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ABSTRACT

Brightest cluster galaxies (BCGs) are excellent laboratories for the study of galaxy evolution in dense Mpc-scale environments. We
used the IRAM-30 m to observe, in CO(1→0), CO(2→1), CO(3→2), or CO(4→3), 18 BCGs at z ∼ 0.2−0.9 drawn from the Cluster
Lensing And Supernova survey with Hubble (CLASH) survey. Our sample includes RX1532, which is our primary target as it is
among the BCGs with the highest star formation rate (SFR& 100 M� yr−1) in the CLASH sample. We unambiguously detected both
CO(1→0) and CO(3→2) in RX1532, yielding a large reservoir of molecular gas, MH2 = (8.7 ± 1.1) × 1010 M�, and a high level of
excitation, r31 = 0.75 ± 0.12. A morphological analysis of the Hubble Space Telescope I-band image of RX1532 reveals the presence
of clumpy substructures both within and outside the half-light radius re = (11.6 ± 0.3) kpc, similarly to those found independently
both in ultraviolet and in Hα in previous works. We tentatively detected CO(1→0) or CO(2→1) in four other BCGs, with molecular
gas reservoirs in the range of MH2 = 2 × 1010−11 M�. For the remaining 13 BCGs, we set robust upper limits of MH2/M? . 0.1, which
are among the lowest molecular-gas-to-stellar-mass ratios found for distant ellipticals and BCGs. In comparison with distant cluster
galaxies observed in CO, our study shows that RX1532 (MH2/M? = 0.40 ± 0.05) belongs to the rare population of star-forming and
gas-rich BCGs in the distant universe. By using the available X-ray based estimates of the central intra-cluster medium entropy, we
show that the detection of large reservoirs of molecular gas MH2 & 1010 M� in distant BCGs is possible when the two conditions
are met: (i) high SFR and (ii) low central entropy, which favors the condensation and the inflow of gas onto the BCGs themselves,
similarly to what has been previously found for some local BCGs.
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1. Introduction

Brightest Cluster Galaxies (BCGs) are among the most massive
and luminous galaxies in the Universe. They are almost invari-
ably associated with passively evolving massive ellipticals of cD
type and with radio galaxies, at least locally (Zirbel 1996). BCGs
are also located at the centers of galaxy clusters (Lauer et al.
2014), where high intra-cluster medium (ICM) densities, high
galaxy number densities, and large relative velocities between
cluster members occur. BCGs are, therefore, optimal laborato-
ries for the study of the co-evolution and interplay of (active)
galaxies with their Mpc-scale environments in extreme condi-
tions. Indeed, BCGs are believed to evolve via environmen-
tal processes, such as dynamical friction (White 1976), galac-
tic cannibalism (Hausman & Ostriker 1978), interactions with
the intracluster medium (Stott et al. 2012), and cooling flows
(Salomé et al. 2006). However, the relative weight of these pro-
cesses, responsible for the stellar mass assembly of BCGs is still
under debate.
? The reduced spectra are only available at the CDS via anony-

mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/640/A65

Significant efforts have been carried out to investigate the
star formation history of BCGs in order to better understand
their evolution and growth. Previous work found significant
ultraviolet (UV) and far-infrared (FIR) emission in both local
and more distant BCGs (Hicks et al. 2010; Rawle et al. 2012;
Fogarty et al. 2015; Webb et al. 2015; Bonaventura et al. 2017).
Although active galactic nucleus (AGN) activity may contami-
nate the UV and FIR continuum of BCGs, some of them appear
to be unambiguously characterized by high star-formation activ-
ity, such as the well-known Perseus A and Cygnus A galax-
ies, with their star formation rates (SFR) of >40 M� yr−1

(Fraser-McKelvie et al. 2014).
Other studies of BCGs, mostly local, have detected

large molecular gas reservoirs (Edge 2001; Salomé & Combes
2003; Hamer et al. 2012; McNamara et al. 2014; Russell et al.
2014; Tremblay et al. 2016) and even filaments of cold gas
(Olivares et al. 2019; Russell et al. 2019). Some spectacular star-
forming and gas-rich BCGs have also been observed in the dis-
tant Universe. McDonald et al. (2014) found a large molecular
gas reservoir MH2 ' 2 × 1010 M� in the Phoenix A BCG at
z = 0.597. This finding implies a rapid stellar mass growth
for the BCG, since a significant fraction f ' 3% of the BCG
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stellar mass is accumulated within its starburst phase (SFR∼
800 M� yr−1, McDonald et al. 2013) in a relatively short deple-
tion timescale, τdep ∼ 30 Myr.

More recently, Fogarty et al. (2019) detected a similar
amount of molecular gas MH2 & 1010 M� in the star-forming
BCG of the cool-core cluster MACS 1931.8-2635 (abbreviated
as M1932 in this work). Emission from several CO lines have
been found by the authors, associated with both compact and
more diffuse components. The latter remarkably traces a knotty
filament revealed both in UV and Hα by the Hubble Space Tele-
scope (HST), out to ∼30 kpc to the northwest of the BCG.

AGN feedback-regulated cooling in the ICM is a commonly
invoked mechanism to explain the fact that large reservoirs of
molecular gas and high star formation activity are rarely observed
in the BCGs: condensation of the ICM occurs in the central and
low-entropy regions of the cluster, while the energy injected into
the ICM via radio jets propagating from the BCG cores them-
selves prevents the formation of ∼(100 s−1000 s) M� yr−1 cool-
ing flows that were theoretically predicted (e.g., Fabian 1994;
McNamara et al. 2000; Peterson et al. 2003; Peterson & Fabian
2006; McNamara & Nulsen 2012).

In the present study, we investigate the molecular gas
properties and their evolution for a well-studied sample of
BCGs at z ∼ 0.2−0.9 using new IRAM 30 m observations
in combination with ancillary information. The sources are
drawn from a sub-sample of clusters from the Cluster Lens-
ing And Supernova survey with Hubble (CLASH) survey.
CLASH clusters have high-resolution, multi-band HST obser-
vations (Postman et al. 2012a) and deep X-ray monitoring with
Chandra (Donahue et al. 2016). Several spectroscopic cam-
paigns also led to the confirmation of a large number of
CLASH cluster members (Caminha et al. 2019, and references
therein). CLASH is therefore an excellent survey to investigate
galaxy evolution in clusters (Annunziatella et al. 2014, 2016)
and to study both BCGs independently (Postman et al. 2012b;
Burke et al. 2015; Yu et al. 2018; Durret et al. 2019) and while
factoring in their interplay with the ICM (Donahue et al. 2016;
Fogarty et al. 2017; DeMaio et al. 2020).

This work is part of a larger search done over a wide range of
redshifts, z ∼ 0.4−2.6, to detect molecular gas in distant BCGs
(Castignani et al. 2019, 2020a,b). The paper is structured as fol-
lows: in Sect. 2 we describe the sample of target BCGs; in Sect. 3
we present the morphological analysis for the BCG RX1532 in
our sample; in Sect. 4 we describe the observations and data
reduction; in Sects. 5 and 6 we present and discuss the results; in
Sect. 7 we draw our conclusions.

For the CLASH BCGs considered in this work, stellar mass
and star formation rate estimates come from previous stud-
ies (Burke et al. 2015; Fogarty et al. 2015; Donahue et al. 2015)
and rely on the Salpeter (1955) initial mass function (IMF).
The only exception is the stellar mass estimate for the M1932
BCG (Cooke et al. 2016), which relies on the Chabrier (2003)
IMF. The use of a different IMF for M1932 does not signif-
icantly affect our results. We refer to Cooke et al. (2016) and
Sect. 6.6 for further discussion. Throughout this work we adopt
a flat ΛCDM cosmology with matter density Ωm = 0.30,
dark energy density ΩΛ = 0.70, and Hubble constant h =
H0/(100 km s−1 Mpc−1) = 0.70 (but see Planck Collaboration VI
2020; Riess 2019).

2. Sample of CLASH brightest cluster galaxies

As we aim to target actively star-forming BCGs in order
to investigate their molecular gas content and explore their

evolution and interaction with their Mpc-scale environments, we
consider a homogeneous sample of 19 BCGs at z ∼ 0.2−0.9,
drawn from the list of 25 CLASH clusters, as described in
the following. Since our observational strategy primarily uses
the IRAM 30 m telescope in the northern hemisphere, for our
selection we rejected the CLASH clusters MS 2137-2353 (z =
0.313), RX J2248.7-4431 (i.e., Abell 1063S at z = 0.348),
and MACS J0416.1-2403 (z = 0.42), which are located at low
declination Dec < − 23 degree, and are therefore difficult or
impossible to observe with the IRAM 30 m, at an elevation
>20 degree. While we should formally discard the CLASH BCG
M1932, at Dec =−26:34:34.0, we included it in our BCG sam-
ple since it was recently detected in CO by Fogarty et al. (2019)
and has a number of ancillary information from the literature,
including a high star formation rate SFR' (100−300) M� yr−1

(Fogarty et al. 2015) and a stellar mass estimate M? ' 7 ×
1011 M� (Cooke et al. 2016). As part of our IRAM 30m cam-
paign we observed all remaining CLASH BCGs, at declina-
tion Dec > − 14 degree, with the exception of the BCGs of
Abell 383 (z = 0.187), MACS J1149.5+2223 (z = 0.544), and
MACS J0717.5+3745 (z = 0.546). Concerning this last cluster,
the molecular gas properties of a sub-population of star-forming
galaxies are investigated in a separate work (Castignani et al.
2020c).

The majority, that is, 12 out of the 19 BCGs, have clear
UV features identified by Fogarty et al. (2015) using HST maps,
while 8 among the 12 also have Hα+[NII] emission detected
via CLASH HST data. The combined use of the UV contin-
uum and Hα+[NII] maps allowed the authors to derive robust
SFR estimates for the great majority of the BCGs in our sam-
ple, which range from low values of .1 M� yr−1 to very high
values of &100 M� yr−1 as in the case of RX1532 and M1932.
The CLASH BCGs of our sample are also hosted in the cores
of clusters with different dynamical states, as quantified from
the cluster core entropy K0 = kB TX n−2/3

e ' (10−200) keV cm2

(see e.g., Voit 2005, for a review), estimated from X-ray anal-
ysis by Donahue et al. (2014, 2015) using XMM-Newton and
Chandra observations of CLASH clusters. Some properties of
the targeted sources are listed in Table 1, including stellar masses
from Burke et al. (2015), which were carefully estimated by the
authors using CLASH multiband HST photometry and taking a
possible contamination due to the ICM and nearby companions
of the BCGs into account.

3. Morphological analysis of RX1532

In this section, we investigate the morphology of the RX1532
BCG at z = 0.36. This BCG is among those of the Fogarty et al.
(2015) sample which have the highest SFR' 100 M� yr−1,
together with MACS 1931.8-2635 BCG. Both BCGs are also
hosted in dynamically relaxed cool-core clusters with entropy
floors K0 . 20 keV cm2, which are among the lowest found
within the CLASH sample (Donahue et al. 2015, 2016).

In Fig. 1, we show the HST image and both the stellar mass
and SFR density maps of RX1532, taken from Fogarty et al.
(2015). The figure shows a complex morphology both in stellar
mass and in star-formation for RX1532, with a tentative evidence
for star-forming filaments extending from the BCG in several
directions, similarly to the MACS 1931.8-2635 BCG.

The complex morphology observed in RX1532 and its simi-
larities with M1932, motivated us to further investigate it using
Galfit (Peng et al. 2002, 2010). Here we note that Durret et al.
(2019) already performed a morphological analysis of CLASH
BCGs using Galfit. However, they did not include RX1532 in
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Table 1. Properties of our targets.

Galaxy RA Dec zspec M? SFR sSFR sSFRMS K0

(hh:mm:ss.s) (dd:mm:ss.s) (1011 M�) (M� yr−1) (Gyr−1) (Gyr−1) (keV cm2)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

A209 01:31:52.53 −13:36:40.5 0.206 2.00 ± 0.16 <0.12 (UV) <6.0 × 10−4 0.04 106 ± 27
M0329 03:29:41.57 −02:11:46.6 0.450 3.69 ± 0.21 42 ± 2 (UV) 0.11 ± 0.01 0.07 11 ± 3

80 ± 21 (Hα) 0.22 ± 0.06
M0429 04:29:36.03 −02:53:06.8 0.399 4.68 ± 0.23 28 ± 2 (UV) 0.06 ± 0.01 0.06 17 ± 4

33 ± 9 (Hα) 0.07 ± 0.02
M0647 06:47:50.70 +70:14:54.0 0.591 5.13 ± 1.79 <0.3 (UV) <5.8 × 10−4 0.10 225 ± 50
M0744 07:44:52.80 +39:27:26.5 0.686 8.20 ± 0.43 0.6 ± 0.1 (UV) (7.3 ± 1.3) × 10−4 0.11 42 ± 11
A611 08:00:56.82 +36:03:23.6 0.288 3.45 ± 0.42 <0.04 (UV) <1.2 × 10−4 0.04 125 ± 18

M1115 11:15:51.90 +01:29:55.0 0.352 2.19 ± 0.17 13 ± 1 (UV) (5.5 ± 0.6) × 10−2 0.07 15 ± 3
3.4 ± 1.0 (Hα) (1.6 ± 0.5) × 10−2

A1423 11:57:17.36 +33:36:39.7 0.213 1.96 ± 0.11 0.07 ± 0.03 (UV) (3.6 ± 1.5) × 10−4 0.04 68 ± 13
M1206 12:06:12.17 −08:48:02.9 0.440 4.93 ± 1.39 2.9 ± 0.6 (UV) (5.9 ± 2.1) × 10−3 0.06 69 ± 10
CL1226 12:26:58.25 +33:32:48.6 0.891 15.00 ± 1.99 0.9 ± 0.1 (UV) (6.0 ± 1.0) × 10−4 0.14 166 ± 45
M1311 13:11:01.81 −03:10:39.7 0.494 4.49 ± 1.05 <1.2 (UV) <2.7 × 10−3 0.08 47 ± 4

RX1347 13:47:31.83 −11:45:11.6 0.451 3.68 ± 0.85 22 ± 1 (UV) (6.0 ± 1.4) × 10−2 0.08 12 ± 20
12 ± 4 (Hα) (3.3 ± 1.3) × 10−2

M1423 14:23:47.88 +24:04:42.4 0.545 4.95 ± 0.13 27 ± 1 (UV) (5.5 ± 0.2) × 10−2 0.09 10 ± 5
33 ± 9 (Hα) (6.7 ± 1.9) × 10−2

RX1532 15:32:53.79 +30:20:59.5 0.361 2.20 ± 0.05 97 ± 4 (UV) 0.44± 0.02 0.07 17 ± 2
140 ± 40 (Hα) 0.64± 0.18

M1720 17:20:16.75 +35:36:26.2 0.391 3.83 ± 0.94 1.1 ± 0.2 (UV) (2.9 ± 0.9) × 10−3 0.06 24 ± 3
4.4 ± 1.2 (Hα) (1.1 ± 0.4) × 10−2

A2261 17:22:27.20 +32:07:56.9 0.224 1.74 ± 0.18 <0.06 (UV) <3.4 × 10−4 0.04 61 ± 8
M1932 19:31:49.6 −26:34:33.2 0.353 6.9 ± 0.8 280 ± 20 (UV) 0.41 ± 0.06 0.04 14 ± 4

130 ± 40 (Hα) 0.19 ± 0.06
M2129 21:29:26.12 −07:41:27.9 0.570 2.44 ± 0.17 <0.1 (UV) <4.1 × 10−4 0.13 200 ± 100

RX2129 21:29:39.96 +00:05:21.1 0.234 2.21 ± 0.32 <3 (UV) <0.01 0.04 21 ± 4
<49 (Hα) <0.22

Notes. (1) BCG name; (2–3) J2000 equatorial coordinates; (4) spectroscopic redshift; (5) stellar mass from Burke et al. (2015) except for M1932
(Cooke et al. 2016) ; (6) UV- and Hα-based SFR, corrected for dust extinction, from Fogarty et al. (2015), except for M0647 and M2129, for which
the SFR upper limits are from Donahue et al. (2015); (7) specific SFR determined as sSFR = SFR/M?; (8) sSFR for main sequence field galaxies
with redshift and stellar mass of our targets estimated using the relation found by Speagle et al. (2014); (9) central entropy K0 = kB TX n−2/3

e of the
cluster estimated by Donahue et al. (2015). Upper limits are at 3σ.

their sample. For our analysis, we used the HST ACS F814W
(I-band) image of RX1532 and the associated point spread func-
tion, both publicly available in the CLASH archive1. The HST
image has a high resolution of 65 mas, that is, 0.3 kpc at the red-
shift of the BCG. The fit was performed using a single Sèrsic
profile, as reported in Eq. (3) of Castignani et al. (2019). The
results are reported in Fig. 2.

Our best fit is reasonably good up to a radius of ∼40 kpc.
It also yielded a half-light radius of re = (11.6 ± 0.3) kpc,
which is slightly higher than the values of re ∼ 9.9 kpc and
re ∼ 10.8 kpc predicted by van der Wel et al. (2014) for star-
forming (late-type) and early-type galaxies, respectively, of sim-
ilar mass and redshift than RX1532.

Our Galfit analysis also yielded a Sérsic index n ' 1.7,
which corresponds a less concentrated profile than those typi-
cal of elliptical galaxies (n ∼ 4). Overall, our results imply that
RX1532 is extended, as also suggested by the complex mor-
phology observed by HST. In fact, similarly to what has been
observed in Fig. 1, several clumpy substructures and filamen-
tary extended components are clearly visible from the map of the
residuals in Fig. 2, both within and outside the half-light radius,

1 https://archive.stsci.edu/prepds/clash/

as denoted by the red ellipses. These results strengthen the fact
that several compact star-forming regions are indeed located in
and around the BCG, up to ∼20 kpc.

In the following section, we describe our IRAM-30 m obser-
vations of the CLASH BCGs. The complex morphological prop-
erties and the exceptional star formation activity of RX1532,
outlined above, strongly motivated us to consider it as our pri-
mary target.

4. IRAM 30 m observations and data reduction

We observed the CLASH BCGs in our sample, all except for
M1932 (Fogarty et al. 2019), using the IRAM 30 m telescope
at Pico Veleta in Spain. The observations were carried out in
July 2017 (ID: 065-17; PI: S. Hamer), in May and August 2018
(ID:173-17, 088-18; PI: M. Pandey-Pommier), and in January
2020 (ID: 209-19; PI: G. Castignani).

We used the Eight Mixer Receiver (EMIR) to observe
CO(J → J − 1) emission lines from the target sources, where
J is a positive integer denoting the total angular momentum.
For each source, the specific CO(J → J − 1) transitions were
chosen to maximize the likelihood of the detection, in terms
of the ratio of the predicted signal to the expected rms noise.
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Fig. 1. Color composite HST image (left), stellar mass (center), and SFR (right) density maps of RX1532 (z = 0.36) taken from Fogarty et al.
(2015). Left panel: the RGB color composite is made using WFC3-IR filters F105W + F110W + F125W + F140W + F160W in red, the ACS
filters F606W + F625W + F775W + F814W + F850LP in green, and the ACS filters F435W + F475W in blue. Center and left panels: we overplot
the IRAM 30 m beam of our CO(3→2) observations.
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Fig. 2. Morphological analysis of RX1532. From left to right: HST ACS image (F814W filter), best-fit single Sérsic model, residuals, and averaged
radial light profile with the associated model. The red ellipse and the red cross in the images show the location of the half-light radius and that of
the BCG, respectively. The vertical segment at the bottom left of each image has a size of 2 arcsec (i.e.,10 kpc).

We also preferred low-J transitions, that is, J = 2, 1, when
possible.

The E090, E150, and E230 receivers, operating between ∼1-
3 mm, offer 4 × 4 GHz instantaneous bandwidth covered by the
correlators. We used both E090 and E150 receivers, simulta-
neously, to observe CO(1 → 0) and CO(2→ 1) redshifted at
∼3 mm and ∼2 mm, respectively, when the atmosphere or the
receiver ranges permitted it. CL1226 and RX1532 are the only
exceptions, as described below. For CL1226 we targeted the
CO(4→3) line, redshifted at ∼1 mm, with the E230 receiver.
RX1532 was observed in CO(1→0) with the E090 receiver in
July 2017. In Jan 2020, we observed the source in CO(1→0)
and CO(3→2), simultaneously, using both receivers E090 and
E230, respectively. The IRAM 30 m half power beam width is
∼16 arcsec λobs

2 mm (Kramer et al. 2013), where λobs is the observer
frame wavelength. All targets were thus unresolved by our obser-
vations, as further discussed in Sect. 5.

The wobbler-switching mode was used for all the observa-
tions to minimize the impact of atmospheric variability. The
Wideband Line Multiple Autocorrelator (WILMA) was used
to cover the 4× 4 GHz bandwidth, in each linear polariza-
tion. We also simultaneously recorded the data with the Fast
Fourier Transform Spectrometers (FTS), as a backup, at 200 kHz
resolution.

During our observations, the weather was very good in
July 2017, with average system temperatures Tsys ' 120 K
and 150 K at 3 mm and 2 mm, respectively. It was more vari-
able in May 2018, Tsys ' (100−130) K at 3 mm, and worse
in August 2018, Tsys ' 120 K and 200 K at 3 mm and 2 mm,
respectively. The weather was good in January 2020, with Tsys '

(105−120) K, 200 K, and '(210−330) K at 3, 2, and 1 mm,
respectively. We summarize our observations in Table 2. The
data reduction and analysis were performed using the class
software of the gildas package2. Our results are presented in
Sect. 5.

5. Results

5.1. Molecular gas properties

The majority, that is, 72%, which is 13 out of 18 target BCGs,
were not detected in CO by our observations. Four sources were
tentatively detected in CO(1→0) and/or CO(2→1) with a signal-
to-noise ratio (S/N) of '(3−4). Specifically, these were M0329,
A1423, M1206, and M2129. We report their spectra in Fig. A.1.

Our primary target, RX1532, was unambiguously detected
both in CO(1→0) and CO(3→2) at S/N = 7.5 and 12.6, respec-
tively, making it one of the few distant BCGs detected in CO,
and possibly the only one in the distant Universe, that is, with
z > 0.2, along with M1932 (Fogarty et al. 2019), with clear
detections in two different CO lines. In Fig. 3, we display the
spectra of RX1532.

In Fig. A.2, we present the HST images for the four BCGs
with tentative detections in CO. The images show that these
BCGs are massive elliptical galaxies with a bulge-dominated
morphology, and are often surrounded by nearby companions
that are likely hosted within the cluster cores. With an IRAM-
30 m beam of ∼16 arcsec at 2 mm (Kramer et al. 2013), we
cannot exclude the possibility that nearby cluster core galaxies

2 https://www.iram.fr/IRAMFR/GILDAS/
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Table 2. Summary of our IRAM 30 m observations.

Galaxy CO(J → J − 1) Integration time Program ID Date
– on-source, double polar –

(hr)

A209 1→0 0.9 173-17 May 2018
M0329 1→0 1.7 065-17 July 2017

2→1 1.7 065-17 July 2017
M0429 1→0 0.4 065-17 July 2017

2→1 0.4 065-17 July 2017
M0647 2→1 3.5 088-18 Aug 2018
M0744 2→1 1.2 065-17 July 2017
A611 1→0 1.1 173-17 May 2018

M1115 1→0 2.6 065-17 July 2017
A1423 1→0 4.1 088-18 Aug 2018
M1206 1→0 1.4 088-18 Aug 2018

2→1 1.4 088-18 Aug 2018
CL1226 4→3 2.5 209-19 Jan 2020
M1311 1→0 1.8 088-18 Aug 2018

2→1 1.8 088-18 Aug 2018
RX1347 1→0 1.5 065-17 July 2017

2→1 1.5 065-17 July 2017
M1423 1→0 1.2 065-17 July 2017

RX1532 1→0 2.0 065-17 July 2017 and Jan 2020
3→2 1.1 209-19 Jan 2020

M1720 1→0 2.6 065-17 and 209-19 July 2017 and Jan 2020
2→1 2.6 065-17 and 209-19 July 2017 and Jan 2020

A2261 1→0 2.0 173-17 and 209-19 May 2018 and Jan 2020
M2129 1→0 3.3 088-18 Aug 2018

2→1 3.3 088-18 Aug 2018
RX2129 1→0 1.7 173-17 May 2018

Fig. 3. CO(1→0) and CO(3→2) baseline-subtracted spectra of the RX1532 BCG, obtained with the IRAM 30 m. In both panels, the solid line
shows the Gaussian best fit. In both panels the flux (y-axis) is plotted against the relative velocity with respect to the BCG redshift, as in Table 1
(bottom x-axis) and the observer frame frequency (top x-axis).

contribute to the total observed CO emission for these four BCGs.
This is also suggested by the presence of offsets of the order of a
few ∼100 km s−1 that are seen in some CO spectra (Fig. A.1).

Interestingly, the HST image of M0647, that we observed in
CO(2→1) at ∼2 mm shows a nearby massive companion about
∼5 arcsec toward the west from the BCG. The two sources are
within the IRAM-30 m beam. We therefore decided to point at
the location of both galaxies, independently, and then average
their resulting spectra. The CO results reported for M0647 in
this work correspond to this average. We did not find any CO
detection associated with the average, nor with the two individ-
ual pointings.

Based on the optical morphologies shown in Fig. 1 (left)
for RX1532 and in Fig. A.2 for the four BCGs with hints
of CO detections, assuming a CO-to-optical size ratio ∼0.5
(Young et al. 1995), the target BCGs were unresolved by our
observations. The fact that the sources are unresolved by our
observations can be seen also in Fig. 1 (center and right), where
the IRAM 30 m beam at ∼1 mm is overplotted to the stellar
mass and SFR maps of RX1532, also taking into account the
fact that molecular gas is an excellent tracer of star formation
(Bigiel et al. 2008; Schruba et al. 2011; Leroy et al. 2013).

For the 13 BCGs with no detections in CO, we first removed
the baseline from each spectrum by using a polynomial fit of
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Table 3. Molecular gas properties.

Galaxy zspec CO(J → J − 1) νobs S CO(J→J−1) ∆v MH2 τdep
MH2
M?

τdep,MS

(
MH2
M?

)
MS

(GHz) (Jy km s−1) (1010 M�) (109 yr) (109 yr)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

A209 0.206 1→0 95.581 <2.2 <2.0 – <0.1 1.29+0.21
−0.18 0.05+0.05

−0.05

M0329 0.450 1→0 79.497 <1.5 <6.6 <0.58 0.092 ± 0.028 1.22+0.23
−0.20 0.08+0.08

−0.08

2→1 158.992 2.4 ± 0.7 3.4 ± 1.0
M0429 0.399 1→0 82.395 <2.5 <8.7 <1.1 <0.07 1.27+0.25

−0.21 0.07+0.06
−0.06

2→1 164.788 <3.0 <3.3
M0647 0.591 2→1 144.901 <1.7 <4.5 – <0.09 1.19+0.25

−0.21 0.10+0.09
−0.09

M0744 0.686 2→1 136.737 <2.0 <6.6 <110 <0.08 1.19+0.28
−0.23 0.10+0.09

−0.09

A611 0.288 1→0 89.496 <1.0 <1.8 – <0.05 1.30+0.24
−0.20 0.05+0.05

−0.05
M1115 0.352 1→0 85.260 <0.75 <2.1 <2.6 <0.10 1.21+0.20

−0.17 0.08+0.08
−0.08

A1423 0.213 1→0 95.030 1.7 ± 0.5 1.7 ± 0.5 <379 0.087 ± 0.026 1.29+0.21
−0.18 0.05+0.05

−0.05

M1206 0.440 1→0 80.049 <1.2 <5.4 <12 0.061 ± 0.027 1.26+0.26
−0.21 0.07+0.07

−0.07

2→1 160.096 2.2 ± 0.7 3.0 ± 1.0
CL1226 0.891 4→3 243.808 <4.0 <11.7 <130 <0.08 1.17+0.32

−0.25 0.12+0.09
−0.09

M1311 0.494 1→0 77.156 <1.2 <6.9 – <0.05 1.22+0.24
−0.20 0.09+0.08

−0.08

2→1 154.309 <1.2 <2.1
RX1347 0.451 1→0 79.443 <1.2 <5.7 <1.5 <0.07 1.22+0.23

−0.20 0.08+0.08
−0.08

2→1 158.882 <1.7 <2.5
M1423 0.545 1→0 74.609 <0.75 <5.1 <1.7 <0.10 1.20+0.25

−0.21 0.09+0.08
−0.08

RX1532 0.361 1→0 84.696 3.0 ± 0.4 8.7 ± 1.1 0.73 ± 0.16 0.40 ± 0.05 1.21+0.20
−0.17 0.08+0.08

−0.08

3→2 254.075 20.2 ± 1.6
M1720 0.391 1→0 82.869 <2.2 <7.5 <11 <0.08 1.25+0.24

−0.20 0.07+0.07
−0.07

2→1 165.735 <2.9 <3.0
A2261 0.224 1→0 94.176 <1.8 <2.0 – <0.11 1.27+0.20

−0.17 0.06+0.06
−0.06

M1932 0.353 1→0 85.260 3.5 ± 0.5 9.2 ± 1.5 0.45 ± 0.09 0.13 ± 0.03 1.35+0.29
−0.24 0.05+0.05

−0.05

3→2 255.766 29.0 ± 2.8
4→3 341.007 33.7 ± 3.5

M2129 0.570 1→0 73.421 2.4 ± 0.7 17.9 ± 5.2 < 1790 0.73 ± 0.22 1.12+0.20
−0.17 0.13+0.11

−0.11

2→1 146.839 1.2 ± 0.3 5.6 ± 1.4 (†)

RX2129 0.234 1→0 93.413 <1.0 <1.2 – <0.05 1.29+0.21
−0.18 0.05+0.06

−0.05

Notes. (1) Galaxy name; (2) spectroscopic redshift as in Table 1; (3–4) CO(J → J−1) transition and observer frame frequency; (5) CO(J → J−1)
velocity integrated flux; (6) molecular gas mass obtained with αCO = 4.36 M� (K km s−1 pc2)−1; (7) depletion timescale τdep = MH2/SFR; (8)
molecular gas-to-stellar mass ratio; (9–10) depletion timescale and molecular gas-to-stellar mass ratio predicted for MS field galaxies with redshift
and stellar mass of our targets, following Tacconi et al. (2018). Upper limits are at 3σ. We refer to the text for further details. (†)The reported MH2
of M2129 is estimated from the CO(2→1) flux and has been increased by a factor of two to take into account the possibility that the fit misses a
substantial part of the CO(2→1) emission.

degree one. Then we estimated rms noise levels for the antenna
temperature (Ta∗). For the five BCGs with CO detections, we
instead fit each CO line with a Gaussian curve, after removing
the baseline, as described above for the 13 BCGs with no detec-
tions in CO.

In Table 3, we report the results of our analysis, where stan-
dard efficiency corrections were applied to convert (i) Ta∗ into
the main beam temperature Tmb and then (ii) Tmb into the corre-
sponding CO line flux, where a 5 Jy K−1 conversion is used. We
adopted the following efficiency corrections Tmb/Ta∗ = 1.2, 1.3
and 1.6 for ∼3, 2, and 1 mm observations, respectively3 In the
case of non-detections, we estimated 3σ upper limits to the inte-
grated CO flux, at a resolution of 300 km s−1, which corresponds

3 https://www.iram.es/IRAMES/mainWiki/
Iram30mEfficiencies

to the typical width of CO lines of massive galaxies and BCGs
in particular (Edge 2001).

To derive the CO(J → J − 1) luminosity L′CO(J→J−1), in
units K km s−1 pc2, from the velocity integrated CO(J → J − 1)
flux S CO(J→J−1) ∆v , in units Jy km s−1, we used Eq. (3) from
Solomon & Vanden Bout (2005):

L′CO(J→J−1) = 3.25 × 107 S CO(J→J−1) ∆v ν−2
obs D2

L (1 + z)−3 , (1)

where νobs is the observer frame frequency, in GHz, of the
CO(J → J − 1) transition, DL is the luminosity distance in Mpc,
and z is the redshift of the galaxy.

We then used the velocity integrated L′CO(J→J−1) luminosi-
ties, or their upper limits, to derive estimates or 3σ upper lim-
its to the total molecular gas mass MH2 =αCOL′CO(1→0) =αCO
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Table 4. Summary of our IRAM 30 m results for the sources with secure or tentative CO detections.

Galaxy CO(J → J − 1) S CO(J→J−1) ∆v S/N FWHM L′CO(J→J−1) zCO(J→J−1)

(Jy km s−1) (km s−1) (109 K km s−1 pc2)
(1) (2) (3) (4) (5) (6) (7)

M0329 2→1 2.4 ± 0.7 3.3 248 ± 75 6.3 ± 1.8 0.4508 ± 0.0002
A1423 1→0 1.7 ± 0.5 3.4 886 ± 306 3.7 ± 1.1 0.2111 ± 0.0006
M1206 2→1 2.2 ± 0.7 3.1 266 ± 72 5.5 ± 1.8 0.4426 ± 0.0002
RX1532 1→0 3.0 ± 0.4 7.5 369 ± 51 20.0 ± 2.7 0.3620 ± 0.0001
RX1532 3→2 20.2 ± 1.6 12.6 390 ± 36 15.0 ± 1.2 0.3622 ± 0.0001
M2129 1→0 2.4 ± 0.7 3.4 312 ± 121 41 ± 12 0.5680 ± 0.0002
M2129 2→1 1.2 ± 0.3 4.0 98 ± 50 10.2 ± 2.6 (†) 0.5674 ± 0.0001

Notes. Column description: (1) BCG name; (2) CO transition; (3) integrated CO line flux; (4) signal-to-noise ratio of the CO(J → J−1) detection;
(5) full width at half maximum of the CO(J → J − 1) line; (6) CO(J → J − 1) velocity integrated luminosity; (7) redshift derived from the
CO(J → J − 1) line. (†)The reported L′CO(2→1) of M2129 is estimated from the CO(2→1) flux and has been increased by a factor of two to take into
account the possibility that the fit misses a substantial part of the CO(2→1) emission.

L′CO(J→J−1)/rJ1. Here rJ1 = L′CO(J→J−1)/L
′
CO(1→0) is the excita-

tion ratio. We assumed the following fiducial excitation ratios,
typical of distant star-forming galaxies, namely, r21 = 0.8
(Bothwell et al. 2013; Daddi et al. 2015; Freundlich et al. 2019)
and r41 = 0.4 (for CL1226, Papadopoulos et al. 2000). We note
that RX1532 is the only source observed in CO(3→2). However,
since this BCG was detected also in CO(1→0), we used the latter
to estimate MH2 .

All the BCGs in our sample, except for RX1532 and M1932,
have specific star-formation rates of sSFR . 3 × sSFRMS. For
these 17 BCGs, we thus assumed a Galactic CO-to-H2 con-
version factor of αCO = 4.36 M� (K km s−1 pc2)−1, which is
typical of main sequence (MS) galaxies (Solomon et al. 1997;
Bolatto et al. 2013). RX1532 and M1932 are more star-forming,
with sSFR & 5 × sSFRMS. To allow for a homogeneous compar-
ison, we assumed the same Galactic CO-to-H2 conversion factor
also for these two sources. Fogarty et al. (2019) adopted instead
a lower αCO = 0.9 M� (K km s−1 pc2)−1 for M1932, which
is, however, typical of ultra-luminous infrared galaxies (e.g.,
Bolatto et al. 2013, for a review). We also note that Geach et al.
(2011) and Cybulski et al. (2016) adopted a Galactic CO-to-H2
conversion for their moderate redshift galaxies (z ∼ 0.2−0.4),
similarly to what has been done in this work. These sources are
included in our comparison sample, and a fraction of them also
have SFRs exceeding the MS, namely, sSFR & 3 × sSFRMS,
with estimated values up to ∼10 sSFRMS (see also Table A.1 in
Castignani et al. 2020a).

In Table 4, we summarize our IRAM 30 m results for the five
CLASH BCGs with CO detections and hints of detections from
our campaign. Due to the high S/N of the detected CO lines for
RX1532 and the proximity in frequency of the CN(N = 1 → 0)
doublet to the CO(1→0) line, we used both LO and LI sidebands
to look for CN(N = 1 → 0) J = 1/2 → 1/2 and CN(N =
1 → 0) J = 3/2 → 1/2 in RX1532, respectively, redshifted at
∼83 GHz in the observer frame. We did not find any of the two
lines, which is not surprising, since they are usually much fainter
than CO(1→0).

We did not attempt to set any upper limit to the contin-
uum emission of the target galaxies by using the available total
16 GHz (LI, LO, UI, UO) bandwidths, for each polarization.
In fact the faintness of our targets and the significant intrinsic
atmospheric instability at mm-wavelengths prevented us from
determining robustly the continuum level, or estimating its upper
limit.

We used the SFRs and the molecular mass estimates, or their
upper limits, to estimate depletion time scales τdep = MH2/SFR,
or their upper limits, associated with the consumption of the
molecular gas. Similarly, we also estimated the molecular-gas-
to-stellar-mass ratios, MH2/M?, or their upper limits, for the
BCGs in our sample. For comparison we computed the depletion
time τdep,MS and the molecular gas to stellar mass ratio

(MH2
M?

)
MS

for MS field galaxies with redshift and stellar mass equal to those
of our target galaxies, as found using empirical prescriptions by
Tacconi et al. (2018). The estimates are summarized in Table 3.

Concerning M2129, in both Tables 3 and 4, we increased by
a factor of two both L′CO(2→1) and the associated H2 mass. We
note however that for M2129, in this work we use the H2 mass
derived via L′CO(1→0). The L′CO(2→1) correction has been done a
posteriori, noting that the Gaussian fit reported in Fig. A.1 seems
to miss a substantial part of the CO(2→1) emission of M2129,
which artificially results in a low excitation ratio r21 for the
galaxy. This correction yields an excitation ratio of r21 ∼ 0.25.
For a comparison, we note that distant star-forming galaxies usu-
ally have a higher r21 = 0.84 ± 0.13 (Bothwell et al. 2013).

Concerning RX1532, which is the only other BCG that we
detected in two different CO lines, we find that the gas is highly
excited. An excitation ratio r31 = 0.75 ± 0.12 is found, which is
higher than the value of r31 ∼ 0.6 typically observed in distant
star-forming galaxies (Devereux et al. 1994; Daddi et al. 2015)
and similar to the value r31 ∼ 0.92 that Fogarty et al. (2019)
found for M1932.

Given the large number of upper limits to the molecular gas
mass and the SFR of the BCGs in our sample we were able to
set only upper limits, at 3σ level, to their depletion time. The
only exceptions are RX1532 and M1932, which have robust esti-
mates of both MH2 and the SFR, which allowed us to estimate
their depletion time, as outlined in Table 3. When deriving the
upper limits reported in the Table, for each source we adopted
the most stringent upper limit to MH2 , in case of multiple val-
ues. Similarly, in the cases where both Hα- and UV-based SFRs
are available for a given BCG, we averaged between the two to
estimate the depletion time, or its upper limit.

We also searched for CO emission by stacking the CO(1→0)
and CO(2→1) spectra, separately, of the BCGs with no indi-
vidual detections. Among these BCGs, we excluded CL1226
for which we targeted CO(4→3) only. We are left with 12
BCGs observed either in CO(1→0) or in CO(2→1), or both.
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Our stacking yielded negative results, with 3σ upper limits of
S CO(1→0) ∆v <0.33 Jy km s−1 and S CO(2→1) ∆v <0.64 Jy km s−1,
at a velocity resolution of 300 km s−1. They imply upper limits
of MH2 . 1.0× 1010 M�, estimated at the median redshifts of the
two sets of CO(1→0) and CO(2→1) spectra that are used for the
stacking.

5.2. The comparison sample of distant cluster galaxies

We compared the results found for our sources in terms of stellar
mass, SFR, molecular gas content, and depletion time with those
found in the literature for distant clusters galaxies with both stel-
lar mass estimates and CO observations. For this comparison, we
considered the compilation reported in Castignani et al. (2020a),
comprising 120 (proto-)cluster galaxies at 0.2 . z . 5.0 with
M? > 109 M� and CO observations from the literature. Since our
study is focused on massive distant BCGs of moderate to high
(z . 1) redshifts, we limit ourselves to sources in the compilation
with stellar masses M? > 1010 M� and at z < 2 (that is, we exclude
the most distant clusters and still assembling proto-clusters).
This selection yields 64 galaxies over 22 clusters at moderate
to high redshift: z ∼ 0.2−0.5 (Cybulski et al. 2016; Geach et al.
2011; Jablonka et al. 2013); z ∼ 0.4−1.0 (Castignani et al. 2019,
2020a); z ∼ 1−1.2 (Wagg et al. 2012; Castignani et al. 2018); z ∼
1.5−2.0 (Aravena et al. 2012; Rudnick et al. 2017; Webb et al.
2017; Noble et al. 2017, 2019; Hayashi et al. 2018; Kneissl et al.
2019; Coogan et al. 2018; Castignani et al. 2020b). We refer to
Castignani et al. (2020a) and references therein for details.

Thanks to the additional inclusion of the 19 BCGs at z '
0.2−0.9 that are considered in this work, the full list of sources
comprises 83 cluster galaxies over 41 clusters at z ' 0.2−2 and
stellar masses in the range log(M?/M�) ' 10−12. Including
SFR & 3 × SFRMS sources might result in biased-high molecu-
lar gas masses (see also e.g., Noble et al. 2017; Castignani et al.
2018, 2019, for discussion). However, since the two most abun-
dantly star-forming BCGs in our CLASH sample, RX1532 and
M1932, have sSFR & 5× sSFRMS, we prefer not to discard high-
SFR galaxies from the comparison.

5.3. Distant BCGs observed in CO

Among the distant 64 cluster galaxies with CO observations
and stellar mass estimates considered in the previous section,
there are only a few BCG candidates. As previously discussed in
Castignani et al. (2019, 2020a), these are:

– SpARCS 104922.6+564032.5 BCG at z = 1.7, which was
originally observed in CO(2→1) with the Large Millimiter
Telescope (LMT). A large reservoir (∼1011 M�) of molecu-
lar gas was detected, likely associated with a number of clus-
ter core BCG companions, unresolved by the LMT, within
the large 25 arcsec diameter (i.e., ∼200 kpc at z = 1.7). Our
recent NOEMA observations (Castignani et al. 2020b) con-
firmed this scenario, with the detection of two gas-rich BCG
companions within 20 kpc from the BCG, and allowed us
to set a robust upper limit to the molecular gas reservoir
MH2 < 1.1 × 1010 M�.

– ClJ1449+0856 BCG at z = 1.99 which is constituted by a
gas-rich (MH2 & 1010 M�) system (triplet) of galaxies. For
this system, Coogan et al. (2018) detected both CO(4→3)
and CO(3→2), possibly associated with an optically faint
nearby Southern component (Strazzullo et al. 2018).

– We also included for our comparison six additional BCG
(candidates) at z ∼ 0.4−1 that were observed by
Castignani et al. (2019, 2020a) using the IRAM-30 m as part

of a large search for CO in distant star-forming BCGs, which
were selected from several surveys (DES, SDSS, COSMOS,
and SpARCS). These six sources are DES-RG 399 (z =
0.39), DES-RG 708 (z = 0.61), COSMOS-FRI 16 (z = 0.97),
COSMOS-FRI 31 (z = 0.91), 3C 244.1 (z = 0.43), and
SDSS J161112.65+550823.5 (z = 0.91), for which we set
robust upper limits to their molecular gas content in our pre-
vious studies.

In Fig. 4, we show the ratio of molecular gas to stellar mass
MH2/M? as a function of both redshift and specific SFR for
the CLASH BCGs, as well as the comparison sample of distant
sources with observations in CO and stellar mass estimates, as
described above. In Fig. 5 we show instead the SFR, MH2/M?,
and the depletion time (τdep), all normalized to their MS values,
as a function of the stellar mass. We distinguish in the figures the
eight distant BCG (candidates), outlined above, from the remain-
ing sources in the comparison sample. The 19 CLASH BCGs
considered in this work are also highlighted. We separately con-
sider those with only upper limits (blue symbols) from those
with detections in CO (red symbols). We refer to the following
section for a discussion.

6. Discussion

6.1. Stellar masses

Figure 5 shows that the CLASH BCGs of our sample have
exceptionally high stellar masses of log(M?/M�) = 11.6 ± 0.2,
while the 56 normal sources with CO observations from the
literature have a lower log(M?/M�) = 10.8+0.2

−0.3. Here, the
median values and the 68% confidence interval are reported.
We also compared the stellar masses of the 19 CLASH BCGs
and all 27 BCGs with observations in CO, separately, with
those of the 56 normal cluster galaxies in the comparison
sample by means of the Kolmogorov-Smirnov test. The null
hypothesis for the log(M?/M�) distributions of the two pop-
ulations is rejected with a significance of 7.1σ in both cases,
p-values '(1.1 − 1.7) × 10−12, which is consistent with the
fact that BCGs are indeed the most massive galaxies in the
clusters.

6.2. Molecular gas reservoirs

Figure 4 shows that with our IRAM-30m observations we set
robust upper limits of MH2/M? . 0.1 for the 13 CLASH BCGs
in our sample with no detections in CO, quite independently of
the BCG redshift, within the entire z ∼ 0.2−0.9 range spanned
by CLASH clusters. Concerning the remaining six BCGs with
detections in CO, RX1532 and M2129 are gas rich, with molec-
ular gas to stellar mass ratios that are ∼5−6 times those of
MS field galaxies. RX1532 and M2129 BCGs have indeed
MH2/M? ' 0.4, 0.7, respectively, corresponding to large gas
reservoirs of MH2 ∼ (1−2) × 1011 M�. As displayed in Fig. 4,
they are thus among the distant cluster galaxies with the largest
molecular gas reservoirs, also considering the fact that BCGs
are the most massive galaxies in the clusters. However, we stress
here that some nearby galaxies are visible in the HST image of
M2129 (Fig. A.2), that fall within the IRAM-30 m beam. There-
fore, we cannot exclude the possibility that these companions
contribute to the total observed CO emission.

The other four BCGs (i.e., M0329, A1423, M1206, and
M1932) have instead lower ratios of MH2/M? ∼ 0.1 and molec-
ular gas reservoirs in the range MH2 ' (2−9) × 1010 M�.
These values are similar to the upper limits in the range of
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Fig. 4. Molecular gas properties of distant BCGs and cluster galaxies observed in CO. Left: evolution of the molecular gas-to-stellar mass ratio as
a function of the redshift for cluster galaxies at 0.2 . z . 2 observed in CO. The solid green curve is the scaling relation found by Tacconi et al.
(2018) for field galaxies in the MS and with log(M?/M�) = 11, which corresponds to the median stellar mass of all sources in the plot. The
green dashed lines show the statistical 1σ uncertainties in the model. Right: molecular gas-to-stellar mass ratio vs. the specific SFR for the cluster
galaxies in our sample, both normalized to the corresponding MS values using the relations for the ratio and the SFR by Tacconi et al. (2018) and
Speagle et al. (2014), respectively. The dot-dashed green lines show different depletion times, in units of the depletion time at the MS.

Fig. 5. Star-formation rate (left), molecular gas-to-stellar mass ratio (center), and depletion time (right), as a function of the stellar mass for
distant BCGs and cluster galaxies observed in CO. The y-axis values are all normalized to the corresponding MS values using the relations by
Speagle et al. (2014) and Tacconi et al. (2018). The horizontal dashed lines correspond to y-axis values equal to unity, while the dotted lines denote
the fiducial uncertainties associated with the MS. The uncertainty is chosen equal to ±0.48 dex for both left and right panels, since the MS is
commonly identified by 1/3 < SFR/SFRMS < 3. For the central panel, the plotted uncertainties are estimated at redshift z = 0.5. The color-coding
for the data points is the same as in Fig. 4.

MH2 ∼ 1010−11 M� that we set for the 13 CLASH BCGs with
no detections in CO. These results suggest that these 13 BCGs
tend to be gas poor, since we could have detected them with our
IRAM-30 m observations if they had cold gas reservoirs similar
to those of the other CLASH BCGs with evidence of CO.

Among the four sources M1932 has a molecular gas con-
tent that is formally higher than that of MS field galaxies,
that is MH2/M? ' 3 (MH2/M?)MS. However, as seen in Fig. 5
(center), it is still marginally consistent with that of the MS,
once the uncertainties associated with the MS (horizontal dot-
ted lines) and with the MH2/M? ratio of M1932 are considered.
The molecular-gas-to-stellar-mass ratios of the remaining three

BCGs (M0329, A1423, and M1206) and the upper limits for the
13 BCGs are in agreement, within the uncertainties, with the
values for MS field galaxies inferred using the empirical pre-
scription by Tacconi et al. (2018). Overall, the ratios, normalized
to the MS, or their upper limits, are also in agreement with the
values found for normal cluster galaxies with detections in CO,
given the large scatter in the data points.

We also note that the median redshift of the 19 CLASH
BCGs in our sample is zmedian = 0.4, lower than the values
of zmedian = 1.0 and 1.5 associated with the 22 clusters and
64 sources in the comparison sample, respectively. Similarly,
the eight BCGs from previous studies that are considered for
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the comparison have zmedian = 0.9. This suggests that in our
study, we probe the molecular gas content of the still overlooked
population of cluster core galaxies at moderate-to-high redshift.
In fact, to some extent, we fill the existing gap at z ∼ 0.2−0.9,
as appreciated from Fig. 4 (left). Furthermore, while there is an
overall increase of the MH2/M? ratio with redshift out to z ∼ 2
(Fig. 4, left), once the ratio is normalized to the MS value, for
the comparison sample we do not see any statistically significant
bias towards higher

MH2 /M?

(MH2 /M?)MS
values than those of the CLASH

BCGs (Fig. 4, right).
Although the molecular gas content of the CLASH BCGs

considered in this work is generally consistent with that of MS
field galaxies and distant cluster galaxies observed in CO, we
stress here that the upper limits of MH2/M? . 0.1 we set for
the subsample of 13 CLASH BCGs are among the lowest ratios
found for distant cluster galaxies, and BCGs in particular. This
can be appreciated in Fig. 4. For a comparison, BCGs candidates
from our recent IRAM-30 m campaign (Castignani et al. 2019,
2020a), at similar redshifts of z ∼ 0.4−0.1 than CLASH BCGs,
indeed have upper limits ranging from MH2/M? . 2 (COSMOS-
FRI 16, 31 at z ∼ 0.9−1), down to lower values of MH2/M? ∼

0.1−0.2 (SDSS J161112.65+550823.5, 3C 244.1, DES-RG 399,
and DES-RG 708 at z ∼ 0.4−0.9). SpARCS 104922.6+564032.5
BCG, at z = 1.7, which we included in our comparison sample
represents a remarkable exception. Thanks to recent interfero-
metric NOEMA observations we inferred a low upper limit of
MH2/M? < 0.02 to the molecular gas to stellar mass ratio, which
is among the lowest ones observed for distant z > 1 ellipti-
cals (e.g., Sargent et al. 2015; Gobat et al. 2018; Bezanson et al.
2019).

6.3. Star formation and depletion time

The CLASH BCGs in our sample span a broad range of star
formation from low values of SFR. 1 M� yr−1 up to SFR&
100 M� yr−1. Interestingly, the three most star-forming BCGs,
M1932, RX1532, and M0329, with SFR > SFRMS and both Hα

and UV based SFR& 40 M� yr−1, have all been detected in CO
at S/N > 3.

Concerning the remaining sources, three out of four BCGs
with tentative detections in CO (i.e., A1423, M1206, M2129)
and the 13 BCGs with only upper limits in CO exhibit star for-
mation activity ranging from MS values SFR ∼ SFRMS down to
a few 10−3SFRMS. These results suggest that tentative detections
in CO as well as non-detections are found quite independently
of the star formation activity of the BCG.

However, A1423, M1206, and M2129 with tentative
detections in CO have low star-formation activity SFR∼
(1−3) M� yr−1, corresponding to low normalized values of ∼
(0.009−0.09)SFRMS, which are rarely seen associated with clus-
ter galaxies detected in CO (see Fig. 4, right). The presence of
flows of cold gas could possibly explain the existence of large
molecular gas reservoirs in these BCGs. However, the three
sources are hosted in dynamically disturbed clusters with high
level of central entropy K0 ∼ (70−200) keV cm2 (Donahue et al.
2015, 2016), which make this scenario less plausible. Follow-ups
in CO are needed to reject or confirm with higher significance the
tentative detections for these BCGs.

We used the SFRs and the molecular mass estimates, or
their upper limits, to estimate the depletion time scales τdep =
MH2/SFR for the 19 CLASH BCGs. We set upper limits to
the depletion time for all 13 BCGs with non-detections and for
the 4 BCGs with only tentative detections in CO, due to the

large uncertainties associated with the SFR and the relatively
low S/N associated with their CO detections. Upper limits to
τdep span a broad range, from relatively low values . 1−2 Gyr
(e.g., M0329, M0429, M115, RX1347, and M1423) to very high
values, in some cases even formally exceeding the Hubble time
(e.g., M0744, A1423, CL1226, M2129). We refer to Table 3 for
details.

The two CLASH BCGs with secure CO detections, RX1532
and M1932, have relatively low depletion time scales of τdep '

0.7 and 0.5 Gyr, respectively. Although the time scales are for-
mally consistent with those of MS galaxies, as seen in Figs. 4, 5,
the two BCGs tend to populate the regions associated with low
depletion times and high SFRs that are occupied by other rare
distant star-forming BCGs (e.g., Castignani et al. 2019, 2020a).

6.4. Star formation and AGN activity

AGN activity might result in biased-high SFRs and biased-
low depletion time scales (e.g., Castignani et al. 2020a, for
further discussion). The BCGs in the comparison sample
are indeed almost invariably associated with radio galaxies
with rest frame 1.4 GHz luminosity densities in the range
L1.4 GHz ' 1031−34 erg s−1 Hz−1 (Castignani et al. 2019, 2020a;
Trudeau et al. 2019). Similarly, Yu et al. (2018) studied the low-
frequency radio properties of a sample of 20 relaxed CLASH
clusters using JVLA observations at 1.5 GHz. The authors did
not find any clear trend between the cluster central entropy K0
and the radio power. However, in the case of cool-core clus-
ters, that is, K0 < 30 keV cm2, the authors found radio lumi-
nosities mostly in the range ∼1031−32 erg s−1 Hz−1. This also
applies to the nine CLASH BCGs in our sample associated with
K0 < 30 keV cm2 cluster cores. Among the nine sources, there
are the three most star-forming BCGs in our sample: M0329,
with a tentative CO detection, as well as RX1532 and M1932,
with secure detections in CO. These have rest frame 1.5 GHz
luminosity densities of (2.37± 0.42)× 1031 erg s−1 Hz−1, (6.44±
0.08) × 1031 erg s−1 Hz−1, and (7.65 ± 0.02) × 1031 erg s−1 Hz−1,
respectively (Yu et al. 2018). Similarly, the remaining six BCGs
in our sample with K0 < 30 keV cm2 with only upper limits
in CO (namely, M0429, M1115, RX1347, M1423, M1720, and
RX2129) have luminosity densities between 3×1031 erg s−1 Hz−1

and 6 × 1032 erg s−1 Hz−1.
However, we stress that all CLASH BCGs in our sam-

ple have accurate SFR estimates based on UV analysis
(Fogarty et al. 2015; Donahue et al. 2015), as summarized in
Table 1 and illustrated in Fig. 1 for RX1532. All nine BCGs with
K0 < 30 keV cm2 also have Hα-based SFRs or upper limits, as
in the case of RX2129. Therefore, despite the fact that CLASH
BCGs are almost invariably associated with radio-loud AGNs,
these aspects strengthen the reliability of the SFR estimates used
in this work.

6.5. Central entropy, star formation, and molecular gas

The BCGs in our sample are hosted in clusters with differ-
ent levels of central entropy K0, estimated from X-ray analy-
sis by Donahue et al. (2015), see Table 1. As discussed in the
previous section, CLASH BCGs found in low-entropy cluster
cores are associated with radio galaxies with rest frame 1.5 GHz
luminosity densities of ∼1031−32 erg s−1 Hz−1. This suggests that
the cooling of the ICM may result in the infall of gas that
ultimately accretes onto the central supermassive black holes
and sustain the production of radio emitting jets. However, the
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Fig. 6. SFR (left) and molecular gas mass (right) vs. core entropy for CLASH BCGs with CO observations from our IRAM 30 m campaign (this
work), as well as for M1932, with ALMA observations by Fogarty et al. (2019). The vertical dashed line is located at K0 = 30 keV cm2.

infalling gas may also replenish the BCGs’ reservoirs and ulti-
mately sustain high levels of star formation. The recent study by
Fogarty et al. (2017) indeed supports this scenario. The authors
show, in fact, a remarkable tight anti-correlation, with a limited
scatter of 0.15 dex, between the SFR and tcool/tff for the sample
of CLASH BCGs. Here tcool/tff is the ICM cooling time to free-
fall time ratio, which can be used as proxy for the thermal insta-
bility of ICM gas. If the gas cools quickly with respect to the
time it takes to infall towards the cluster center, it can become
thermally unstable and then collapse, as suggested by simula-
tions (e.g., Gaspari et al. 2012; Li & Bryan 2014; Li et al. 2015).
Observations have also confirmed this scenario. In fact, multi-
phase infalling gas, both atomic and molecular, is often found
within the central low-entropy and short-cooling-time regions
around local BCGs, with tcool . 20 × tff (Olivares et al. 2019;
Voit & Donahue 2015; Voit et al. 2017).

Inspired by these studies, similarly to Fogarty et al. (2017),
in Fig. 6 (left), we plot the SFR vs. K0 for the 19 CLASH
BCGs in our sample. Since the molecular gas content is cor-
related with the ongoing star formation activity (Bigiel et al.
2008; Schruba et al. 2011; Leroy et al. 2013), in the right panel
of the figure we show also the molecular gas mass MH2 ver-
sus the central entropy K0 for the 19 sources. Analogously
to Fogarty et al. (2017), the plot in the left panel shows
that SFR and the central entropy are anti-correlated, with a
significance of 4.2σ (p-value = 2.5 × 10−5), as found with the
Spearman test, where upper limits were considered as true mea-
surements. A lower significance of 2.5σ (p-value = 0.012) is
found in the case where SFR upper limits are discarded.

No clear trend is instead observed between the molecular
gas content (expressed either as MH2 or as MH2/M?) and K0,
when considering either the full sample of 19 BCGs or the sub-
sample of six BCGs with tentative or secure detections in CO
(Fig. 6, right). The 13 BCGs that are not detected in CO span
quite uniformly the range K0 ' 10−200 KeV cm2 (Fig. 6); they
have upper limits between MH2 . 1010 M� and MH2 . 1011 M�,
corresponding to MH2/M? . 0.1, quite independently of the cen-
tral entropy.

However, BCGs with low entropy levels tend to have larger
molecular gas reservoirs. In fact, limiting ourselves to the sub-
sample of six BCGs with tentative or secure detections in CO,

the three sources RX1532, M1932, and M0329, which are hosted
in K0 < 30 KeV cm2 cluster cores, seem to have a higher molecu-
lar gas content MH2 ' (3−10)×1010 M� than M1206 and A1423,
with MH2 ' (2−3) × 1010 M�, that have high central entropy
levels K0 > 30 KeV cm2. M2129 is an exception, with a large
molecular gas reservoir MH2 ∼ 2 × 1011 M� and also a large
central entropy level K0 ' 200 KeV cm2. However, as discussed
in Sect. 6.2 nearby companions may contribute to the total CO
emission for M2129.

These results suggest that the interplay between (i) the star
formation activity; (ii) ICM cooling; (iii) molecular gas reser-
voirs feeding the star formation; and (iv) the stellar content of
the BCGs is more complex than that observed between the SFR
and the ICM cooling. We refer to the following section for fur-
ther discussion.

6.6. The case of RX1532: a rare gas-rich star-forming BCG

The three most abundantly star-forming BCGs in our sample are
not only detected in CO at S/N > 3, but they also unambigu-
ously exhibit low central entropy values of K0 < 30 KeV cm2

(see also Sects. 6.3, 6.4). Furthermore, the only two BCGs with
clear detections in CO, M1932 and RX1532, are those with
the highest SFR& 100 M� yr−1. These results suggest that the
detection of large reservoirs of molecular gas in distant BCGs is
possible when the following two conditions are met: (i) high lev-
els of star formation activity; and (ii) cool-core cluster environ-
ments, which favor the condensation and the inflow of gas onto
the BCGs themselves. A possible indirect evidence of such a
gas condensation is the detection for both M1932 and RX1532
of highly excited gas r31 ∼ 0.8−0.9 for the high J = 3 → 2
CO transition, which may require the need of high gas densities
nH2 ∼ 104−5 cm−3 (e.g., Riechers et al. 2011; Papadopoulos et al.
2012).

Consistently with this scenario, although our single-dish
observations do not allow us to spatially resolve the observed
CO emission for RX1532, filamentary structures around the
BCG are detected by HST in UV, Hα, and in infrared with
the WFC3-IR filter (Fig. 1), while clumpy substructures around
the BCGs have been found with our morphological Galfit
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analysis (Fig. 2). Higher resolution observations in CO could
allow us to spatially resolve the BCG and have better insights
on the morphology of its molecular gas reservoir. Similarly, as
further discussed in Sect. 1, using ALMA observations at a res-
olution <1′′, Fogarty et al. (2019) detected CO(1→0), as well as
higher-J CO(3→2) and CO(4→3) transitions associated with a
compact component associated with the host galaxy as well as
a more diffuse component cospatial with UV knots and Hα fila-
ments observed towards northeast by HST.

As observed in Fig. 6, among the three BCGs (M1932,
RX1532, M0329) with low values of K0 < 30 KeV cm2 and high
SFR& 40 M� yr−1, which are also detected in CO, it is RX1532
that seems to be the most gas rich, with MH2/M? = 0.40 ± 0.05.
For a comparison, we note that RX1532 and M1932 have a sim-
ilar molecular gas content L′CO(1→0) ' 2 × 109 K km s−1 pc2 and
a similar global star-formation activity (SFR& 100 M� yr−1).
However the molecular gas to stellar mass ratio of M1932(
MH2/M? = 0.13 ± 0.03

)
is a factor of ∼3 lower than that of

RX1532.
The main reason for such a difference is that RX1532 has

a lower stellar mass than M1932 by a factor of ∼3. It is worth
mentioning that the stellar masses of all CLASH BCGs in our
sample, except for M1932, have been taken from Burke et al.
(2015), who corrected the estimates for the contribution by the
intra-cluster light (ICL). While specifically considering the sam-
ple of CLASH BCGs, Burke et al. (2015) did not report any
stellar mass estimate for M1932 and we therefore used for this
source the estimate by Cooke et al. (2016). Since Cooke et al.
(2016) did not consider the contribution of the ICL it is pos-
sible that the stellar mass of M1932 has a systematic offset
with respect to those of other BCGs in our sample. However,
as a sanity check, Cooke et al. (2016) performed a comparison
between their stellar mass estimates and those by Burke et al.
(2015) for the CLASH BCGs. They found a good agreement
between the two, within 30%. This result suggests that the dis-
crepancy between the MH2/M? ratio of RX1532 and M1932
is not due to the different methods used to estimate their stel-
lar mass. In fact, if we adopt for RX1532 the stellar mass of
M? = (2.88±0.06)×1011 M� by Cooke et al. (2016) we still find
a high value of MH2/M? = 0.30 ± 0.04, only ∼25% smaller than
that estimated using the RX1532 stellar mass by Burke et al.
(2015).

Our results suggest, thus, that RX1532 belongs to the rare
population of star-forming and gas-rich BCGs in the distant uni-
verse. Furthermore, our systematic search for CO among the
CLASH sample also shows that distant BCGs are generally gas-
poor, MH2/M? . 0.1, similarly to what has been found for other
distant BCGs (e.g, Castignani et al. 2019, 2020a,b; Coogan et al.
2018) and quite independently of the redshift considered, within
the range of z ∼ 0.2−0.9 considered. With this work, we thus
provide new insights about the molecular gas content of the
still overlooked population of cluster core galaxies of mod-
erate to high-redshifts, in the range of z ∼ 0.2−0.9 (∼5 Gyr
of cosmic time). In this redshift range, there are in fact only
a few observations of CO for cluster galaxies (Cybulski et al.
2016; Geach et al. 2011; Jablonka et al. 2013; Castignani et al.
2020c) and BCG (candidates) in particular (Castignani et al.
2019, 2020a). This is nevertheless an important epoch in the
evolution of galaxies, where the cosmic SFR density increases
by a factor of ∼ 3 (Madau & Dickinson 2014) and, at least for
field galaxies, the molecular gas to stellar mass ratio MH2/M? ∼

0.1 (1 + z)2 is expected to increase by a similar factor of ∼2.5
(Carilli & Walter 2013).

7. Conclusions

In this work, we investigate the effect of the cluster environment
in processing the molecular gas content in distant brightest clus-
ter galaxies (BCGs), as part of a large search for CO in distant
BCGs (Castignani et al. 2019, 2020a,b). To this aim, we used the
IRAM-30m telescope to observe in CO a sample of 18 BCGs at
z ∼ 0.2−0.9, mostly in the northern hemisphere, drawn from
the sample of 25 clusters in the Cluster Lensing And Supernova
survey with Hubble (CLASH) survey (Postman et al. 2012a).
CLASH clusters have high-resolution, multi-band HST observa-
tions, deep X-ray monitoring with Chandra, and have been tar-
geted with several spectroscopic campaigns, which make them
excellent laboratories to investigate the evolution of galaxies in
dense Mpc-scale environments, and BCGs in particular, as well
as their interplay with the intra-cluster medium.

The sources were observed in several CO(J → J − 1) lines,
with J = 1, 2, 3, or 4. For each source, the specific CO lines were
chosen to maximize the likelihood for a detection after taking
the BCG redshift into account. In the sample, we also included
the BCG M1932, in the southern hemisphere, which belongs to
the CLASH sample and which was recently detected with
ALMA in several CO lines by Fogarty et al. (2019).

An analysis of the HST I-band image and light profile of
RX1532 carried out with Galfit (Peng et al. 2002, 2010) yields
a half-light radius of re = (11.6 ± 0.3) kpc, which is formally
higher than that predicted for field galaxies of similar mass and
redshift. Our analysis also reveals a complex morphology for the
BCG, with several clumpy substructures and a filamentary net-
work extending from the host galaxy out to ∼20 kpc, well out-
side the half-light radius. These results are consistent with the
presence of UV knots and Hα filaments previously observed for
RX1532 by HST (Fogarty et al. 2015).

With our IRAM-30 m observations, we also unambiguously
detected RX1532 both in CO(1→0) and CO(3→2) at S/N = 7.5
and 12.6, respectively. By assuming a Galactic CO-to-H2 conver-
sion, we found that the source hosts a large reservoir of cold gas
MH2 = (8.7±1.1)×1010 M�. Our observations also imply that the
gas is highly excited, with r31 = 0.75±0.12, which is higher than
the value of r31 ∼ 0.6 typically found for distant star-forming
galaxies (Devereux et al. 1994; Daddi et al. 2015). Higher reso-
lution observations in CO could allow us to spatially resolve the
molecular gas content of RX1532. By looking for compact and
more elongated components (e.g., tails, filaments, companions)
we could distinguish between different environmental process-
ing mechanisms (e.g., mergers, flows of cold gas, ram pressure
stripping, and tidal stripping).

Among the 18 BCGs we observed with the IRAM-30 m, it
is only RX1532 that we securely detected in CO. However, we
tentatively detected CO lines at S/N ∼ 3−4 in four additional
BCGs at z ∼ 0.2−0.6. They include M0329, M1206, and A1423,
with MH2 ' (2−3) × 1010 M� and MH2/M? ∼ 0.1. We also
tentatively detected M2129, both in CO(1→0) and CO(2→1),
which tends to be more gas-rich, with MH2 ' 2 × 1011 M� and
MH2/M? ∼ 0.7. The four BCGs also cover a broad range of
star formation activity, ranging from ∼(0.1−3) M� yr−1 (M1206,
M2129, and A1423) to high levels of star formation &40 M� yr−1

(M0329). For the remaining 13 BCGs, we set robust upper limits
to the molecular gas to stellar mass ratio MH2/M? . 0.1, which
are among the lowest ratios found for distant ellipticals (e.g.,
Sargent et al. 2015; Gobat et al. 2018; Bezanson et al. 2019) and
BCGs in particular (Castignani et al. 2019, 2020a,b).

By comparison with a sample of distant cluster galaxies obs-
erved in CO and with the empirical model by Tacconi et al. (2018)
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for field galaxies, our results also suggest that RX1532(
MH2/M? = 0.40 ± 0.05

)
belongs to the rare population of star-

forming and gas-rich BCGs in the distant universe. Finally, we
compared the molecular gas content of the BCGs with both
their star formation activity and the central entropy of the intra-
cluster medium, as inferred from X-ray analysis (Donahue et al.
2015). The comparison suggests that the three most star-forming
BCGs in our sample (RX1532, M1932, and M0329, with SFR>
40 M� yr−1) are not only detected in CO at S/N > 3 but also
unambiguously exhibit low central entropy values of K0 <
30 KeV cm2. These results imply that the detection of large reser-
voirs of molecular gas &1010 M� in distant BCGs is possible
when the following two conditions are met: (i) high levels of star
formation activity and (ii) cool-core cluster environments, which
favor the condensation and the inflow of gas onto the BCGs
themselves. This is similar to what has previously been found
for some local BCGs (e.g., Salomé et al. 2006; Tremblay et al.
2016).
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Appendix A: CO spectra and HST images

Here we report here the CO spectra and HST images for the
CLASH BCGs in our sample with tentative CO detections,

Fig. A.1. Baseline-subtracted spectra for the BCGs with tentative CO detections, obtained with the IRAM 30 m. In all panels the solid line shows
the Gaussian best fit. In each panel, the x-axis shows the relative velocity with respect to the BCG redshift, as reported in Table 1, while in the
y-axis Tmb is shown in units of mK.

namely, M0329, A1423, M1206, and M2129. In Fig. A.2 we
also report the archival HST image of the M0647 BCG which
shows a massive Western companion.
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G. Castignani et al.: Molecular gas in CLASH brightest cluster galaxies at z ∼ 0.2−0.9

Fig. A.2. Archival 20′′ × 20′′ HST images for the BCGs with tentative CO detections and M0647, which has a massive western companion. The
images are taken with the infrared F160W filter on-board the WFC3 camera of HST and are centered at the BCG coordinates. North is up, East is
left.
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