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Abstract

We present IRAM 30 m and APEX telescope observations of CO(1-0) and CO(2-1) lines in 36 group-dominant early-type galaxies, completing our molecular gas survey of dominant galaxies in the Complete Local-volume Groups Sample. We detect CO emission in 12 of the galaxies at > 4σ significance, with molecular gas masses in the range ∼ 0.01 − 6 × 108 M⊙, as well as CO in absorption in the non-dominant group member galaxy NGC 5354. In total 21 of the 53 CLoGS dominant galaxies are detected in CO and we confirm our previous findings that they have low star formation rates (0.01–1 M⊙yr−1) but short depletion times (>1 Gyr) implying rapid replenishment of their gas reservoirs. Comparing molecular gas mass with radio luminosity, we find that a much higher fraction of our group-dominant galaxies (60 ± 16%) are AGN-dominated than is the case for the general population of ellipticals, but that there is no clear connection between radio luminosity and the molecular gas mass. Using data from the literature, we find that at least 27 of the 53 CLoGS dominant galaxies contain H I, comparable to the fraction of nearby non-cluster early type galaxies detected in H I and significantly higher that the fraction in the Virgo cluster. We see no correlation between the presence of an X-ray detected intra-group medium and molecular gas in the dominant galaxy, but find that the H I-richest galaxies are located in X-ray faint groups. Morphological data from the literature suggests the cold gas component most commonly takes the form of a disk, but many systems show evidence of galaxy-galaxy interactions, indicating that they may have acquired their gas through stripping or mergers. We provide improved molecular gas mass estimates for two galaxies previously identified as being in the centres of cooling flows, NGC 4636 and NGC 5846, and find that they are relatively molecular gas poor compared to our other detected systems.
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⋆ Based on observations carried out with the IRAM 30m telescope and the Atacama Pathfinder Experiment (APEX). IRAM is supported by INSU/CNRS (France), MPG (Germany), and IGN (Spain). APEX is a collaboration between the Max-Planck-Institut fur Radioastronomie, the European Southern Observatory, and the Onsala Space Observatory.

⋆⋆ The reduced spectra are only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/618/A126



1. Introduction
Early-type galaxies, and particularly those which occupy the centres of galaxy groups and clusters, are often treated as an homogeneous class, with old red stellar populations and little or no cold gas content or star formation. In recent years, several lines of research (e.g., Bildfell et al. 2008; Loubser et al. 2016) have highlighted inaccuracies in this picture, in particular that elliptical and lenticular galaxies across all environments can possess a cold gas component suitable for fuelling star formation or an active galactic nucleus (AGN). Studies of early-type galaxies in the local universe have shown that many contain significant reservoirs of both atomic and molecular gas (Morganti et al. 2006; Combes et al. 2007; Oosterloo et al. 2010), with statistical studies showing that ∼20% are detected in CO (Young et al. 2011) and ∼40% in H I, although this fraction falls to ∼10% in the Virgo cluster (Serra et al. 2012). While these reservoirs are smaller than those observed in spiral galaxies, they can still be substantial. Masses of ∼108 M⊙ of atomic and ∼107 M⊙ of molecular gas are not uncommon. The morphology and kinematics of the gas can provide clues to its origin. While gas disks and rings are common (Crocker et al. 2011; Chung et al. 2012; Davis et al. 2013; Young et al. 2018), some of these are kinematically offset from the stellar population (e.g., Crocker et al. 2008), and a significant number of early-type galaxies host disturbed structures likely arising from tidal interactions (Young et al. 2008; Alatalo et al. 2013; Lucero & Young 2013).
Some cluster-dominant ellipticals have also been shown to possess cold gas reservoirs containing up to 1011 M⊙ of molecular gas (Edge 2001; Salomé & Combes 2003; Pulido et al. 2018). Imaging studies have shown that molecular gas in brightest cluster galaxies (BCGs) tends to be located in filamentary structures associated with Hα nebulae (Salomé et al. 2006, 2011; McDonald et al. 2011; Lim et al. 2012; Russell et al. 2016, 2017a,b; Vantyghem et al. 2016, 2017). Molecular gas is only observed in clusters with low central entropies or cooling times shorter than 1 Gyr (Pulido et al. 2018) strongly suggesting that it is the product of cooling from the hot, X-ray emitting intra-cluster medium (ICM). The molecular gas, which typically has low velocity relative to the BCG, is of particular importance as a component of the AGN feedback cycle in clusters. Numerical modelling suggests that rapid cooling in thermally unstable regions of the ICM can produce the observed cold, dense clouds (e.g., Sharma et al. 2012; McCourt et al. 2012; Gaspari et al. 2012; Li & Bryan 2014a,b; Prasad et al. 2015, 2017), though there is still some debate as to how this condensation is triggered (McNamara et al. 2016; Prasad et al. 2017, 2018; Gaspari et al. 2018).
Galaxy groups occupy the interesting intermediate scale between individual galaxies and massive galaxy clusters. Many are observed to possess a hot (∼107 K) intra-group medium (IGM) and ∼60% of these have central temperature declines indicative of rapid radiative cooling (O’Sullivan et al. 2017). Some X-ray bright groups show striking similarities to galaxy clusters, with short central cooling times, Hα nebulae and molecular gas clouds in their central ellipticals (e.g., David et al. 2014, 2017; Temi et al. 2018) and evidence of AGN feedback in the form of jet-inflated cavities in the IGM (e.g., O’Sullivan et al. 2005; Baldi et al. 2009; Gastaldello et al. 2009; Machacek et al. 2011; David et al. 2011). However, groups are a very diverse class, and their low velocity dispersions and small galaxy separations make interactions and mergers a much more important factor than in clusters. The group environment is known to have an impact on member galaxies, with the cold gas content of individual late-type galaxies and of the group as a whole declining with increasing mass (e.g., Kilborn et al. 2009; Desjardins et al. 2014; Odekon et al. 2016). Tidal stripping of cold gas can produce intergalactic gas clouds and filaments (e.g., Appleton et al. 1990; Williams et al. 2002; Durbala et al. 2008; Oosterloo et al. 2018), or even a cold IGM (Verdes-Montenegro et al. 2001; Johnson et al. 2007; Konstantopoulos et al. 2010; Borthakur et al. 2010), and ram-pressure effects, while not so common, have been observed in some cases (e.g., Rasmussen et al. 2006).
An understanding of the cold gas content of group dominant galaxies is therefore important for several reasons, including its role in the feedback cycle, its ability to fuel star formation in these galaxies that were once thought to be “red and dead”, and as a tracer of the galaxy interactions which transport and transform cold gas within groups.
In this paper we present 33 new IRAM 30 m and APEX observations of group-dominant early-type galaxies, as well as results from 3 archival APEX observations. In combination with our earlier study (O’Sullivan et al. 2015; hereafter referred to as Paper I), these provide complete coverage of the brightest group early-type (BGE) galaxies of the 53-group Complete Local-Volume Group Sample, as well as deep integrations on 2 additional X-ray bright cool core groups chosen as likely examples of IGM cooling driving AGN feedback. Our goal with this study is to determine the fraction of group-dominant galaxies which contain significant molecular gas reservoirs, to examine the origin of this material, and to study its relationship to group properties and nuclear activity.
Our sample is described in Sect. 2, and our observations in Sect. 3. We describe our results in Sect. 4, including the detection fraction, connection to star formation and AGN, and relationship with group properties, and discuss the possible origin of the cold gas in Sect. 6. We give our conclusions in Sect. 7. Distances are based on the Virgocentric-flow corrected recession velocity drawn from HyperLEDA and an assumed H0 = 70 km s−1 Mpc−1, except in cases where a redshift-independent distance is available from the surface brightness fluctuation (SBF) catalogue of Tonry et al. (2001). These SBF distances are corrected to match the Cepheid zero point of Freedman et al. (2001) as described in Jensen et al. (2003).
2. Sample
The Complete Local-Volume Groups Sample (CLoGS, O’Sullivan et al. 2017) consists of 53 groups in the local universe (Distance <80 Mpc). CLoGS aims to provide a statistically complete, representative sample of nearby groups whose properties can be studied across a range of wavebands. A combined optical and X-ray selection approach is used to avoid the biases which can effect either selection individually. The groups were chosen from the Lyon Galaxy Group catalogue of (Garcia 1993), which used a combination of friends-of-friends and hierarchical clustering algorithms to select groups from an early version of the Lyon Extragalactic Data Archive1. X-ray observations were then to be used to determine whether each group hosts a hot intra-group medium (IGM). The ability to heat and retain an IGM demonstrates that the group is a virialized system, and as the groups are nearby, the temperature and density structure of the IGM can be resolved, providing insights into the dynamical and thermal state of the group. The sample is restricted to declination >30° to ensure visibility from the Giant Metrewave Radio Telescope (GMRT) and Very Large Array (VLA), since multi-band radio observations can provide complementary information on AGN and star formation in the group member galaxies. This is of particular interest for the group-dominant early-type galaxies, since feedback heating from their AGN is expected to govern the thermal balance of the group, preventing excessive cooling and star formation. To date, ∼70% of the CLoGS groups have been observed in the X-ray by XMM-Newton and/or Chandra, and observations of the remaining systems have been approved. GMRT 235 and 610MHz radio continuum observations of all groups have been completed. A detailed description of sample selection and results for the 26-group high-richness subsample are presented in O’Sullivan et al. (2017).
As a complete sample of groups in the local volume with high-quality X-ray and radio observations, CLoGS provides an ideal sample with which to study the prevalence and origins of molecular gas in group-dominant galaxies. In O’Sullivan et al. (2015) we presented CO measurements for a preliminary subset of 23 CLoGS group-dominant galaxies, observed with the IRAM 30 m telescope. In this paper we present data for the remainder of the sample, based on new IRAM 30 m observation for northern targets, and a combination of new and archival APEX observations for the southern groups. We also reobserved two galaxies of particular interest included in Paper I, NGC 4261 and NGC 5353. The basic properties of the 32 galaxies for which we present CO measurements are shown in Table 1.
In addition to completing the CLoGS sample, we also targeted a small number of group dominant elliptical galaxies for deeper observations, including NGC 4636 and NGC 5813 not part of CLoGS, O’Sullivan et al. 2017, explains why they were not selected), NGC 5846 and NGC 7619. These systems were selected to be in highly X-ray luminous, cool-core groups with multiple indicators of cooling. Three of the four galaxies are detected in [C II] emission (Werner et al. 2014), a strong indicator of the presence of molecular gas thought to arise from photo-dissociation regions surrounding molecular clouds. All four are detected in Hα (Werner et al. 2014; Macchetto et al. 1996), and all have radio-detected AGN, indicating ongoing accretion in the central engine. They also have low measured values of the thermal instability criterion (cooling time over free fall time, tc/tff ∼ 10–25) in their hot IGM.
Table 1.
Basic data for the newly observed or processed group-dominant galaxies.

3. Observations
3.1. IRAM 30 m
The IRAM 30 m survey observations of the CLoGS group dominant early-type galaxies were performed on 2015 June 2–4 (program 192-14), 2017 June 2–5 and September 25–26 (program 064-17) in good weather conditions. Pointings and focus were done on strong quasars or planets every two hours. The EMIR receivers were tuned to the redshifted CO(1-0) and CO(2-1) frequencies for simultaneous observations in the E0 and E2 bands (which cover 73–117 GHz and 202–274 GHz respectively) in both horizontal and vertical polarisations. The FTS and WILMA backends were used at both 2.6 mm and 1.3 mm. We spent an average of ∼2 h on each galaxy, and achieved noise levels Tmb ∼ 1 mK (where Tmb is the main beam temperature) smoothed over 50 km s−1.
Observations of the four targets chosen for deep integrations were performed on 2017 June 8 (NGC 4636 and NGC 5846, program 063-17), 2017 December 29 and 2017 March 21–22 (NGC 5813 and NGC 7619, program 162-17). Between ∼6 and ∼19 h were spent on each target, scaling with distance. Unfortunately, weather conditions during the December and January observations were poor, and we only achieved noise levels Tmb = 0.6 mK and Tmb = 1.2 mK, smoothed over 50 km s−1. Setup was otherwise identical to the survey observations.
The results presented here are from the WILMA backend and cover a bandwidth of 3.7 GHz, equivalent to ∼9600 km s−1 at 2.6 mm and ∼4800 km s−1 at 1.3 mm. We used the GILDAS CLASS software to reduce the data. The instrumental resolution of 2 MHz was Hanning smoothed to 8 MHz (21 km s−1) in order to increase the signal-to-noise. Spurious lines and bad spectra were removed. After a baseline subtraction, spectra were averaged and converted into main beam temperature. We used beam efficiencies of 0.78 and 0.59 and forward efficiencies of 0.95 and 0.92 at 2.6 mm and 1.3 mm respectively.
3.2. APEX
Our APEX CO(2-1) observations of 8 southern BGEs were performed in service mode during 2017 July–August (project E-0100.a-0170A), using the APEX-1 receiver of the Swedish Heterodyne Facility Instrument (SHeFI). Observing conditions were generally good, with Precipitable Water Vapor (PWV) columns of 0.8–1.6 mm. Total times spent on-source were 27–87 min, achieving sensitivities of ∼0.9 mK, smoothed over 50 km s−1.
For three additional galaxies, archival APEX-1 CO(2-1) data were available in the ESO archive. NGC 1395 was observed on 2012 Apr 7 (project E-089.B-0866A, PI M. Lehnert) in poor conditions (PWV = 3–4 mm) for ∼28 min. NGC 3078 and NGC 5084 were observed on 2014 Jun 14 (project O-093.F-9309A, PI T. Davis) under good conditions (PWV = 0.6–0.9 mm) for ∼30 and ∼20 min respectively. We analysed these data and found sensitivities of 0.5–1.3 mK, smoothed over 50 km s−1.
Reduction and analysis of the APEX data were carried out following the approach described above for the IRAM 30 m. We used a beam efficiency of 0.75 and forward efficiency of 1.0 when converting from antenna to main beam temperatures.
3.3. Common analysis steps
When detected, spectral lines were fitted with a Gaussian profile, or if necessary (as was the case for NGC 1106) a two-Gaussian model. Line intensities were taken to be the area under the model profile, i.e.:
[image: thumbnail](1)
for a single Gaussian, where ICO is the line intensity in K km s−1, and Δ V is the linewidth (FWHM) of the Gaussian. Where no line was detected, upper limits on the line intensities were derived for an upper limit on the peak of 3 times the rms and a fixed line width of 300 km s−1 (a typical value for early-type galaxies, and comparable to the mean linewidth in our observations) as follows:
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where Nch is the number of channels in Δ V. CO luminosities were computed following Solomon et al. (1997), with
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where [image: equation] has units of K km s−1 pc2, νobs is the observed frequency of the line, νrest/(1 + z), and DL is the luminosity distance in Mpc. SCO is the CO flux in Jy km s−1, equal to ICO multiplied by a telescope specific conversion factor S/Tmb = 5 Jy K−1 for the IRAM 30 m and S/Tmb = 39 Jy K−1 for APEX. In order to estimate the corresponding molecular gas masses, the standard conversion factor for nearby quiescent galaxies like the Milky Way, αCO = 4.6 (Solomon & Vanden Bout 2005) was then used in
[image: thumbnail](4)
where Mgas is in M⊙ and αCO has units of M⊙ (K km s−1 pc2)−1. While detailed studies of the filamentary nebula at the center of the Perseus cluster suggest that radiatively cooled material may in some cases have a different conversion factor (Lim et al. 2017), the standard value provides a simple baseline for our relatively diverse sample.
As discussed in Paper I, the beam sizes of our observations (∼2–8.5 kpc FWHM) are smaller than the stellar extent of the galaxies, and we cannot therefore be certain of capturing the total mass of CO in each system. Figure A.1 shows the instrument beams overlaid on Digitized Sky Survey optical images of the BGEs. Interferometric mapping shows that CO is typically concentrated in galaxy cores, declining exponentially with radius (Young & Scoville 1991) and that very few early-type galaxies have CO extent >2 kpc (Davis et al. 2013). Cool-core groups may be an exception, as their Hα nebulae can extend several kpc (e.g., Werner et al. 2014), indicating cooling on these scales. We discuss the morphology and extent of the molecular gas in our detected galaxies in Sect. 6, but note here that in most cases where the CO distribution is known, it is compact.
4. CO detections and upper limits
4.1. IRAM survey observations
Out of the 21 galaxies in our IRAM 30 m survey observations of the CLoGS groups, 7 were detected at >4σ significance (see Tables 1 and 2). Figure 1 shows CO(1-0) and CO(2-1) spectra of each detected system. Upper limits for the undetected systems are given in Table 3. In most cases our observations were sensitive to molecular gas mass of a few 107 M⊙.

	[image: thumbnail]	Fig. 1.Spectra for the eight galaxies detected in our IRAM 30 m CLoGS survey observations. For each galaxy, a pair of spectra are shown, CO(1-0) on the left panels, CO(2-1) on the right panels. The vertical axes indicate the main beam temperature Tmb in mK. The best-fitting Gaussian (or in the case of NGC 1106, two-Gaussian model) is marked where lines were detected in emission or absorption. Zero velocity corresponds to the systemic velocity of each galaxy.





	[image: thumbnail]	Fig. 2.Spectra for the galaxies detected in our deep IRAM 30 m observations. The vertical axes indicate Tmb in mK. Zero velocity corresponds to the systemic velocity of each galaxy.




Table 3.
Upper limits on molecular gas mass for galaxies undetected in CO(1-0) and CO(2-1).

NGC 252 and NGC 924 were each detected only in a single transition, CO(1-0) and CO(2-1) respectively. NGC 5353, for which we reported only an upper limit in Paper I (based on the results of Young et al. 2011) was detected in both transitions in our new observations. CARMA studies have previously detected CO(1-0) emission in the galaxy with a very broad velocity dispersion (Alatalo et al. 2015; Lisenfeld et al. 2014). In addition, we detected absorption features in both CO(1-0) and CO(2-1) close to the velocity of the neighbouring S0 NGC 5354, also shown in Fig. 1 and Table 2. NGC 5354 hosts a compact (∼4 mas) flat spectrum radio source with flux density ∼8–10 mJy between 1.4 and 15 GHz (Becker et al. 1995; Filho et al. 2004; Nagar et al. 2005), suggesting that it is likely to be a reasonably bright source in the 100–250 GHz band. While we do not detect CO in emission in this galaxy, it is certainly plausible that clouds along the line of sight to the AGN could be detected in absorption. Assuming a conversion factor NH2/ICO = 3 × 1020, we can estimate the column density of molecular gas along the line of sight to be NH2 = 2.7 × 1020 cm−2.
For NGC 128 we observed two locations. At the galaxy optical centroid (and optical redshift) we did not detect CO in either transition, and report the upper limits in Table 3. However, NGC 128 is linked to its neighbour, NGC 127, by an H I bridge (Chung et al. 2012) and we therefore also observed a location between the two galaxies (RA = 00 29 13.2, Dec = 02 52 21), using the H I redshift drawn from the Extragalactic Distance Database all digital H I catalog (Courtois et al. 2009). CO was detected in both transitions at this position, and these results are shown in Table 2, in the entry NGC 128-HI. We have treated these detections as being associated with the galaxy (e.g., in Table 1), but note the ∼130 km s−1 offset.
For four of the galaxies, there are suggestions of structure in the CO line profiles. NGC 5353 shows a clear double peaked line in both transitions, as expected since the gas lies in a rotating disk. NGC 2911 has a similar doubly or even triply peaked profile, most clearly seen in the CO(2-1) line, and is known to host a central 500 pc scale H2 disk (Müller-Sánchez et al. 2013). NGC 1106 and perhaps NGC 924 show asymmetric line profiles, indicating that the molecular gas is dynamically resolved in the IRAM 30 m beam. These may indicate rotation, but could also be produced by more complex structures such as filaments or offset clouds. More detailed mapping would be needed to determine the origin of the asymmetries.
Table 2.
Molecular data and stellar mass of the newly detected galaxies.

4.2. IRAM deep observations
Of the four galaxies for which deep IRAM 30 m observations were performed, two were detected, NGC 4636 and NGC 5846. Our previous short observation of NGC 5846 had provided only an upper limit (see Paper I). Figure 3 shows spectra for the two galaxies, with NGC 5846 detected in both transitions and NGC 4636 only in CO(2-1). The gas masses detected in these galaxies (Table 2) are a factor of ∼10–100 less than those typically detected in our survey observations, and in the undetected systems we place upper limits on the molecular gas content of ∼107 M⊙ (Table 3). For NGC 7619, which was undetected in both survey and deep observations, the upper limits reported in Tables 1 and 3 were determined from the combination of the two datasets.

	[image: thumbnail]	Fig. 3.CO(2-1) spectra for the galaxies detected in our APEX observations. The vertical axes indicate Tmb in mK. Zero velocity corresponds to the systemic velocity of each galaxy.




Temi et al. (2018) report CO(2-1) ALMA 12m array observations of NGC 4636 and NGC 5846, with measured molecular gas masses of 2 × 105 M⊙ and 2.1 × 106 M⊙ respectively. Comparing CO(2-1) line intensities (in units of Jy km s−1, to avoid any differences in assumed distance or mass conversion factor) we find that the IRAM 30 m detects a factor of ∼7 more CO(2-1) emission in NGC 4636 and a factor of ∼2 more in NGC 5846. This indicates that a significant fraction of the molecular gas is resolved out in the ALMA observations. ALMA 7m array observations (David et al., in prep.) confirm that this is also the case in NGC 5044, where the total CO flux observed in the IRAM 30 m beam is recovered when larger angular scales are included.
4.3. APEX observations
Of the 11 APEX targets, 3 were detected. Figure 3 shows the CO(2-1) spectra for these galaxies, and their fluxes, estimated molecular gas masses and other properties are listed in Tables 1 and 2. These systems contain 3−4 × 108 M⊙ of molecular gas, at the upper end of the range of gas masses seen in the sample. Upper limits on the undetected systems are shown in Table 3, and show that our APEX observations were sensitive to gas masses of a few 107 M⊙, comparable to the IRAM 30 m observations.
4.4. CLoGS detection fraction
In total, 21 of the 53 CLoGS BGEs were found to contain molecular gas, giving a detection rate 40 ± 9%. This is in good agreement with the detection fraction found in Paper I (43 ± 14%). The detection rate for early-type galaxies found from the ATLAS3D sample is 22 ± 3% (Young et al. 2011), with CO sensitivities similar to our survey observations (see Paper I for a comparison). Although the uncertainties mean that the difference is only significant at the ∼2σ level, this hints that group-dominant early-type galaxies may be more likely to contain molecular gas than the general population. It is notable that this is the opposite of the general trend for early-type galaxies in denser environments to be cold-gas-poor compared to those in the field.
4.5. CO line ratios
For those galaxies observed with the IRAM 30 m and detected in both transitions we can calculate the CO(2-1)/CO(1-0) line ratio in brightness temperature, which is related to both the excitation and distribution of the gas. We find values in the range ∼0.5–3, with the majority of values >1. Since the CO(2-1) beam size is a factor 4 smaller than that at CO(1-0), we would expect line ratios of 4 if the gas is optically thick and compact compared to the smaller beam (i.e., it approximates a point source), and 1 if it is evenly distributed over an area greater than both beams. However, we might expect ratios >1 if the gas is subthermally excited (Braine & Combes 1992). Given the range of line ratios we observe, we can only say that the gas distribution is likely to vary significantly among our galaxies.
4.6. Overview: CO
In total, we report CO detections for 12 BGEs, and upper limits for a further 24, from observations with a typical sensitivity of a few 107 M⊙. For the 53-group CLoGS sample, we find that 40 ± 9% of BGEs are detected in CO. This is marginally higher than the detection rate for the general population of early-type galaxies.
5. Analysis
In this section we consider results for our BGE sample as a whole, including those galaxies described in Paper I.
5.1. H I and molecular gas
While CLoGS has not been surveyed in H I, measurements of the atomic gas mass in and around many of the galaxies are available from the literature. Table 1 lists H I masses and limits for our galaxies, and we have also updated the H I masses listed in Paper I (see Table B.1). In total, 27 of the 53 CLoGS BGEs are detected in H I (as is NGC 4636) and upper limits are available for a further 14 (plus NGC 5813). The measurements are not in any sense statistically complete, having been made with a variety of instruments, with different sensitivities and spatial resolutions, and covering only a subset of our BGEs. Whereas the CO observations generally only cover the galaxy cores, the H I measurements usually include the whole galaxy, and may capture material in the outskirts, whose molecular content (if any) would not have been included in the CO measurements. We therefore treat the H I masses with caution, but consider them of interest for the insight they may give into the size of the cold gas reservoirs in our galaxies. The literature sources provide uncertainties on the H I mass for only ∼40% of the galaxies and we therefore do not include them, but note that in most cases where an uncertainty was given, it was ≤0.1 dex.
For four systems, we find conflicting H I measurements in the literature. For NGC 940, the Nançay radio telescope finds a strong, double-peaked detection (Paturel et al. 2003), but the galaxy falls in the footprint of the Arecibo Legacy Fast ALFA Survey (ALFALFA, Haynes et al. 2018) and, based on the flux in the earlier measurement, should be detectable. The Nançay beam likely includes the spiral galaxy UGC 1963 which has a similar velocity and may contribute to the measured flux, but we note that UGC 1963 is separately detected with a narrower linewidth. NGC 4636 and NGC 5846 both have H I detections from single-dish telescopes (Bottinelli & Gouguenheim 1977, 1979; Knapp et al. 1978) but also non-detections (Huchtmeier & Richter 1989; Duprie & Schneider 1996). Both would be expected to be detected by ALFALFA but are not, and Young et al. (2018) were unable to detect either galaxy with the VLA, though very diffuse H I could perhaps have been resolved out. NGC 7619 is similar, with both detections (Serra et al. 2008) and non-detections (Huchtmeier 1994) reported. The galaxy is not reported in the ALFALFA catalog, but its reported flux (0.04 Jy km s−1) falls well below the survey detection limit (Haynes et al. 2011). We have flagged the H I masses for these four galaxies as meriting particular caution in Table 1 (and Appendix B).
Our finding that 51 ± 10% of CLoGS BGEs contain H I is comparable to the ATLAS3D result for early type galaxies outside the Virgo cluster, 39 ± 6% (Serra et al. 2012). However, our detection fraction is greater than that for their Virgo cluster members, 10 ± 5%, at 3.7σ significance. Given the incompleteness of our H I data, our detection fraction can be considered a lower limit, so this difference is not a product of the uneven H I coverage.
5.1.1. Molecular to atomic gas mass ratios
Figure 4 shows the molecular and atomic gas masses for our galaxies plotted against each other. The majority of the galaxies have molecular to atomic gas ratios M(H2)/M(H I) = 0.01–1. Galaxies falling at the low end of this range are the most likely to have values biased by the difference in coverage between H I and CO. NGC 4636 is the most extreme case, with only 106 M⊙ of molecular gas, but ∼ 7 × 108 M⊙ of H I. The H I profile has a broad line width (570 ± 100 km s−1) and has two peaks, perhaps suggesting rotation. H I mapping would be needed to determine whether the H I is cospatial with the molecular gas, or (as a broader linewidth would suggest) is at larger radii, for example in a disk or ring which does not extend in to the galaxy core. However, we note again that the H I measurements in the literature are conflicting, and that VLA mapping did not detect any H I.

	[image: thumbnail]	Fig. 4.Molecular vs atomic gas masses in our galaxies. Black points indicate CLoGS BGEs, cyan points non-CLoGS galaxies. The solid, dashed, and dotted lines indicate M(H2)/M(H I) ratios of 1, 0.1 and 0.01 respectively.




Galaxies with high M(H2)/M(H I) are less likely to be affected by the different beam sizes. NGC 524 has the highest ratio among the systems where both gas phases are detected, M(H2)/M(H I) = 33. Its H2 and H I are definitely not cospatial; Oosterloo et al. (2010) find only a small H I cloud offset ∼1′ to the north side of the galaxy core, outside the beam of our CO observation. NGC 3665 has M(H2)/M(H I) > 27.5, and has already been shown to contain a compact molecular gas disk (Alatalo et al. 2013) with an exceptionally high gas density compared to the star formation rate density (Davis et al. 2014). Herschel [C II] observations confirm the presence of large quantities of molecular gas, and the suppressed star formation rate (Xiao et al. 2018). NGC 940 and NGC 7252 also have M(H2)/M(H I) > 1, indicating a large fraction of dense gas in their disks.
5.1.2. Cold gas masses
We compute the total cold gas mass M(H I+H2) for the 31 galaxies (30 CLoGS BGEs) with detected molecular and/or atomic gas. Examining the ratio of cold gas mass to stellar mass, M(H I+H2)/M*, we find values in the range 0.001–0.360, with a mean value of ∼5 percent, though this is likely to be biased high since we only have upper limits for a number of our systems. The mean is dominated by the H I masses; the molecular gas to stellar mass ratio has a range 3 × 10−4–7 × 10−2 and a mean value ∼1 percent. In general, the range of H I fractions is comparable to that found for the ATLAS3D sample (Serra et al. 2012).
5.1.3. Overview: H I
Drawing on data from the literature, we find that at least 49 ± 10% of the CLoGS BGEs contain H I, comparable to the fraction in the general population of early type galaxies but significantly greater than the fraction for Virgo cluster early-types. Combining H I and CO, we find that 57 ± 10% of CLoGS BGEs contain cold gas, with a wide range of M(H2)/M(H I) ratios.
5.2. Star formation and nuclear activity
As described in Paper I, we calculated far infrared (FIR) luminosities and dust masses based on IRAS or Spitzer fluxes, for the galaxies where these were available. The resulting values are listed in Table 1.
For galaxies with measured FIR luminosities, we calculate the star formation rate (SFR) from the relation of Kennicutt (1998), SFR = LFIR/(5.8 × 109 M⊙). We then estimate the gas depletion timescale, τ = 5.8 M(H2)/LFIR Gyr, where the molecular gas mass and FIR luminosity are in solar units. Table 4 lists star formation rates and depletion timescales for our targets, as well as the specific star formation rate (sSFR), defined as SFR/M*, where M* is the stellar mass of the galaxy. We determine M* using a mass-to-light ratio from the models of Bell & de Jong (2001), based on galaxy colours from Sloan Digital Sky Survey ugriz and 2 Micron All Sky Survey JHK magnitudes.
The gas depletion timescales only account for the detected molecular gas, and as in Paper I, we find typical values >1 Gyr, despite very low specific star formation rates. This confirms our previous conclusion that the molecular gas content of these galaxies must be replenished on relatively short timescales, whatever its origin.
Figure 5 shows SFR and M(H2) for the CLoGS BGEs and the non-CLoGS group-dominant ellipticals NGC 4636 and NGC 5813, compared to the SFR to molecular gas mass relation of Gao & Solomon (2004) for normal spirals with SFR > 20 M⊙ yr−1, SFR = 1.43 × 10−9 M(H2) M⊙pyr, where M(H2) is in units of M⊙. This relation is equivalent to a depletion timescale of ∼0.7 Gyr, and the majority of our galaxies fall within a factor of 5 of the relation. We note that the FIR luminosities do not appear to be correlated with radio luminosities (Pearson and Spearman’s rank correlations find only a ∼1σ significant correlation), so we have no reason to believe that AGN are significantly impacting the SFR estimates. The galaxies furthest from the relation include NGC 315, which hosts the most luminous radio source in our sample, B2 0055+30, but also NGC 4169, NGC 128, NGC 924, NGC 2768 and NGC 4636, all of which host only weak radio sources. Emission from dust associated with the filamentary nebulae in cooling flows (as in, e.g., NGC1275, Mittal et al. 2012) could also affect the FIR flux in some systems, but the best example of such a nebula in our sample, NGC 5044, falls very close to the relation, suggesting that the impact may be small.

	[image: thumbnail]	Fig. 5.FIR SFR against M(H2) for our CLoGS dominant galaxies (black circles or arrows) and non-CLoGS galaxies observed in our deep observations (cyan squares or arrows). The dashed line indicates the molecular gas mass to SFR relation of Gao & Solomon (2004), equivalent to typical depletion timescales ∼1 Gyr, and the shaded region a range of a factor of 5 about the relation.




If we compare the SFR to the total cold gas mass available in each galaxy, the degree of scatter increases, with depletion times ranging over 0.1–100 Gyr. In some cases, the H I is located at large radii (e.g., the ring surrounding NGC2292/2293 Barnes 1999) and is unlikely to be connected to current star formation. However, some of the longest depletion times are found in galaxies with large H I disks, such as NGC 5084 (Pisano et al. 2011) or NGC 1167 (Struve et al. 2010), suggesting that star formation is suppressed in these systems.
Figure 6 shows the relation between stellar mass and SFR for galaxies detected in the FIR. Our galaxies fall in a narrow mass range (∼4–30 × 1010 M⊙) and almost all fall below the main sequence of star-forming galaxies at z = 0 (Wuyts et al. 2011), indicating that they are quenched, red sequence systems. A few have SFR>1 M⊙ yr−1, and the highest have star formation rates comparable to those of massive spiral galaxies. These include NGC 7252 a post-merger starburst galaxy in which high SFR is expected (e.g., Schweizer 1982; Hibbard et al. 1994; Dopita et al. 2002) and NGC 4169 in the compact group HCG 61 (Hickson et al. 1989) where close tidal encounters may have had some impact, but also the relatively unremarkable NGC 1060.

	[image: thumbnail]	Fig. 6.The SFR-stellar mass diagram, with CLoGS dominant galaxies marked by black circles, and non-CLoGS galaxies by cyan squares. The shaded region indicates the main sequence of star formation galaxies at z = 0 (Wuyts et al. 2011).




Table 4.
Star formation rates and depletion times.

5.2.1. Gas mass vs radio luminosity
A high fraction of massive early-type galaxies host radio sources and the CLoGS BGEs are no exception Kolokythas et al. 2018; and references therein). Radio fluxes are available for the majority of our BGEs, from a variety of sources. These include our own 610 and 235 MHz GMRT observations for the high-richness half of the sample (Kolokythas et al. 2018), the 1.4 GHz FIRST (Becker et al. 1995) and NVSS (Condon et al. 1998, 2002) surveys. Our 610 MHz observations (half-power beam width, HPBW = ∼6″) and FIRST (HPBW = 5.4″) provide the spatial resolution necessary to confirm that sources are associated with the target galaxy, but fluxes from NVSS (HPBW = 45″) are preferred where available, since it is less prone to break up extended sources into separate components.
We have compiled 1.4 GHz fluxes for our sample, and the fluxes for our new observations are listed in Table 1. Where neither NVSS or FIRST fluxes were available, we have drawn on the VLA sample of Brown et al. (2011), GMRT 1.4 GHz measurements (O’Sullivan et al. 2018), or (for NGC 924, NGC 980 and NGC 2563) fluxes extrapolated from our 610 MHz measurements. For NGC 5629, only a 2.38 GHz Arecibo flux is available, and we therefore estimated a 1.4 GHz flux from this value assuming a spectral index of 0.8. In total, we find that 46/53 (87 ± 13%) CLoGS BGEs are detected at some radio frequency, in the currently available radio data.
Figure 7 shows 1.4 GHz radio luminosity plotted against molecular gas mass for our sample. Following Nyland et al. (2017), we estimate the expected radio emission from star formation based on the molecular gas mass to star formation rate relation of Gao & Solomon (2004) and the L1.4 GHz:SFR relation of Murphy et al. (2011). This is shown as a dashed line in Fig. 7, with a factor of ± 5 uncertainty indicated by the shaded region. This relation appears to provide a lower bound to radio luminosity in our sample. A number of our systems fall within the band, including our two CO-richest galaxies, NGC 940 and NGC 7252. The excellent match between the expected and observed radio emission in the starburst NGC 7252 suggests that the adopted M(H2):SFR relation holds for our galaxies.

	[image: thumbnail]	Fig. 7.Molecular gas mass against 1.4 GHz radio continuum power for our group dominant galaxies. Points (circle, square or triangle) indicate systems detected in both radio and CO, arrows indicate 3σ upper limits on CO mass or 2σ limits on 1.4 GHz luminosity. The open triangle indicates the post-merger starburst galaxy NGC 7252. Red points indicate CLoGS galaxies whose groups have measured X-ray luminosities >1041 ergs−1, black points X-ray faint or unmeasured CLoGS systems, and cyan points non-CLoGS galaxies, both of which are X-ray bright. The black line represents the expected radio emission from star formation, assuming the molecular gas mass to star formation rate relation of Gao & Solomon (2004), with the grey shaded region indicating a range of a factor ± 5.




Galaxies falling above the relation likely have a contribution to their radio luminosity from AGN. In many cases, the radio morphology confirms this. Kolokythas et al. describe a scheme by which they classify our group-central radio sources according to their morphology, with the following classes: large-scale jets, which extend >20 kpc and often beyond the host galaxy and into the surrounding IGM; small-scale jets with extent >20 kpc; diffuse sources, which have extended amorphous radio emission with no clear jets or lobes but which is not related to star formation; and point-like sources, which are unresolved. Using this scheme, we find that all 6 of our galaxies with L1.4 GHz > 5 × 1023 W Hz−1 host large-scale jet sources. The 8 galaxies with L1.4GHz = 0.1–5 × 1023 W Hz−1 have a mix of radio morphologies, but 75% are extended (excluding NGC 7252), hosting either jets or diffuse emission. This confirms that our radio-bright BGEs tend to be AGN rather than star-formation dominated.
Conversely, the 8 CO-detected galaxies whose radio luminosity is consistent with star formation all host radio point sources (again excluding NGC 7252). Based on the distance of the galaxies and the resolution of the available data, if this emission arises from star formation, the star forming regions would be limited to ∼1.5–10 kpc in diameter. Given the small star formation rates, this does not seem implausible.
Nyland et al. examined this relation for early-type galaxies drawn from the ATLAS3D survey covering a wide range of environments. They found that 5/56 (∼9 ± 4%) CO-detected galaxies fell more than a factor of 5 above the relation, and that the fraction did not change if CO-undetected galaxies were included (24/260). A much larger fraction of our group dominant galaxies fall above the relation: 13/22 CO-detected galaxies (60 ± 16%) and 32/50 (64 ± 11%) if non-detections are included. This is a 3σ or 5σ significant difference respectively, strongly suggesting that our BGEs are more likely than the general population of early-type galaxies to host radio luminous AGN. While this is expected (see Kolokythas et al. for a discussion), it is notable that the difference is seen in both CO-detected and undetected galaxies.
There is no clear difference in the rate of CO detection with radio luminosity. Excluding NGC 7252 as a source we know to be SF dominated and dividing our galaxies at L1.4 GHz = 1022 W HZ−1, we find that 7/14 of the more radio luminous systems are detected in CO (50 ± 14%) compared to 14/32 radio fainter systems (44 ± 12%). This suggests that the presence of molecular gas does not automatically lead to radio-luminous nuclear activity (see also Baldi et al. 2015). We also find no correlation between radio power and CO(2-1)/CO(1-0) line ratio, suggesting that AGN have only a limited effect on the excitation of the molecular gas in our BGEs.
5.2.2. Overview: star formation and AGN
We confirm our finding from Paper I that most BGEs have low star formation rates and short depletion times. While a significantly larger fraction of BGEs are AGN-dominated than is the case for the general population of early type galaxies, molecular gas mass is not directly linked to nuclear activity.
5.3. Group properties
5.3.1. Richness
Figure 8 shows molecular gas mass of the CLoGS BGEs (i.e., excluding NGC 4636 and NGC 5813) ranked by the richness of the group, where richness R is defined as the number of group members with B-band luminosity log Lb > 10.2 (O’Sullivan et al. 2017). While we have a limited number of systems in the highest richness classes, there is some suggestion of a difference between high- and low-richness groups. For R = 2–5, 20/42 (47.5 ± 10.6%) groups have a BGE with detected CO, whereas for R = 6–8, only 1/11 (9 ± 9%) has a CO-detected BGE. This difference is only 2.75σ significant, but suggestive. Richness gives an indication of the complexity of the group environment, and may be a tracer of mass. A similar trend is seen in H I; atomic gas is detected in 23/42 BGEs in groups with R = 2–5, compared to 3/11 with R = 6–8. However, while this appears supportive of the CO result, we must bear in mind that we do not have H I data for every galaxy, so the relative fractions could change.

	[image: thumbnail]	Fig. 8.Molecular gas mass against group richness parameter R, essentially the number of large galaxies in the group. The upper panel shows the individual detections and limits, while the lower panel shows the number of galaxies in each bin (black) and the number detected (grey). CO is detected in ∼50% of BGEs with R ≤ 5.




5.3.2. IGM X-ray luminosity
At present, X-ray coverage of the CLoGS is incomplete. The richer half (R ≥ 4) of the sample has been fully characterized, but many of the poorer groups lack good-quality X-ray data. For the high-richness groups we know that there is only a weak correlation between X-ray luminosity and richness among those groups with an X-ray detected IGM, but that groups with no detected IGM tend to fall in the lowest richness (R = 4) bin (O’Sullivan et al. 2017). There is no obvious correlation between CO detection and the presence or absence of a hot IGM. Four of the nine CO-detected BGEs lie at the centres of groups with a hot IGM, five in groups with no detected IGM. However, with only nine CO-detected BGEs in the richer half of the CLoGS, we cannot draw strong conclusions. We will need to revisit the question once X-ray observations of the full sample are complete.
In Figure 7 we have marked the BGEs of X-ray bright groups, defined as having X-ray luminosities within R500 >1041 ergs−1, drawing these luminosities from our own studies (O’Sullivan et al. 2017, 2018) and the literature (Sun et al. 2003; Osmond & Ponman 2004; Cavagnolo et al. 2009). There is no strong segregation between X-ray bright and faint groups, though it is notable that (as yet) only one BGE of an X-ray bright system contains more than 3 × 108 M⊙ of molecular gas (NGC 3665). X-ray bright systems appear to host BGEs with a wide range of molecular gas masses and radio luminosities, again suggesting that the presence of an IGM is not a strong constraint on either property. This would be expected if interactions and mergers are an important source of cold gas for BGEs.
Figure 9 shows total cold gas mass (H I+H2) in the BGEs plotted against the X-ray luminosity of the IGM. Systems in the high-richness subsample of CLoGS, for which complete X-ray data are available, are marked in black, other groups in grey. As expected, the X-ray luminosities drawn from the literature are all detections, but their distribution seems comparable to the high-richness groups, suggesting that their inclusion does not introduce a bias. O’Sullivan et al. (2017) divided the CLoGS high-richness groups into X-ray bright systems, with LX,500 > 1041 ergs−1 and IGM extent >65 kpc, and X-ray faint systems which have lower luminosities, and either small X-ray halos associated with the BGE, or no hot gas at all. There is a large degree of scatter in the plot, and it is clear that the BGEs of X-ray bright groups can possess significant quantities of cold gas. However, the six BGEs with the highest M(H I+H2) are all X-ray faint (NGC 924, NGC 940, NGC 1167, NGC 4169, NGC 5084, ESO 507-25). The two X-ray bright groups with the largest M(H I+H2) are NGC 5353 and NGC 5903. The latter has certainly acquired its H I through tidal stripping (Appleton et al. 1990), and the former is interacting with, and may have acquired gas from, its neighbour NGC 5354. These results suggest that the presence of an X-ray bright IGM makes it difficult for BGEs to retain very large cold gas reservoirs (≳1010 M⊙), even though their cold gas content is not so suppressed as is the case for cluster galaxies. However, since the H I and X-ray data are not complete, we cannot rule out the possibility that future observations will identify X-ray luminous groups whose BGEs contain >1010 M⊙ of cold gas.

	[image: thumbnail]	Fig. 9.Cold gas mass against 0.5–7 keV X-ray luminosity within R500 for a subset of our groups. Black points indicate systems in the CLoGS high-richness sample (O’Sullivan et al. 2017), for which complete X-ray data are available. Grey points mark additional groups for which X-ray luminosities were drawn from the literature. The dotted line indicates the 1041 ergs−1 dividing line between X-ray bright and faint systems.




5.3.3. Thermal instability
For a subset of the X-ray bright groups, we have more detailed information on the thermodynamic state of the IGM. In galaxy clusters, molecular and ionized gas is largely restricted to BCGs with central cooling times >1 Gyr, entropies >35 keV cm2, or low minimum values of the ratio of the cooling time to the free fall time in the IGM, min(tc/tff) ≲ 25. Low values of min(tc/tff) were considered indicative of the onset of thermal instability in ICM gas, but a number of studies have shown that BCGs have such similar properties that the free-fall time at small radii is almost constant (McNamara et al. 2016; Hogan et al. 2017; Pulido et al. 2018), making cooling time the dominant factor.
In O’Sullivan et al. (2017) we examined the relationship between several measures of X-ray cooling (e.g., central temperature profile, central cooling time, entropy at 10 kpc radius) and evidence of recently or currently active radio jets in the BGE. We found that radio jets were closely correlated with declining central temperature profiles and, where it could be calculated, low minimum values of the ratio of the cooling time to the free fall time in the IGM, min(tc/tff) ≲ 15. This link with jet activity suggests that at low values of this instability criterion, cooling from the IGM produces sufficient cold material to fuel the AGN (see also Valentini & Brighenti 2015; Prasad et al. 2015, 2017, 2018). The jet systems also had low central cooling times and entropies, but so did a number of systems without evidence of recent AGN outbursts.
Figure 10 shows molecular gas mass plotted against the thermal instability criterion min(tc/tff) for the subset of systems with sufficient X-ray data to calculate this value. Unfortunately only five of the CO-detected BGEs have high-quality X-ray data available. Three systems with min(tc/tff) < 15 are detected: NGC 4636, NGC 5044 and NGC 5846. All three have relatively low molecular gas masses (1–50 × 106 M⊙) but clearly dominate the cool cores of their respective groups, with no near neighbours of comparable size. All three galaxies possess currently or recently active radio jets, as do all the CO-undetected galaxies with min(tc/tff) ≤ 15. The two other CO-detected systems are NGC 1587 and NGC 5353, which have min(tc/tff) > 30 and M(H2) ∼ 2 × 108 M⊙, a factor of ∼4 greater than NGC 5044, or a factor of ∼100 greater than NGC 4636. Both these systems appear to be interacting with neighbouring galaxies, occupy groups without large cool cores, and lack radio jets, though NGC 1587 has diffuse extended radio emission of unknown origin (Giacintucci et al. 2011). Although it is possible that the molecular gas in these systems is the product of IGM cooling, which past AGN outbursts have been unable to disperse (Prasad et al. 2018), it seems more plausible that they have acquired their cold gas through tidal interactions.

	[image: thumbnail]	Fig. 10.Molecular gas mass against the thermal instability criterion min(tc/tff), drawn from O’Sullivan et al. (2017) and Voit et al. (2015), for a subset of our group-dominant galaxies. Cyan points indicate non-CLoGS galaxies.




Comparing molecular gas mass with the IGM entropy at 10 kpc (K10, the fixed radius used in cluster studies to avoid resolution biases) we find that for the CLoGS groups, systems with detected molecular gas all have K10 ≲ 35 keV cm2, but so do seven BGEs without molecular gas. Conversely, two BGEs with active jets but no molecular gas, NGC 1060 and NGC 4261, have K10 > 35 keV cm2. The size of the cooling region in these two groups, based on the downturn of the temperature profile, is ∼10–20 kpc, considerably smaller than the typical scale of cool cores in clusters, so it may be that the radius chosen for cluster samples is simply too large to probe the cooling regions of groups.
Examining tc/tff in more detail we find that, as in clusters, tff at the radius of minimum tc/tff covers a narrow range (10–60 Myr) and is not strongly correlated with min(tc/tff). Cooling times at this radius cover the range ∼0.2–3 Gyr. Figure 11 shows tc and tff at the radius of minimum tc/tff plotted against each other for the CLoGS groups, excluding two (NGC 978 and NGC 4008) with very large uncertainties in tc. The four CO-detected sources all have tc < 1 Gyr, as do two others with H I detections, and two galaxies with no cold gas. Of the five galaxies with tc > 1 Gyr, two have H I detections. We only have information on the distribution of H I in NGC 5982, which has tc < 1 Gyr, min(tc/tff) ∼ 25, and so might be expected to be cooling. However, the cold gas is located in a cloud offset from the galaxy center by 6 kpc and 200 km s−1 (Morganti et al. 2006), perhaps more suggestive of tidal acquisition.

	[image: thumbnail]	Fig. 11.Cooling time plotted against free-fall time at the radius of minimum tc/tff for CLoGS BGEs with sufficient X-ray data. BGEs detected in CO are marked by green circles, those detected only in H I by cyan triangles, and BGEs with no detected cold gas by black squares Dotted lines show locations of min(tc/tff) = 10 and 25.




It seems clear from these results that while the connection between cold gas in BGEs and the surrounding IGM is similar to that of BCGs and the ICM, the relationships established in clusters do not appear quite so clearly in groups. Gas morphology suggests one reason for these differences, and we discuss this in the following section.
6. Discussion
Although we have only collected single-dish data for our BGEs, a number of our targets have previously been observed in CO with interferometric arrays and others have H I imaging or kinematic data, providing information on the distribution of their cold gas content. Table 5 lists the information available for our CO-detected systems.
Of the 15 systems for which we find some indication of the gas structure, 11 appear to contain gas disks. We include NGC 924, NGC 940, NGC 1779 and ESO 507-25 where no imaging studies have been performed, but CO and/or H I line profiles suggest rotation, and NGC 7252, where molecular gas is observed in tidal tails as well as a central disk. The molecular disks are generally small, consistent with the limits on star-forming disk size we draw from the radio data. The mass of molecular gas associated with the disks covers a wide range, but includes some of our CO-richest systems, e.g., NGC 940, NGC 3665, NGC 1779, NGC 1167.
In several cases, there is evidence that the cold material is related to tidal interactions or mergers, the prime example being the tidal tails of NGC 7252. NGC 5353 and its close neighbour NGC 5354 are located in the core of the compact group HCG 68, overlap in projection and are only separated by ∼250 km s−1. We observe CO in emission in NGC 5353 and in absorption in NGC 5354. Previous studies have shown the CO line profile of NGC 5353 to be exceptionally broad. Alatalo et al. (2015) report rotation and a full width at zero intensity linewidth of ∼2000 km s−1 in their CARMA data. We measure 655 km s−1 and 700 km s−1 Gaussian FWHM line widths in CO(1-0) and CO(2-1) respectively, in good agreement with the CARMA result. This suggests that a large or highly disturbed disk is present, with NGC 5354 the likely source of the disturbance. Additionally, although we find no information on the morphology of the cold gas in NGC 1587, there is a suggestion that the interaction involves the H I content of the two galaxies, based on a broad emission linewidth overlapping the velocities of the two stellar components (Gallagher et al. 1981). The kinematic offsets observed between the gas disks and stars in NGC 2768 (Crocker et al. 2008) and NGC 2911 (Müller-Sánchez et al. 2013) may also indicate that the gas has an external origin, though cooling provides another possible explanation.
Five of our galaxies contain cold gas whose morphology can best be described as clouds. These include the three systems mentioned in Sect. 1, NGC4636, NGC5044, and NGC5846, which previous studies have shown to have strong similarities to strongly cooling galaxy clusters. ALMA observations show that much of the molecular gas is in sub-kiloparsec-scale clouds with masses comparable to those of Giant Molecular Associations in the Milky Way (Temi et al. 2018; David et al. 2014, 2017). These are located within more extended filamentary Hff nebulae, and a variety of measurements suggest that both molecular and ionized gas components are the product of cooling. In all three galaxies the cloud velocities are consistent with formation within the galaxy rather than acquisition from tidal stripping, and none of the three has a close gas rich neighbour. However, significant masses of Hi are detected in NGC4636 and NGC5846, in both cases with line profiles suggesting the double peak expected from rotation (Bottinelli & Gouguenheim 1977, 1979). Hi mapping is needed to determine the location and kinematics of this gas, and its relationship to the ionized and molecular components in the galaxy cores.
The other two galaxies which host cold gas clouds are different. Both contain H I components whose properties may suggest interactions. In NGC 128 an H I cloud overlaps one half of the galaxy disk and the near neighbour NGC 127, with a mean velocity between those of the two galaxies. Chung et al. (2012) suggest that NGC 127 is likely to merge with NGC 128 in the next few hundred Myr, and that the H I velocity profile indicates that the gas originated in NGC 128. Our CO detection is found at the velocity of the H I rather than the stellar population. NGC 315 contains multiple H I structures, including two parsec-scale absorption components and a few 107 M⊙ cloud seen in emission, offset from the nucleus by a few kiloparsecs. Morganti et al. (2009) note a similarity in the velocities of the cloud seen in emission and the narrower absorption feature, redshifted by 490 km s−1 compared to the stellar population, and the presence of H I in neighbouring galaxies, and suggest the most likely origin of the gas is external. There are other examples of offset H I clouds among our CO-undetected galaxies (e.g., NGC584 and NGC5982, Oosterloo et al. 2010; Morganti et al. 2006), and clear cases of tidal stripping of H I from group members by the BGE (e.g., NGC5903, Appleton et al. 1990).
These differences in gas morphology suggest differences in origin; if NGC 4636, NGC 5044 and NGC 5846 are exemplars of the condensation of cold gas from a cooling IGM, then the gas disks we see in other systems seem likely to arise from some other process. The disturbed morphologies and evidence of interaction we see in some systems suggest that tidal stripping likely plays an important role, with galaxies acquiring gas directly from neighbours, or potentially from intergalactic gas structures left behind prior galaxy encounters.
Although we only detect CO in three, eight of our galaxies have measured min(tc/tff) < 20, suggesting that they are likely sites for gas condensation. These include NGC 5813, where the presence of an Hα nebula, [C II] emission, active radio jets and multiple cavity pairs strongly suggest cooling has occurred (Randall et al. 2011, 2015; Werner et al. 2014). Our deep IRAM 30 m observation puts a relatively strong upper limit on the molecular gas mass, M(H2) < 1.1 × 107 M⊙, but this is still a factor ∼10 greater than the detected molecular gas mass in NGC 4636. The limits on the other systems are even higher, exceeding the detected mass in NGC 5846 and in most cases NGC 5044. The sensitivity of our observations may be simply insufficient to trace the products of IGM cooling in some galaxy groups. If cooling in a moderately luminous group such as NGC 4636 only produces a few 106 M⊙ of molecular gas, we will need significantly deeper observations to study the process of IGM cooling and condensation in groups.
It is also likely that we are observing the eight groups at different stages of the feedback cycle. Simulations suggest that the cycle of cooling and feedback can be irregular, that individual heating episodes may not increase min(tc/tff) by large factors, and that AGN outbursts may not disperse all the molecular gas (Prasad et al. 2018). If heating episodes are short compared to the cooling phase, we might expect to see a range of molecular gas masses, even in systems with relatively low min(tc/tff), since most would be in the process of building up their cold gas reservoir. NGC 5044 and NGC 4636 may provide an example: NGC 5044 has the higher M(H2) and appears to be in the very early stages of an AGN outburst (David et al. 2017), whereas NGC 4636 may have recently completed an active phase, leaving only a little molecular gas. We can therefore speculate that some of the CO-undetected systems with low min(tc/tff) have low molecular gas masses because they are still recovering from past outbursts. Again, deeper CO observations would be needed to explore this possibility.
The other indicators of cooling identified in galaxy clusters, cooling times >1 Gyr and K10 < 35 keV cm2 suggest that we might expect to find cooled material in an even larger fraction of our BGEs. However, some of the BGEs meeting these criteria contain cold gas which looks more likely to have been acquired from other galaxies. While it is possible that in some groups both ICM cooling and accretion from other galaxies contribute to the gas reservoir, we must question whether the cooling thresholds established in galaxy clusters are appropriate for groups. O’Sullivan et al. (2017) argued that central cooling time thresholds determined from clusters tended to misclassify groups; almost all groups end up classed as strong cool cores, since group cooling times are systematically shorter than clusters. This may indicate that the thresholds for the onset of thermal instability scale with IGM temperature. Further investigation with samples containing statistically significant numbers of groups and clusters is needed to resolve this question.
Although the relatively small molecular gas masses we observe in systems like NGC 4636 and NGC 5846 are difficult to detect, they are sufficient to power the radio AGN we observe. As discussed in Paper I, if accretion of molecular gas is only 1% efficient, molecular gas masses of a few 106–107 M⊙ are sufficient to produce outbursts with total power up to ∼1059 erg, comparable to the most luminous radio galaxies in our sample. Molecular gas is therefore a plausible fuel source for the AGN we observe, even in those systems where we fail to detect CO.
However, this does not imply that IGM cooling is always the driver for AGN outbursts. NGC 315 and NGC 1167 are among our most powerful radio sources, are detected in CO, but both show signs of having acquired their cold gas component through interactions, and indeed NGC 1167 is located in a group without an X-ray detected IGM. This suggests that AGN outbursts can be triggered by galaxy interactions, fuelled either by the disturbance of stable gas structures or by an influx of gas from the other galaxy, and that such outbursts may be relatively common. Given the radio power of some of these sources, it seems likely that their impact on the group environment may be profound. Simple models of cooling in X-ray bright groups, regulated by mild near-continuous AGN feedback, may need to include disruptions from occasional powerful outbursts whose timing is unrelated to the thermodynamic state of the IGM.
In addition to IGM cooling and acquisition of gas through tidal stripping, it seems likely that our sample contains some systems whose cold component arises from stellar mass loss within the BGE (Padovani & Matteucci 1993; Ciotti & Ostriker 2007; Parriott & Bregman 2008; Ciotti et al. 2015; Negri et al. 2015). We certainly observe galaxies with molecular disks whose radio luminosity is consistent with the star formation rates observed in the relaxed disks of spiral galaxies. The relative importance of these different sources of cold gas is unclear, but further interferometric observations could offer insight. If, as has been suggested (Davis et al. 2011), gas produced by the stellar mass loss should form kiloparsec-scale disks aligned with the stellar population, then imaging and velocity mapping of our CO-detected BGEs will allow us to determine the fraction of systems in each category, and the range of molecular gas masses that can be built up via each method. Supporting observations of atomic and ionized gas would provide independent confirmation and additional understanding of the different gas phases in these objects. As we work to complete the X-ray coverage and radio analysis of CLoGS, such observations offer an opportunity to understand the various factors affecting the development of groups and their dominant galaxies.
Table 5.
Cold gas morphology of our CO-detected galaxies.

7. Summary and conclusions
We have presented 33 new IRAM 30 m and APEX observations and results from 3 APEX archival observations, using CO(1-0) and CO(2-1) measurements to estimate or put upper limits on the molecular gas content of 36 group-dominant early-type galaxies. We report 13 detections, 12 of CO emission arising from the target galaxy or associated gas structures, as well as the detection of CO in absorption in NGC 5354. These observations complete our survey of the dominant galaxies of the Complete Local-volume Group Sample (CLoGS).
We find that 21 of the 53 CLoGS BGEs are detected in CO, suggesting that group-dominant galaxies may be more likely to contain molecular gas than the general population of early-type galaxies. Our observations are typically sensitive to molecular gas masses of a few 107 M⊙, and across the whole CLoGS sample we detect galaxies containing 1–610 × 107 M⊙. The majority of our galaxies have low star formation rates (0.01–1 M⊙pyr) but short depletion times (>1 Gyr) indicating that, averaged over the population, their molecular gas reservoirs must be replenished on relatively rapid timescales. Using H I mass measurements from the literature, we find that at least 27 of the 53 CLoGS BGEs contain H I. This is similar to the fraction of nearby early-type galaxies outside the Virgo cluster which contain H I, but significantly greater than the fraction of cluster members with H I. The H I masses in our galaxies fall in the range of a few 106 to a few 1010 M⊙, with typical M(H2)/M(H I) in the range 0.01–1. Averaging over all galaxies where gas is detected, the mean molecular and atomic gas content of the BGEs is 1% and 5% of the stellar mass, respectively.
Comparing 1.4 GHz radio luminosity with molecular gas content, we find that AGN likely provide the dominant radio contribution in most of our galaxies, but that the predicted radio luminosity from star formation forms a lower boundary to the distribution, suggesting that in a subset of our galaxies the molecular gas is forming stars much as in spiral galaxies. A significantly higher fraction (60 ± 16%) of our BGEs have radio luminosities more than a factor of 5 above the predicted M(H2): L1.4 GHz relation than is found for the general population of early-type galaxies (9 ± 4%), confirming that group-dominant galaxies are more likely to host radio luminous AGN. However, we see no clear connection between molecular gas mass and radio luminosity, and roughly half of the most radio luminous sources in our sample (L1.4 GHz > 5 × 1024 W Hz−1) are undetected in CO.
Our data hint at an anti-correlation between the richness of the group and the presence of molecular gas in the dominant galaxy, with 20/42 groups with R = 2–5 having a BGE with detected CO, compared to only 1/11 with R = 6–8 (a 2.75σ significant difference). We see no clear connection between the presence of a detected X-ray bright IGM and CO in the dominant galaxy, but our X-ray coverage of the sample is as yet incomplete. We do find that the most H I-rich BGEs are located in X-ray faint groups, but additional H I and X-ray observations are needed to confirm this result.
Considering the information in the literature on the cold gas distribution in our targets, we find that many of our CO-detected galaxies contain gas disks. A number of systems show indications of ongoing or past tidal interactions, suggesting that they may have acquired material from gas-rich neighbours. These systems include some of our most radio luminous AGN, suggesting that mergers and interactions may be the source of some powerful AGN outbursts. We find that the three galaxies NGC 4636, NGC 5846 and NGC 5044, which previous works have identified as likely to host cooling flows from which their molecular gas has condensed, are distinct from the other galaxies for which we have morphological data, containing small-scale molecular gas clouds with low relative velocities rather than disks or tidal structures. Although our single-dish data reveal 2–7 times more CO(2-1) emission in NGC 4636 and NGC 5846 than previous ALMA observations, they are still amongst the CO-poorest galaxies detected in our sample, raising the possibility that IGM cooling produces only relatively small molecular gas masses in galaxy groups. Further deep observations to measure the molecular gas content of currently undetected galaxies would help to answer the question of the effectiveness of IGM cooling in groups. Interferometric mapping is also needed to determine the relative importance of IGM cooling, tidal interactions and stellar mass loss in group-dominant galaxies.


1 http://leda.univ-lyon1.fr
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Appendix A:  IRAM and APEX beam sizes
Figure A.1 shows Digitized Sky Survey (DSS) optical images of the 55 BGEs for which we have CO data, with IRAM and APEX beams marked. Typical beam sizes are 23″ and 12″ for the IRAM 30m CO(1-0) and CO(2-1) respectively, and 27″ for the APEX CO(2-1) observations.

	[image: thumbnail]	Fig. A.1.DSS optical images of the BGEs with CO beams overlaid, CO(1-0) in cyan, CO(2-1) in green.




Appendix B:  Combined measurements for the full sample
Table B.1 lists key parameters for the full CLoGS sample, plus NGC4636 and NGC5813, including systems from Paper I whose values have been updated.
Table B.1.
Key data for the full sample.
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	[image: thumbnail]	Fig. 1.Spectra for the eight galaxies detected in our IRAM 30 m CLoGS survey observations. For each galaxy, a pair of spectra are shown, CO(1-0) on the left panels, CO(2-1) on the right panels. The vertical axes indicate the main beam temperature Tmb in mK. The best-fitting Gaussian (or in the case of NGC 1106, two-Gaussian model) is marked where lines were detected in emission or absorption. Zero velocity corresponds to the systemic velocity of each galaxy.
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	[image: thumbnail]	Fig. 2.Spectra for the galaxies detected in our deep IRAM 30 m observations. The vertical axes indicate Tmb in mK. Zero velocity corresponds to the systemic velocity of each galaxy.
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	[image: thumbnail]	Fig. 3.CO(2-1) spectra for the galaxies detected in our APEX observations. The vertical axes indicate Tmb in mK. Zero velocity corresponds to the systemic velocity of each galaxy.
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	[image: thumbnail]	Fig. 4.Molecular vs atomic gas masses in our galaxies. Black points indicate CLoGS BGEs, cyan points non-CLoGS galaxies. The solid, dashed, and dotted lines indicate M(H2)/M(H I) ratios of 1, 0.1 and 0.01 respectively.
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	[image: thumbnail]	Fig. 5.FIR SFR against M(H2) for our CLoGS dominant galaxies (black circles or arrows) and non-CLoGS galaxies observed in our deep observations (cyan squares or arrows). The dashed line indicates the molecular gas mass to SFR relation of Gao & Solomon (2004), equivalent to typical depletion timescales ∼1 Gyr, and the shaded region a range of a factor of 5 about the relation.

In the text



	[image: thumbnail]	Fig. 6.The SFR-stellar mass diagram, with CLoGS dominant galaxies marked by black circles, and non-CLoGS galaxies by cyan squares. The shaded region indicates the main sequence of star formation galaxies at z = 0 (Wuyts et al. 2011).
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	[image: thumbnail]	Fig. 7.Molecular gas mass against 1.4 GHz radio continuum power for our group dominant galaxies. Points (circle, square or triangle) indicate systems detected in both radio and CO, arrows indicate 3σ upper limits on CO mass or 2σ limits on 1.4 GHz luminosity. The open triangle indicates the post-merger starburst galaxy NGC 7252. Red points indicate CLoGS galaxies whose groups have measured X-ray luminosities >1041 ergs−1, black points X-ray faint or unmeasured CLoGS systems, and cyan points non-CLoGS galaxies, both of which are X-ray bright. The black line represents the expected radio emission from star formation, assuming the molecular gas mass to star formation rate relation of Gao & Solomon (2004), with the grey shaded region indicating a range of a factor ± 5.
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	[image: thumbnail]	Fig. 8.Molecular gas mass against group richness parameter R, essentially the number of large galaxies in the group. The upper panel shows the individual detections and limits, while the lower panel shows the number of galaxies in each bin (black) and the number detected (grey). CO is detected in ∼50% of BGEs with R ≤ 5.
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	[image: thumbnail]	Fig. 9.Cold gas mass against 0.5–7 keV X-ray luminosity within R500 for a subset of our groups. Black points indicate systems in the CLoGS high-richness sample (O’Sullivan et al. 2017), for which complete X-ray data are available. Grey points mark additional groups for which X-ray luminosities were drawn from the literature. The dotted line indicates the 1041 ergs−1 dividing line between X-ray bright and faint systems.
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	[image: thumbnail]	Fig. 10.Molecular gas mass against the thermal instability criterion min(tc/tff), drawn from O’Sullivan et al. (2017) and Voit et al. (2015), for a subset of our group-dominant galaxies. Cyan points indicate non-CLoGS galaxies.
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	[image: thumbnail]	Fig. 11.Cooling time plotted against free-fall time at the radius of minimum tc/tff for CLoGS BGEs with sufficient X-ray data. BGEs detected in CO are marked by green circles, those detected only in H I by cyan triangles, and BGEs with no detected cold gas by black squares Dotted lines show locations of min(tc/tff) = 10 and 25.
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	[image: thumbnail]	Fig. A.1.DSS optical images of the BGEs with CO beams overlaid, CO(1-0) in cyan, CO(2-1) in green.
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      Table 1. 

      Basic data for the newly observed or processed group-dominant galaxies.

      
        


	Galaxy
	z
	DL (Mpc)
	Beama (kpc)
	log LBb (L⊙)
	D25b (kpc)
	log Mdustd (L⊙)
	log M(HI)c (M⊙)
	log LFIRd (L⊙)
	log M*e (M⊙)
	M(H2)f (108 M⊙)
	F1.4 GHzg (mJy)





	IRAM 30 m CLoGS survey observations



	NGC 128
	0.014146
	58.54
	6.22
	10.66
	53.73
	6.48
	8.65
	9.84 ± 0.03
	11.09
	1.76 ± 0.18h
	1.5



	NGC 252
	0.016471
	71.65
	7.63
	10.56
	33.72
	6.97
	9.56
	9.84 ± 0.05
	11.06
	6.29 ± 0.79
	2.5



	NGC 410
	0.017659
	76.67
	8.17
	10.95
	52.77
	–
	–
	–
	11.37
	<1.17
	5.8



	NGC 584
	0.006011
	18.71
	1.97
	10.20
	20.60
	6.06
	8.08
	8.15 ± 0.06
	10.62
	<0.11
	0.6



	NGC 924
	0.014880
	63.61
	6.76
	10.30
	37.61
	7.30
	9.96
	9.50 ± 0.23
	10.76
	0.52 ± 0.10
	0.9



	NGC 978
	0.015794
	68.66
	7.30
	10.56
	36.60
	5.49
	–
	8.96 ± 0.08
	11.08
	<0.70
	0.7



	NGC 1106
	0.014467
	63.26
	6.72
	10.33
	33.56
	6.19
	–
	10.03 ± 0.06
	10.87
	6.81 ± 0.33
	132



	NGC 1453
	0.012962
	53.54
	5.68
	10.61
	38.32
	7.15
	9.01
	9.10 ± 0.06
	11.16
	<0.78
	28



	NGC 1550
	0.012389
	52.13
	5.53
	10.36
	26.17
	–
	–
	–
	10.88
	<0.47
	17



	NGC 2563
	0.014944
	64.39
	6.84
	10.47
	37.89
	–
	<8.73
	–
	11.02
	<0.93
	0.7



	NGC 2911
	0.010617
	45.84
	4.85
	10.43
	46.13
	5.13
	9.31
	8.83 ± 0.07
	10.82
	2.66 ± 0.31
	56



	NGC 3325
	0.018873
	79.67
	8.50
	10.40
	29.24
	–
	9.18
	4.10 ± 0.01
	10.88
	<1.57
	–



	NGC 4008
	0.012075
	53.96
	5.72
	10.47
	32.57
	4.62
	<8.49
	8.87 ± 0.20
	10.90
	<0.73
	11



	NGC 4169
	0.012622
	56.67
	6.01
	10.44
	27.04
	7.48
	10.03
	10.46 ± 0.01
	10.89
	1.44 ± 0.34
	1.1



	NGC 4261
	0.007378
	29.38
	3.10
	10.65
	36.29
	5.04
	<8.69
	8.30 ± 0.11
	11.05
	<0.37
	19700



	NGC 4956
	0.015844
	70.90
	7.54
	10.58
	32.16
	5.87
	9.05
	9.54 ± 0.09
	10.91
	<0.75
	–



	NGC 5353
	0.007755
	35.43
	3.74
	10.49
	24.44
	3.91
	9.72
	8.74 ± 0.04
	11.05
	1.90 ± 0.25
	40



	NGC 5444
	0.013169
	60.46
	6.42
	10.64
	43.67
	–
	<8.79
	–
	11.04
	<0.64
	660



	NGC 5490
	0.016195
	71.94
	7.66
	10.68
	34.73
	–
	–
	–
	11.15
	<0.64
	1300



	NGC 5629
	0.015004
	67.73
	7.20
	10.58
	33.61
	–
	–
	–
	10.95
	<0.91
	4.6



	NGC 6658
	0.014243
	63.97
	6.79
	10.66
	27.84
	–
	–
	–
	10.76
	<0.71
	–



	IRAM 30 m deep observations



	NGC 4636
	0.003129
	13.61
	1.43
	10.44
	24.98
	5.07
	8.84i
	7.94 ± 0.03
	10.51
	0.010 ± 0.003
	78



	NGC 5813
	0.006525
	29.92
	3.15
	10.53
	36.28
	4.55
	<7.94
	8.09 ± 0.06
	10.89
	<0.11
	15



	NGC 5846
	0.005711
	23.12
	2.44
	10.48
	28.69
	3.99
	8.48i
	8.05 ± 0.06
	10.83
	0.14 ± 0.06
	21



	NGC 7619
	0.012549
	54.30
	5.76
	10.82
	39.68
	6.98
	7.41i
	9.17 ± 0.12
	11.21
	<0.29
	20



	APEX CLoGS survey observations



	ESO 507-25
	0.010788
	45.21
	6.00
	10.45
	34.67
	6.50
	10.50
	9.46 ± 0.05
	10.95
	4.23 ± 0.56
	24



	NGC 1779
	0.011051
	44.44
	5.90
	10.27
	34.47
	6.53
	9.26
	9.73 ± 0.08
	10.75
	4.57 ± 0.60
	5.4



	NGC 2292
	0.006791
	29.57
	3.91
	10.40
	37.29
	6.84
	9.35
	9.26 ± 0.03
	10.79
	<0.47
	–



	NGC 3923
	0.005801
	21.28
	2.81
	10.54
	42.63
	3.63
	<8.41
	7.38 ± 0.08
	11.03
	<0.29
	1.0



	NGC 5061
	0.006945
	28.26
	3.73
	10.61
	30.82
	2.65
	<8.66
	7.40 ± 0.10
	10.96
	<0.43
	<1.0



	NGC 5153
	0.014413
	60.54
	8.06
	10.59
	43.03
	–
	–
	–
	10.89
	<1.75
	–



	NGC 5903
	0.008556
	31.48
	4.17
	10.30
	27.46
	–
	9.48
	–
	10.73
	<0.58
	320



	NGC 7377
	0.011138
	46.73
	6.20
	10.69
	53.25
	6.70
	–
	9.47 ± 0.05
	11.04
	4.74 ± 0.44
	3.1



	APEX archival observations



	NGC 1395
	0.005727
	22.39
	2.95
	10.65
	31.39
	5.64
	<8.45
	8.12 ± 0.08
	10.91
	<0.27
	1.1



	NGC 3078
	0.008606
	32.66
	4.32
	10.39
	28.89
	–
	<8.78
	–
	10.84
	<0.23
	310



	NGC 5084
	0.005741
	24.09
	3.18
	10.31
	69.59
	5.74
	10.18
	8.87 ± 0.05
	10.91
	<0.16
	46





      

      
(a) FWHM CO(1-0)beam for IRAM observations, CO(2-1) beam for APEX observations.


(b) Computed from HYPERLEDA (http://leda.univ-lyon1.fr/).


(c) H I masses are drawn from NED (http://nedwww.ipac.caltech.edu/), the extragalactic distance database all-digital H I catalog (Courtois et al. 2009), Serra & Oosterloo (2010), Serra et al. (2012, 2008), Appleton et al. (1990), Huchtmeier (1994), Barnes (1999), Chung et al. (2012), Haynes et al. (2018).


(d) The derivation of LFIR and dust masses Mdust is described in Sect. 5.2.


(e) Stellar masses were obtained through SED fitting with SDSS and/or 2MASS fluxes.


(f) Molecular gas masses and upper limits either derived from our data or drawn from previous observations (see Sect. 3). Where CO(1-0) and CO(2-1) estimates are available, the larger mass or upper limit is reported here.


(g) 1.4 GHz continuum fluxes are drawn from the NRAO VLA Sky Survey (NVSS, Condon et al. 1998, 2002), the Faint Images of the Radio Sky at Twenty Centimeters survey (FIRST, Becker et al. 1995), or from Brown et al. (2011) except in the cases of NGC 924, NGC 978 and NGC 2563, where we extrapolate from the 610 MHz flux (Kolokythas et al. 2018) assuming a spectral index α = 0.8, and NGC 5903 where use the measured flux from O’Sullivan et al. (2018).


(h) Mass estimated from offset pointing, see NGC 128-HI in Table 2.


(i) Conflicting H I measurements, see text for discussion.




    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      Spectra for the galaxies detected in our deep IRAM 30 m observations. The vertical axes indicate Tmb in mK. Zero velocity corresponds to the systemic velocity of each galaxy.



    

  
    
      Table 2. 

      Molecular data and stellar mass of the newly detected galaxies.

      
        


	Galaxy
	Line
	ICO K km s−1
	V km s−1
	Δ Va km s−1
	Tmbb mK
	[image: equation] K km s−1 pc2
	M(H2)c 108 M⊙





	IRAM 30 m observations



	NGC 924
	CO(1-0)
	<0.49
	–
	300
	1.34 rms
	<0.24
	<1.11



	
	CO(2-1)
	0.92 ± 0.18
	−44.3 ± 33.4
	363.1 ± 86.6
	2.4 ± 0.8
	0.11 ± 0.02
	0.52 ± 0.10



	NGC 4169
	CO(1-0)
	0.81 ± 0.19
	−75.2 ± 51.3
	399.6 ± 98.8
	1.9 ± 0.9
	0.31 ± 0.07
	1.44 ± 0.34



	
	CO(2-1)
	0.95 ± 0.17
	52.9 ± 32.6
	353.7 ± 75.3
	2.5 ± 0.5
	0.09 ± 0.02
	0.42 ± 0.08



	NGC 5353
	CO(1-0)
	2.71 ± 0.36
	−32.7 ± 44.9
	655.4 ± 94.6
	3.9 ± 1.3
	0.41 ± 0.06
	1.90 ± 0.25



	
	CO(2-1)
	7.61 ± 0.43
	−87.8 ± 20.9
	700.1 ± 40.7
	10.2 ± 1.6
	0.29 ± 0.02
	1.33 ± 0.08



	NGC 5354
	CO(1-0)
	−0.90 ± 0.18
	−132.8 ± 4.6
	45.0 ± 11.0
	−18.9 ± 2.9
	−0.14 ± 0.03
	–



	
	CO(2-1)
	−0.71 ± 0.15
	−84.7 ± 5.6
	49.7 ± 12.7
	−13.5 ± 0.5
	−0.03 ± 0.01
	–



	NGC 128-HId
	CO(1-0)
	0.92 ± 0.10
	−218.9 ± 7.1
	134.6 ± 16.0
	6.5 ± 0.8
	0.38 ± 0.04
	1.76 ± 0.18



	
	CO(2-1)
	0.43 ± 0.13
	−197.1 ± 19.0
	118.7 ± 29.8
	3.4 ± 0.7
	0.04 ± 0.01
	0.20 ± 0.06



	NGC 252
	CO(1-0)
	2.21 ± 0.28
	110.4 ± 14.6
	239.0 ± 34.7
	8.7 ± 1.3
	1.37 ± 0.17
	6.29 ± 0.79



	
	CO(2-1)
	<0.75
	–
	300
	2.03 rms
	<0.11
	<0.53



	NGC 1106
	CO(1-0)
	3.07 ± 0.15
	−133.3 ± 2.8
	250.8 ± 17.6
	21.2 ± 0.8
	1.48 ± 0.07
	6.81 ± 0.33



	
	CO(2-1)
	2.34 ± 0.22
	−134.7 ± 13.2
	252.6 ± 29.7
	8.7 ± 1.3
	0.28 ± 0.03
	1.30 ± 0.12



	NGC 2911
	CO(1-0)
	2.27 ± 0.26
	18.5 ± 27.6
	455.2 ± 50.4
	4.7 ± 1.3
	0.58 ± 0.07
	2.66 ± 0.31



	
	CO(2-1)
	6.00 ± 0.42
	44.5 ± 20.2
	563.0 ± 41.1
	10.0 ± 1.9
	0.38 ± 0.03
	1.75 ± 0.12



	NGC 4636
	CO(1-0)
	<0.22
	–
	300
	0.61 rms
	<0.005
	<0.023



	
	CO(2-1)
	0.38 ± 0.12
	88.6 ± 56.7
	304.5 ± 98.7
	1.2 ± 0.6
	0.002 ± 0.001
	0.010 ± 0.003



	NGC 5846
	CO(1-0)
	0.46 ± 0.20
	−80.1 ± 134.3
	581.8 ± 377.1
	0.7 ± 0.6
	0.03 ± 0.01
	0.14 ± 0.06



	
	CO(2-1)
	0.47 ± 0.14
	−75.9 ± 51.3
	334.9 ± 91.9
	1.3 ± 0.7
	0.008 ± 0.002
	0.04 ± 0.01



	APEX observations



	ESO 507-25
	CO(2-1)
	1.91 ± 0.25
	18.0 ± 33.0
	472.0 ± 65.0
	2.4 ± 0.9
	0.92 ± 0.12
	4.23 ± 0.56



	NGC 1779
	CO(2-1)
	2.13 ± 0.28
	22.0 ± 29.0
	434.0 ± 55.0
	4.7 ± 1.1
	0.99 ± 0.13
	4.57 ± 0.60



	NGC 7377
	CO(2-1)
	2.00 ± 0.19
	−33.0 ± 10.0
	221.0 ± 20.0
	8.9 ± 1.5
	1.03 ± 0.10
	4.74 ± 0.44





      

      
Notes. Results of the Gaussian fits. For each object observed with the IRAM 30 m, the first line displays the CO(1-0) and the second line the CO(2-1) results.

(a) FWHM.


(b) Peak brightness temperature.


(c) Obtained with the standard MW conversion ratio. In the two cases where only one transition was detected, the table shows the rms Tmb for 50 km s−1 channels and 3σ upper limits on other parameters, assuming Δ V of 300 km s−1.


(d) Detected values for the NGC 128 offset pointing in the H I bridge.




    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      CO(2-1) spectra for the galaxies detected in our APEX observations. The vertical axes indicate Tmb in mK. Zero velocity corresponds to the systemic velocity of each galaxy.



    

  
    
      Table 4. 

      Star formation rates and depletion times.

      
        


	Galaxy
	SFR (M⊙pyr)
	τ (Gyr)
	sSFR (Gyr−1)





	NGC 128
	1.193 ± 0.085
	0.15 ± 0.02
	9.7e−03



	NGC 252
	1.193 ± 0.146
	0.53 ± 0.07
	1.0e−02



	NGC 584
	0.024 ± 0.004
	–
	5.8e−04



	NGC 924
	0.545 ± 0.381
	0.10 ± 0.02
	9.5e−03



	NGC 978
	0.157 ± 0.032
	–
	1.3e−03



	NGC 1106
	1.847 ± 0.274
	0.37 ± 0.02
	2.5e−02



	NGC 1395
	0.023 ± 0.005
	–
	2.8e−04



	NGC 1453
	0.217 ± 0.032
	–
	1.5e−03



	NGC 1779
	0.926 ± 0.187
	0.49 ± 0.06
	1.6e−02



	NGC 2292
	0.314 ± 0.022
	–
	5.1e−03



	NGC 2911
	0.117 ± 0.020
	2.28 ± 0.27
	1.8e−03



	NGC 3325
	[2.17 ± 0.09] × 10−6
	–
	2.9e−08



	NGC 3923
	0.004 ± 0.001
	–
	3.9e−05



	NGC 4008
	0.128 ± 0.075
	–
	1.6e−03



	NGC 4169
	4.972 ± 0.116
	0.03 ± 0.01
	6.4e−02



	NGC 4261
	0.034 ± 0.010
	–
	3.1e−04



	NGC 4636
	0.015 ± 0.001
	0.07 ± 0.02
	4.6e−04



	NGC 4956
	0.598 ± 0.138
	–
	7.4e−03



	NGC 5061
	0.004 ± 0.001
	–
	4.7e−05



	NGC 5084
	0.128 ± 0.016
	–
	1.6e−03



	NGC 5353
	0.095 ± 0.009
	2.01 ± 0.26
	8.4e−04



	NGC 5813
	0.021 ± 0.003
	–
	2.7e−04



	NGC 5846
	0.019 ± 0.003
	0.72 ± 0.31
	2.9e−04



	NGC 7377
	0.509 ± 0.062
	0.93 ± 0.09
	4.6e−03



	NGC 7619
	0.255 ± 0.081
	–
	1.6e−03



	ESO507-25
	0.497 ± 0.061
	0.85 ± 0.11
	5.6e−03





      

    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      FIR SFR against M(H2) for our CLoGS dominant galaxies (black circles or arrows) and non-CLoGS galaxies observed in our deep observations (cyan squares or arrows). The dashed line indicates the molecular gas mass to SFR relation of Gao & Solomon (2004), equivalent to typical depletion timescales ∼1 Gyr, and the shaded region a range of a factor of 5 about the relation.



    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      Molecular gas mass against 1.4 GHz radio continuum power for our group dominant galaxies. Points (circle, square or triangle) indicate systems detected in both radio and CO, arrows indicate 3σ upper limits on CO mass or 2σ limits on 1.4 GHz luminosity. The open triangle indicates the post-merger starburst galaxy NGC 7252. Red points indicate CLoGS galaxies whose groups have measured X-ray luminosities >1041 ergs−1, black points X-ray faint or unmeasured CLoGS systems, and cyan points non-CLoGS galaxies, both of which are X-ray bright. The black line represents the expected radio emission from star formation, assuming the molecular gas mass to star formation rate relation of Gao & Solomon (2004), with the grey shaded region indicating a range of a factor ± 5.



    

  
    
      Fig. 8. 

      
        [image: thumbnail]
      

      Molecular gas mass against group richness parameter R, essentially the number of large galaxies in the group. The upper panel shows the individual detections and limits, while the lower panel shows the number of galaxies in each bin (black) and the number detected (grey). CO is detected in ∼50% of BGEs with R ≤ 5.



    

  
    
      Fig. 10. 

      
        [image: thumbnail]
      

      Molecular gas mass against the thermal instability criterion min(tc/tff), drawn from O’Sullivan et al. (2017) and Voit et al. (2015), for a subset of our group-dominant galaxies. Cyan points indicate non-CLoGS galaxies.



    

  
    
      Fig. 11. 

      
        [image: thumbnail]
      

      Cooling time plotted against free-fall time at the radius of minimum tc/tff for CLoGS BGEs with sufficient X-ray data. BGEs detected in CO are marked by green circles, those detected only in H I by cyan triangles, and BGEs with no detected cold gas by black squares Dotted lines show locations of min(tc/tff) = 10 and 25.



    

  
    
      Table 5. 

      Cold gas morphology of our CO-detected galaxies.

      
        


	Galaxy
	Morphology
	Notes
	Reference





	NGC 128
	Cloud
	CO at velocity of 15 kpc tidally-stripped H I cloud
	1



	NGC 252
	–
	–
	–



	NGC 315
	Clouds
	Multiple H I clouds in absorption and emission
	2



	NGC 524
	Disk
	1.1 kpc CO gas disk
	3



	NGC 924
	Disk (probable)
	Double-horned H I profile, CO profile has asymmetric peak
	4



	NGC 940
	Disk (probable)
	Double-horned CO and H I profiles
	5,6



	NGC 1106
	–
	CO line profile has asymmetric peak
	–



	NGC 1167
	Disk
	160 kpc H I disk
	7



	NGC 1587
	–
	–
	–



	NGC 1779
	Disk (probable)
	Top hat H I line profile
	6



	NGC 2768
	Disk
	∼1 kpc recently accreted CO polar disk and offset H I cloud
	8



	NGC 2911
	Disk
	500 pc kinematically misaligned H2 disk, double-horned CO profile
	9



	NGC 3665
	Disk
	∼5 kpc CO disk
	10



	NGC 4169
	–
	–
	–



	NGC 4636
	Clouds
	Sub-kpc CO clouds, but probable double-peaked H I profile
	11,16



	NGC 5044
	Clouds
	Sub-kpc CO clouds
	12



	NGC 5127
	–
	–
	–



	NGC 5353
	Disk
	1.6 kpc CO disk with broad line profile
	13



	NGC 5846
	Clouds
	Sub-kpc CO clouds, but probable double-peaked H I profile
	11



	NGC 7252
	Disk + tidal arms
	Post-merger with tidal tails, disk, etc.
	14



	NGC 7377
	–
	–
	–



	ESO 507-25
	Disk (probable)
	Double-peaked H I line profile
	15,17





      

      
References. (1) Chung et al. (2012); (2) Morganti et al. (2009); (3) Crocker et al. (2011); (4) Springob et al. (2005); (5) see Paper I; (6) from the Extragalactic Distance Database All-Digital Hi catalog, Courtois et al. (2009); (7) Struve et al. (2010); (8) Crocker et al. (2008); (9) Müller-Sánchez et al. (2013); (10) Alatalo et al. (2013); (11) Temi et al. (2018); (12) David et al. (2014, 2017); (13) Alatalo et al. (2015); (14) Hibbard et al. (1994),Wang et al. (1992); (15) Doyle et al. (2005); (16) Bottinelli & Gouguenheim (1977); (17) Bottinelli & Gouguenheim (1979).



    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        DSS optical images of the BGEs with CO beams overlaid, CO(1-0) in cyan, CO(2-1) in green.

      

    

  
    
      Table B.1. 

      Key data for the full sample.

      
        


	Galaxy
	z
	DL (Mpc)
	log M(HI) (M⊙)
	log LFIR (L⊙)
	M(H2) (108 M⊙)
	F1.4 GHz (mJy)
	H I Reference





	NGC128
	0.014146
	58.54
	8.65
	9.84±0.03
	1.76±1.5
	1.5
	1



	NGC193
	0.014723
	63.80
	–
	–
	<1.35
	1710
	–



	NGC252
	0.016471
	71.65
	9.56
	9.84±0.05
	6.29±0.79
	2.5
	2



	NGC315
	0.016485
	71.60
	7.86
	9.56±0.06
	0.74±0.17
	6630
	3



	NGC410
	0.017659
	76.67
	–
	–
	<1.17
	5.8
	–



	NGC524
	0.008016
	34.60
	6.76
	9.39±0.06
	1.9±0.23
	3
	4



	NGC584
	0.006011
	18.71
	8.08
	8.15±0.06
	<0.11
	0.6
	5



	NGC677
	0.017012
	73.90
	9.23
	–
	<2.25
	21
	2



	NGC777
	0.016728
	72.60
	–
	7.91±0.18
	<2.08
	7
	–



	NGC924
	0.014880
	63.61
	9.96
	9.50±0.23
	0.52±0.10
	0.9
	6



	NGC940
	0.017075
	74.20
	9.33*
	10.06±0.05
	61.0±2.15
	8
	7



	NGC978
	0.015794
	68.66
	–
	8.96±0.08
	<0.70
	0.7
	–



	NGC1060
	0.017312
	75.20
	–
	10.51±0.03
	<0.76
	9
	–



	NGC1106
	0.014467
	63.26
	–
	10.03±0.06
	6.81±0.33
	132
	–



	NGC1167
	0.016495
	71.60
	10.01
	9.59±0.07
	3.3±0.28
	1840
	8



	NGC1395
	0.005727
	22.39
	<8.45
	8.12±0.08
	<0.27
	1.1
	9



	NGC1407
	0.005934
	25.50
	<8.57
	8.49±0.07
	<0.34
	89
	9



	NGC1453
	0.012962
	53.54
	9.01
	9.10±0.06
	<0.78
	28
	10



	NGC1550
	0.012389
	52.13
	–
	–
	<0.47
	17
	–



	NGC1587
	0.012322
	53.30
	9.40
	–
	2.3±0.48
	131
	11



	NGC1779
	0.011051
	44.44
	9.26
	9.73±0.08
	4.57±0.60
	5.4
	7



	NGC2292
	0.006791
	29.57
	9.35
	9.26±0.03
	<0.47
	–
	12



	NGC2563
	0.014944
	64.39
	<8.73
	–
	<0.93
	0.7
	13



	NGC2768
	0.004580
	19.70
	7.81
	8.66±0.05
	0.18±0.01
	15
	14



	NGC2911
	0.010617
	45.84
	9.31
	8.83±0.07
	2.66±0.31
	56
	2



	NGC3078
	0.008606
	32.66
	<8.78
	–
	<0.23
	310
	9



	NGC3325
	0.018873
	79.67
	9.18
	4.10±0.01
	<1.57
	–
	15



	NGC3613
	0.006841
	29.50
	<7.32
	–
	<0.46
	<0.3
	16



	NGC3665
	0.006901
	29.70
	<7.34
	9.74±0.05
	6.0±0.32
	133
	16



	NGC3923
	0.005801
	21.28
	<8.41
	7.38±0.08
	<0.29
	1.0
	9



	NGC4008
	0.012075
	53.96
	<8.49
	8.87±0.20
	<0.73
	11
	13



	NGC4169
	0.012622
	56.67
	10.03
	10.46±0.01
	1.44±0.34
	1.1
	13



	NGC4261
	0.007378
	29.38
	<8.69
	8.30±0.11
	<0.37
	19700
	9



	NGC4636
	0.003129
	13.61
	8.84*
	7.94±0.03
	0.010±0.003
	78
	17



	NGC4697
	0.004140
	17.80
	<8.14
	8.63±0.02
	<0.07
	0.4
	2



	NGC4956
	0.015844
	70.90
	9.05
	9.54±0.09
	<0.75
	–
	9



	NGC5044
	0.009280
	40.10
	<8.96
	8.66±0.15
	0.5±0.21
	36
	9



	NGC5061
	0.006945
	28.26
	<8.66
	7.40±0.10
	<0.43
	<1.0
	9



	NGC5084
	0.005741
	24.09
	10.18
	8.87±0.05
	<0.16
	46
	18



	NGC5127
	0.016218
	70.40
	9.68
	–
	0.77±0.05
	1980
	2



	NGC5153
	0.014413
	60.54
	–
	–
	<1.75
	–
	–



	NGC5322
	0.005937
	25.60
	<7.19
	8.84±0.05
	<0.58
	78
	16



	NGC5353
	0.007755
	35.43
	9.72
	8.74±0.04
	1.90±0.25
	40
	13



	NGC5444
	0.013169
	60.46
	<8.79
	–
	<0.64
	660
	13



	NGC5490
	0.016195
	71.94
	–
	–
	<0.64
	1300
	–



	NGC5629
	0.015004
	67.73
	–
	–
	<0.91
	4.6
	–



	NGC5813
	0.006525
	29.92
	<7.94
	8.09±0.06
	<0.11
	15
	9



	NGC5846
	0.005711
	23.12
	8.48*
	8.05±0.06
	0.14±0.06
	21
	19



	NGC5903
	0.008556
	31.48
	9.48
	–
	<0.58
	320
	20



	NGC5982
	0.010064
	43.50
	7.49
	7.87±0.05
	<0.25
	<0.5
	14



	NGC6658
	0.014243
	63.97
	–
	–
	<0.71
	–
	–



	NGC7252
	0.015984
	69.40
	9.61
	10.67±0.03
	58.0±8.70
	25
	21



	NGC7377
	0.011138
	46.73
	–
	9.47±0.05
	4.74±0.44
	3.1
	–



	NGC7619
	0.012549
	54.30
	7.41*
	9.17±0.12
	<0.29
	20
	22



	ESO507-25
	0.010788
	45.21
	10.50
	9.46±0.05
	4.23±0.56
	24
	23





      

      
Notes. H I masses marked * may be unreliable, see text for discussion of conflicting measurements.

Chung et al. (2012); (2) from the Arecibo Legacy Fast ALFA Survey (ALFALFA), Haynes et al. (2011, 2018); (3) Morganti et al. (2009); (4) Oosterloo et al. (2010); (5) Haynes et al. (1990); (6) Springob et al. (2005); (7) from the Extragalactic Distance Database All-Digital Hicatalog, Courtois et al. (2009); (8) Struve et al. (2010); (9) Serra & Oosterloo (2010); (10) Huchtmeier (1994); (11) Gallagher et al. (1981); (12) Barnes (1999); (13) Huchtmeier & Richter (1989); (14) Morganti et al. (2006); (15) from HyperLEDA Paturel et al. (2003); (16) Serra et al. (2012); (17) Knapp et al. (1978), Bottinelli & Gouguenheim (1977); (18) from the Hi Parkes All-Sky Survey (HIPASS), Koribalski et al. (2004); (19) Bottinelli & Gouguenheim (1979); (20) Appleton et al. (1990); (21) Hibbard & van Gorkom (1996); (22) Serra et al. (2008); (23) Doyle et al. (2005).
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