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ABSTRACT

Brightest cluster galaxies (BCGs) are typically massive ellipticals at the centers of clusters. They are believed to experience strong
environmental processing, and their mass assembly and star formation history are still debated. We have selected three star-forming
BCGs in the equatorial field of the Kilo-Degree Survey (KiDS). They are KiDS 0920 (z = 0.3216), KiDS 1220 (z = 0.3886), and
KiDS 1444 (z = 0.4417). We have observed them with the IRAM 30 m telescope in the first three CO transitions. We remarkably
detected all BCGs at high signal-to-noise ratio, S/N =~ (3.8—10.2), for a total of seven detected lines out of eight, corresponding to
a success rate of 88%. This allows us to double the number of distant BCGs with clear detections in at least two CO lines. We then
combined our observations with available stellar, star formation, and dust properties of the BCGs and compared them with a sample of
~100 distant cluster galaxies with observations in CO. Our analysis yields large molecular gas reservoirs My, = (0.5—1.4) x 10" Mo,
high excitation ratios r3; = L,co<3a2) /L’CO(HO) ~ (0.1-0.3), long depletion times 74, =~ (2—4) Gyr, and high My, /My, = (170-300)
for the three targeted BCGs. The excitation ratio r3; of intermediate-z BCGs, including RX1532 and M 1932 from previous studies,
appears to be well correlated with the star formation rate and efficiency, which suggests that excited gas is found only in highly
star-forming and cool-core BCGs. By performing color-magnitude plots and a red-sequence modeling, we find that recent bursts of
star formation are needed to explain the fact that the BCGs are measurably bluer than photometrically selected cluster members. To
explain the global observed phenomenology, we suggest that a substantial amount of the molecular gas has been accreted by the KiDS
BCGs but still not efficiently converted into stars. KiDS 1220 also shows a double-horn emission in CO(3—2), which implies a low
gas concentration. The modeling of the spectrum yields an extended molecular gas reservoir of ~9 kpc, which is reminiscent of the

mature extended-disk phase observed in some local BCGs.

Key words. galaxies: clusters: general — galaxies: star formation — galaxies: evolution — galaxies: active — molecular data

1. Introduction

Brightest cluster galaxies (BCGs) are among the most massive
galaxies in the Universe, are typically massive ellipticals of cD
type, and are often radio galaxies (Zirbel 1996). There exists
a strong, albeit still debated, coevolution between BCGs, their
cluster environments (Lauer et al. 2014), and the accretion pro-
cesses onto the supermassive black holes residing at galaxy cen-
ters (Fabian 2012).

Because of their exceptional masses and luminosities, BCGs
are believed to evolve via phenomena such as dynamical friction
(White 1976), galactic cannibalism (Hausman & Ostriker 1978),
and interactions with the intracluster medium (ICM; Stott et al.
2012). Active galactic nucleus (AGN) feedback-regulated

* Spectra in Fig. 3 are only available at the CDS via anonymous
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/]/A+A/667/A52

cooling in the ICM is another mechanism commonly invoked to
explain the evolution of BCGs and in particular the fact that large
reservoirs of molecular gas are rarely observed in BCGs (e.g.,
Edge 2001; Salomé & Combes 2003). While condensation of the
ICM occurs in the central and low-entropy regions of the cluster,
the energy injected into the ICM via radio jets propagating from
the BCGs themselves may prevent the formation of the strong
(~(100-1000) M, yr'') cooling flows that were theo-
retically predicted (e.g., Fabian 1994; McNamara et al.
2000; Petersonetal. 2003; Peterson & Fabian  2006;
McNamara & Nulsen 2012).

Most of the BCG stellar mass is assembled at high red-
shifts (z ~ 3-5) from smaller sources that are later swallowed
by the BCG (De Lucia & Blaizot 2007). Indeed, BCGs have
doubled their stellar mass since z ~ 1 (Lidman et al. 2012),
which is consistent with evolution via the dry accretion of satel-
lites (Collins et al. 2009; Stott et al. 2011; Lavoie et al. 2016).
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However, recent studies have proposed that high star formation
is present in distant BCGs (McDonald et al. 2016; Webb et al.
2015a,b; Bonaventura et al. 2017), a scenario where star forma-
tion is fed by rapid gas deposition, possibly regulated by cool-
ing flows (Salomé & Combes 2003; Olivares et al. 2019). Such
results imply that at least some distant BCGs should experience
strong environment-driven gas processing and quenching mech-
anisms, such as strangulation, ram pressure stripping, and galaxy
harassment (e.g., Larson et al. 1980; Moore et al. 1999), which
are still, however, substantially unexplored for distant BCGs.

In support of the latter scenario, some studies report grow-
ing evidence for large reservoirs of molecular gas (210'0 M)
feeding the star formation in some intermediate- to high-
redshift BCGs (McDonald et al. 2014; Russell et al. 2017,
Castignani et al. 2020a; D’ Amato et al. 2020; Dunne et al. 2021;
O’Sullivan et al. 2021). However, a number of other distant star-
forming BCGs have only robust upper limits on the order of
~10'" My, in their H, gas masses (Castignani et al. 2020a,b,c). In
Castignani et al. (2020c), in particular, we found gas-rich com-
panions around a distant BCG at z = 1.7, which is instead gas-
poor.

These results suggest that gas-rich BCGs in the distant Uni-
verse (z ~ 0.3-2) belong to a rare population of star-forming
cluster ellipticals that experience gas deposition and a sub-
sequent conversion of gas into star formation. As suggested
in Castignani et al. (2020a) for distant BCGs of the Cluster
Lensing And Supernova survey with Hubble (CLASH) sam-
ple (Postman et al. 2012), this is an environment-driven process.
The detection of large molecular gas reservoirs is likely due to
the strong cooling of the ICM at the cluster cores, which ulti-
mately favors condensation into molecular gas, similar to what
has been observed in some local BCGs (Salomé et al. 2006;
Tremblay et al. 2016).

To understand the effect of the cluster environments on the
mass assembly and star formation of distant BCGs, it is essential
to start building a sample of star-forming BCGs detected at dif-
ferent molecular gas transitions, which probe different gas den-
sities, and possibly different degrees of environmental process-
ing. However, this is challenging as it requires a large sample of
well-defined clusters and a robust characterization of their BCGs
at multiple wavelengths to enable the stellar and star formation
properties to be accurately inferred.

To this aim, in this work we report the study of three
star-forming BCGs that we selected from the multiwavelength
wide-field Kilo Degree Survey (KiDS; de Jongetal. 2017;
Kuijken et al. 2019) and that we observed in the first three CO
transitions with the Institut de Radioastronomie Millimétrique
(IRAM) 30m telescope. The present study is part of a larger
campaign targeting galaxies in and around distant clusters in CO,
mainly BCGs (Castignani et al. 2018, 2019, 2020a,b,c,d, 2022a),
with the final goal of evaluating the impact of dense megaparsec-
scale environments in processing the galaxies’ gas reservoirs.

The paper is structured as follows. In Sect. 2 we describe the
BCGs that are the subject of this work, in Sect. 3 we describe
the molecular gas observations and data analysis, in Sect. 4
we describe our comparison samples, in Sect. 5 we present the
results, and in Sect. 6 we summarize them and draw our con-
clusions. Stellar mass and star formation rate (SFR) estimates
reported in this work for the three targeted BCGs rely on the
Chabrier (2003) initial mass function (IMF). Magnitudes are
reported in the AB system. Throughout this work we adopt a
flat A-cold dark matter (ACDM) cosmology with matter density
Q. = 0.30, dark energy density Q4 = 0.70, and Hubble constant
h = Hy/(100kms™! Mpc™!) = 0.70.

AS52, page 2 of 15

2. Three star-forming BCGs at z~ 0.4
2.1. The selection of the BCGs in KiDS

KiDS is a wide field imaging survey that in its final release
will cover around 1350 deg® of the sky (de Jong et al. 2017;
Kuijken et al. 2019), equally divided between an equatorial field
(KiDS-N) and a southern field (KiDS-S). VLT Survey Tele-
scope (VST) ugri optical observations and Visible and Infrared
Survey Telescope for Astronomy (VISTA) telescope ZYJHK
infrared imaging enable the detection of ~5 x 107 galaxies down
to a limiting AB magnitude r ~ 25.0 (50 in 2” aperture).
Optical-infrared photometry enabled the determination of accu-
rate photometric redshifts up to z ~ 1 (Hildebrandt et al. 2021;
Benitez 2000), which are complemented by spectroscopic infor-
mation as KiDS is also covered by Galaxy And Mass Assem-
bly (GAMA; Baldry et al. 2010) and Sloan Digital Sky Survey
(SDSS; York et al. 2000) spectroscopic surveys.

This rich data set allows the detection of distant clusters
in KiDS and the characterization of their galaxy populations.
Distant clusters up to z ~ 1 have been indeed detected at
signal-to-noise ratio S /N > 3 within KiDS (Maturi et al. 2019;
Bellagamba et al. 2019) with the Adaptive Matched Identifier
of Clustered Objects (AMICO) cluster finder (Bellagamba et al.
2018), which looks for overdensities of galaxies using photomet-
ric redshifts and a matched filtering.

For this work we consider the parent sample of 5251 BCGs
(of which 1484 have spectroscopic redshifts) in the equatorial
KIDS-N area, which can be targeted with observational facili-
ties in the northern hemisphere. These BCGs were selected by
Radovich et al. (2020) within the Data Release (DR) 3 of KiDS
(de Jong et al. 2017) as the brightest galaxies in the r band within
the cluster cores, on the basis of AMICO probabilistic cluster
memberships.

We aim at targeting actively star-forming BCGs, to investi-
gate their molecular gas reservoirs feeding the star formation,
and explore their properties in connection with those of the host
galaxies and their environments. We thus limit ourselves to the
684 BCGs in DR3 KiDS-N with spectroscopic redshifts z > 0.3.
This redshift cut allows us to focus on distant BCGs, and on
their evolution, while BCGs at lower redshifts, including those
of Abell clusters, have been extensively studied in previous work
(Edge 2001; Salomé & Combes 2003; Olivares et al. 2019).

Similarly to the target selection we did in Castignani et al.
(2019) we further limit ourselves to those sources with clear
counterparts in the all-sky data release of the Wide-field Infrared
Survey Explorer (WISE; Wright et al. 2010) at 22 um in the
observer frame (i.e., the W4 channel). These are thus good star-
forming BCG candidates in the distant Universe. We found only
nine such BCGs with WISE W4 counterparts at S/N > 3, of
which six had S/N > 3.3. Among the latter in this work we con-
sider the three with highest values in the range S/N ~ 4.1-6.5,
while the remaining three will be the subject of a forthcoming
paper.

The three intermediate-z BCGs of this work are KiDS 0920
(i.e., G198598 at z = 0.3216), KiDS 1220 (G172934 at z =
0.3886), and KiDS 1444 (G363753 at z = 0.4417). In paren-
theses, we report the ID numbers of the sources from GAMA
DR3 (Baldry et al. 2018) and the corresponding spectroscopic
redshifts.! The three sources belong to moderately rich clus-
ters, which have been detected with S/N = 3.7, 4.7, and
3.7 (Maturi et al. 2019; Bellagamba et al. 2019), while they have
intrinsic richness A, = 20 + 3, 33 + 6, and 19 =+ 3, respectively.

I http://www.gama-survey.org/dr3/
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Fig. 1. Color composite 40” x 40” KiDS images (red = i band; green = r band; blue = g band) with OmegaCAM at VST centered around the
BCGs KiDS 0920 (left), KiDS 1220 (center), and KiDS 1444 (right). North is up, and east is to the left.

The corresponding richness-based cluster masses range between
log(Myp0/Ms) = 13.8—14.2 (see Table 1). Here A, is the intrinsic
cluster richness as defined in Maturi et al. (2019). Based on these
properties we infer, on average, a small probability of ~0.3% of
the three clusters being false positives (see Fig. 12 of Maturi et al.
2019). We additionally searched for our clusters in published
catalogs of clusters. KiDS 1220 matches with WHL J121959.1-
022611, which is an optically identified cluster in SDSS, found by
both the redMaPPer (Rykoff et al. 2014; Rozo et al. 2015) and the
Wen et al. (2012) cluster finding algorithms. On the other hand,
our search did not produce positive results when looking in cata-
logs of X-rays and Sunyaev-Zel’dovich clusters. This is not sur-
prising as our considered clusters have relatively low masses and
are at intermediate redshifts.

Figure 1 displays the color composite images for the three
KiDS BCGs. The images show that our targets are massive ellip-
tical galaxies, bulge-dominated, but they also show complex
and disturbed morphology. Indeed, KiDS 0920 shows an elon-
gated reddish emission, possibly associated with the stellar disk,
along the northeast to southwest direction. Similarly, KiDS 1444
shows disturbed morphology, with evidence of a faint elongated
tail to the south. Both KiDS 1220 and KiDS 1444 have nearby
companions at a projected separation of ~3 arcsec (i.e., ~17 kpc
at the redshifts of the sources).

2.2. Stellar and star formation properties

We now investigate the multiwavelength properties of the three
BCGs of this work.

2.2.1. Spectral energy distributions

Figure 2 shows the ultraviolet to far-infrared spectral energy dis-
tributions (SEDs) of the three sources from GAMA DR3. The
SED modeling shown in the figure corresponds to the MAG-
PHYS (da Cunha et al. 2008) fits by Driver et al. (2018). Photo-
metric data include GALEX (Martin et al. 2005; Morrissey et al.
2007) in the ultraviolet, SDSS (York et al. 2000) in optical, as
well as VISTA Kilo-degree Infrared Galaxy Survey (VIKING;
Edge et al. 2013), WISE (Wright et al. 2010), and Herschel-
ATLAS (Eales et al. 2010; Valiante et al. 2016) in the near- to
far-infrared.

Table 1 summarizes the BCG properties including their stel-
lar, star formation, and dust properties from the SED fits. All
three BCGs have stellar masses exceeding 10'! M, which con-
firms that they are very massive galaxies. Furthermore, with
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Fig. 2. Ultraviolet to far-infrared SEDs of the three BCGs of this
work taken from GAMA DR3 (Driver et al. 2018). Dust-attenuated (red
curves) and dust-unattenuated (blue curves) MAGPHYS fits are over-
plotted. Filled black dots and open circles are the observed and model
photometry, respectively. The triangle for KiDS 1220 is a GALEX far-
ultraviolet upper limit. Bottom panels show the residuals.
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Table 1. Properties of our targets.

Galaxy RA Dec Zpee 10g(My/Mo) log(Lawst/Lo) log(Maw/Ms) SFR  sSFR  sSFRys log(Mao/Mo)
(hh:mm:ss.s) (dd:mm:ss.s) (My/yr) (Gyr™") (Gyr™)

() (2 3) “4) 5) (6) (7 3 ) (10) (11)

KiDS 0920 09:20:17.28 —00:46:58.51 03216 113590% 1146097 8467020 22279 01000 006  13.9%9

KiDS 1220 12:20:02.30 —02:25:31.15 03886 1148700 1181008 866102  335+103 o1y#00% o7 142701

KiDS 1444 14:44:10.87 +02:34:1823 04417 1138700 1169023 §84:04  337:09 1500 (g9 13801

Notes. (1) BCG name; (2-3) J2000 equatorial coordinates; (4) Spectroscopic redshift from GAMA; (5) Stellar mass; (6—7) Dust luminosity and
mass; (8) SFR; (9) Specific SFR; (10) Specific SFR at the MS estimated using the Speagle et al. (2014) prescription; (11) Richness-based My
mass estimate of the cluster. Columns (5-9) are from MAGPHYS SED fits (Driver et al. 2018).

the only exception of KiDS 1444, the remaining two BCGs
have far-infrared emission from Herschel, well modeled by a
dust component. This supports the scenario that the observed
infrared emission is mainly due to star formation, with minimum
AGN contamination. Indeed, for the three BCGs, dust masses
and luminosities are in the range log(Mgyus/Mo) ~ 8.5-8.7
and log(Lgust/Lo) = 11.5-11.8, respectively, typical of lumi-
nous infrared galaxies (LIRGs). The SFR estimates based on
the ultraviolet to far-infrared SED modeling are also high, and
in the range ~(20-30) M, yr~!. These are consistent with, but
higher, than the SFRs of main sequence (MS) galaxies of similar
mass and redshifts (Speagle et al. 2014); details are provided in
Table 1.

We remind the reader that we selected the three distant star-
forming BCGs from a parent sample of 684 BCGs at z >
0.3 (Sect. 2.1). They represent 0.4% of the parent sample and
are among the most star-forming BCGs in KiDS. This is a
rare population of BCGs that experience stellar mass assembly
and are thus caught in a special phase of their evolution (see,
e.g., Castignani et al. 2020a,b, for similar BCGs). The selected
targets are thus the intermediate-z counterparts of local star-
forming BCGs (>40 M, yr!) such as the famous Perseus A and
Cygnus A (Fraser-McKelvie et al. 2014).

2.2.2. Line diagnostics

We further investigate the star formation properties of the BCGs
using the available spectroscopy in GAMA DR3. According to
Kennicutt (1998), the SFR is directly proportional to both Ha
line and [O II] forbidden-line doublet (3726 A, 3729 A) lumi-
nosities Ly, and Lo 1yj, respectively. We thus use these rela-
tions to estimate the SFR, calibrated to a Chabrier (2003) IMF.
We also correct for dust attenuation using the empirical relation
by Garn & Best (2010), which relates dust attenuation to stellar
mass as follows:

Ano =091 +0.77M + 0.11M?* - 0.09M° , 6))

where M = log(M, /M) — 10. With these conventions, the Ha-
and [O II]-based SFRs can be expressed as follows (see, e.g.,
Gilbank et al. 2010; Zeimann et al. 2013; Old et al. 2020):

SFRHU LH‘I X 100.4 AHo

=50x107* x 2
My /yr erg s~! @
SFR L 1004 Ata
20 _ 501074 x =91 , 3)
Mo /yr ergs! Flines

where rjies 1S the ratio of extinguished [O II] to Ha fluxes.
We found GAMA DR3 spectra for all three BCGs, taken
with the AAOmega/2dF multi-fiber spectrograph on the 3.9 m
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Anglo-Australian Telescope. Gaussian fits to several lines are
also available (Gordon et al. 2017). Among the three BCGs, Ha
emission is detected for KiDS 0920 only, with a flux of Fy, =
(208.6 + 18.5) x 1077 erg s™! cm™2. At a spectral resolution of
R =~ 1300 the Ha line is not blended with [N II]. For the other
two BCGs Ha is redshifted to wavelengths longer than 9100 A,
thus outside the wavelength range of 3750 A < A < 8850 A
covered by the spectrograph (Hopkins et al. 2013).

Conversely, [O II] doublet emission is detected for all three
BCGs. Similarly to Gilbank et al. (2010), for each source we
sum the fluxes of the two components of the [O II] doublet,
adding their uncertainties in quadrature. We refer to this sum
simply as [O II], as in Eq. (3). The resulting [O II] doublet
fluxes of KiDS 0920, 1220, and 1444 are Fjomy = (1889 =
9.3), (72.6 + 15.8), and (88.0 + 20.1), respectively, in units of
1077 erg s=! cm™2. The line ratio rjpe is equal to rjjpes = 0.9 for
KiDS 0920, while we fix it to rijpes = 0.5 for the other two BCGs
for which we do not have Ha measurements, as in Gilbank et al.
(2010).

Using these values, Eq. (2) yields SFRy, = (20.9
1.9) Myyr~! for KiDS 0920. We obtain a similar SFRy,
(27.6+2.6) My yr~! if we compute the dust attenuation using the
observed Ha/HpB Balmer decrement, following Dominguez et al.
(2013). Equation (3) yields instead SFR|o i = (24.1 + 5.3) and
(37.7 £ 8.6) M, yr! for KiDS 1220 and 1444, respectively. We
find a good agreement, within the reported uncertainties, when
comparing these line-based SFRs with those in Table 1 that are
used throughout this work and come from the SED fits. This is
remarkable, considering that discrepancies, even up to a factor
of ~3, are not uncommon when comparing different estimates of
the SFR (e.g., Calzetti 2013).

Finally, we use the line ratios to identify the dominant mech-
anism of gas ionization using ratios of strong optical lines. We
do it by means of the Baldwin, Phillips & Terlevich (BPT)
diagram (Baldwin et al. 1981; Veilleux & Osterbrock 1987). To
this aim we use the [O III] A5007/HB, [N II] 16584/Ha, and
[O 1] 26300/He line ratios. KiDS 0920 is the only source that
has a detection in Ha, as well as in the other lines, and we can
see where it falls in the BPT diagram. Using the line fluxes
reported in the GAMA DR3 database we find the line ratios
log([O III] A5007/HB) = 0.55 + 0.10, log([N II] 16584 /Ha) =
—-0.18 + 0.07, and log([O 1] 16300/He) = -0.40 + 0.10.
These imply that KiDS 0920 falls in the AGN region of the
[O III] A5007/Hp versus [N II] 16584 /Ha plane (Kewley et al.
2006) as well as in the LINER region, close to that of
Seyferts, of the [O III] A5007/Hp versus [O I] 16300/Ha plane
(e.g., Sarzi et al. 2010; Singh et al. 2013). These results are not

I H

2 We note that, for KiDS 0920 it holds SFRy, = SFRo 1] S Fines =
Fiom/Fue = Lio m/Lua-
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surprising, as BCGs are often associated with AGN and radio
galaxies in particular (Zirbel 1996). In this case the BCG is likely
a Type 2 AGN, as the spectrum does not show any clear broad
emission line (e.g., He and Hp).

For the other two BCGs, KiDS 1220 and KiDS 1444, since
we do not have Ha we cannot locate them precisely in the BPT
diagram. However, the sources have log([O III] 15007 /HB) =
—0.35 £ 0.19 and -0.15 * 0.18, respectively, which are lower
than the corresponding line ratio of KiDS 0920. This suggests
that the two sources are more likely located in the star-forming
region of the BPT diagram.

Last, we inspected the position of our sources in the
infrared color-color WISE diagram (Jarrett et al. 2017). Inter-
estingly, KiDS 0920 is classified as an intermediate disk, while
KiDS 1220 and KiDS 1444 are starbursts. These findings
strengthen the selection of our three targets as star-forming
galaxies and suggest that any possible contamination from a
circum-nuclear dusty torus at infrared wavelengths is likely neg-
ligible, which is also supported by the good agreement between
the SED- and line-based SFRs.

3. IRAM 30 m observations and data reduction

We observed the three KiDS BCGs using the IRAM 30m tele-
scope at Pico Veleta in Spain. The observations were carried
out in June, August, and October 2021 (ID: 079-21; PI: G.
Castignani). We used the Eight Mixer Receiver (EMIR) to
observe CO(J—J-1) emission lines from the BCGs, where J is a
positive integer denoting the total angular momentum. For each
galaxy, the specific CO(J—J-1) transitions were chosen to max-
imize the likelihood of the detection, in terms of the ratio of the
predicted signal to the expected rms noise.

The E090, E150, and E230 receivers, operating between ~1—
3 mm, offer 4 X 4 GHz instantaneous bandwidth covered by the
correlators. For KiDS 1220 and KiDS 1444 BCGs we used both
E090 and E150 receivers, simultaneously, to observe CO(1—0)
and CO(2—1), redshifted to 3 mm and 2 mm in the observer
frame, respectively. For all three targets we also used both
E090 and E230 receivers to target simultaneously CO(1—0) and
CO(3—2) lines, redshifted to 3 mm and 1 mm, respectively. We
note that we could not observe KiDS 0920 in CO(2—1) as the
line is redshifted to 174.440 GHz in the observer frame, too close
to the 183 GHz water vapor line, and thus prohibited because of
low atmospheric transmission.

The IRAM 30 m half power beam width (HPBW) is ~16 arc-
sec Zﬂfgin (Kramer et al. 2013), where A is the observer frame
wavelength. All targets are thus unresolved by our observa-
tions. We refer to Sect. 5.1 for further discussion. The wobbler-
switching mode was used for all the observations to minimize
the impact of atmospheric variability. The Wideband Line Mul-
tiple Autocorrelator was used to cover the 4 x 4 GHz bandwidth,
in each linear polarization. We also simultaneously recorded the
data with the fast Fourier transform spectrometers, as a backup,
at 200 kHz resolution.

During our June and August observations, we had variable
weather conditions, while in October we had good weather dur-
ing our observations. Overall we had average system tempera-
tures typical of summer season and equal to Ty, =~ 120-130 K,
190-300 K, and 290-440 K at 3, 2, and 1 mm, respectively. For
pointing and focus we used the following strong sources: Mars,
Mercury, Venus, 3C 084, 3C 273, 3C 279, and OJ +287.

We summarize our observations in Table 2. The data reduc-
tion and analysis were performed using the CLASS software

of the GILDAS package®. For each source and frequency tun-
ing, we merged all available observations. We flagged only
a few bad scans. At a velocity resolution of 60 km s™' the
resulting rms values of the antenna temperature (Ta*) are sim-
ilar among our three targets, at their corresponding frequency.
They range between rms = 0.20—0.31 mK at 1 mm and between
rms = 0.57-0.59 mK at 2 mm. At 3 mm we have instead
rms = 0.59, 0.38, and 0.96 mK for KiDS 0920, 1220, and 1444,
respectively. Our results are presented in Sect. 5, where we fur-
ther describe the analysis of our IRAM 30 m spectra.

4. The comparison samples

In this section we describe samples of galaxies with available
observations of their molecular gas that we use as a comparison
for our analysis.

4.1. Distant cluster galaxies observed in CO

We want to put our galaxies in a broader context, in comparison
with existing samples of distant cluster galaxies. To this aim,
we consider the compilation built by Castignani et al. (2020b),
comprising 120 (proto-)cluster galaxies at 0.2 < z < 5.0 with
M, > 10° M, and CO observations from the literature. In par-
ticular, we refer to Tables A.1, A.2 of Castignani et al. (2020b),
where stellar, star formation, and gas properties are listed. Since
in this work we consider massive intermediate-redshift BCGs,
we limit ourselves to sources in the compilation with stellar
masses M, > 10! M, and redshifts z < 2 (that is, we exclude
the most distant clusters and still assembling protoclusters). As
we have detected all three of our KiDS BCGs in CO, concern-
ing the comparison sample we similarly considered sources with
CO detections, that is, we excluded sources with only upper lim-
its to the H, masses. The only exception is represented by the
SpARCS 104922.6+564032.5 BCG at z = 1.7, further discussed
below, which is one of the few BCGs at z > 1 with observations
in CO, as well as M, and SFR estimates. This selection yields
58 galaxies over 16 clusters at moderate to high redshifts: z ~
0.2—0.5 (Geach et al. 2011; Jablonka et al. 2013; Cybulski et al.
2016); 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. 2020c).

For our comparison, as further discussed below, we include
additional BCGs drawn from the CLASH and SpARCS surveys.
They span the redshift range z ~ 0.2—1.7 and have been observed
in CO by recent studies (Fogarty et al. 2019; Castignani et al.
2020a,c; Dunne et al. 2021). With the inclusion of these sources
and the three BCGs presented in this work the full list comprises
84 cluster galaxies over 42 clusters at z ~ 0.2-2 and stellar
masses in the range log(M,/My) = 10—12. We use this sam-
ple in Sect. 5.2 to perform a comparison with the three BCGs of
this work in terms of stellar mass, SFR, molecular gas content,
and depletion time.

4.2. Distant BCGs observed in CO

Among the distant cluster galaxies with CO observations and
stellar mass estimates in the comparison sample, considered
above, there are 25 BCGs, as outlined in the following.

The SpARCS 104922.6+564032.5 BCG, located at z = 1.7.
Recent CO(1—0) Jansky Very Large Array (JVLA) observations

3 https://www.iram.fr/IRAMFR/GILDAS/
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Table 2. Results of our CO observations.

Integration
Galaxy Zspee  COU—=J-1)  vobs  Scog—i-nAv S/N FWHM Ltogoion 2C00-I-1) time
(GHz) (Jykms™) (kms™") (10" K km s~! pc?) (h)
€Y) 2 (3) 4) (5) (6) @) (3) ) (10)
KiDS 0920 0.3216 1-0 87.222 2.1+04 54 535+104 1.1+02 0.3220 + 0.0002 4.8
352 261.651 <24 - - <0.14 - 4.9
KiDS 1220 0.3886 1—0 83.014 4.1+04 102 726+76 32+03 0.3892 + 0.0002 6.6
2—1 166.024 56+1.0 5.6 497 +99 1.1+02 0.3895 + 0.0002 3.0
352 249.029 55+1.0 5.5 561 +102 0.47 +0.09 0.3890 + 0.0002 3.6
KiDS 1444 0.4417 1—0 79.952 31+04 7.8 385+70 3.1+04 0.4413 + 0.0001 33
2—1 159902 82=+1.1 7.5 499 +84 2.1+0.3 0.4415 + 0.0002 1.4
352 239.845 9.2+24 38 516123 1.0+0.3 0.4423 + 0.0004 1.9

Notes. Column description: (1) Galaxy name; (2) Spectroscopic redshift as in Table 1; (3—4) CO(J—J-1) transition and observer frame frequencys;
(5) CO(J—J-1) velocity integrated flux; (6) Signal-to-noise ratio of the CO(J—J—1) detection; (7) Full width at half maximum of the CO(J—J-1)
line; (8) CO(J—J-1) velocity integrated luminosity; (9) Redshift derived from the CO(J—J-1) line; (10) On-source integration time (double polar).
Absent values are denoted with the symbol —. For KiDS 0920 the reported upper limits are at 3o

by Barfety et al. (2022) yield a large molecular gas reservoir
of My, ~ 10'' My, in agreement with the value previously
found with single-dish observations by Webb et al. (2017). How-
ever, the CO(1—0) peak is offset by ~15 kpc to the south-
east of the BCG, which suggests that the molecular gas reser-
voir may be associated with cluster core BCG companions.
NOrthern Extended Millimeter Array (NOEMA) observations
(Castignani et al. 2020c) supported this scenario, with the detec-
tion in CO(4—3) of two gas-rich BCG companions within
20 kpc from the BCG. The observations allowed us to set a
robust upper limit to the molecular gas reservoir My, < 1.1 X
10'% M, for the BCG that we use in this work.

C1J1449+0856 BCG is another very distant BCG, located at
z = 1.99. 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).

There are 17 BCGs from the recent SpARCS survey,
detected in CO(2—1) and S/N 2 3 by Dunne et al. (2021). They
span the redshift range z ~ 0.2—1.2 and have molecular gas
masses in the range My, ~ (10'°-10'") M.

Finally, we consider six CLASH BCGs at intermediate red-
shifts z ~ 0.2-0.6, similarly to our KiDS targets. They are
MO0329, A1423, M1206, M2129, RX1532, and M1932. The last
two were clearly detected in CO(1—0) at S/N > 6 with the
IRAM 30 m (Castignani et al. 2020a) and ALMA (Fogarty et al.
2019), respectively. They are gas-rich systems, with My, ~
10" M. The first four have been observed in CO(1—0) or
CO(2—1) as part of our IRAM 30 m campaign (Castignani et al.
2020a). This campaign yielded CO detections at S /N > 3 for the
three BCGs, corresponding to molecular gas masses in the range
My, ~(101°-10"") M,

4.3. Galaxies with CO(1—0) and CO(3—2) observations

In addition to cluster galaxies with observations in CO, we con-
sidered a second compilation of sources with molecular gas
observations in the first and third CO transitions. We stress that
the number of such sources is limited in the literature as detect-
ing galaxies in both these transitions is expensive in terms of
observational resources. We use these galaxies in Sect. 5.3 to
investigate the relation between the excitation ratios and both
star formation and gas properties, in comparison with the KiDS
BCGs. We are particularly interested in CO(1—0) and CO(3—-2)
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as we observed all three BCGs of this work at these transitions.
The galaxies considered for the comparison, outlined below, are
massive, log(M,/My) > 10, similarly to our BCGs. They also
cover broad ranges in redshift and SFR, which allow us to effec-
tively search for possible relations and trends.

First, we considered two samples of local galaxies with
stellar, gas, and star formation properties from Lamperti et al.
(2020). These are 25 star-forming galaxies at z ~ 0.02-0.05
from the xCOLD GASS survey (Saintonge et al. 2017), with
log(M,/My) = 10.0-11.0 and SFR = (0.9-35) Myyr™!. In
addition, we include 36 AGN at z < 0.04 from the BAT AGN
Spectroscopic Survey (BASS)*, with log(M, /M) = 9.7-11.0
and SFR =~ (0.2 — 56) M, yr‘l. These two samples have
CO(1—-0) and CO(3—2) observations, taken with the IRAM
30m and JCMT telescopes, respectively (Saintonge et al. 2017;
Lamperti et al. 2020). In particular, for both BASS and xCOLD
GASS samples, in this work we use the H, gas masses and
CO(3—2)/CO(1—0) excitation ratios, both corrected for beam,
as reported in Lamperti et al. (2020).

We additionally included five 2.5 < z < 2.7 (ultra)LIRGs
with infrared luminosities in the range ~(11.6—12.9) L,
stellar masses log(M,/My) = 10.4-11.1, and SFR =
(35-347) My yr~'. Both CO(1—0) and CO(3—2) observations
are available for these sources, as part of the ALMA Spec-
troscopic Survey in the Hubble Ultra Deep Field (ASPECS;
Boogaard et al. 2020).

5. Results
5.1. Molecular gas properties

With our observations we clearly detect all three targeted BCGs
in multiple transitions, with a signal-to-noise ratio (S/N) in the
range S /N =~ (3.8—10.2), as outlined in the following. Our obser-
vations thus increase the still limited sample of rare distant star-
forming BCGs with detections of their molecular gas. Two out
of the three targeted BCGs, namely KiDS 1220 and KiDS 1444
were detected in CO(1—0), CO(2—1), and CO(3—2). The third
one, KiDS 0920, was detected in CO(1—0), while we set an
upper limit to the CO(3—2) emission. The corresponding spec-
tra are shown in Fig. 3.

4 http://www.bass-survey.com/
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Fig. 3. Baseline-subtracted spectra of KiDS 0920 (fop row), KiDS 1220 (center row), and KiDS 1444 (bottom row). The targeted CO(J—J-1)
lines are reported in the top-left corner of each plot. Solid lines show the Gaussian fits to the emission lines, in the event of detection. See text for
details. In all 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).

These results imply that we double the still limited sample of We believe that the observed double-peaked CO emission is
distant (z > 0.2) BCGs with clear detections in two distinct CO  originated from the KiDS 1220 BCG only and we further dis-
lines. To the best of our knowledge there are in fact only other cuss the underlying structural parameters in Sect. 5.5. A possi-
two distant BCGs detected in multiple CO transitions. These are  ble alternative is that the nearby companion of KiDS 1220 BCG
the intermediate-redshift (z ~ 0.4) BCGs RX1532 and M1932  contributes to the observed CO(3—2) emission. However, this is
from CLASH (Postman et al. 2012). RX1532 was detected both  less likely as the source is at a projected separation of 2.7 arc-
in CO(1-0) and CO(2—1) with our recent CLASH IRAM sec, so that with a HPBW of 9.6 arcsec (Kramer et al. 2013)
30m campaign (Castignani et al. 2020a). M1932 was instead the efficiency is suppressed down to 80% the maximum. With
detected in CO(1—0), CO(3—2), and CO(4—3) with ALMA by a similar argument, we believe that the CO emission observed
Fogarty et al. (2019). for KiDS 1444 comes from the BCG only, with null or negligi-

Based on the optical morphologiesillustratedinFig. 1 thethree  ble contamination from the nearby companion within the beam.
targeted KiDS BCGs are unresolved by our observations, assum- However, it is possible that the KiDS 1220 and KiDS 1444
ing a CO-to-optical size ratio ~0.5 (Young et al. 1995) and given BCGs are interacting with their companions, which may favor
that the IRAM 30m beam is ~16 arcsec at 2 mm (Krameretal. the replenishment of the BCGs’ gas reservoirs, thus ultimately
2013, seeour Sect. 3). We detectall targeted lines except CO(3—2)  contributing to sustain the high level of star formation activity
of KiDS 0920, this yields an exceptional success rate of 88%, observed in the targeted BCGs.
that is, seven detections out of eight targeted lines, higher than We detect KiDS 0920 in CO(1—0), and it is likely that the
that of recent surveys of distant BCGs (Castignani et al. 2020a,b;  detected molecular gas comes from the elongated disk-like struc-
Dunne et al. 2021). We then fit each detected CO line with a Gaus-  ture seen in Fig. 1. However, we do not find any evidence of
sian curve, after removing the baseline with a linear fit. We used CO(3—2) emission, so that we first removed the baseline in
instead a combination of two Gaussian curves to fit the CO(3—2) the CO(3—2) spectrum with a linear fit. We then estimated the
line of KiDS 1220, as the spectrum shows a clear double-hornpro- rms noise level for the antenna temperature (Ta*). Using stan-
file. Hints of a double-peaked line are also presentin the CO(1—0) dard conversions, outlined below, we converted the rms into
and CO(2—1) spectra. a 30 upper limit to the integrated CO flux, at a resolution of
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300 kms~!, which corresponds to the typical full width at half
maximum for massive galaxies and BCGs in particular (Edge
2001; Dunne et al. 2021).

In Table 2, we report the results of our observations, where
we apply standard efficiency corrections to convert (i) Ta* into
the main beam temperature 77, and then (ii) Ty into the corre-
sponding CO line flux, with the conversion factor of 5 Jy K~!.
In particular, we adopt the following efficiency corrections
Tmp/Ta* = 1.2, 1.4 and 2.0 for ~3, 2, and 1 mm observations,
respectively®.

We then derive the CO(J—J-1) luminosity L&O(J—»J—l)’ in

units K km s™! pc?, from the velocity integrated CO(J—J-1) flux
S cog—i-1y) Av , in units Jy km s~!. To this aim we used Eq. (3)
from Solomon & Vanden Bout (2005):

Ltogoy-y =325 10" Scogmi-n Avve DE(1+2)7°,  (4)
where vops 1S the observer frame frequency, in GHz, of the
CO(J—J-1) transition, Dy, is the luminosity distance in Mpc, and
z is the redshift of the BCG.

All three BCGs are detected in CO(1—0): this enables us to
derive the total H, gas mass as My, = aCOL’CO(HO). The use of
the CO(1—0) transition is advantageous with respect to higher-J
ones as it does not require any assumption on the excitation ratio
= Leogoy-n/Leoi-o)

The three KiDS BCGs have similar specific star-formation
rates, sSSFR =~ 1.6 x sSFRys (see Table 1). They are all less
than the value of 3 x sSFRys, below which the galaxy sSFR is
within the typical scatter of the MS. To estimate H, gas masses
we therefore assume a Galactic CO-to-H, conversion factor of
aco = 4.36 My (K km s7! pcz)’l, commonly adopted for star-
forming galaxies at the MS. The use of a single aco factor
also allows us to do a homogeneous comparison in terms of gas
content.

As all three BCGs are detected in CO(1—0), we use both LO
and LI sidebands to search for the CN(N=1—0) doublet, which
is redshifted to ~(79-86) GHz in the observer frame, close to
the CO(1—0) line. However, none of the three BCGs shows evi-
dence for any of the CN(N=1—0) J=1/2—1/2 and CN(N=1—-0)
J=3/2—1/2 lines of the doublet. This is not surprising, since they
are usually much fainter than CO(1—0). In our recent study we
performed a similar search for the CN(N=1—0) doublet in the
BCG RX1532 at z ~ 0.4, which also led to a non-detection
(Castignani et al. 2020a). However, thanks to the long integra-
tion times of several hours at 3 mm (Table 2) we reach low rms
values of 1.7, 1.3, and 2.3 mJy for the KiDS 0920, 1220, and
1444 BCGs, respectively, at a resolution of 60 km sl

We do not attempt to set any upper limit to the contin-
uum emission of the BCGs by using the available total 15 GHz
(LI, LO, UI, UO) bandwidths, for each polarization. In fact,
the BCGs are faint and there is significant intrinsic atmo-
spheric instability at millimeter wavelengths that prevents us
from robustly determining the continuum levels or estimating
upper limits.

We also estimate the depletion timescale 74, = Mpy, /SFR,
which is the characteristic time to deplete the molecular
gas reservoirs. To compute 74, we use the SED-based SFR
estimates reported in Table 1. Similarly, we also estimate
the molecular-gas-to-stellar-mass ratio, My, /M., and the ratio
between the molecular gas and the dust masses. For a compari-
son we compute the depletion time T4epms and the molecular gas

5 https://www.iram.es/IRAMES/mainWiki/
Iram30mEfficiencies
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to stellar mass ratio (MWHf)Ms for MS galaxies in the field with
redshift and stellar mass equal to those of our BCGs, by using
empirical prescriptions by Tacconi et al. (2018), calibrated to the
CO-to-H, conversion factor of aco = 4.36 My (K km s™! pc?)~!
used in this work.

In Table 3 we summarize the molecular gas properties for
the three KiDS BCGs. As both KiDS 1220 and KiDS 1444 are
detected in multiple CO transitions, in the Table we also list their
ry1 and r3; excitation ratios, while for KiDS 0920 we report the
upper limit to r3;.

5.2. Gas fraction, star formation, and depletion time

We now exploit the compilation of cluster galaxies with available
H, gas masses, SFR, and M, estimates presented in Sect. 4.1.
Figure 4 displays the ratio of molecular gas to stellar mass
My, /M, as a function of both redshift and specific SFR for the
compilation of cluster galaxies with observations in CO and stel-
lar mass estimates.

In Fig. 5 we show instead the SFR, My, /M, and the deple-
tion time (74ep), all normalized to their MS values, as a func-
tion of the stellar mass. In both figures, to allow a homogeneous
comparison, we have used aco = 4.36 My (Kkm s~ pcz)’1
for all data points and the overplotted Tacconi et al. (2018) rela-
tions. We also highlight the KiDS BCGs (red dots) and BCGs
from the literature, while the remaining cluster galaxies in our
comparison sample are shown in background (gray dots). By
looking at Fig. 5 it is striking that our BCGs have high stellar
masses, log(M, /M) ~ 11.4, that are systematically higher than
the SpARCS BCGs in Dunne et al. (2021). This result strength-
ens the BCG association for our targets, further discussed in
Sect. 5.4.

Interestingly, the figures also show that all three KiDS BCGs
are gas-rich, with H, gas masses largely exceeding 10'® M, and
H,-to-stellar mass ratios in the range ~0.2—0.6, which are val-
ues similar to those found by previous studies of star-forming
BCGs at intermediate redshifts (SpARCS and CLASH survey;
Fogarty et al. 2019; Castignani et al. 2020a; Dunne et al. 2021),
highlighted in the figures.

Furthermore, while our KiDS BCGs have My, /M, ratios
higher than those of MS galaxies, they also have MS levels of
star formation activity (Fig. 5 left). These results imply that our
targeted BCGs convert the molecular gas into stars quite inef-
ficiently, having depletion timescales 74, = Mp,/SFR in the
range ~ (2—4) Gyr. As illustrated in Fig. 5 (right) these values
are still consistent with the depletion timescales of MS galax-
ies, given the uncertainties, but higher than those found for star-
forming CLASH and SpARCS BCGs. This result is intriguing
and may suggest that the gas fueling in the three KiDS BCGs
differs somehow from that of previously studied star-forming
BCGs at intermediate redshifts. Similarly, as outlined in Table 3,
our three KiDS BCGs have H,-to-dust mass ratios in the range
~170-300, thus exceeding the ratio of ~100, typical of dis-
tant star-forming galaxies (Berta et al. 2016; Scoville et al. 2014,
2016).

To explain both the high 74, and the high My, /Mg, a
possibility is that a substantial amount of the H, gas has been
recently accreted, but still not efficiently converted into stars.
This accretion may have occurred via filaments (as it may be
the case of KiDS 0920, which shows an elongated morphol-
ogy), or via interaction with the companions (for KiDS 1220
and 1444). Alternatively, adopting a lower @co conversion fac-
tor than the Galactic one, as usually done for starbursts, would
lead to lower My, and 74.p,. Motivated by these results, in the
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Table 3. Molecular gas properties of the BCGs.

Mpy, Mpy, My,

Galaxy Zspec Excitation ratio My, Tdep . Mo TdepMS E)Ms
(10"°Mz)  (Gyr) (Gyr)

) @ 3) ) ® (6) ™ ® &)
KiDS 0920 0.3216 rs <0.13 48+0.9 22708 0217005 166137 1.4*03  0.0870 13
KiDS 1220 03886 ry =0.34+0.07 140+ 14 437¢ 046709 306750 1473 0.087¢

r3; = 0.15+0.03
KiDS 1444 04417 1 =0.68+0.13 135+1.7 4057 056013 1954% 1373 0.1170)]

r3 = 0.32 +£0.11

Notes. Column description: (1) BCG name; (2) Spectroscopic redshift as in Table 1; (3) Excitation ratio; (4) Molecular gas mass My, =
acoL’CO(HH), where aco = 4.36 M, (K km s7! pcz)’l is assumed; (5) Depletion timescale 74, = Mpy, /SFR; (6) Molecular gas-to-stellar mass
ratio; (7) Molecular gas-to-dust mass ratio; (8—9) Depletion timescale and molecular gas-to-stellar mass ratio predicted for MS field galaxies with
redshift and stellar mass of our targets, following the prescription by Tacconi et al. (2018), calibrated to aco = 4.36 My, (K km s~ pc?)~!. For
KiDS 0920 the reported r3; upper limit is at 30.
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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 is the median stellar mass of all sources in the plot. The dashed green
lines show the statistical 10~ uncertainties in the model. Right: molecular gas-to-stellar mass ratio versus the specific SFR for the cluster galaxies,
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. In both panels the points show
cluster galaxies with molecular gas observations. The adopted color code is reported at the top left of each panel. The KiDS BCGs from this work
are reported as red circles. Additional distant BCGs from the literature are also highlighted.

consider the ry, r3, and ry3 excitation ratios, whenever avail-
able.

As pointed out above, all these intermediate-z BCGs are
star-forming and span a quite broad range in the SFR =
(20-200) M, yr~'. On the other hand the BCGs are gas-rich,
with similar gas content in terms of My, = (0.5-1.4) X 10" M,
and My, /M, =~ (0.1-0.6), which are less scattered than the SFR.
Consistently with this result, we do not find any trend when plot-
ting the excitation ratios ry; against the My, or My, /M.

Figure 6 displays the excitation ratios ry; of the BCGs against

following Section we further investigate the differences of the
selected BCGs with respect those studied in previous works by
means of the excitation ratio.

5.3. Excitation ratios

To the best of our knowledge there exist only a few distant
BCGs with CO detections in different transitions, as outlined
in Sect. 5.1. These are RX1532 (z = 0.361, Castignani et al.
2020a) and M1932 (z = 0.353, Fogarty et al. 2019), in addition

to the KiDS BCGs of this work. As the sources are all detected in
CO(1—-0) as well as in CO(2—1), CO(3—2), or CO(4—3) we

the sSFR (left) and the depletion time (right). For the latter we
used aco = 4.36 My (K km 57! pcz)’1 for all sources in the plot,
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Fig. 5. SFR (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
uncertainties associated with the MS. The uncertainty is chosen to be

to y-axis values equal to unity, while the dotted lines denote the fiducial
equal to +0.48 dex for both the left and right panels since the MS is

commonly identified by 1/3 < SFR/SFRys < 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.
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to allow a homogeneous comparison. The plots show a clear
dichotomy between the CLASH BCGs (M1932 and RX1532)
that show the highest SFR > 100 M, yr~! and the KiDS BCGs
considered in this work, with lower SFR =~ (20-30) M yr~!.
The latter not only have higher depletion times, as discussed in
Sect. 5.2, but also lower excitation ratios.

As all BCGs have observations in both CO(1—0) and
CO(3—2) we include in Fig. 6 the ASPECS, BASS, and xCOLD
GASS sources presented in Sect. 4.3, for a comparison. When
considering the r3; values of the KiDS BCGs and the comparison
galaxies altogether we find that the excitation ratio turns out to be
correlated with sSSFR and anticorrelated with the depletion time,
at a level of 3.10 (p-value = 1.81 x 107®) and 4.70- (-value =
2.73 x 1079), as found with the Spearman test, respectively. We
also note that, at fixed BCG, it holds r4; < r3; < rp; as indeed
higher-J CO transitions are associated with denser gas, more dif-
ficult to excite.

These findings suggest that highly excited gas is preferen-
tially found in highly star-forming and cool-core BCGs such
as RX1532 and M1932, as well as in star-forming galaxies
of the comparison samples (e.g., ASPECS). As further dis-
cussed in Castignani et al. (2020a) the cool-core cluster envi-
ronments likely favor the condensation and the inflow of gas
onto the BCGs themselves. The present work further supports
this scenario, while suggesting meanwhile that SFRs lower than
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reported for a comparison.

~100 Mg yr~! appear to be not sufficient to excite the gas to the
highest levels. The latter is true for the KiDS BCGs, as well
as for lower mass XCOLD GASS and BASS galaxies of the
comparison sample. Interestingly, trends of the excitation ratios
as a function of star formation and gas properties were also
reported in previous studies of local galaxies (Lamperti et al.
2020; Yao et al. 2003; Leech et al. 2010), while in this work we
find that they are also valid for star-forming and distant BCGs.

Although the excitation ratios of the BCGs nicely follow
the expected trends as a function of the sSFR and the deple-
tion time, we note that the ry; values of the KiDS BCGs are
lower than those of distant star-forming galaxies, for which r3; ~
0.6, on average (Carilli & Walter 2013; Bothwell et al. 2013;
Genzel et al. 2015; Boogaard et al. 2020). We remind that the
IRAM 30m HPBW is ~24, 16, and 10 arcsec for the CO(1—0),
CO(2—1), and CO(3—2) transitions, respectively. As all KiDS
BCGs have nearby companions within 10 arcsec in projection,
the latter ones might contribute to the observed CO(1—0) and
CO(2—1) emission, while the contamination is likely negligible
for CO(3—2), as already discussed in Sect. 5.1. The relatively
low ry; values of the KiDS BCGs might therefore be explained
if the BCG companions are rich in gas. High resolution inter-
ferometric observations are however needed to have a definitive
answer, as in the case of SpARCS 104922.6+564032.5 BCG at
z = 1.7 (Castignani et al. 2020c, see our Sect. 4.2).
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5.4. Color-magnitude plots

We now study the cluster galaxy population of the three KiDS
clusters of this work by means of color-magnitude (CM) plots,
with a particular focus on the BCGs. To this aim we select
sources in the KiDS DR3 within a separation of 2 arcmin from
each of the three targeted BCGs.

In Fig. 7 we report the corresponding g — r versus r plots,
where g and r are AB apparent magnitudes, obtained with the
OmegaCAM camera on the VST (see Sect. 2.1). At the redshifts
of our targeted BCGs the rest frame 4000 A break is redshifted
to ~(5300-5800) A, between the g and r filters, whose effective
wavelengths are 4800 A and 6250 A, respectively. The chosen
filters are thus optimal to detect the red sequence in the consid-
ered clusters.

In each CM plot we highlight the BCGs (green stars). We
also distinguish field galaxies (gray dots) from fiducial clus-
ter members, which have been selected as follows. Photomet-
rically selected cluster members (filled blue dots) are those with
AMICO cluster membership probabilities greater than 50%,
which implies that the galaxies are formally more likely to
belong to the clusters than the field. The selected threshold
potentially allows us to reach a completeness level of 290%
and at the same time limit the contamination from the field
(e.g., George et al. 2011; Castignani & Benoist 2016). Similarly
to previous studies (e.g., Rozo et al. 2015), we also selected
spectroscopic cluster members (open red symbols) as those with
a line-of-sight velocity separation §v < 2000 km s~! with respect

to the BCG, where év = ¢ %, c is the speed of light, zgcg
is the BCG redshift, and zp. is the spectroscopic redshift of the
fiducial cluster member.

The CM plots show that our targeted BCGs are indeed the
brightest (and the most massive) among the selected cluster
members. There is only one exception, which is a photometri-
cally selected member with »=18.0 and a projected separation
of 63 arcsec (~0.3 Mpc) in projection from the KiDS 1220 BCG.
The galaxy is thus much (~1 mag) brighter than BCG and we
suspect it is a foreground source, despite its photometric redshift
of 0.46 + 0.07.

In all CM plots we also appreciate a clustering of red sources at
g — r ~ 1.5. However, the observed clustering is mitigated by the
photometric redshift selection of cluster members. Interestingly,
the targeted BCGs are systematically bluer. These findings sug-
gest that the considered cluster cores are sufficiently mature with
their galaxy populations well evolved in terms of color properties.
On the other hand, the bluer colors of the BCGs are consistent with
the fact that we selected them to be star-forming so that they are
caught in a rare phase of their evolution. These results motivated
us to perform a red-sequence modeling of the photometric data,
similarly to previous studies (Kotyla et al. 2016; Castignani et al.
2019), as described in the following.

To model the red sequence, we used the Galaxy Evolu-
tionary Synthesis Models (GALEV) tool® (Kotulla et al. 2009).
We adopt chemically consistent models of elliptical galaxies,
according to the GALEV prescriptions. We impose a galaxy for-
mation at high redshift (z = 8), consistent with formation sce-
narios of massive ellipticals (Partridge & Peebles 1967; Larson
1975; De Lucia et al. 2006) We verified that changing the forma-
tion redshift between z = 6.5-20 does not significantly change
the red-sequence model in the CM plot.

We also assume that the total initial mass of the galaxy is
between 1 x 10'° M, and 5 x 10'"" M. For our red-sequence

% http://www.galev.org

models we further rely on a Kroupa (2001) IMF between 0.1
and 100 My, which agrees well with the Chabrier (2003) IMF.
We note that the SED modeling of the BCGs (Sect. 2.2.1) relies
on the Chabrier (2003) IMF, which is, however, not included in
the GALEV library.

With the above assumptions we performed different red-
sequence models, which we report as horizontal lines in Fig. 7,
as further outlined in the following. For all three CM plots we
show a model assuming no burst, which yields the reddest red
sequence possible at the cluster redshift. We also report different
models assuming a single strong burst of star formation, expo-
nentially declining with time. For these models we assume a
burst duration of 2 Gyr (e-folding time) and a burst strength of
100%, which is the fraction of the available gas at the onset of
burst that is transformed into stars during the burst. We report
different bursty red-sequence models, corresponding to single
bursts of star formation occurring between z = 0.6-2.5, as
shown in the legend of Fig. 7.

Interestingly, models with a star formation burst at z = 2.5
(dashed lines in Fig. 7), that is, approximately at the peak of
the cosmic SFR density (Madau & Dickinson 2014), yield col-
ors that are quite similar to those inferred from models with no
burst of star formation (solid lines in Fig. 7). Furthermore, while
these two models reproduce fairly well the colors of red cluster
members, those of the star-forming BCGs are bluer. This analy-
sis motivates us to perform additional evolutionary models. We
indeed find that recent bursts at z ~ 0.6—0.7, z ~ 0.8—0.9, and
z ~ 1.2—1.3 are needed to better reproduce the observed g — r
colors, and also the observed r-band magnitudes of the three
KiDS 0920, 1220, and 1444 BCGs, respectively. For KiDS 1444
BCG at the highest redshift, a burst at z = 2.5 still repro-
duces fairly well the BCG g — r color. However, a later burst
at z ~ 1.2—1.3 appears to be favored as it implies both a bluer
color and a brighter magnitude, more similar to those of the
BCG. However, we note that neither of the adopted red-sequence
models is able to reach the low r-band magnitude of KiDS 1444
BCG, despite the high 5 x 10'! M, initial mass adopted in the
modeling. This possibly suggests that a faster mass growth (e.g.,
via mergers) than that predicted by the close-box GALEV evo-
lutionary models would be a viable alternative for the BCG.

Overall, our analysis confirms that the three considered clus-
ters have some evidence of a red sequence, well modeled assum-
ing either no burst or an old burst of star formation at cosmic
noon (z = 2.5). The associated BCGs show instead bluer colors,
which are better reproduced assuming a recent burst of star for-
mation. These results agree well with the fact that the BCGs are
star-forming and gas-rich. With our observations and the model-
ing we are not able to explain precisely the physical origin for the
observed high star formation, the blue colors, and the large gas
reservoirs. However, recently accreted pristine gas may explain
the observed properties, a scenario that we further discussed in
Sect. 5.2.

5.5. Double-horn modeling for KiDS 1220. Structural
parameters

We now specifically investigate the structural properties of
KiDS 1220. As discussed in Sect. 5.1 this BCG shows evi-
dence for a double-horn profile in the CO(3—2) emission.
This is indicative of a low concentration of the molecular gas
toward the center of the galaxy, which results in the observed
flux dimming at small velocities in Fig. 3. Asymmetric spec-
tra as the one observed for the KiDS 1220 BCG are commonly
found in HI in many galaxies (Richter & Sancisi 1994;
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See the legend and text for further details.

Haynes et al. 1998; Matthews et al. 1998; Yu et al. 2020), as the
atomic gas reservoirs are more extended and fragile than the
molecular gas. Indeed the latter is usually more centrally peaked,
with an exponentially decaying profile (Nishiyama et al. 2001;
Regan et al. 2001; Leroy et al. 2008).

However, asymmetric CO spectra similar to the one found
in KiDS 1220 are also reported in previous studies, mostly
for low-z galaxies (Wiklind et al. 1997; Combes et al. 2007,
Castignani et al. 2022b), including BCGs (Salomé et al. 2015).
Following Wiklind et al. (1997) and Salomé et al. (2015) we
attempt to link the observed double-horn spectrum to the struc-
tural parameters of the gas reservoir, as follows.
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The observed velocity integrated S co—2)Av spectrum can
be related to the H, gas density profile n(r) and the rotational
velocity Vi (r) via Eq. (4) of Wiklind et al. (1997):

n(r)r

S coa—2)Av o« drdv, (5)

2
Viot(r) sini /1 — ( le(:) sini)

where r is the projected radius from galaxy center and i is the
inclination with respect to the line of sight (i = 0 deg is face—
on). We then parameterize the gas density profile with a Toomre
(1963) disk of order n = 2, which corresponds to a flat Plummer
distribution:

r2 -5/2
n(r) = no(l + d—z) . (6)
The above expression implies a quadratic contribution to the
rotational velocity equal to Vrzot,gas(r) = vrzot 4(r), as in Eq. (8)
of Wiklind et al. (1997). Here d is the characteristic scale of the

disk, and ng = % is the central gas density, whose value is
fixed by matching the surface integral of n(r) to the total gas
mass My, = 1.4 x 10" M,

As an alternative to the flat disk we also consider an even
less centrally concentrated distribution of H, as described by a
ring. We model a ring-like distribution as the difference of two
gaseous disks with scales d; > d,:

2\-5/2 2\-5/2
(r) (1+r) (1+r) ] %)
n(r) = ng = - — ,
dy a4
where ng = % is fixed by the surface integral, as in the

case of a disk, while the quadratic contribution to the rotational
: 2 _ 2 2
velocity becomes equal to Vi .. (r) = Vi, 4 (r) =V, 4 (7).

We then express the total rotational velocity as the quadratic
sum of the contributions from the gaseous component (disk or
ring), the stellar bulge, and the dark matter (DM) halo, as fol-
lows:

Vrot(r)2 = Vrot,gas(r)2 + Vrot,bulge(r)2 + Vrot,DM(r)2 . ()
Following Wiklind et al. (1997), the stellar bulge is given by
GM,r
Vrr)t,bulge(’")2 = —r:fZ - (9)
(r + 13153

Here M, = 3.02 x 10" M, (Table 1) and r.g = 7.28 kpc are
the stellar mass and half-light radius of KiDS 1220, respec-
tively. We estimated the latter in r-band assuming a fixed
Sérsic index ngeersic = 4, typical of ellipticals. To this aim
we used the SOURCEXTRACTOR++ (v 0.16) package’, which
is the successor to the SEXTRACTOR tool (Bertin & Arnouts
1996). A position-dependent model of the point spread func-
tion (PSF) was derived with the PSFEx tool® and used as input
in SOURCEXTRACTOR++ to fit the galaxy with a Sérsic profile
plus the model PSF.

We then express the DM halo contribution as in Eq. 5 of
Castignani et al. (2012), which corresponds to the universal rota-
tion curve halo model by Salucci et al. (2007):

5 ,00”(3) r ro1 r?
Viotpm(r)” = 6.4——| log| 1+ — | —arctan — + = log |1 + =
r o ro 2 i

(10)

7 https://astrorama.github.io/SourceXtractorPlusPlus
8 www.astromatic.net
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According to the model, both the scale length and the central
density can be related to the DM mass (Salucci et al. 2007;
Memola et al. 2011), and consequently Vrm,DM(r)z. In order to
reproduce a flattening of the rotational velocity profile at a large
distance r ~ 100 kpc, as it is the case of massive galaxies such
as KiDS 1220, we assume a DM mass of Mpy = 5 x 1012 My,
which implies pg = 2.40 x 1072 g cm™3, ry = 44.2 kpc, a stellar
to DM halo mass ratio of M, /Mpy = 6% and a flattening of the
rotation velocity to a value of ~300 km s~!.

To determine the structural parameters of the gaseous reser-
voir we then vary the disk scales d, d;, and d, from 50 pc up to
20 kpc. From the integration in Eq. (5) over all radii and over the
velocity support of the CO(3—2) line we can relate the observed
spectrum to the one inferred from our modeling. The overall
normalization is fixed by the height of the line. Increasing the
inclination angle i has the net effect of increasing the velocity
separation between the two peaks in the spectrum (Wiklind et al.
1997). As My, is fixed, decreasing the disk scales d, d; has the
net effect of increasing the central density ng, and thus the con-
centration, which ultimately reduces the observed depth in the
spectrum at small velocities, with respect to the peaks. Given
these relations, we find that both a ring and a disk with an incli-
nation of i = 40 deg reproduce the observed spectrum well. The
inferred sizes are d = d; = 9 kpc and d| — d, = 1 kpc. With
these parameters we get peak H,-gas-density values of 800 and
300 M, pc2 in the case of a disk and a ring, respectively, which
are typical values found for LIRGs, like our BCGs, along the
Kennicutt-Schmidt relation.

Figure 8 (top) displays the gas surface density profiles. In the
central panel we report the rotational velocity profile in the case
of ad = 9 kpc disk, while similar curves are obtained in the case
of aring with the above parameters. In the bottom panel of Fig. 8
we show both the observed spectrum and our modeling in both
cases of a gaseous disk or a ring. As the central density scales as
the square of the inverse of disk scale, we stress that by adopting
a smaller radius for the molecular gas reservoir we significantly
increase the central density up to high values 1000 Mg pc~2,
which are less likely. At the same time we also increase the con-
centration and we are not able anymore to reproduce well the
flux dimming at small velocities in the spectrum, even assuming
an extreme edge-on orientation (i = 90 deg).

Overall, our results thus yield an extended molecular gas
reservoir that is reminiscent of the extended disk phase described
in Olivares et al. (2022) for local BCGs. During this phase
the star formation and so the molecular gas is more likely to
be detected. Similar to what was suggested by these authors,
the angular momentum may prevent the cold gas from being
rapidly accreted, which would explain the low concentration
and the large extent of molecular gas in KiDS 1220. Follow-
ing the evolutionary scenario proposed by Olivares et al. (2022),
the BCG may then experience a rapid compaction phase, simi-
larly to that previously suggested for distant star-forming galax-
ies (Barro & Faber 2013; Barro et al. 2017), including BCGs
(Castignani et al. 2020b).

6. Summary and conclusions

In this work we have investigated the molecular gas and star
formation properties of three star-forming BCGs at intermedi-
ate redshifts, drawn from the Radovich et al. (2020) sample of
BCGs within the third data release of KiDS (de Jong et al. 2017,
Kuijken et al. 2019). We have selected three targets from a large
sample of 684 spectroscopically confirmed z > 0.3 BCGs in
the equatorial KiDS-N field, namely KiDS 0920 (z = 0.3216),
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curve. Bottom: observed spectrum and modeling. See the legend and
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KiDS 1220 (z = 0.3886), and KiDS 1444 (z = 0.4417), that
show significant infrared emission (Sect. 2.1). Our sources thus
represent a small fraction (0.4%) of the parent sample and are
among the most star-forming BCGs in KiDS. They have line-
based (He, [O II]) and SED-based SFR =~ (20 — 30) My/yr,
as well as dust masses and luminosities typical of LIRGs
(Sects. 2.2.1 and 2.2.2). By performing BPT line diagnostics,
we find KiDS 0920 is classified as a dusty AGN, while the other
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two BCGs likely fall in the star-forming region of the BPT dia-
gram (Sect. 2.2.2). The selected BCGs thus constitute a rare
subpopulation of star-forming BCGs that are experiencing stel-
lar mass assembly and are thus caught in a special phase of
their evolution, similar to other distant star-forming BCGs (e.g.,
Castignani et al. 2020a,b).

In order to investigate the mass growth and the fueling of
gas feeding star formation, we observed the three BCGs with
the IRAM 30m telescope, targeting the first three CO transitions
(Sect. 3). We clearly detect at S /N = (3.8—10.2) all three sources
in multiple transitions. Our campaign thus yields a high success
rate of 88%, much higher than that of previous studies that tar-
geted distant BCGs in CO (Sect. 5.1). With the present work we
also double the number of distant BCGs that are clearly detected
in at least two CO transitions.

We then compared the molecular gas properties of the KiDS
BCGs with those of a sample of distant cluster galaxies (Sect. 4)
with molecular gas observations from the literature as well as
with scaling relations of MS field galaxies. Our BCGs appear to
be rich in gas, with My, =~ (0.5-1.4) x 10'" M and My, /M, =~
(0.2-0.6). These results place them among the most gas-rich
BCGs at intermediate redshifts.

The KiDS BCGs of this work have a high content of molec-
ular gas, well above the MS. Conversely, they also have star
formation activities typical of MS galaxies (Sect. 5.2). This
implies that our targeted BCGs accumulate large molecular gas
reservoirs that are not efficiently converted into stars, having
depletion timescales Tgep = (2—4) Gyr, higher than those previ-
ously found in distant star-forming BCGs from the CLASH and
SpARCS surveys (Fogarty et al. 2019; Castignani et al. 2020a;
Dunne et al. 2021).

All these results are intriguing and suggest that the gas fuel-
ing the three KiDS BCGs differs somehow from that of pre-
viously studied star-forming BCGs at intermediate redshifts.
Consistent with this interpretation, we find a correlation between
the excitation ratio and the star formation activity of the BCGs
(Sect. 5.3), in the sense that the highest excitation ratios are
found only in highly star-forming BCGs (SFR > 100 My/yr),
which also have short depletion times of ~(0.5-0.7) Gyr
(Fogarty et al. 2019; Castignani et al. 2020a). Our KiDS BCGs
instead have lower excitation ratios, lower SFRs =~ (20 —
30) Mo/yr, and longer 74ep.

We further investigated the star formation properties of the
KiDS BCGs by performing a CM analysis (Sect. 5.4). We
find that the BCGs are bluer and brighter than photometrically
selected cluster members. Red-sequence modeling suggests that
recent bursts of star formation are needed to better reproduce
both the observed g — r colors and the r-band magnitudes of the
three BCGs.

One possible explanation for the observed phenomenology
is that the H, gas, or a substantial amount of it, was recently
accreted by the KiDS BCGs but still not efficiently converted
into stars. The infall of pristine gas may also explain the
My, [Mause = 170-300 ratios that we find for our KiDS BCGs.
This accretion may have occurred via filaments (as may be the
case of KiDS 0920, which shows an elongated morphology) or
via interaction with companions, which are in fact found for
KiDS 1220 and 1444.

Interestingly, for KiDS 1220 we have additionally found a
double-horn emission in CO(3—2), which implies low gas con-
centration toward the galaxy center. The CO(3—2) emission
is well modeled with an extended molecular gas reservoir of
~9 kpc (Sect. 5.5), which is reminiscent of a mature extended
disk phase observed in local BCGs by Olivares et al. (2022).
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This phase may precede a compaction phase (Barro & Faber
2013; Barro et al. 2017; Castignani et al. 2020b), and later the
quenching.
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