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Background: why do we need another group sample?

§ Groups are a key environment for galaxy evolution and AGN 

feedback

• >50% of all galaxies reside in groups

• Galaxy mergers and tidal interactions are common

• Shallow potential well ⇒ AGN, mergers have greater impact

§ But we lack representative, unbiased samples

• Optically-selected catalogs include false groups

(chance associations, uncollapsed groups)

• X-ray selection guarantees bound groups but:

o RASS-based surveys biased toward cool core systems

(e.g., Eckert et al. 2011)

o Samples from deeper surveys tend to be at moderate redshift 

where detailed morphology, AGN / cool core, interactions are 

tough to resolve

§ CLoGS: a statistically complete sample of nearby, optically-selected 

groups with high-quality X-ray and radio data.
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CLoGS: Goals
§ Physical properties of the nearby group population: 

• What fraction of optically-selected groups contain a hot IGM?
• What fraction have cool cores? 

~50% of clusters are CC (Sanderson et al 2006)
archival samples of groups have up to 85% CC (e.g., Dong et al 2010) 

• What fraction and what types of groups are missed by RASS?

§ Central AGN as a group-scale feedback mechanism:
• Do group-central AGN balance cooling?
• How are central AGN affected by environment? 

§ Impact of group environment on member galaxies:
• Is star formation rate affected by group environment?
• What fraction of member galaxies host AGN?
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Sample 
selection

Begin with Lyon Galaxy Groups (Garcia 1993)
§ All-sky, optically-selected, cz<5500 km s-1 (D<80Mpc)

485 groups

67 groups

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

53 groups

26 groups
High-richness subsample (R=4-8) 

27 groups
Low-richness subsample (R=2-3)

Expand and refine membership
§ Update membership from HyperLEDA
§ Use isodensity maps to reject problem cases 

Select from LGG list: systems with
§ ≥4 members
§ ≥1 early-type member with LB≥3×1010L¤
§ Declination >-30° (visible from GMRT and VLA)
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Observational data
uRadio: (Kolokythas et al. 2018 + in prep.)

§ GMRT 235+610 MHz for all groups (192hr + archival data)
§ ~4hrs/target, rms ~0.1mJy/bm @610 MHz, ~0.6mJy/bm @ 235 MHz
§ GMRT field of view well suited to groups, diameters >1∘

u X-ray: (O’Sullivan et al. 2017)

§ XMM-Newton and/or Chandra for all groups (just completed!)

§ Minimum sensitivity goal for new observations:
Lx ≥ 1.2×1042 erg s-1 within R500

Lx ≥ 3.9×1041 erg s-1 within 65 kpc

uCO: IRAM 30m/APEX for all dominant galaxies (O’Sullivan et al. 2018b,2015)
u70% Hα imaging (Bok 2.3m or WIYN 0.9m), long-slit spectra, etc.

Chandra:
7 new observations (102hr)
25 archive observations

XMM:
27 new observations (222hr)

19 archive observations
21 725
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CLoGS: Radio/X-ray overview
Group-central galaxies: 
• 46/53 (87%) detected at 610, 235

or 1400 MHz

• 13 host jet sources

• 5 are diffuse, 28 point-like

• L235 = 1020 – 1025 W/Hz
• + 100s non-central galaxies

X-ray properties of high-richness sample:
• 14/26 (54%) have an X-ray bright IGM 

(extent >65 kpc, Lx>1041 erg/s)
– 1/3 dynamically active (sloshing/mergers)

– Cool Core fraction = 65%

• 3/26 (12%) have a galaxy-scale X-ray halo 
(extent < 65kpc, Lx=1040-1041 erg/s)

NGC 5985 è
AGN+SF disk
610 MHz 
contours at 
(0.8,1.6,3.2,… 
mJy/bm) 

1’ / 13 kpc

ç ESO507-25:
Diffuse source
610 MHz 
contours at 
(0.4,0.8,1.6,… 
mJy/bm)

1.5’ / 19 kpc

2’ / 18.6 kpc

NGC 4261 (O’S 2011, Kolokythas 2015)
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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

MNRAS 464, 1029–1064 (2017)
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Molecular gas
CO Detection rate in group-
dominant galaxies: 40±9%
• Compare with 22±3% in 

Atlas3D ellipticals 
(Young et al 2013)

• >50% have HI 

Nyland et al. (2017) 
Atlas3D ellipticals
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O’Sullivan et al. (2018)

• CO in both X-ray bright and X-ray faint systems 
⇒ cooling and merger origins?

• Low SFR <1M¤/yr, short depletion time <108 yr

• Large CO mass not required for AGN outburst 



AGN Feedback:
Jet Power

The Complete Local-volume Groups Sample – II 1563

Figure 8. Cavity power from the X-rays in relation to the cooling luminos-
ity, Lcool, calculated in the 0.5−7keV band for our CLoGS groups (coloured
triangles; see Table 4) in comparison to the groups and clusters used in the
sample study of Panagoulia et al. (2014). In order from left to right for the
data from this study, cyan and pink triangles represent the large-scale jet
systems (NGC 193 and NGC 4261), whereas red, green, and blue triangles
represent the small-scale jet ones (NGC 5846, NGC 5044, and NGC 1060).

Comparing our results to Panagoulia et al. (2014) we find that the
small-scale jet systems NGC 1060 and NGC 5846, along with the
remnant jet in NGC 5044, lie within the scatter about the relation,
indicating approximate thermal balance. The large-scale jet systems
NGC 193 and NGC 4261 fall about two orders of magnitude above
the relation, suggesting that they are significantly overpowered. It
is notable that in both systems the size of the jets and lobes greatly
exceeds that of the cooling region. NGC 4261 has a small cool core,
only ∼10 kpc in radius (O’Sullivan et al. 2011b) which corresponds
to the cooling region as defined here. Its jets extend ∼40 kpc on
each side (see also Kolokythas et al. 2015 for a detailed radio
study), and seem to primarily impact the surrounding IGM, having
excavated wedge-shaped channels to exit the core. The radio lobes
of NGC 193 seem to have formed a cocoon or series of cavities
with compressed gas rims, leaving little cool gas in the galaxy
core. We note that the exceptional power of the outburst is not
dependent on our assumption of a single cavity; using the jet powers
estimated by Bogdan et al. (2014) for a pair of cavities produces
similar results. This may indicate that in both systems, cooling
and heating have become detached, with the jets heating the IGM
without significantly impacting the material which is fuelling the
AGN. In this case, absent some disturbance, we would expect these
outbursts to continue until they exhaust the ability of the cool core
to provide fuel.

6.7 AGN feedback in CLoGS groups

Previous observational studies have suggested that feedback in most
galaxy groups and clusters operates in a near-continuous ‘bubbling’
mode (e.g. Bı̂rzan et al. 2008, 2012; Panagoulia et al. 2014), in which
feedback heating is relatively gentle. This model has been supported
by theoretical studies (e.g. Gaspari et al. 2011). Our small-scale and
remnant jet systems seem to fit in with this picture. However, there
are counter-examples. Nulsen et al. (2007, 2009) found that the
cavity power of a number of giant ellipticals (some of which are
the dominant galaxies of groups and clusters) exceeds their cooling

luminosity by up to an order of magnitude. Rafferty et al. (2006) give
the example of the exceptionally powerful outburst in the cluster MS
0735+7421, which again greatly exceeds the cooling luminosity,
even though using a longer cooling time threshold and consider
bolometric X-ray luminosity. Investigating the effect of heating in
the same cluster, Gitti et al. (2007) found that powerful outbursts are
likely occurring ∼10 per cent of the time in most cool core clusters.
NGC 193 and NGC 4261 seem to fall in to this category, with cavity
powers greatly exceeding the cooling luminosity. Such systems may
imply an intermittent feedback mechanism, with strong outbursts
heating their surroundings enough that long periods of cooling will
be required before a new fuel supply can be built up. Modelling
suggests that this type of feedback can be produced by more chaotic
accretion processes (e.g. Prasad, Sharma & Babul 2015, 2017, and
references therein).

It is interesting to note that both our large-scale, high-power jet
systems are found in groups whose X-ray characteristics present
difficulties to analysis. NGC 4261 has an X-ray bright core, but
its IGM has a relatively low surface brightness, its cavities extend
beyond the Chandra ACIS-S3 field of view, and its cavity rims were
only recognized in XMM–Newton observations (Croston, Hardcas-
tle & Birkinshaw 2005; O’Sullivan et al. 2011b). The outburst in
NGC 193 has severely disturbed its inner X-ray halo, making the
usual radial analysis difficult and somewhat uncertain. Neither sys-
tem is included in the majority of X-ray selected samples of groups
used to study group properties and AGN feedback. This raises the
question of whether the biases implicit in X-ray selection (e.g. to-
wards centrally concentrated, relaxed cool-core systems, Eckert,
Molendi & Paltani 2011) may tend to exclude the more extreme
cases of AGN feedback. NGC 4261 and NGC 193 are by no means
the most extreme radio galaxies hosted by groups and poor clusters.
In the nearby Universe, NGC 383 and NGC 315 host the giant radio
sources 3C 31 and B2 0055+30, both of which have jets extending
hundreds of kiloparsecs (see e.g. Giacintucci et al. 2011). The im-
pact of such sources on the cooling cycle is not well understood,
but they suggest that caution should be exercised before concluding
that feedback in groups and clusters is always a gentle process with
only mild effects on IGM properties.

7 C O N C L U S I O N S

In this paper, we have presented, for the first time, the GMRT radio
images of the brightest group early-type galaxies from the high-
richness CLoGS sub-sample at 235 and 610 MHz.

A high radio detection rate of 92 per cent (24 of 26 BGEs) is
found at either 235, 610, and 1400 MHz, with the majority of the
BGEs exhibiting low radio powers between 1021–1023 W Hz−1 with
only three radio sources in the sample being characterized as radio
loud (P235 MHz > 1024 W Hz−1 – NGC 4261, NGC 193, and NGC
5044). In agreement with previous studies (e.g. Magliocchetti &
Brüggen 2007; Dunn et al. 2010) we confirm the trend suggesting
that nearly all dominant galaxies in groups or clusters are hosting a
central radio source.

The extended radio sources in our sample have spatial scales
spanning the range ∼10–240 kpc with a variety of morphologies
extending over three orders of magnitude in power, from 1021 W
Hz−1 (NGC 5982), to 6 × 1024 W Hz−1 (NGC 4261). The majority
of our systems (14/26, ∼53 per cent) exhibit a point-like radio
morphology, while 6/26 groups (∼23 per cent) host currently or
recently active small-/large-scale jets, and 4/26 groups (15 per cent)
host diffuse radio sources.

MNRAS 481, 1550–1577 (2018)
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• 11/13 jet sources
reside in X-ray bright 
groups

• 5 in high-Richness 
subsample

o Jet sizes: 12-80 kpc
o Pjet ~1041-1043 erg/s
o Pjet = 0.1-100 x Lcool

(c.f. models showing 
variation in jet power, 
e.g., Li, Ruszkowski & 
Bryan 2016)
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AGN feedback: 
Entropy and
cooling time

10 100

10

100

1000

0.01 0.1 1

10 100 0.01 0.1 1

Group-scale halos:

• Central jet sources only 

seen in systems with 

central temperature 

decline. 

• Entropy or tcool at fixed 

radius is poor predictor 

of jet activity

• Jet sources have

min(tcool/tff)<15

• All have short core 

tcool < 7.7Gyr – by 

cluster standards, all 

groups are cool cores!
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Groups missed by RASS
3/14 in high-R sample (+7 in low-R!)
• Faint, non-cool core
• Mergers
• AGN disrupted
>20% of X-ray bright groups as yet 
unidentified?

NGC5981

NGC5985

NGC5982

3’ / 38 kpc

UGC2202 Southern arc

Northern arc

NGC1061

NGC1057

UGC2201
NGC1067

NGC1066

NGC1060

3’ / 66 kpc

0.5-2 keV X-ray    610 or 235 MHz radio

ESO 514-3

NGC 5898

NGC 5903

2’ / 17 kpc

O’Sullivan et al. (2018a)
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uGMRT follow-up: NGC 1407
The Astrophysical Journal, 755:172 (14pp), 2012 August 20 Giacintucci et al.
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Figure 2. GMRT low-resolution image at 330 MHz. The image has been restored
with a beam of 45.′′0 × 45.′′0, P.A. 0◦. The rms noise level is 0.5 mJy beam− 1.
Contours start at +3σ and then scale by a factor of two. The − 3σ level is shown
by the dashed contours. Labels indicate the discrete radio sources (Figure 1(a)).
(A color version of this figure is available in the online journal.)

is approximately aligned with the axis of the double on larger
scale (panel (b)). A faint blob of emission is visible to the east
at 1.5 GHz, apparently detached from the core jet. The blob is
not detected at 4.9 GHz.

3.2. The Large-scale Emission

The GMRT 330 MHz image, produced at the lower resolution
of 45′′ × 45′′, is presented in Figure 2. The new images at
240 MHz and 610 MHz are shown at similar resolution in
Figures 3 and 4(a). The large-scale emission is detected at
high levels of significance at all frequencies. Its total extent
is ∼ 80 kpc, consistent in all images. The brightest regions
of this component are also visible in the VLA-CnD image at
1.4 GHz, restored with a circular beam of 60′′ (Figure 4(b)).
It is clear that the large-scale emission becomes progressively
fainter with increasing frequency. The morphology also seems
to change from the 1.4 GHz image, where the source shows a
bipolar structure with east–west axis, to the 240 MHz image,
where the extended emission becomes fairly amorphous and
more extended in the north–south direction. This suggests that
the radio spectrum of this component is very steep.

4. RADIO SPECTRAL PROPERTIES, MAGNETIC FIELDS,
AND RADIATIVE AGE

We studied the spectral properties—total integrated spectrum
and spectral index distribution—and derived the physical pa-
rameters of NGC 1407 using the Synage++ package (Murgia
2001).

1. We fitted the radio spectrum of the inner double and large-
scale emission separately, and derived the injection spectral
index αinj and break frequency νbreak for each component.

2. We obtained a spectral index image of the system and
extracted the distribution of α along the source structure
as a function of the distance from the center. By fitting

40 20 3:40:00 39:40

28
:0

0
32

:0
0

36
:0

0
-1

8:
40

:0
0

Right ascension

D
ec

lin
at

io
n

S4

S1

S2

S3

20 kpc

Figure 3. GMRT low-resolution image (contours and gray scale) at 240 MHz.
The restoring beam is 45.′′0×45.′′0, P.A. 0◦. The rms noise level is 1 mJy beam− 1.
Contours start at +3σ and then scale by a factor of two. The − 3σ level is shown
by the dashed contours. Labels indicate the discrete radio sources (Figure 1(a)).

the observed spectral index trend, we derived νbreak for the
large-scale emission.

3. We calculated the magnetic field Beq assuming that the rel-
ativistic particle and magnetic field energy densities are in
approximate energy equipartition. We assumed cylindrical
geometry, a filling factor of unity, and that there is equal
energy in relativistic ions and electrons (k = 1). We also as-
sumed that the magnetic field is unordered along the line of
sight. We used the radio luminosity at 240 MHz, αinj from
the spectral modeling, and imposed a low-energy cutoff of
γmin = 100 in the energy distribution of the radiative elec-
trons, where γ is the electron Lorentz factor (e.g., Brunetti
et al. 1997; Beck & Krause 2005). This allows us to take into
account the contribution from relativistic electrons with an
energy as low as ∼ 50 MeV.

4. Under a number of assumptions, the knowledge of the
break frequency in the spectrum of a radio source allows
us to estimate the time elapsed since the source formation
(e.g., Myers & Spangler 1985). We assumed that radiative
(i.e., synchrotron and inverse Compton) losses dominate
over expansion losses, and that the magnetic field strength
is uniform across the source and remains constant over
the source lifetime. We also assume that the relativistic
electron population is isotropic (Jaffe & Perola 1973) and
reacceleration processes can be neglected. We used the
following equation:

trad = 1590
B0.5

eq(
B2

eq + B2
CMB

) [(1 + z)νbreak]− 0.5

to derive the radiative age trad of both radio components,
where trad is expressed in Myr, νbreak in GHz, and Beq
and BCMB in µG. BCMB = 3.2(1 + z)2 is the equivalent
magnetic field of the cosmic microwave background (CMB)
radiation, i.e., the magnetic field strength with energy
density equal to that of the CMB at the redshift z.

Our analysis is presented in detail in the following subsec-
tions, and results are summarized in Table 5, which provides the

4

GMRT 330MHz, Giacintucci et al. (2012)➔
rms=160µJy/bm, BW=32MHz, 5.5hr on source
45”x45” beam, contours=3σ,6σ,12σ,24σ,…

←uGMRT band 3 
300-500MHz, rms=80µJy/bm,
~2.3hr on source,
57”x43” beam, contours=3σ,6σ,12σ,…

poor ionospheric conditions, bright 
sources in the field.

3/22/19The Metre Wavelength Sky II11

See Gerrit Schellenberger’s poster



Summary
CLoGS is a statistically complete, optically-selected sample of 53 nearby groups 
with high-quality radio + X-ray coverage (+ CO for BGGs).
• 87% of group-dominant galaxies host radio sources, 25% have jets.
• 14/26 high-richness groups have X-ray bright IGM +3 galaxy-scale halos.
• ~35% of X-ray bright groups host currently or recently active central radio jet 

sources è duty cycle 1/3.
• In X-ray bright systems, active jets found in cool cores. Jet power can exceed cooling 

luminosity by a factor of 100.

• CO detection rate in group-dominant galaxies 40%, roughly double that in general 
population of ellipticals.

• 3/14 X-ray bright groups previously unknown è ~20% of X-ray bright groups in local 
volume may be as yet unidentified.

• See Konstantinos Kolokythas and Gerrit Schellenberger’s posters for more details of 
our GMRT and uGMRT work!
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