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Abstract

We report the serendipitous discovery of an overdensity of CO emitters in an X-ray-identified cluster
(Log10Mhalo/Me∼ 13.6 at z= 1.3188) using ALMA. We present spectroscopic confirmation of six new cluster
members exhibiting CO(2–1) emission, adding to two existing optical/IR spectroscopic members undetected in
CO. This is the lowest-mass cluster to date at z> 1 with molecular gas measurements, bridging the observational
gap between galaxies in the more extreme, well-studied clusters (Log10Mhalo/Me 14) and those in group or field
environments at cosmic noon. The CO sources are concentrated on the sky (within ∼1 arcmin diameter) and phase
space analysis indicates the gas resides in galaxies already within the cluster environment. We find that CO sources
sit in similar phase space as CO-rich galaxies in more massive clusters at similar redshifts (have similar accretion
histories) while maintaining field-like molecular gas reservoirs, compared to scaling relations. This work presents
the deepest CO survey to date in a galaxy cluster at z> 1, uncovering gas reservoirs down to > ´M 1.6 10H

10
2 Me

(5σ at 50% primary beam). Our deep limits rule out the presence of gas content in excess of the field scaling
relations; however, combined with literature CO detections, cluster gas fractions in general appear systematically
high, on the upper envelope or above the field. This study is the first demonstration that low-mass clusters at
z∼ 1–2 can host overdensities of CO emitters with surviving gas reservoirs, in line with the prediction that
quenching is delayed after first infall while galaxies consume the gas bound to the disk.

Unified Astronomy Thesaurus concepts: High-redshift galaxy clusters (2007); Molecular gas (1073); Galaxy
evolution (594)

1. Introduction

One of the most transformational events in the lives of
galaxies is the cessation of active star formation (quenching),
marking a transition to passive evolution. Environment is a
strong regulator of star formation activity, operating indepen-
dently of mass-dependent quenching to z< 1, and producing
largely quenched populations in the low-redshift universe
(Dressler 1980; Balogh et al. 1998; Lewis et al. 2002; Peng
et al. 2010).

By the present day (z= 0) the era of active growth of galaxies
in clusters through star formation is mostly complete. Moreover,
at z 1, clusters are already largely quiescent in their cores (e.g.,
Patel et al. 2009; Finn et al. 2010; Vulcani et al. 2010; Muzzin
et al. 2012). However, at z= 1–2, the discovery of significant
populations of star-forming galaxies in clusters (i.e., Cooper et al.
2006; Hilton et al. 2010; Tran et al. 2010; Fassbender et al. 2011;
Hayashi et al. 2011; Tadaki et al. 2011; Brodwin et al. 2013;

Zeimann et al. 2013; Alberts et al. 2014, 2016, 2021; Bayliss
et al. 2014; Fassbender et al. 2014; Santos et al. 2014, 2015; Ma
et al. 2015; Alberts et al. 2016, 2021) indicates a reversal in the
star formation rate (SFR)–density relation at higher redshifts,
albeit with significant cluster-to-cluster variation (i.e., Alberts
et al. 2016). Massive clusters at this transition epoch from
z= 1–2 have been shown to host field-like (obscured) star
formation (Brodwin et al. 2013; Alberts et al. 2014, 2016, 2021),
alongside a significant ramp-up of the environmental quenching
efficiency (Nantais et al. 2017). Understanding this epoch is
pivotal to our understanding of environment over cosmic time,
linking the proto-cluster regime to local clusters through a critical
era of galaxy buildup.
Finally, at z> 2, the majority of significant overdensities are

expected to be proto-clusters: an early phase where structures
are not yet virialized and are still collapsing, and subtend a
large area on the sky (Chiang et al. 2013, 2017; Casey 2016)
prior to establishing a hot intra-cluster medium (ICM). Proto-
clusters are typically signposted by their dominant population
of star-forming galaxies (traced by Lyα, Hα, or dust continuum
emission). Proto-clusters likely contribute a significant portion
of the cosmic SFR density while in this active phase of growth
via star formation (Chiang et al. 2017), prior to the era of
increased quenching efficiency at z= 1–2. We note that
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establishing the presence of an ICM at high redshift can be
challenging. Cases exist where X-ray emission does not
originate from the ICM, as has been seen in some high-redshift
proto-clusters (Wang et al. 2016; Champagne et al. 2021).
Direct detection via X-rays further suffers from surface bright
dimming. Sunayev–Zeldovich surveys, while in principle
redshift independent, may not be sensitive to ICMs with low
temperatures or may be effected by upscattering of cosmic
microwave background photons from the brightest cluster
galaxy (BCG; e.g., Chatterjee et al. 2010; Hall et al. 2019).

Quenching processes likely initiate during infall into the dense
cluster environment. A critical constraint on the impact of
environment is the cold molecular gas content in galaxies, the
fuel for star formation. Unfortunately, the number of true
virialized galaxy cluster candidates (confirmed by a hot ICM, or
inferred from a red sequence) at this critical era of 1< z< 2 that
also have molecular gas constraints is small (Hayashi et al. 2017;
Noble et al. 2017; Rudnick et al. 2017; Stach et al. 2017; Coogan
et al. 2018; Tadaki et al. 2019). This is a severe limitation given
that current studies indicate significant cluster-to-cluster varia-
tion in star formation activity (Geach et al. 2006; Alberts et al.
2016). Targeted CO observations in clusters tend to be
conservative, choosing to observe rich overdensities to maximize
success rate. The known CO emitters in these high-mass clusters
(Log10Mhalo/Me 14) to date exhibit field-like or enhanced
molecular gas content (i.e., Noble et al. 2017; Rudnick et al.
2017; Hayashi et al. 2018). While based on a small sample, these
results suggest that enhanced gas fractions could be prevalent in
high-density environments at high redshift. However, due to the
challenging nature of high-redshift CO observations, these
surveys have relatively high molecular gas detection limits,
which can cause a biased picture by detecting only the most gas-
rich sources. Blind and deep CO spectroscopy would provide a
less biased and more comprehensive picture of gas content in
cluster galaxies, but unfortunately is very expensive to obtain.

Fortuitously, we recently conducted an ultra-deep Atacama
Large Millimeter/submillimeter Array (ALMA) spectroscopic
campaign targeting CO(2–1) emission in massive quiescent
galaxies at z∼ 1.5 (Williams et al. 2021). Our data serendipi-
tiously discovered that one target resides in a previously
unknown overdensity of CO emitters. The structure is an
X-ray-identified galaxy cluster with a halo mass of
Log10Mhalo/Me= 13.6 (Gozaliasl et al. 2019) which, until
our ALMA discovery, lacked spectroscopic confirmation. We
have identified six cluster members based on their CO(2–1)
emission within 225 kpc of the central quiescent galaxy. This
low-mass cluster presents a rare addition to the current CO-
observed samples, expanding the halo mass range covered at
z> 1, and thus represents an opportunity to study previously
unexplored parameter space in cluster evolution.

In Section 2 we present the multiwavelength evidence for the
galaxy cluster hosting our galaxies, our ALMA data, and
galaxy sample properties. In Sections 3 and 4 we present the
cold molecular gas reservoir measurements and discuss our
results in the context of both gas reservoirs measured in field
galaxies, as well as other (typically more massive) clusters,
offering a unique opportunity to bridge the observational gap
between these vastly different galaxy environments at z> 1.
Throughout this work we assume a ΛCDM cosmology with
H0= 70 km s−1 Mpc−1, ΩM= 0.3, ΩΛ= 0.7, and a Kroupa
(2001) initial mass function.

2. Data

2.1. Evidence for the Galaxy Cluster

This overdensity was first identified photometrically in
COSMOS imaging using Voronoi Tesselation (Scoville et al.
2013), which demonstrated a significant and concentrated
surface overdensity of more than five galaxies per
comovingMpc2 between 1.28< z< 1.34. A later analysis of
deep XMM and Chandra X-ray data revealed extended
emission indicating the presence of an ICM, with a well
defined X-ray center (Gozaliasl et al. 2018, 2019). The X-ray
center is very close to a massive Log10M

*/Me= 11.2
quiescent galaxy targeted with ALMA spectroscopy (hereafter
referred to as source 0) in Williams et al. (2021) at z= 1.322.
The group catalog published by Gozaliasl et al. (2019)
identified this overdensity (ID= 377) as a cluster with
Log10Mhalo/Me= 13.6± 0.1 (M200 measured based on X-ray
luminosity), an estimated velocity dispersion of 360 km s−1,
and a virial radius of R200∼ 50″ (∼0.4 Mpc). Gozaliasl et al.
(2019) identified candidate cluster members from the COS-
MOS2015 photometric catalog (Laigle et al. 2016). A cluster
redshift of z= 1.319 was assigned based on the sole spectro-
scopic redshift among candidate cluster members (Hasinger
et al. 2018, referred to herein as source 7). Gozaliasl et al.
(2019) label structures with Log10Mhalo/Me< 14 as low-mass
clusters or groups. Given that the boundary between massive
groups and low-mass clusters is generally ill defined in the
literature, in this work we consider this structure to be a low-
mass cluster, due to its extended X-ray emission and likelihood
of hosting a massive BCG; see sources 0 and 7 described
below.
We note that, given the modest significance (3.3σ; Gozaliasl

et al. 2019) of the X-ray detection, hydrostatic equilibrium (i.e.,
virialization) was assumed in order to determine a halo mass
from the X-ray emission using the low-scatter scaling relations
for relaxed clusters (e.g., Kravtsov et al. 2006; Vikhlinin et al.
2009; Leauthaud et al. 2010; Mantz et al. 2010). Significant
deviations from hydrostatic equilibrium in clusters with an
established ICM can result from merger events (Randall et al.
2002; Poole et al. 2007; Wik et al. 2008). The ICM temperature
reported in Gozaliasl et al. (2019) is 1.34± 0.16 keV, a
relatively low temperature favoring the assumption that the
cluster is virialized and disfavoring a non-relaxed or merging
system. However, given the temperature estimate is derived
directly from Lx using the Lx–T relation (e.g., Markevitch 1998)
any deviations from hydrostatic equilbrium cannot be distin-
guished in the existing data. Therefore we also assume a
virialized state applies for both the ICM gas and cluster
members (see Rosati et al. 2002 for a review) throughout
this work.
The location of the X-ray center, Voronoi-identified over-

density, candidate cluster members, and our new spectro-
scopically confirmed galaxies (introduced in the next sections)
are shown in Figure 1.

2.2. ALMA Data

The ALMA observations probing the CO overdensity were
carried out in project 2018.1.01739.S (PI: Williams) for target
galaxy 34879 (Williams et al. 2021, listed as source ID= 0 in
Table 1). The field was observed on 2018 December 18 and
2019 January 17 using the Band 3 (3 mm) receivers. The
correlator was configured to center the CO(2–1) line for 34879
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at z= 1.322 (99.284 GHz) within a spectral window of
1.875 GHz width, providing ∼5500 km s−1 of bandwidth
centered on the expected frequency of the CO line. Three
additional spectral windows were used for continuum observa-
tions. The target was observed for a total of ∼3.2 hr on-source.
The array was in a compact configuration yielding a
synthesized beam size of 2 7× 1 9. Our data reduction
procedure is outlined in Williams et al. (2019, 2021). The
spectral cube of our reduced data has a resulting noise of
≈30 μJy beam−1 in a 400 km s−1 channel measured near the
rest-frequency of the CO(2–1) line (νrest= 230.538 GHz). The
100 GHz continuum data reach a sensitivity ≈5 μJy beam−1 at
the phase center. None of our newly discovered CO-emitters
are significantly detected in the continuum, though source IDs
1 and 5 are marginally detected at the 2 σ 3 level. These
non-detections are unsurprising given the depth of our data and
typical assumptions for the dust temperature, emissivity, and
gas-to-dust mass ratio.

We significantly detected six sources of CO(2–1) line
emission (at >5σ, referenced herein as source IDs 1–6), easily
identified through inspection of the CO spectral cube. To
extract spectra for each source, we used the uvmultifit
package (Martí-Vidal et al. 2014) to fit multiple pointlike
sources to the visibility data. Briefly, we perform a joint fit of
all sources at each frequency channel, using approximate by-
eye source positions as the starting estimates, with the
exception of the spectroscopically identified but CO-undetected
source ID 0, whose position is fixed to the phase center.

To measure CO(2–1) line fluxes and luminosities, we first fit
a simple Gaussian profile to the extracted spectrum. In a few
cases (ALMA ID= 2, 3, and 5) there is clear evidence for
either gas rotation or multiple components in the CO(2–1)
spectrum; we note that the morphologies of these galaxies in
the high-resolution Hubble Space Telescope (HST)/Advanced
Camera for Surveys (ACS) imaging are consistent with only a
single galaxy within the ALMA beam. For these sources, we
also fit a double Gaussian model, where we fix the FWHM to

be the same for both components, and define the redshift as the
mean of the two peaks. Our results are not dependent on the
single or double Gaussian assumption. We adopt the double
Gaussian to model the line for those three sources. To measure
the integrated CO(2–1) line flux, we integrate the observed
spectrum over the frequency range where the Gaussian model
is greater than 5% of the peak value and add in quadrature each
channel rms to measure the integrated line flux uncertainty.
Integrating the Gaussian model produces consistent integrated
line flux measurements within the uncertainties, but our method
more accurately captures the line flux in cases where the line
profile is not perfectly described as a Gaussian.
Two existing optical spectroscopically confirmed galaxies

(undetected in CO) are associated with this overdensity: the
galaxy associated with the group by Gozaliasl et al. (2019)
measured by Hasinger et al. (2018, source 7) and our target
quiescent galaxy (source 0; Belli et al. 2014; Williams et al.
2021), in addition to our six new CO(2–1) sources. Our
measurement of upper limits for the two undetected galaxies
and our procedure to convert from CO(2–1) line luminosity to
MH2 follow those outlined in Williams et al. (2021). Briefly, we
use a channel width of 500 km s−1 to measure upper limits to
MH2 for the two undetected sources with spectroscopic redshifts
(IDs 0 and 7).
To convert CO(2–1) luminosity to a molecular gas mass,

MH2, we assume a luminosity ratio between the CO(2–1) and
CO(1–0) transitions r21= 0.8 in temperature units and a
CO–H2 conversion factor αco= 4.4 (K km s−1 pc2)−1. Based
on fundamental metallicity relations (e.g., Genzel et al. 2015;
Tacconi et al. 2018), our galaxies (with exception of ID= 1)
likely have high metallicity, close to solar (Log10Z/Ze∼ 0.1).
Models for the variation of αco at these high metallicities do not
predict much variation and are consistent with a Milky Way-
like conversion (see, e.g., Figure 9 in Bolatto et al. 2013 and
references therein). This indicates that it is unlikely that αco

could be higher, and therefore the Milky Way-like value is a
reasonable, and even conservative assumption for our sample.

Figure 1. UltraVISTA K-band image of the cluster field (grayscale) identifying cluster members. Left: large-scale image of the galaxy cluster with Voronoi galaxy
overdensity per comoving Mpc−2, in a redshift slice 1.28 < z < 1.34 based on photometric redshift (red contours; Scoville et al. 2013). Galaxy group members
(Gozaliasl et al. 2019) are in blue and other galaxies with similar photometric redshift of 1.28 < z < 1.35 in magenta. New CO(2–1) detections from this work are
shown in green. The X-ray cluster center is indicated by a small yellow circle with R200 as a larger yellow circle. Right: zoom-in on the region of the cluster with CO
emitters. Contours indicate the CO(2–1) emission measured with ALMA (colors represent different 200 km s−1 velocity channels as in Figure 2). Two spectroscopic
members with no CO(2–1) emission are identified with white stars. The ALMA synthesized beam is shown by the blue shaded ellipse (2 7 × 1 9).
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Additionally, the presence of warm or high-velocity dispersion
gas would only serve to reduce αco, and therefore the inferred
gas masses, even further (Narayanan et al. 2012). We note that
our ID= 1 source is above the main sequence (Figure 3), a
characteristic of starburst galaxies is that they may have lower
αCO∼ 1 (e.g., Bolatto et al. 2013). This would serve to lower
the inferred MH2 from the CO(2–1) line. However, we find that
lowering αCO for this galaxy does not change our conclusions
in the following sections, and therefore present all results
assuming the same αco= 4.4 (K km s−1 pc2)−1. Our molecular
gas properties and limits are listed in Table 2 and their CO
spectra and images are presented in Figure 2.

2.3. Optical/IR Data

We have a total of eight spectroscopic cluster members,
including the two galaxies with optical spectra previously
measured (IDs 0, 7) and our six new CO(2–1) sources (IDs
1–6). This cluster lies in the gap between WFC3 and ACS
grism data from the 3DHST program and therefore no grism
redshifts are available.

We identified counterparts to galaxies with CO(2–1) emission
using the ULTRAVISTA photometry catalog (Muzzin et al.
2013a). Five out of six CO sources have counterparts, with the
exception of the source with ALMA ID= 1. This source was
previously noted in Williams et al. (2021) to be a companion of

the target quiescent galaxy (ID= 0) at a distance of ∼1″and
velocity offset of 600 km s−1. This velocity offset is signifi-
cantly larger than the expected spectroscopic redshift uncer-
tainty, given that the measured velocity dispersion of the
quiescent galaxy σ= 213± 53 km s−1 (Belli et al. 2014). This
source is blended with the quiescent galaxy in all public
photometric catalogs we explored (Whitaker et al. 2011;
Muzzin et al. 2013a; Skelton et al. 2014; Laigle et al. 2016),
although the large velocity offset measured with our CO
spectra suggests it is a separate system (although likely to
merge in future). Moreover, the high-resolution HST data
indicate that the companion source may itself be a blend of
three clumps or different satellite galaxies (see the inset in
Figure 2). However, the components are unresolved at the low
spatial resolution of our ALMA data and the CO line does not
show evidence of multiple components.
We therefore extracted the flux density of ID= 1 through the

deblending code Mophongo (Labbé et al. 2006, 2010a, 2010b,
2013, 2015). Briefly, this tool leverages a higher-resolution
map to reconstruct the brightness profiles, and remove the
contribution, of all sources within a radius of 9 0 from the
source of interest. Aperture photometry is then performed on
the neighbor-clean stamp, and corrected to total using the
brightness profile on the low-resolution image and the point-
spread function reconstructed at the specific location of the

Table 1
Optical to Radio Spectral Energy Distribution Properties

ALMA ID UltraVISTA ID R.A. Decl. Log10M
* SFRSED SFRUV+IR SFRradio SFRbest

0 210589a 150.131380 2.523800 11.22 1.47 22.90 <57.23c 1.47
1 −99 150.131012 2.523659 9.59 45.43 −99.00 <69.25d 69.25d

2 210543 150.127225 2.523947 11.04 9.10 1.28 29.50 29.50
3 210530 150.134492 2.524271 10.58 33.13 22.14 25.04 25.04
4 210038 150.127542 2.518901 10.62 29.17 32.77 24.99 24.99
5 209948 150.129054 2.516903 11.09 92.37 56.59 37.06 37.06
6 210534 150.138625 2.525131 10.32 18.43 0.68 −99.00 18.43
7b 210442 150.132310 2.523304 10.59 4.79 207.76 87.26 87.26

Notes.
a Referred to with ID = 34879 in Belli et al. (2014) and Williams et al. (2021).
b Spectroscopically confirmed member from Hasinger et al. (2018).
c Should be considered an upper limit, since likely the radio flux is dominated by an active galactic nucleus as described in Section 2.4.
d Should be considered an upper limit, because it is blended with source 0 in the IR as described in Section 2.4.

Table 2
Molecular Gas Properties

ALMA ID zco FWHM voffset
b Sνdν

c L′co
c MH2

c

(km s−1) (km s−1) (mJy km s−1) (109 K km s−1 pc2 ) (1010 Me)

0a 1.322 L 414 <13.8 <0.33 <0.55
1 1.3174 332 ± 30 −177 283.1 ± 21.1 6.5 ± 0.5 3.6 ± 0.3
2 1.3164 554 ± 56 −312 295.1 ± 20.4 6.7 ± 0.5 3.7 ± 0.3
3 1.3170 411 ± 42 −229 242.9 ± 15.2 5.5 ± 0.3 3.1 ± 0.2
4 1.3171 129 ± 8 −214 279.3 ± 14.2 6.4 ± 0.3 3.5 ± 0.2
5 1.3202 545 ± 49 179 472.5 ± 30.4 10.8 ± 0.7 6.0 ± 0.4
6 1.3220 206 ± 35 413 159.6 ± 20.9 3.7 ± 0.5 2.0 ± 0.3
7a 1.319 L 24 <13.9 <0.33 <0.55

Notes.
a Undetected in ALMA data but with spectroscopic coverage of CO(2–1), limiting flux measured in a 500 km s−1 channel. We provide 1σ upper limits for L′co and 3σ
upper limits for MH2 assuming R21 = 0.8 in temperature units, αco = 4.4. Molecular gas masses can be rescaled under different assumptions as MH2 ×
(0.8/21)(αco/4.4).
b Velocity offset relative to the cluster redshift (z = 3.188) we calculate in Section 2.5.
c Integrating observed spectrum and propagating channel errors.
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target. For our analysis, we adopted the combined F125W,
F140W, and F160W mosaics from the 3D-HST program
(Skelton et al. 2014; Momcheva et al. 2016) as high-resolution

prior, and extracted the flux density using a 1 8 diameter
aperture. Given the low spatial resolution of the CO map, we
forced the extraction of the photometry for ID= 1 by placing a

Figure 2. Left panel: our ALMA CO(2–1) spectra for the six emitters in 50 km s−1 channels. The dashed line corresponds to z = 1.322, the redshift of the quiescent
galaxy target from (Williams et al. 2021). Red lines are single Gaussian fits to the spectra and blue are double Gaussian (redshifts as measured from each in the
legend). The subpanel shown for ID = 1 is a zoom-in of the WFC3/F160W image showing the substructure that is blended in all catalogs (see Figure 4) with the
primary quiescent galaxy (ID = 0). Right panel: near-IR image cutouts of each source, with ALMA contours overplotted. ALMA beam size is shown as the blue
ellipse in top right panel. Contours are measured in 200 km s−1 channels and correspond to 25, 50, and 60 mJy beam−1 km s−1 levels and are color-coded by velocity
offset relative to the systemic velocity of our target, ID = 0. This cluster lies on the edge of existing HST/WFC3 F160W imaging from CANDELS. UltraVISTA Ks
band imaging is used for those galaxies without HST coverage.
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synthetic point-source at the location corresponding to the peak
of the CO emission. Specifically, we extracted the photometry
in the CFHTLS (Erben et al. 2009; Hildebrandt et al. 2009) u*,
g, r, i, and z bands, Subaru/Suprime-Cam Bj, Vj, g+, r+, i+ and
z+ (Taniguchi et al. 2007), Subaru HyperSuprimeCam g, r, i, z,
and y (Aihara et al. 2018a, 2018b, 2019), Y, J, H, and KS from
the DR4 of the UltraVISTA program (McCracken et al. 2012),
IRAC 3.6 and 4.5 μm from S-CANDELS (Ashby et al. 2015),
and IRAC 5.8 and 8.0 μm from the S-COSMOS project
(Sanders et al. 2007).

Given the lack of evidence of multiple independent galaxies
based on the CO(2–1) line profile emitted from ID 1, we
assume all optical/IR components make up a single companion
at the same systemic velocity. We note that the fainter two of
the deblended optical/near-IR clumps display bluer colors than
the brightest primary component of the companion, possibly
caused by patches of unobscured star formation within the
source. The brightest primary component is very red, and lacks
any detectable flux blueward of WFC3/F160W.

For results presented herein, we re-fit the UV to near-IR
photometry from the UltraVISTA catalog for IDs 2–7, and our
deblended photometry for IDs 0–1, uniformly using the
spectral energy distribution (SED)-fitting code Bayesian
Analysis of Galaxies for Physical Inference and Parameter
EStimation (BAGPIPES) (Carnall et al. 2018). BAGPIPES
assumes the stellar population synthesis models of Bruzual &
Charlot (2003) and implements nebular emission lines follow-
ing the methodology of Byler et al. (2017) using the CLOUDY
photoionization code (Ferland et al. 2017). We fit the
photometry of our sample assuming a delayed τ-model star
formation history (where prior limits range between 0.03 Gyr
and the age of the universe at z= 1.3, and the exponential
decline timescale τ ranges over 0.1–100 Gyr), and the Charlot
& Fall (2000) dust attenuation model, to measure the stellar
mass, SFR integrated over the last 100Myr (SFRSED), and rest-
frame U− V versus V− J colors, for classifying galaxies as
star-forming or quiescent (Williams et al. 2009; Muzzin et al.
2013b). The location of our spectroscopically confirmed cluster

members in the UVJ diagram is shown in the left panel of
Figure 3.
We note that the spatially non-uniform colors in the

deblended companion source (ID= 1) result in unusual
integrated blue U− V and red V− J restframe colors. We
tested SED-fitting the individual deblended clumps of ALMA
ID= 1 separately, finding that the blue clumps have
>10× lower stellar mass than the primary red source alone.
Since they contribute only a tiny fraction of the overall mass
(and we derive its SFR from the radio; see Section 2.4) our
results do not depend on whether we assume the blue clumps
belong to the primary source or not, besides producing the odd
U− V versus V− J colors. Given the strange colors of ID= 1
we also explore a uniform prior range in metallicity, as well as
fixing metallicity to solar. As this does not change our results
(stellar masses are all consistent), we present results with
metallicity fixed at solar. The SED-fitting results used in this
work are listed in Table 1.

2.4. Star Formation Rates

We use the deep multi-wavelength data from mid-IR to radio
in COSMOS to quantify and compare the SFRs for our CO-
detected and non-detected sources. Unfortunately, given the
proximity of source 0 (the central quiescent galaxy) and source
1, we are unable to use any published SFRs for these two
sources, as they are blended in the ULTRAVISTA, 3DHST,
and VLA 3 GHz radio catalogs (Muzzin et al. 2013a; Skelton
et al. 2014; Smolčić et al. 2017; Algera et al. 2020). However,
our CO spectroscopy in combination with the rest-optical
spectroscopy of Belli et al. (2014) confirms that they are
distinct sources (see the dotted line in Figure 2). Though
blended in available radio catalogs (Smolčić et al. 2017; Algera
et al. 2020), we confirm visually that two distinct radio sources
are identifiable with the 0 75 resolution from the VLA-
COSMOS 3 GHz Large Project (Smolčić et al. 2017).
Leveraging our use of these spectroscopic priors, we perform
source detection and photometry on the 3 GHz map using the

Figure 3. Properties measured by BAGPIPES for CO(2–1) emitters plus the two spectroscopically confirmed cluster members for which we have a CO(2–1) upper
limit. The left panel shows restframe U − V vs. V − J colors for star-forming and quiescent 3D-HST galaxies (blue and red contours, respectively) at 1 < z < 1.5. UVJ
colors for our spectroscopically confirmed cluster members are measured with BAGPIPES. Right panel: the star formation–M* diagram, with the main sequence as
measured by Speagle et al. (2014). For 3D-HST galaxies, we use SFRUV+IR. For our sample we use SFRbest as defined as in Table 1. Points are labeled by their
ALMA ID.
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Python Blob Detection and Source Finder(PyBDSF) software
package (v1.9.2; Mohan & Rafferty 2015), modeling sources as
Gaussians with conservative source detection parameters
(thresh_isl = 3.0, thresh_pix = 5.0). To deblend
our sources, we turn off the grouping of nearby Gaussians
into islands (group_by_isl = False), which yields sepa-
rate detections at moderate significance (see Figure 4). We
confirm that the deblended source fluxes total to the published
blended flux within the uncertainties (38.6± 2.9 μJy; Smolčić
et al. 2017).

The quiescent galaxy (source 0) is both a radio source,
deblended by our radio photometry, and a blended 24 μm
source. Given its quiescent nature as confirmed by spectrosc-
opy (Belli et al. 2014), this likely indicates significant active
galactic nucleus (AGN) activity, which cannot be disentangled
from any SFR activity using the UV+IR SFR based on 24 μm
(measured by Muzzin et al. 2013a) or the deblended radio flux.
Instead, in line with current philosophy in the literature that
SED-fit-based SFRs are less likely to be contaminated by
AGNs among quiescent galaxies (e.g., Fumagalli et al. 2014),
we use the SFR averaged over the last 100Myr as measured
with BAGPIPES (see Section 2.3).

For source 1, we use the deblended 3 GHz flux and k-correct
to 1.4 GHz assuming the convention Sν∝ να with α=−0.7
(Condon 1992). ALMA sources 2, 3, 4, and 5 are detected in
the deeper radio imaging from Algera et al. (2020) and we use
the k-corrected L1.4 GHz from their public catalog to derive
radio SFRs using the calibration
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from Molnár et al. (2021), which incorporates the luminosity
dependence of the radio–IR correlation.

Source 2 is undetected at 24 μm (used to measure UV+IR
SFR) and therefore we adopt its radio-derived SFR of 29
Me yr−1, which is just below the sensitivity level of MIPS
24 μm. However, we note that its SFR derived from SED-
fitting to the optical/near-IR data suggests a factor of ∼3 lower
SFR, in line with its measured red UVJ colors. Since the source

is not radio-loud, it is likely tracing the level of obscured star
formation missed by SED-fitting and not an AGN. For sources
3, 4, and 5 the radio-derived SFR estimates are within a factor
of 1.5× those estimated based on UV+IR (Muzzin et al.
2013a). To maximize consistency among our sample we adopt
the radio-based SFR for sources 1–5 herein.
Source 6 is undetected in any of the available radio imaging

(Smolčić et al. 2017; Algera et al. 2020), and is undetected at
24 μm, making its UV+IR SFR based on this photometry
unreliable (Muzzin et al. 2013a). For this source we again use
the SFR averaged over the last 100Myr from BAGPIPES.
Source 7 (the spectroscopic source from Hasinger et al.

2018, without CO(2–1) emission) sits squarely in IRAC AGN
color space (Donley et al. 2012; Kirkpatrick et al. 2013) and is
also a radio and X-ray source. As such, its UV+IR SFR
derived using MIPS is likely overestimated (it is 40× over the
SED-fit SFR and 2.5× that from radio). However, the source is
not radio-loud because it lies on the radio–IR correlation
(Helou et al. 1985; Condon et al. 1991; Yun et al. 2001) and
thus the majority of radio flux most likely arises from star
formation rather than the AGN (Alberts et al. 2020). For this
source as well we thus adopt the radio-based SFR (87Me yr−1)
as with sources 1–5. We note that the SFR averaged over the
last 100Myr derived from SED-fitting suggests a lower SFR
∼5 Me yr−1, which is more in line with its red UVJ colors near
the post-starburst region of the diagram (Belli et al. 2019), but
the source would remain within the scatter of the main
sequence (see Figure 3).
Our determined best estimates of the SFR as outlined above

for each source (SFRbest) that is used in our analysis are quoted
in Table 1. Based on these properties, six out of eight of our
sample would be classified as main-sequence galaxies (Speagle
et al. 2014; Whitaker et al. 2014; see the right panel of
Figure 3). Source 0 is well below the main sequence and its
companion source 1 lies above the main sequence.

2.5. Summary of Cluster Members

A total of 14 photometric candidate group members were
identified by Gozaliasl et al. (2019) ranging from 1.29<
zphot< 1.35. Nine of those 14 are within the 20% ALMA
primary beam area of our observations. Our target quiescent
galaxy (source 0) spectroscopically confirmed by Belli et al.
(2014) was not identified as a group member because their
spectroscopic redshifts were not included in the public
COSMOS catalogs. With our new data, we spectroscopically
confirm three photometric cluster members identified by
Gozaliasl et al. (2019) (the other six that are within our primary
beam are undetected, including source 7). The other three CO
sources were not identified as cluster members using the Laigle
et al. (2016) catalog, but photometric redshifts from Muzzin
et al. (2013a) place the galaxies within δz +/−0.1 of the cluster
redshift. As source 1 was absent from optical/IR and radio
catalogs in COSMOS, it was not identified as a cluster member
in the Gozaliasl et al. (2019) catalog. Eight spectroscopic
members are now confirmed; all sources have spectroscopic
redshifts that are within a range of <725 km s−1.
Given our new spectroscopic confirmations, we use these

redshifts to re-calculate the cluster redshift and velocity
dispersion using the bi-weight location method described in
Beers et al. (1990) using the astropy stats function biweight_
location (Astropy Collaboration et al. 2013). We find a
systemic redshift of z= 1.3188 (with a dispersion of

Figure 4. Radio image from the high-resolution (0 75) VLA-COSMOS 3 GHz
Large Project (Smolčić et al. 2017) demonstrating IDs 0 and 1 are distinct radio
sources, although blended in existing public catalogs. Our deblended radio
fluxes for IDs 0 and 1 are presented in Section 2.4.
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dz= 0.00245 or 317 km s−1) essentially the same as that listed
by Gozaliasl et al. (2019) in the cluster redshift catalog (which
was based only on the single spectroscopically confirmed galaxy
in their data, source 7, with a redshift of z= 1.319). Following
Danese et al. (1980), we correct for the contribution to the
velocity dispersion introduced by the measurement uncertainty
(assuming the typical redshift uncertainty of our ALMA data,
0.0001) and find a corrected value of σv= 295 (+128,
−55) km s−1 where these are the +/−68% uncertainties. This
is consistent with that derived using the X-ray (360 km s−1), and
therefore we adopt the X-ray dispersion in the next section.

3. Results

3.1. Accretion Histories of Cluster Members

This overdensity of CO emitters is found in a relatively
compact projected area on the sky. All eight spectroscopic
members lie within the projected virial radius (R200∼ 50″;
∼400 kpc). To explore their spatial distribution within the
cluster and estimate the cluster accretion histories for each
galaxy, we produce a phase-space diagram showing the
velocities of the eight cluster members relative to the cluster
redshift (ΔV, normalized by cluster velocity dispersion, σv,
which was measured by Gozaliasl et al. (2019) using scaling
relations for Lx–M200 and Lx–σ; (e.g., Leauthaud et al. 2010;
Connelly et al. 2012) versus the galaxy projected distance from
the X-ray-derived cluster center (normalized by virial radius;
R/R200). Simulations indicate that using projected distances
and line-of-sight velocities instead of full 3D space still results
in accurate characterization in phase space (e.g., Rhee et al.
2017).

The phase space diagram is shown in Figure 5, where the
curves delineate the approximate regions where galaxies would
be considered in the central core of the cluster, recently
accreted, or still infalling. We delineate regions according to
(R/R200)× (Δ v/σv)< 0.2 (cluster center), 0.2< (R/R200)×
(Δv/σv)< 1.35 (intermediate and recently accreted regions),
and (R/R200)× (Δv/σv)> 1.35, beyond which galaxies are
still in their initial infall. These definitions of phase space
regions are as outlined in both Noble et al. (2016) and Hayashi
et al. (2017). We additionally plot a representation of the
virialized region as defined in Mahajan et al. (2011) and Jaffé
et al. (2015), approximated as a triangle with |R|< R200 and
Δv< 1.5σ. However, we note that these regions should be
regarded as approximate since regions defined in projected
phase space can contain interlopers (Rhee et al. 2017).
Additionally, Gozaliasl et al. (2019) report relatively low
signal-to-noise ratio (S/N) on the measured X-ray luminosity
and halo mass for this cluster, 3.3 and 5.4 respectively, which
corresponds to low S/N on the derived virial radius and
velocity dispersion. However, we note that the X-ray derived
values agree well with our spectroscopically derived cluster
properties, as described in Section 2.5.

Given the wide bandwidth of the CO spectroscopy
(∼5500 km s−1) we are sensitive to the overwhelming majority
of possible velocities within the cluster center (−7<ΔV/σv< 5).
Given our deep integration and the compact nature of this cluster,
we probe 90% of the area within the virial radius (R/R200< 0.9)
within 20% of the ALMA primary beam to a 5σ limit of MH2 >
4.2× 1010 Me. While we do not detect any conclusively infalling
CO sources, our data do not probe a substantial part of the first

infall region, which can stretch 2–3 times the size of the virial
radius (e.g., Rhee et al. 2017; Zinger et al. 2018).
As mentioned previously, caution is advised when interpreting

phase space diagrams, since the correspondence between the
denoted regions and physical accretion histories is approximate,
with interlopers possible in each given space (Rhee et al. 2017).
This makes the interpretation of small samples such as ours
difficult. As such, we focus our comparison with other samples
in the literature in order to place it in the context of these earlier
CO studies. Relatively few clusters currently have molecular gas
constraints at z∼ 1–2 (Noble et al. 2017, 2019; Rudnick et al.
2017) and, in addition, well measured cluster parameters
(Hayashi et al. 2017, 2018). Hayashi et al. presented the largest
sample of molecular gas in phase space in a coeval (z= 1.46) but
more massive X-ray cluster. In general, we find that our cluster
galaxies occupy the same phase space as the Hayashi et al.
sample, mostly populating the recently accreted/intermediate
region with some galaxies in the cluster core (Figure 5). Our
relative distribution between these two regions is in general
agreement with the conclusion from Hayashi et al. that fewer CO
detections are found in the cluster cores compared to the
intermediate/recently accreted region. This could be an indica-
tion of a relative depletion of gas in the core, but our limited
sample size precludes us from making any conclusive statement.
While Hayashi et al. (2017) have narrowband O II imaging to
identify galaxies which lack CO detections, we are unfortunately
not spectroscopically complete enough to estimate the fraction of
cluster members that have already lost the majority of molecular
gas. We note the caveat that the core region is defined relative to
the X-ray center, and therefore our designation of location within
the cluster is approximate and assuming the cluster does not
have significant sub-structure or asymmetries.

3.2. Comparison to Gas Properties of Field Galaxies

We expand this comparison by looking at the gas content in
these cluster galaxies relative to that expected in coeval field
galaxies. In Figure 5, we color-code galaxies in the phase space
diagram using their deviation from the molecular gas fraction
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where ΔMS is the deviation (in log space) from the star-
forming main sequence as defined by Speagle et al. (2014). We
bin the colorbar such that orange (−0.2 < Log D <f 0.210 H2

dex) corresponds to the range of systematic uncertainties in the
molecular gas measurements that were used to build the scaling
relation (Tacconi et al. 2020). We consider this range in orange
to be consistent with the field-calibrated scaling, Log D =f10 H2

0 (i.e., field-like). Although we note that Tacconi et al.
(2018, 2020) do not characterize or quantify the scatter of the
data used to measure the scaling relation, Liu et al. (2019)
confirm that a range of 0.15–0.25 dex conservatively represents
the typical systematic uncertainties and is also comparable to
the scatter of molecular gas measurements at these redshifts.
We also color code the Hayashi et al. (2018) points by

their deviation from the field main-sequence relations. Their
work used a metallicity-dependent αCO conversion factor
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(Genzel et al. 2012). To ensure a fair comparison to our work,
we re-calculate MH2 from their measured ¢LCO using our
assumed r21= 0.8 and αCO= 4.4, consistent with the value
commonly adopted for field scaling relations (Tacconi et al.
2020). Using the re-calculated values, we then measure fH2

and
compare to the field scaling relations. We find that the majority
(65%) of the Hayashi et al. (2017, 2018) CO-detected galaxies
are consistent with field-like gas content, and 35% of CO-
detected galaxies are in excess of field expectations (i.e., gas
enhanced).

In contrast, all of our CO detections have gas fractions that
are consistent within the scatter of field-based scaling relations
at similar SFR and M* (median Log D =f 0.0510 H2

dex). Of the
two CO undetected galaxies, their limits suggest very low gas
content, consistent with their UVJ quiescent status. We
additionally note that our conclusions would not change had
we adopted a metallicity-dependent αco for our lowest-mass
(and therefore presumably lowest-metallicity) source ID= 1,
whose inferred fH2

would still be consistent with the field
relations.

We next expand our comparison11 to include the sample of
CO detections in z∼ 1.6 cluster galaxies presented in Noble
et al. (2017, 2019). As their molecular gas measurements were
made with similar assumptions as this work, no modifications

are made. In Figure 6, we present the H2 masses based on CO
detections for coeval cluster galaxies at z∼ 1–2, along with the
detection limits (5σ at 50% of the ALMA primary beam) for
each work (M ~ ´6.5 10H

lim 10
2

and 7.6× 1010 Me for Noble
et al. 2017 and Hayashi et al. 2018, respectively). Our 5σ
detection limit at 50% the primary beam (1.6 × 1010Me) is
nominally 4–4.5 times deeper than that of Noble et al. (2017)
and Hayashi et al. (2017, 2018), though overlap in multiple
pointings in the latter survey probe lower MH2 in small areas.
Noble et al. (2019) presented data of similar depth to this work
(M ~ ´1.95 10H

lim 10
2

Me) over a single pointing, detecting four
new galaxies as compared to the Noble et al. (2017)
observations.
Overall, the CO detections in this work sit at relatively lower

gas masses compared to previous works. Our data further put
strong upper limits on our two CO-undetected cluster members,
with gas masses less than 5.5× 109Me. Incomplete spectrosc-
opy in the optical/IR, however, prevents us from ruling out
more gas-poor cluster members. To explore this issue, we
compare to a recent study of molecular gas using stacking of
dust continuum measurements in 11 massive clusters at z∼ 1–2
(Alberts et al. 2022). In field galaxies, CO and dust continuum
yield comparable measurements of the molecular gas (Tacconi
et al. 2020); differences may exist in overdense environments,
but this issue has only been explored in small samples of proto-
cluster galaxies (e.g., Lee et al. 2021). For now, we assume
they are comparable within the uncertainties of this study.
In the mass bin most comparable to this work (Log10M

*/
Me∼ 10.75), Alberts et al. (2022) found that the average
molecular gas in cluster galaxies sits at 1.6× 1010 Me, right at
our 5σ detection limit. At higher masses, the average gas mass
may be above our detection limit; however, the small area

Figure 5. Phase diagram indicating accretion history of cluster galaxies. Galaxies are classified by their relative velocity to the cluster redshift (scaled by velocity
dispersion of cluster) vs. their distance from the X-ray-derived cluster center, normalized by virial radius. Shaded curves delineate regions as defined as in Noble et al.
(2016) and Hayashi et al. (2017) for central core, recently accreted (defined here to include their intermediate region) and infall region. All spectroscopic sources are
within the virial radius R200 = 50.8 arcsec = 425 kpc and are likely virialized. Area of phase space not probed by our data (beyond 20% of the primary beam limit;
∼45″; MH2 > 4.2 × 1010Me at 5σ) is indicated by the gray box (R/R200 > 0.9). Our spectral coverage (∼5500 km s−1 bandwidth) limits lie off the plot at −5 and +7
on the y-axis. The dashed line represents the virialized region as defined in Mahajan et al. (2011) and Jaffé et al. (2015). For comparison, we include comparable data
from a virialized, coeval but more massive (z = 1.46, Log10Mhalo/Me ∼ 14 cluster (Hayashi et al. 2017, 2018). Both data sets indicate that gas survives in galaxies
after first infall, and can even maintain field-like gas reservoirs within the core or virialized region.

11 Molecular gas constraints also exist for galaxies in overdensities or
protoclusters at z > 2 (Dannerbauer et al. 2017; Lee et al. 2017; Umehata et al.
2017; Oteo et al. 2018; Wang et al. 2018; Castignani et al. 2019; Gómez-
Guijarro et al. 2019; Zavala et al. 2019; Long et al. 2020; Champagne et al.
2021; Hill et al. 2020, 2021; Jin et al. 2021; Shen et al. 2021), as well as some
unconfirmed candidate clusters and structures at z < 2 (Aravena et al. 2012;
Kneissl et al. 2019). However given that protoclusters are likely to be
characterized by significantly different dynamical states than a relaxed,
virialized cluster, we do not directly compare to them.
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covered may be insufficient to observe these rarer, more
massive galaxies. This comparison suggests that gas-poor
cluster members may still be missing from studies of detected
galaxies, even given the deep detection limits presented in
this work.

To put the gas properties of these z∼ 1–2 cluster galaxies in
the context of the field, we derive the field-relative gas
depletion timescales and gas fractions (Figure 7) by dividing by
the predicted values via the Tacconi et al. (2018) scaling
relation, as described for Figure 5. The predicted field values
are calculated using the redshift, stellar mass, and distance from
the main sequence (ΔMS) of each cluster galaxy, providing a
direct comparison. The scatter in t tdepl depl

field is taken to be 0.3
dex as in Liu et al. (2019), incorporating measurement and
systematic uncertainties in the gas masses and measured SFRs.
The scatter in f fH H

field
2 2

is adopted as 0.2 dex, assuming that the
scatter in the ratio is dominated by the uncertainties in the gas
masses rather than by systematic errors in the stellar mass
measurements. Our deep detection limit enables us to probe the
entire main sequence at Log10M

*

/Me> 10.5 down to gas
masses of  ´M 1.6H2 1010Me, from which we can safely rule
out the presence of cluster galaxies with extended gas depletion
timescales or enhanced gas fractions, out to R/R200> 0.2 and
Δv/σv> 1.5. This is in contrast to existing CO surveys which
find enhanced gas content (e.g., > - ´M 6 8 10H

10
2 Me),

with the corresponding potential for long depletion timescales,
modulo uncertainties in SFR measurements, and enhanced gas
fractions in excess of the field. These gas-enhanced members
are even found in the cluster cores and the virialized regions
(Hayashi et al. 2017, 2018; see Figure 5). On the other hand,
the stacked average gas properties of star-forming cluster
members at z∼ 1–1.75 (Alberts et al. 2022), probing below
current detection limits, suggest shorter depletion timescales

and lower gas fractions, below the field scaling relations at
fixed stellar mass and distance from the main sequence, are still
missing from these analyses. We discuss this possibility further
in Section 4.
Finally, we note that both sources 0 and 7, which lie in the

quiescent region of UVJ color space and are likely in the cluster
core, have low limits on any molecular gas fractions (<3 and
<12%, respectively), in line with accumulating evidence that
quiescent galaxies have cold molecular gas reservoirs of order a
few percent or less (Bezanson et al. 2019; Caliendo et al. 2021;
Whitaker et al. 2021; Williams et al. 2021). However, both of
these sources are detected at 24 μm and 3 GHz. They are
similar to the sample studied by Belli et al. (2021) in that they
were selected for a quiescent optical/near-IR SED, but have
relatively bright emission at 24 μm. By contrast, Belli et al.
(2021) finds diverse gas reservoirs that are substantially higher
fH2

(13%–23%) for similar IR-bright quiescent galaxies
(although they do not have IRAC colors reflective of AGNs,
such as our source 7). The number of such sources with
measured gas reservoirs is small and thus we cannot reach
definitive conclusions, but it is interesting that our two UVJ-
quiescent, non-detected cluster members exhibit substantially
lower gas reservoirs in contrast to Belli et al. (2021).

4. Discussion and Conclusions

In this work, we have presented a serendipitous discovery of
CO emitters in the central core and recently accreted regions of
phase space in a low- mass (Log10Mhalo/Me= 13.6) cluster at
z= 1.3188. These ultra-deep ALMA data provide evidence that
molecular gas survives first infall into the cluster environment,
and even maintains field-like gas content in main-sequence
galaxies (for all six CO-detected sources). An additional two
members spectroscopically confirmed via optical/IR spectrosc-
opy are not detected in CO(2–1), indicating gas loss consistent
with the evidence that they are in a more evolved, quiescent
state.
Despite these deep data, however, we do not find evidence

for enhanced gas content within ∼90% of the virial radius. This
result differs from comparable CO studies of coeval clusters at
z∼ 1–2. Where gas is detected, these studies mostly find that
cluster members have gas reservoirs consistent with the field
(e.g., Rudnick et al. 2017; see also Castignani et al. 2018 who
estimate field-like gas content for two main-sequence cluster
galaxies blended in CO). But some have also found a
significant fraction of members hosting elevated gas content
relative to the field scaling relations (in particular Hayashi et al.
2017, 2018 and Noble et al. 2017, 2019; see Figure 7). There
are a few things to consider in interpreting this. First, it is
important to note the differences in the relative sizes of the
areas probed. Our survey is the smallest among Hayashi et al.
(2017) and Noble et al. (2017), with only 1 ALMA pointing
(45″ radius at 20% the primary beam). Comparatively, Noble
et al. (2017) probe nearly 4× this area, and Hayashi et al.
(2017) nearly 1.5×, which may have increased the chances to
catch rarer gas-enhanced sources.
Second, we point out that given that Noble et al.

(2017, 2019), Rudnick et al. (2017) and Hayashi et al.
(2017, 2018) provide some of the first constraints on CO in
high-redshift cluster galaxies, the targets were chosen to be
highly star-forming, and therefore likely containing large gas
reservoirs, in order to maximize detection of CO rather than to
create an unbiased sample. As a serendipitous detection, our

Figure 6. Molecular gas mass as a function of stellar mass for cluster studies at
z ∼ 1–2. Our CO(2–1)-detected cluster members are shown as blue stars.
Spectroscopic, but CO-undetected members are shown as upper limits as red
stars. Cluster galaxies detected in CO at z ∼ 1.5 are shown as purple triangles
(Hayashi et al. 2017, 2018) and at z ∼ 1.6 as light yellow circles (Noble
et al. 2017) and dark yellow diamonds (Noble et al. 2019). The 5σ detection
limit at 50% of the ALMA beam is shown as dashed lines with corresponding
colors; Hayashi et al. (2017, 2018) and Noble et al. (2017) have limits roughly
4.5× shallower than this work, while Noble et al. (2019) presented follow-up at
similar depth. We note that the Hayashi et al. (2017) ALMA mosaic includes
overlapping pointings, resulting in small areas deeper than the representative
limit. A dust continuum stacking study (Alberts et al. 2022) is shown for
contrast as brown squares, representing the average gas masses of undetected
z ∼ 1–2 star-forming cluster galaxies.
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cluster is not biased in this way; however, even combined,
these cluster studies are still in the regime of small-number
statistics.

Given the caveats above, are these galaxies with enhanced
gas content rare and unique among the more field-like cluster
members? Interestingly, even those galaxies consistent with the
field scaling relations remain within the upper envelope of the
scatter. Given the relatively high detection limit of the earlier
surveys, it is plausible that main-sequence populations of
galaxies with lower gas content were simply missed. However,
an interesting case is the deeper ALMA followup of one cluster
in Noble et al. (2017) published by Noble et al. (2019). While
Noble et al. (2019) achieved a depth more comparable to our
data for the one cluster (see Figure 6), even this study found
that the new CO detections among previously undetected
lower-mass objects remain in the upper envelope of the scatter
of the field scaling relations, in good agreement with the
sources presented in this work. The reason for the perceived
dearth of gas reservoirs below the field scaling relation
(encompassing the lower envelope of the scatter), is not clear
(see Figure 7), though we note that the deep Noble et al. (2019)
coverage is currently only of a single ∼48″ radius pointing (at
20% of the primary beam), and does not provide a uniform
mapping over the entire cluster. In summary, from the small
number of clusters surveyed, there appears to be some tentative
evidence for systematically larger molecular gas reservoirs
relative to the field in CO-detected sources (although see
Coogan et al. 2018 for one counterexample at higher redshift),
even if the systematic increase largely remains within the
overall scatter of field galaxies. This may hint at a shared
mechanism for the cluster members displaying enhanced gas
fractions.

Wider surveys in a statistical sample of clusters to the depths
presented here still might not be enough to present the full
picture of molecular gas in cluster galaxies. There is emerging
evidence from stacking of dust continuum emission that the
cold gas reservoirs of star-forming cluster galaxies are, on
average, actually depressed below the field scaling relations
across redshifts. This has been seen at z∼ 0.7 (Betti et al.
2019), z∼ 1–2 (Alberts et al. 2022), and in z∼ 2 proto-cluster
galaxies (Zavala et al. 2019). In Figure 7, we compare directly

to stacking results presented in Alberts et al. (2022) which
looked at 126 star-forming galaxies of similar stellar mass, but
in more massive clusters (Mhalo∼ 2–5× 1014Me). This study
found sub-field gas content out to 2Rvir over 11 similarly
selected clusters, more effectively mitigating the impact of
cluster-to-cluster variation and the potential biases in observing
only a small portion the cluster environment (as we have here).
While our cluster may be a special case (reflecting cluster-to-
cluster variance), or it could be that lower-mass clusters such as
ours retain more gas than the more massive clusters studied in
Alberts et al. (2022), the puzzling difference is still present
when comparing the current literature using CO and dust
detections to stacking results. If the average gas mass is
somewhere below the field, in a regime where gas has been lost
relative to comparable field galaxies, where are the gas-
deficient “sub-field” cluster members?
Unfortunately this regime of low gas content probed by

stacking has not fully been reached by current CO surveys; the
Alberts et al. (2022) results place the average gas mass at our
relatively deep 5σ detection limit. Understanding the distribu-
tion of gas masses among cluster galaxies is key to constraining
the mechanisms responsible for gas enhancement or gas loss,
and will require detections probing below the predicted field
levels of gas content over larger areas of the cluster
environment. In combination, these studies further highlight
the mystery of CO detections inhabiting the upper envelope of
the field scaling relations.
Alongside additional observations, the large range in gas

properties suggested by detection and stacking studies, plus the
aforementioned cluster-to-cluster variation, stress the importance
of simulations in interpreting small empirical samples. Recently,
cosmological simulations have begun to address the question of
gas properties in cluster environments. They find significant gas
loss starting at large radii (>2Rvir) ranging from the stripping of
hot halo gas (Zinger et al. 2018) to the complete removal of all
molecular gas (Arthur et al. 2019; Mostoghiu et al. 2021) by the
first passage of the cluster core (see also Oman & Hudson 2016;
Oman et al. 2021). In the first scenario, tightly bound disk gas is
retained enough for star formation to proceed unimpeded for a
time, consistent with the “delayed, then quenched” scenario
proposed by Wetzel et al. (2013) and supported by subsequent

Figure 7. Gas depletion timescales (left) and gas fractions (right) of cluster galaxies relative to the predicted field gas properties as a function of stellar mass. The
predicted field properties are derived for each individual source given its redshift, stellar mass, and distance from the Speagle et al. (2014) main sequence. Symbols are
as in Figure 6. The dashed line represents the Tacconi et al. (2018) field scaling relation for τdepl and fH2

with an assumed scatter of 0.3 dex (Liu et al. 2019) for the
former and 0.2 dex for the latter (shaded regions). As shown in Figure 6, our survey probes the entire main sequence at Log10M

*

/Me > 10.5, one of the deepest limits
to date. The CO detected cluster members in this work are consistent with field-like gas properties, while other CO studies (Hayashi et al. 2017, 2018; Noble
et al. 2017; 2019) show a mix of galaxies on and above the field relations. Dust continuum stacking of star-forming galaxies (brown squares; Alberts et al. 2022), on
the other hand, places the average gas depletion timescales and gas fractions at shorter and lower than the field scaling relations.
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studies (Muzzin et al. 2014; Bahé & McCarthy 2015; Haines
et al. 2015; Oman & Hudson 2016; Rhee et al. 2020; Cortese
et al. 2021; see also Maier et al. 2019a, 2019b). Depending on
the fraction of total gas removed by stripping, our field-like gas
masses may be consistent with the removal of hot halo gas,
while more extreme stripping may be supported by the stacking
results. Populations with enhanced gas content are not well
represented in these simulations; however, simulations have
explored the idea of gas streams penetrating the cluster ICM
(Zinger et al. 2016), which may provide a mechanism for
delivering new gas to cluster galaxies such as has been plausibly
observed at lower redshifts in BCGs (Castignani et al. 2020;
Dunne et al. 2021).

Our new data make this cluster the lowest-mass cluster at
z> 1 with both evidence of virialization and characterization of
the molecular gas reservoirs. Thus, this study bridges the
observational gap between gas properties of the most massive
clusters during this epoch, and those in the field. More
systematic surveys of molecular gas using deep CO or dust
emission of clusters across halo mass are needed to constrain
the physical processes impacting star formation activity during
the critical cluster transition era of 1< z< 2.
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