z)H0E(z)

, (1)

MNRAS 000, 1–13 (0000)

Pasini et al. 2020
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Galaxy groups: selection problems
Selecting representative, unbiased group samples is difficult


• X-ray selection: 
- RASS based surveys biased toward bright, concentrated groups (Eckert et al. 2011) 
- Deeper surveys mostly at moderate redshift 
   ➜ difficult to resolve morphology, AGN, cool core status, interactions 
- eROSITA should determine population statistics but not detailed structure


• Optical selection: 
- tends to include false groups (chance associations, uncollapsed systems) 
- optical mass estimates unreliable for groups with ≲30 members (Pearson et al. 2015)
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Complete Local-Volume Group Sample (CLoGS):  Selection
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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 hr/target, rms ~0.1mJy/b @610MHz, ~0.6mJy/b @235MHz) 

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

• H� : (Olivares et al., in prep)  
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
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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: 0.5-5 x 1013 M⦿

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

• 11 (42%) host radio jet sources

• 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? 

NGC5981

NGC5985

NGC5982

3’ / 38 kpc

UGC2202 Southern arc

Northern arc

NGC1061

NGC1057

UGC2201
NGC1067

NGC1066

NGC1060

3’ / 66 kpc

GMRT 610 MHz on XMM 0.5-2 keV
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CLoGS: thermal balance in high-richness groups

XMM 0.5-2 keV / GMRT 235 MHz

Chandra 0.3-2 keV / GMRT 235 MHz contours

NGC 4261

NGC 193

(Adapted from Kolokythas et al. 2018)
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CLoGS: problem cases
NGC 5903  Chandra+XMM 0.5-2 keV

5’

LGG 14

NGC 315

NGC 315 
- Giant plumed FR-I 
- No clear cavities 
- jets depositing energy 
>100kpc from core?

(a)

X-ray trail

410’’ / 50 kpc

NGC 1407

NGC 1400

GMRT 235 MHz contours
XMM 0.3-2 keV image

NGC 1407 
- 80 kpc diffuse 
radio lobes 
- No clear cavitiesNGC 5903 

- 75 kpc single cavity / radio lobe 
- Pcav ~100x Lcool 
- central Tcool~7 Gyr ➜ disrupted cool core? Giacintucci et al. (2012), O’Sullivan et al. (2018)

XMM 0.5-2 keV 
GMRT 235 MHz
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CLoGS: Cool gas
Group dominant galaxies surveyed with  
IRAM 30m CO(1-0) and (2-1) or APEX CO (2-1)


• CO detection fraction: 49%


• HI detection fraction (from literature): > 50%


• MH2 = 0.5-61 x108 M⦿, SFR = ~0.01-1 M⦿/yr


• Depletion time <1 Gyr  ➜ rapid replenishment of  
                                          gas reservoirs

APEX CO(2-1)

IRAM 30m
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Star formation in ETGs 1033

± 11 per cent) of these galaxies also harbour molecular gas (Young
et al. 2011). The three galaxies without molecular gas detections
are NGC1023, NGC3193, and NGC6547, though NGC1023 does
contain a large, disturbed H I reservoir (Serra et al. 2012).

4 MU LT I WAV E L E N G T H DATA

A summary of the CO and IR data included in our analysis is
provided in Table A6. In the remainder of this section, we describe
the CO and IR data used to compute the CO-radio and IR-radio
ratios.

4.1 Molecular gas data

As mentioned in Section 2, one of the most unique aspects of the
ATLAS3D survey of ETGs is the availability of CO data for the full
sample (Young et al. 2011). This allows a direct measurement of the
amount of raw material available for future SF. Nearly 25 per cent
of the ATLAS3D galaxies were detected in Young et al. (2011), with
H2 masses ranging from 1.3 × 107 to 1.9 × 109 M⊙. We use these
CO data in concert with our 1.4 GHz VLA data to investigate the
relationship between radio luminosity and molecular gas mass in
Section 5.1.

4.2 IR data

4.2.1 IRAS

The FIR luminosity provides an estimate of the integrated
42.5–122.5 µm emission (Helou et al. 1988), and is commonly
defined as follows:

L FIR(L⊙) ≡
(

1 + S100 µm

2.58 S60 µm

)
L 60 µm, (1)

where S60 µm and S100 µm are the Infrared Astronomical Satellite
(IRAS; Soifer, Neugebauer & Houck 1987) 60 and 100 µm band
flux densities are in Jy, respectively, and L 60 µm is measured in solar
luminosities (Yun et al. 2001).

We obtained the FIR data at 60 and 100 µm from NED. FIR
measurements from IRAS were available for 195 of the ATLAS3D

galaxies, however, only 96 galaxies were detected at both 60 and
100 µm. We discuss the FIR data further in Section 5.2.1, where we
study the global FIR–radio relation.

4.2.2 WISE

Sensitive MIR data from the Wide-field Infrared Survey Explorer
(WISE; Wright et al. 2010) are available for the full ATLAS3D sample,
and we utilize these data in Section 5.2.2 to examine the relationship
between the MIR and radio continuum emission. All of the ATLAS3D

galaxies are detected in the four WISE bands. In the W1, W2, and
W3 bands at 3.4, 4.6, and 12 µm, respectively, all of the ATLAS3D

galaxies are robustly detected. In the W4 band at 22 µm, 29 galaxies
have signal-to-noise ratios less than 2 in their profile fits. However,
the aperture photometry fluxes measured within an area defined by
the spatial properties of the near-IR emission from the Two Micron
All Sky Survey (2MASS; Skrutskie et al. 2006) of each galaxy yield
a measurement within the sensitivity limits of the W4 band. Thus,
we consider these 29 galaxies as genuine, albeit weak, detections.

We extracted WISE photometry from the AllWISE source cata-
logue (Cutri & et al. 2013) and performed cross matching with the
official ATLAS3D positions (Cappellari et al. 2011a) within a search

Figure 1. Global radio–MH2 relation for the ATLAS3D survey. H2 masses
were derived from the single-dish IRAM CO measurements (Young et al.
2011). CO detections are highlighted by red symbols and CO upper limits
are shown as white symbols. Upper limits to the 1.4 GHz luminosity are
shown as downward-pointing arrows. Circles represent fast rotators and
triangles represent slow rotators (Emsellem et al. 2011). The dashed black
line represents the expected radio luminosity (equation 15; Murphy et al.
2011) if the SFRs of the ATLAS3D ETGs agree with the SFRs predicted by
the CO-derived H2 mass. Assuming a conversion factor of α ≡ Mgas/LCO
= 4.6 M⊙ (K km s−1 pc2)−1 (Solomon & Vanden Bout 2005), this SFR
relation is SFR =1.43 × 10−9 (MH2/M⊙) M⊙ yr−1. The upper and lower
dashed blue lines denote L20cm/MH2 ratios of factors of 5 above and below
the expected radio luminosity at a given molecular gas mass for typical
star-forming galaxies.

radius of 5 arcsec. The W4-band data provide a spatial resolution
of θFWHM ≈ 11.8 arcsec. Although most of the ATLAS3D galaxies are
only marginally resolved at 22 µm, we selected photometric mea-
surements derived within the elliptical area of the 2MASS emission
for each galaxy (w4gmag) when possible. If w4gmag magnitudes
were unavailable, we used the Gaussian profile fit magnitudes in-
stead (w4mpro).

5 G LOBA L R ELATIONSHIPS

5.1 Radio–H2 relation

Previous studies have found a strong correlation between the radio
luminosity and CO luminosity in samples of spiral galaxies (e.g.
Adler, Allen & Lo 1991; Murgia et al. 2002; Liu & Gao 2010; Liu,
Gao & Greve 2015), with some studies reporting the correlation is
as tight as the radio–FIR relation (e.g. Murgia et al. 2005). However,
little information about whether molecular gas rich ETGs similarly
follow this relationship is available.

In Fig. 1, we investigate the relationship between the molecular
gas mass and radio luminosity. The dashed black line in this figure
traces the expected 1.4 GHz luminosity based on the H2-mass-
derived SFR (Gao & Solomon 2004) and the calibration between the
SFR and radio continuum luminosity from Murphy et al. (2011). In
other words, this line denotes the radio luminosity one would expect
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CLoGS: Cool gas

Nyland et al. (2017) 
Atlas3D ellipticals

• CO detection fraction: 49±9%


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

• Large CO masses in X-ray bright and faint groups 
➜ gas supplied by cooling and mergers? 


• Large gas mass not required for AGN outburst

CLoGS group-dominant galaxies
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Warm gas morphology (Olivares et al., in prep.)
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Warm gas kinematics (Olivares et al., in prep.)

RESULTS: DISTRIBUTION AND KINEMATICS OF THE IONIZED GAS
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Warm gas kinematics (Olivares et al., in prep.)
Extended rotating disks (diameter 3-21 kpc) - 5 galaxies

Compact rotating disks (diameter 1-3 kpc) - 2 galaxies
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Cold gas: filaments
Few groups imaged with ALMA so far


High resolution: dense molecular clumps 
located in H𝛂/dusty filaments 
(David et al. 2014, 2017, Temi et al. 2018)


Low resolution: ACA captures majority of CO 
emission, correlated with H𝛂 (Schellenberger 
et al. 2020)

quite at the center of the galaxy. Clouds 1 and 3 in NGC5846
are about 5 5 and 8 4 away (0.6 and 1.0 kpc) from the galaxy
center, and cloud 2 in NGC4636 is about 2 6 away from the
central nucleus (200 pc).

The HST images have a 25″ field of view, and only central
cloud contours are visible. There is a good correlation between
the cloud position and the dust absorption in both NGC5846
and NGC4636, although several heavily obscured parts of
each galaxy do not show a CO(2–1) surface brightness large
enough to be detected in our data.

In NGC5846, cloud 3 is aligned almost exactly along a dust
filament, while cloud 1 also coincides with small dust extinction
structures (about 0 5/∼60 pc wide), but other similar dusty
regions were not detected in CO(2–1). Cloud 2 in NGC4636 is
located in the same area of one of the most obscured regions of
NGC4636. Both clouds in NGC4636 are not resolved by these
observations, implying an angular size �0 7 (∼50 pc).

Figure 4 shows the spectra of the five CO(2–1) clouds detected.
For the two resolved clouds (clouds 1 and 3 in NGC 5846), the
spectra have been obtained by summing the signal from the pixels
of each cloud (contiguous pixels with an S/N greater than 3 times
the rms noise within the velocity range of the emission line). For
unresolved clouds, the spectra are taken from the pixels with the
largest S/N within the velocity range of the emission line.

A Gaussian fit to the emission line is presented as a red line
in Figure 4. Cloud 1 in NGC4636 has a double-peaked
spectrum that cannot be fitted with a single Gaussian curve.
The spectrum could be interpreted as generated by two distinct
clouds that have similar projected positions on the sky but with
a differential peak-to-peak velocity of ∼40 km s−1. Unfortu-
nately, since the cloud is not resolved by our current ALMA
configuration, we cannot quantify its kinematics properties,
including its gas velocity dispersion.

4.2. CO Clouds in NGC5044

Our new reduction of the Cycle 0 ALMA data on NGC5044
confirmed the detection of 17 CO(2–1) clouds. Figure 5

shows the distribution of the detected clouds overlapped on a
false-color Hα+[N II] map (left panel) and an HST dust
absorption map (right panel). Most of the clouds in NGC5044
are located within a radius of approximately 5″ around the
center of the galaxy. In Figure 5, unresolved clouds are
identified with an ellipse roughly the size of the beam, while
contours, at 4 times the rms noise level, are used to represent
the extended molecular clouds/associations. With a resolution
of 2 0×1 4, only four clouds are resolved by these
observations: clouds 8, 13, 14, and 18.
The HST dust extinction map presents several compact

knotty features in its central region. All of the central CO
clouds lie on top of these strong dust absorption features, with
the larger (resolved) clouds encompassing few clumps of dust.
In the central 5″×5″, there is a good correlation between dust
features and molecular clouds. However, more distant clouds in
the HST field of view (clouds 7, 12, and 21) are not correlated
with dust absorption.
The Hα+[N II] emission map shows a very peaked central

emission with the addition of diffuse and filamentary structures
that extend up to 30″ from the galaxy center. From the total of
17 clouds, 12 are located where the Hα+[N II] emission is
fairly large, and eight of these clouds are within 4 6 from the
center of the galaxy. In this central ∼5″ region, the molecular
clouds are located where the Hα+[N II] emission is strongest,
broadly providing a correlation between optical line emission
and CO gas. On the other hand, the spatial distribution of the
eight central clouds does not rigorously follow the morphology
of the Hα+[N II] emission (see insert in Figure 5). Given the
weak angular resolution of NGC5044 CO(2–1) observation,
we cannot exclude that some better correlation exists with a
subset of clouds. The remaining five clouds (5, 14, 20, 25, and
26) are located far from the center, between 12″ and 22″.
Clouds 25 and 26 were only detected with the cleaning
threshold set to 1.5 times the rms noise, so they could be
artifacts created by the “cleaning” algorithm.

Figure 2. Images of NGC5846 showing detected CO(2–1) clouds projected against an optical Hα+N[II] emission image (left) and a dust starlight extinction image
(right). The color sequence (blue → green → yellow → red) indicates increasing Hα+[N II] and dust. CO clouds, indicated with black (in the insert) and white
contours, are defined as the area where the emission-line S/N is greater than 4. Clouds 1 and 3 are somewhat resolved and extend about 1 2 and 2 9. Note that cloud
3 (see enlarged insert) is aligned almost exactly along a dust filament and coincides with knots and filamentary structures in the Hα+[N II] emission. Cloud 1 also
coincides with Hα+[N II] emission and dust extinction, but other similar dusty regions were not detected in CO(2–1). Cloud 2 is not associated with detectable optical
emission and is out of the dust extinction map field of view. The registration of the Hα+[N II] and CO images is correct within an uncertainty of about 0 1–0 2 in the
astrometry in the SOAR data. The effective radius of NGC5846 in the K band is 35 75. The white dashed circle in the Hα+[N II] emission map identifies the field of
view of the ALMA primary beam.

7

The Astrophysical Journal, 858:17 (16pp), 2018 May 1 Temi et al.

Temi et al. (2018)

CO on H𝛂

NGC 5846 
CO on dust

NGC 5044: Chandra 0.5-2 keV image with contours showing 
H𝛂 (white) and diffuse CO (blue, Schellenberger et al. 2020)
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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

Cold gas: disks
Boizelle et al. (2020):  
ALMA observations of NGC 315 
and NGC 4261 to determine black 
hole mass 
 
300-800pc rotating disks 
 
No filamentary nebula detected 
➜ resolution issues?



Summary
Based on CLoGS, an optically-selected, statistically complete sample of nearby 
groups:

• A significant fraction (~40%) of X-ray bright galaxy groups in the local Universe 

were not identified in prior surveys. Typically disturbed, low luminosity systems.

• A subset of group-central AGN appear to be over-powered, with Pcav=100x Lcool 

and in some cases with jets extending beyond the cooling region.

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

X-ray bright groups host filamentary nebulae (as seen in clusters) but some 
powerful radio galaxies are fueled by small rotating disks.


• Further work is needed to understand the cooling and feedback cycle in groups 
(MeerKAT, ALMA+ACA, MUSE, Chandra, XMM-Newton)


• eROSITA surveys will provide much improved population statistics, but more in-
depth studies needed to understand feedback mechanisms


