
Helmut Dannerbauer 
Instituto de Astrofísicas de Canarias

Extended Molecular Gas in Protoclusters: 
A Science Case for AtLAST

@ESO/Kornmesser



Helmut Dannerbauer 
Instituto de Astrofísicas de Canarias

@ESO/Kornmesser

Extended Molecular Gas in Protoclusters: 
A Science Case for AtLAST



Helmut Dannerbauer 
Instituto de Astrofísicas de Canarias

@ESO/Kornmesser

Science case white paper CGM:
Lee + AtLAST coll., 2024,  ORE, 
arXiv: 2403.00924

WG1-2 Charting the gas flows
around early galaxies with AtLAST
(Lagos & Pensabene)

Extended Molecular Gas in Protoclusters: 
A Science Case for AtLAST



Sulzenauer, Dannerbauer et al. 2021

Cosmic Seahorse – Milky Way Analogue @ z=1.6



level of the line intensity per bin at the position of the spectral line.
To convert the corrected main beam brightness temperature to flux
density, we fitted a parabola to the values from Velilla Prieto et al.
(2017) with sensitivities of approximately 7.56 Jy K−1, 6.31 Jy
K−1, and 6.00 Jy K−1 in the 1 mm, 2 mm, and 3 mm atmospheric
windows. Yebes 40m telescope 44.3GHz observations are
converted using the factor 4.82 Jy K−1. The total uncertainty of
the flux calibration is assumed to be less than 10%. Final data
visualization and flux calculation are performed in Python with
modules numpy (Harris et al. 2020) and astropy (Astropy
Collaboration et al. 2013).

4. Results

4.1. CO SLED

Figure 2 shows the flux densities for the detected CO spectra
of SDSS J1226, and Figure 3 gives a comparison between
the apparent CO line intensities with error bars at a 3σ
confidence level. We were able to blindly identify four bright
emission lines with intensity ICO≡ ∫ΔVSCOdv> 1.0 Jy km s−1

for corresponding rotational molecular transitions CO(J=
1–0)15, CO(J= 2–1), CO(J= 3–2), and CO(J= 5–4). The
binned ΔV= 500 km s−1 CO features are detected at the level
of SCO= 4.2− 23 mJy, corresponding to signal-to-noise ratios
(S/Ns) as high as S/N= 48 in the case of CO(J= 3–2). The
transition CO(J= 4–3) is undetected and thus treated as a 3σ
upper-limit estimate.16 We measure a line-averaged redshift of
zCO= 1.604543± 0.00001.

The CO line profiles match among the transition levels,
resembling symmetric double horns with consistent line widths
FWHM= 350± 25 km s−1 (median). This value, however, is

on the lower end, compatible with the FWHM of the Bothwell
et al. (2013) SMGʼs median at 500± 150 km s−1 (MAD).
Strikingly, the line intensities for Jupper� 3 are comparable

to that of the Cosmic Eyelash at a magnification of μ= 32
(lensed by a galaxy cluster at z= 2.3; Swinbank et al. 2010;
Danielson et al. 2011) while substantially brighter than the
strongly lensed Herschel-selected SMGs (in principle, galaxy–
galaxy lensing) from the H-ATLAS catalog compiled by

Figure 2. CO line spectra of transitions CO(J = 1–0) from Yebes 40 m radio telescope, and CO(J = 2–1), CO(J = 3–2), CO(J = 4–3), and CO(J = 5–4) from IRAM
30 m telescope in units of Kelvin and milli-Jansky. Boxed error bars give ±2σ calibration uncertainties. The lower panels show the S/N values per binned channel in
units of background noise rms (blue dashed spectrum). rms noise levels per channel bins are [1.20, 6.2, 7.9, 50.5, 5.3] mJy, respectively. Red curves are flux models
fits that are used to calculate the velocity-integrated fluxes. Flux of CO(J = 4–3) is regarded as a 3σ upper-limit measurement.

Figure 3. Velocity-integrated line intensity ICO ≡ ∫SCOdv comparison of
cosmic noon galaxies. IRAM 30 m and Yebes 40 m telescope measurements of
SDSS J1226 (blue stars) are compared to the results of SMM J2135–0102
magnified by μ = 32 (orange stars); the orange curve corresponds to the LVG
model presented in Danielson et al. (2011). Error bars are shown at a 3σ
confidence interval. Velocity-integrated intensity for CO(J = 4–3) is given as a
3σ upper limit. At Jupper � 3, SDSS J1226 is (nearly) as bright as the Cosmic
Eyelash and substantially brighter than the Herschel-selected, lensed SMG
sample from Yang et al. (2017) (gray squares). Shaded regions indicate the 1σ
and 2σ confidence levels of the bootstrapped intensity distribution of the
aforementioned SMG sample. Yellow diamonds are Daddi et al. (2015) non-
lensed, normal star-forming galaxies.

15 This is the most distant line detection with the Yebes 40 m telescope.
16 Close to the edge of the 2 mm window, foreground noise dominates the line
signal as this region is heavily contaminated by the atmospheric H2O feature,
leading to a nondetection for CO(J = 4–3) at 177.014 GHz.
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CO Spectral Line Energy Distribution

• Cold gas excitation is very low in 
SDSSJ1226. High density, high temperature
component typical for high-redshift
normal SF galaxies (Daddi+2015) seems to
be missing. 

• First ever detection of ultra-bight Milky 
Way-like gas excitation at high-redshift! 

37.2hrs on-source



Main Scientific Questions
•assembly, formation and evolution of the progenitors of 
local galaxy clusters and its galaxy members

•formation of red sequence galaxies (in clusters)
200 PENG ET AL. Vol. 721

Figure 4. Color distributions in SDSS (upper) and zCOSMOS at different redshifts (lower panels) with the dividing line used to split galaxies into red and blue.

internally triggered or externally triggered. We will also assume
for simplicity that the merging of two galaxies also leads to a
cessation of star formation.

Star formation may cease in an isolated galaxy, which there-
after remains at the same mass. We denote this quenching rate as
λ. Star formation is also assumed to cease after a major merger
event, which will discontinuously change both the number and
masses of the galaxies concerned. We denote the major merger
rate as κ . For some purposes the distinction is unimportant, and
surprisingly we will not encounter observational degeneracies
between these two processes. Both result in the “death” of the
galaxy and we will sometimes consider the combined death rate,
η, which will be the sum of λ and κ . These three parameters, η,
κ , λ, all have the dimensions of time−1 and reflect the probability
that a particular galaxy will be quenched in unit time. Subse-
quent “post-quenching” merging may also modify the masses
and number densities within the population of already-quenched
galaxies, and this is considered separately in Section 5.4.

We also note that some passive galaxies may be “revived”
by restarting star formation. However, this detail is largely
immaterial, provided that the quenching rate is interpreted as
the “net” quenching from blue to red.

Finally, we comment that we will for simplicity consider
quenching to be an instantaneous event. When considering
quenching “timescales,” we will be referring to the time that
a galaxy statistically waits to be quenched (i.e., the inverse of
the quenching rate), rather than the timescale for the actual

physical quenching transformation to take place, from start to
completion, which we assume is very short.

In the local universe, the fraction of galaxies that are on the
red sequence, fred, is a function of both mass (e.g., Kauffmann
et al. 2003b) and environment (e.g., Kauffmann et al. 2004;
Baldry et al. 2006). For simplicity, we consider only two states
for galaxies, “blue star forming” and “red passive,” based on
a dividing rest-frame (U − B) color, which is a weak function
of mass and which will drift to bluer colors at higher redshifts.
This is obviously somewhat simplistic, but is in the spirit of
our approach to identify the most basic features of the galaxy
population. Figure 4 shows this division both for SDSS and
for zCOSMOS. The dividing lines that we adopt are given as
follows:

(U − B)AB = 1.10 + 0.075 log
(

m

1010M⊙

)
− 0.18z. (2)

4.1. Formalism: Differential Effects of Mass and Environment

At any epoch and in any environment, the fraction of
galaxies in the red and blue “states” are given by fred and fblue,
which sum to unity. Empirically, the fraction fred in the local
universe is found to increase with galaxy stellar mass and with
environmental density (see Figure 11 of Baldry et al. 2006).

To compare environments at different epochs we consider the
over-density δ discussed in Section 2.1.3. This is equivalent to
the comoving density ρ and we will use these interchangeably.

Peng et al. (2010)

red 
sequence

blue 
cloud

local distant



“a non-virialized structure in the distant 
universe which will finally collapse into a 
typical local galaxy cluster, a virialized 
system of a mass larger than 1014 Msun”
R. Overzier, 2016, A&ARv, 24, 14

„Clusters of galaxies have back-stories
worthy of a Hollywood blockbuster: their
existences are marked by violence, death and 
birth, arising after extragalactic pile-ups
where groups of galaxies crashed into each
other“
by N. Seymour in on-line journal
„The Conversation“

not yet an official definition, isn‘t it?!
Galaxy Protoclusters

popular one, widely acceptedJ

Popular Science

.

Scientific Definition

.

see also José‘s 
and Itziar‘s
talks tomorrow J



increase sample sizes: cluster AND their members

(proto)galaxy cluster at high-z#
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from butterfly collecting...

.....to evolutionary biology

adapted(inspired) from(by) Roderik Overzier

Espeland+2018, Current Biology 
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•large field of view > deg2

•multi-object spectroscopy (crowded field)

•(sub)mm IFU

•simultaneous multi-band continuum imaging

•sensititve to low-surface brightness emission

•Sunyaev-Zeldocvic’h effect detection beyond z=2

Helmut´s Wish List



z = 2.16
(23% of age Universe)

25 kpc

Carilli et al 1997

HzRG: MRC1138-262 alias Spiderweb Galaxy
→will evolve into a Brightest Cluster Galaxy

Miley et al. 2006 (Credits: NASA, ESA, George Miley and Roderik Overzier (Leiden Observatory, NL)



Protocluster MRC1138 @ z=2.16

Kurk+2004b

13arcsec

→will evolve into a BCG

Miley+2006

Koyama+2013

10 R. Shimakawa et al.
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Figure 8. Spatial distribution with respect to the Spiderweb galaxy as shown by the star symbol in the centre. Large filled and small open squares are HAEs
and HAE candidates, respectively. Symbol colours of HAEs indicate their rest-frameU �V colours. Red circles and black crosses indicate DRGnIR and X-ray
sources, respectively. The colour map in background shows the excess of surface number densities based on the 5th neighbour analysis.
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Figure 9. Rest-frameU�V colours as a function of surface number densities
of HAEs (from the left, ⌃5th ph-Mpc�2 and distance from the Spiderweb
radio galaxy, dRG ph-Mpc). The symbols are the same as in fig. 7. Solid
and dashed lines indicate median values and 68th percentiles distributions
of rest-frame U �V colour of HAEs with respect to each axis.

the central system. PKS 1138 is also known to have filamentary
structures on the east side (Croft et al. 2005; Koyama et al. 2013a)
which are aligned along the line of sight as well (Shimakawa et al.
2014). The most compact group in this region can be seen at four
co-Mpc away eastward from the radio galaxy. This compact group
involves four HAEs (#25,26,27,29) within only 60 ph-kpc distance
and has a 3.6� source detection (5.0±1.4 mJy) at LABOCA 870 µm
(#DKB12 in Dannerbauer et al. 2014). The peak density of passive
galaxy candidates selected as DRGs is slightly shifted towards the
east direction, though more spectroscopic identifications are needed
to confirm this sub-structure.

We then estimate the rest-frame UV J colours, and associated
errors, of HAEs using the EAZY code (Brammer et al. 2008, 2011),
and then investigate colour dependence on the local scale. The rest

U, V , J photometries roughly correspond to Y , H , and 3.6 µm
bands, respectively.

Fig. 9 shows the surface number densities vs. the rest-frame
U � V colours of HAEs. We explore the colour dependence on
local environments with di�erent density measurements, i.e., the
surface densities including 5th neighbours, and distance from the
radio galaxy (dRG). We find no clear correlation between U � V

colours and local densities of HAEs within the protocluster, which is
unchanged when we use ⌃3th or ⌃10th for the density measurement.
These results are inconsistent with the concentration of redder HAEs
towards the protocluster centre as reported by Koyama et al. (2013a).
However, Koyama et al. (2013a) investigated the colour dependence
of HAEs in an area twice as large as our survey field, and their results
are enhanced by the absence of red HAEs in these outer regions.
We therefore conclude that the inconsistency between this work and
Koyama et al. (2013a) is due to the insu�ciently large survey area
in this work to confirm the finding of Koyama et al. (2013a).

We then characterise HAEs on the rest-frame UV J plane
(fig. 10). The shallow depths of the IRAC bands (m3� ⇠ 21.5 AB),
mean that only 32 percent of the entire HAE sample are detected at
IRAC bands at a more than two sigma confidence level. These IRAC
detected HAEs are shown by the filled symbols in fig. 10. Typical
errors are �(U � V ) = 0.31 dex and �(V � J) = 0.29 dex, respec-
tively. The remainder are indicated by open symbols and have rest
J-band magnitudes estimated from the extrapolated SED spectra.
Uncertainties of rest V � J colours in these non-IRAC detections
would be ⇠ 0.6 dex according to the EAZY code.

As a result, we find that rest-frame UV J colours of HAEs agree
with those of the star-forming population (Williams et al. 2009)
within the margin of error. Despite the significant uncertainties of
individual colours, HAEs hosting bright X-ray AGNs tend to have
redder rest-frame U � V colours, which agree with the findings by
Krishnan et al. (2017). More interestingly, we see that HAEs with
X-ray emissions (#40,58,68,73,95) are preferentially located near
the edge of the quiescent population. The outlier lying at the bottom
on the UV J plane (#46) is known to be an AGN (#6 in Pentericci
et al. 2002 and #215 in Kurk et al. 2004b), with very broad H↵ line

MNRAS 000, 1–20 (2018)

Shimakawa … HD et al. 2018, MNRAS

Koyama+2013

HAEs



Di Mascolo, Saro..a.o. HD.. et al. 2023, Nature ESO PR: „Finding a large reservoir of hot gas in the
Spiderweb protocluster would indicate that the system is
on its way to becoming a proper, long-lasting galaxy
cluster rather than dispersing.“
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Spiderweb Radio Galaxy
Van Ojik+95, Pentericci+98
Miley+06, Emonts+16,+18

Anderson+22

Red Sequence
Kurk+04, Kodama+07
Zirm+08, Tanaka+13

Naufal+24
D’Eugenio+ subm. 

Ly𝜶 Emitters
Kurk+00, Pentericci+00

H𝛂 Emitters (PCL-backbone)
Kurk+04ab, Koyama+13
Shimakawa+18,+24ab, 
Perez-Martinez+23,+24

Daikuhara+24
Perez-Martinez+24c (sub.)

X-ray
Tozzi+22ab, Carilli+23

Lepore+24
SZ-effect

Di Mascolo+23

4 pMpc

Perez-Martinez+25

The Spiderweb protocluster @ z=2.16
revealing different galaxy populations

>100 z-spec members

A&A, in press, arXiv:2203.02208 • Wang et al. 2016, ApJ, 828, 56 • Williams et al. 2009,
ApJ, 691, 1879 • Wuyts et al. 2007, ApJ, 655, 51 • Zeballos et al. 2018, MNRAS, 479, 4577

Description of the Observations

Target: We emphasize that the proposed Spiderweb protocluster field has an excellent multi-
wavelength dataset representing a tremendous investment of telescope time at all prominent
telescope facilities (>1400-hrs in total, including optical–NIR imaging with HST/ACS, VLT,
Subaru/Suprime-Cam and MOIRCS, Spitzer/IRAC and MIPS 24µm, Herschel, ALMA,
ATCA, LABOCA, MeerKAT, XMM, Chandra, VLA 1.4GHz, and ISAAC, VLT/SINFONI
and KMOS; see Fig. 5 for a summary of the ancillary datasets available in the target field).
With various galaxy populations selected at various wavelengths (such as LAEs, HAEs, dusty
star-forming/submillimeter galaxies, extremely red objects and CO emitters: Pentericci et
al. 2000; Kurk et al. 2004; Koyama et al. 2013; Shimakawa et al. 2014, 2018; Rigby et al.
2014; Dannerbauer et al. 2014; Zeballos et al. 2018; Jin et al. 2021; Tozzi et al. 2022), high
overdensities have been repeatedly confirmed and well studied. Such an exquiste dataset,
and in addition the scheduled JWST Cycle-1 GO program (to map the rest UVJ
colors and Pa� line with NIRCam on ⇠1-kpc scale) and deep/wide 1.1mm map-
ping with ALMA Band-6 in Cycle-8, makes this Spiderweb protocluster truly unique,
compared to other known (proto)clusters in the distant universe.

Figure 5: Summary of the rich datasets available for the Spiderweb protocluster (and their spatial
resolution). JWST NIRCam Cycle-1 GO observations are shown with red symbols. Note that
1-kpc resolution can be achieved in rest-UV (HST/ACS), rest-optical and NIR (JWST/NIRCam),
and rest-FIR (ALMA Band-7; for >15 most massive cluster members), allowing us truly complete
mapping of obscured/unobscured star formation inside all the cluster member galaxies.

Proposed observations: The aim of this proposal is to perform a slitless WFC3/IR G141
grism spectroscopy in the central region — the presumable cluster core — of the Spiderweb
protocluster at z = 2.16. The primary spectrum order of the G141 grism covers �=1.07–
1.72 µm with a spectral resolution of R⇠130. This wavelength range covers the major rest-
optical spectral features of the protocluster member galaxies at z=2.16 such as [OII]�3727,
H��4861, [OIII]�5007, H��4102, and the 4000Å break. With a single pointing of WFC3 FoV
(⇠20⇥20; equivalently ⇠1.5⇥1.5 Mpc2 in the comoving scale), we can e�ciently observe a

7

Shimakawa, priv. comm.

Dusty/SMG
Rigby+14

Dannerbauer+14)
Zeballos+18 

Zhang+24, 26 

Molecular Gas
Dannerbauer+17 

Emonts+18, Tadaki+19,
Jin+21, Chen+24, 

Perez-Martinez+25  
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VLA sees only 
~33% of ATCA flux!!

low-surface-brightness emission!

Spiderweb Galaxy: Cold Molecular IGM 
Emonts … HD et al. 2016, Science

WG1-15 Missing Flux (Andreani)



Extended Cold IGM in the Spiderweb Galaxy4 B. Emonts et al.

Figure 2. Channels maps of the [C i] 3P1-
3P0 emission (blue contours) over-plotted on an HST/ACS F475W+F814W image (Miley et al.

2006). The magenta contours show the CO(1-0) emission previously detected with the ATCA (EM16). The CO(1-0) emission is only
shown in those channels where it is reliably detected. The most important features seen in [C i] and CO(1-0) are also detected in CO(4-3),
as shown by the insets (black contours). All data-sets were binned to a velocity resolution of 90 km s�1, and the central velocity of each
channel is indicated. Contour levels of [C i] and CO(4-3) start at 2 � and increase in factor 1.5, with �=0.07 mJybeam�1 (corresponding
negative contours are shown in grey). CO(1-0) contour levels are at 2, 3, 4, 5�, with �=0.086 mJybeam�1. The red contours indicate
the 36 GHz radio continuum source (EM16). The ALMA and ATCA beams are shown in the bottom-left corner of the top-left plot.

Figure 3. Emission on 17-70 kpc scales in the IGM of the Spider-
web Galaxy. The spectra were extracted by tapering the various
data sets to ⇠800 (⇠70 kpc) and subtracting the central 200 spec-
tra of MRC1138-262 (Fig. 1). For the subtraction of the CO(1-
0) spectrum of MRC1138-262, we used the average between the
untapered ATCA spectrum shown in Fig. 1 and a tapered high-
resolution VLA spectrum from EM16, as explained in Table 1.
The horizontal bar indicates the conservative velocity range over
which we detect all three molecular tracers in the IGM, which we
used to determine the line intensities and ratios.

and to a first order also the excitation conditions, of the
molecular gas in both the IGM and proto-cluster galax-
ies. Fig. 4 (top) shows that the values for L0[CI]/L0CO(4�3)

spread across a large range of values (see also Walter
et al. 2011; Alaghband-Zadeh et al. 2013; Bothwell et al.
2017). When instead comparing the ground-transitions of
[C i] 3P1-

3P0 and CO(1-0), Fig. 4 (bottom) shows that both
the relative [C i] brightness L0[CI]/L0CO(1�0) and gas exci-

tation L0CO(4�3)/L0CO(1�0) are highest in the radio galaxy

MRC1138-262, and significantly lower in the IGM and other
proto-cluster galaxies. One explanation is that the CO(1-0)
luminosity is reduced close to the AGN, perhaps as a result
of high cosmic ray flux (Bisbas et al. 2017). Alternatively,
the [C i] luminosity depends on processes that also a↵ect the
excitation, and thus luminosity, of the high-J CO lines.

4.1 The nature of the cold IGM in the Spiderweb

Figure 4 shows that the excitation conditions of the IGM
in the halo of the Spiderweb Galaxy, as approximated by
L0CO(4�3)/L0CO(1�0) , are similar to those of the proto-cluster

galaxies, as well as star-forming galaxies at low-z. We derive
something similar for the [C i] abundance; in Table 1 we
give the total mass of molecular gas in the IGM (17�70
kpc) as MH2 (IGM) ⇠ 1.0±0.4⇥1011 (↵CO/4) M� (Solomon &
Vanden Bout 2005). The total mass of [C i] in the IGM is
M[CI] ⇠ 8.9±1.4 ⇥106 M� (Weiß et al. 2005), assuming an
excitation temperature of Tex ⇠ 30K. These mass estimates
result in a [C i] abundance of X[CI]/XH2 =M[CI]/(6MH2) ⇠

MNRAS 000, 1–?? (2010)
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Figure 12. Multi-faces of the Spiderweb galaxy (20 arcsec on a side in each image). (a) The left panel shows NB2071 image (grey scale) and line-subtracted
Ks image (orange contour). The first contour is 1.5 sigma background rms. (b) The middle panel is an RGB image from F475W and F814W photometry with
HST. White contours are based on the NB2071 image, and the first contour corresponds to 1.5 rms in the background. (c) The right panel represents the surface
brightness of narrow-band flux (SBNB) where the continuum is subtracted (eq. 3). 1 sigma error is 3.2 ⇥ 10�17 erg s�1cm�2arcsec�2 for a given pixel2 area.

pointed out by previous work (e.g., Springel et al. 2005b; Croton
et al. 2006; Bower et al. 2006; Somerville et al. 2008; van de
Voort et al. 2011b; Page et al. 2012; Kormendy & Ho 2013; Cicone
et al. 2014; Genzel et al. 2014). If a significant number of massive
forming galaxies are subject to the influence of such strong feedback,
we could explain the rapidly declining star formation around the
distant cluster centres since z ⇠ 2 (Smail et al. 2014; Shimakawa
et al. 2014; Clements et al. 2014; Kato et al. 2016).

We should note that the derived AGN fraction among HAEs
is the minimum fraction inferred from the Chandra X-ray data. Our
previous spectroscopic analyses (Shimakawa et al. 2015) indicate
that another three sources (#14,30,54) might also be AGNs because
of their high [N��]/ H↵ line ratios (> 0.5), although the spectral data
are obtained with low spectral resolution (R=513) and the derived
line ratios have substantial uncertainties (⇠ 0.2 dex). If we assume
that these HAEs also host AGNs, the AGN fractions increase to 43
and 80 percent at the stellar mass bins of 1010.5�11 and 1011�11.5

M� respectively. Such a surprisingly high AGN fraction implies
that massive star-forming galaxies in PKS 1138 may mostly host
AGNs and could have a considerable impact on the current galaxy
evolution paradigm.

The most energetic source present is the Spiderweb radio
galaxy. We identified the enormous H↵ structure extending over
100 ph-kpc associated with this massive system. The spatial extent
broadly agrees with previous findings which have reported an ex-
tended component in the Ly↵ line (Gopal-Krishna & Wiita 2000;
Kurk et al. 2002), X-ray (Carilli et al. 2002), UV (Pentericci et al.
1998; Hatch et al. 2008), and the CO(1�0) line (Emonts et al. 2016).
The Spiderweb galaxy is also known to be a composite of active
star formation and AGN (Ogle et al. 2012; Drouart et al. 2014). The
starburst component has SFR of ⇠ 1400 M� yr�1 (Seymour et al.
2012; Rawlings et al. 2013; Dannerbauer et al. 2014), supported by
a rich gas reservoir of ⇠ 6 ⇥ 1010 M� (Emonts et al. 2013, 2016;
Gullberg et al. 2016). This monster galaxy is expected to grow into
a brightest cluster galaxy, as seen in the local Universe (Hatch et al.
2009). The large H↵ nebula could show the occurrence of a pre-
heating event in the proto-intercluster medium (Babul et al. 2002;
Dubois et al. 2011, 2012; Valentino et al. 2016), though there is still
much debate about heating mechanisms of the intercluster medium
at high redshifts (McNamara & Nulsen 2007; Kravtsov & Borgani
2012).

Lastly, the very high X-ray fraction in massive HAEs cautions

the possibility that the narrow-band HAE selection may overesti-
mate an AGN fraction, especially at the massive end. Sobral et al.
(2016) have shown that the AGN fraction reaches ⇠ 100 percent
in HAEs with quite luminous H↵ luminosities (> 1043.5 erg s�1

without dust correction), and AGNs typically contribute 15 per-
cent of the total H↵ luminosity. Similarly, we confirm that the top
three HAEs with high observed narrow-band luminosities (> 1043

erg s�1 without dust correction) host X-ray AGNs while the other
three HAEs do not have distinctive narrow-band fluxes. Moreover,
AGNs are expected to enhance [N��] line flux (Baldwin et al. 1981;
Veilleux & Osterbrock 1987) and this can additionally increase the
narrow-band flux and EWNB. For instance, for a given H↵ luminos-
ity, an increase of log [N��]/ H↵ ratio from �0.5 to 0 raises EWNB
by 0.18 dex. These contaminations may cause the serious selection
bias in the sense that the narrow-band selection preferentially de-
tect AGN-hosting HAEs. In particular, our current analyses cannot
rule out the possibility that we are missing massive dusty starburst
populations which would have faint observed H↵ luminosities and
low EWNB due to heavy dust obscuration. Even if we miss a few
dust- obscured objects, this factor can substantially decrease the
bright-end AGN fraction. A wide-field spectroscopic search at the
IR to radio regime with e.g., ALMA and JWST is highly desirable
to clarify this selection issue.

5 SUMMARY

In this second instalment of the MDCS campaign, we investi-
gate HAEs associated with one of the most studied protoclusters,
PKS 1138 at z = 2.2. Using the advanced dataset we construct sam-
ples of HAEs associated with the Spiderweb protocluster; these con-
sist of 68 HAEs (36 confirmed with spec-z and 32 selected by Bz

0
Ks

colour) and 13 HAE candidates. 17 and 9 objects amongst them are
newly-discovered HAEs and HAE candidates by this work, respec-
tively. The online catalogue (appendix C) lists coordinates, confir-
mation status, physical properties, and rest-frame UV J colours of
the HAE samples. The major findings are summarised as follows.

— We investigate the stellar mass distribution function of HAEs
in PKS 1138, including the completeness correction derived using
a Monte Carlo simulation. We then identify the high cut-o� stellar
mass of log(M?/M�) = 11.73 ± 0.76 and find that the number
density is about ten times higher over the survey area than that in
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Fig. 2. X00 ⇥ X00 cutouts of HAE229: top left HST F814W; top right VLT HAWK-I Y; bottom left VLT HAWK-I H; bottom right VLT HAWK-I
Ks. The Y-band image supports the HST morphology and no o↵set is detected between the rest-frame UV and rest-frame optical regions.

Stevens et al. (2003). Again, in its SED, HAE229 appears typical
of dusty distant galaxies. Integrating the infrared emission from
40-1000 µm, gives a star formation rate, SFRIR=555 M� yr�1.

5. Discussion

5.1. The Nature of HAE229

To summarize, in extremely deep data with the ATCA, we have
found a very extended, multi-component massive disk of cold
gas in a galaxy in the protocluster environment of the power-
ful radio galaxy, MRC1138�262. The galaxy is already mas-
sive, having a few 1011 M� in stars and because it is a luminous
CO(1-0) emitter, it must have a similar mass in cold molecular
gas. What is the nature of this galaxy? Being in a protoclustered
environment, does this a↵ect any of its properties?

A key question is the nature of star formation, its domi-
nating mode. A long-lasting mode is observed in spirals/disks
while shorter, starburst modes, most probably triggered by ma-
jor merger events, are also observed in distant galaxies. Up to
now, in clusters in formation beyond z = 2 cold molecular gas
reservoirs are only detected in mergers (Hodge et al. 2012, 2013;
Ivison et al. 2013; Riechers et al. 2010; Tadaki et al. 2014; Wal-
ter et al. 2012). Very recently, Chapman et al. (2015) report the
blind detection of star forming molecular gas via the CO(3-2)
transition of the extremely red, main sequence galaxy DRG55
in the protocluster structure HS1700+64. This source emits H↵
in excess (Chapman et al. 2015). Another four UV-selected nor-
mal SFGs are detected in CO(3-2) (Tacconi et al. 2013). Thus,
detecting CO(1-0) of a normal, star forming galaxy in a cluster
system caught in formation is still novel. Main reason is the lack
of systematic, targeted CO studies of galaxy cluster members
up to now. HAE229 has an exquisite multi-wavelength coverage
which enables us to investigate the nature of this galaxy in de-
tail. Based on the literature and our own observations we collect

�������

Fig. 3. CO(1-0) spectrum of HAE 229 from data taken with the com-
pact hybrid ATCA configurations (for which the signal is spatially un-
resolved). The red line shows a Gaussian fit from which we derived z,
L0CO(1�0) and FWHMCO(1�0).

a large list of fluxes ranging from the optical to the radio, see Ta-
ble 2 and Fig. 5. In addition, we compile a table of measured and
calculated properties of HAE229 such as luminosities, masses
and (specific) star formation rates, see Table 3. Both tables are
the base for the discussion of the properties of HAE229 in this
section.

5.1.1. The molecular gas in HAE229

We have determined that it is rich in molecular gas, but how rich
is di�cult to determine given the uncertainty in determining the
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Figure 2. Channel maps of the CO(1–0) emission in regions A and B, highlighting a gradient in the gas kinematics. Contour levels of the CO(1–0) emission
(red) are 3.0, 3.8 and 4.5σ (with σ = 0.085 mJy beam−1; Section 2). No negative features are present in these channels at the same level (−3σ ). The radio
continuum (black contours), beam-size and redshift are the same as in Fig. 1.

(see Fig. 1, though note that the large ATCA beam prevents us
from spatially resolving the individual galaxies in our CO data).
Fig. 1 also shows indications for an extension (‘tail’) of the CO(1–
0) emission beyond region A (stretching up to 100 kpc NE of the
radio core), but this tail is detected only at a 3σ level and thus needs
to be verified. We have started an observational programme to verify
the distribution and kinematics of the CO(1–0) emission at higher
sensitivity and spatial resolution (results will be reported in a future
paper).

In addition, the double-peaked CO(1–0) profile spreads over
1700 km s−1 (FWZI). This is extreme compared to what is found for
quasars and submm-galaxies (see Coppin et al. 2008; Wang et al.
2010; Ivison et al. 2011; Riechers et al. 2011; Bothwell et al. 2013;
Krips, Neri & Cox 2012 and references therein). A few notable
exceptions are high-z systems in which the broad CO profiles arise
from merging galaxies (Salomé et al. 2012 and references therein).
As can be seen in Fig. 1 (bottom right), the double-peaked CO
profile resembles the velocity distribution of optical line emitters
detected in the Spiderweb proto-cluster (Kuiper et al. 2011), be it
with a lower velocity dispersion of the CO gas, in particular on the
blueshifted side.

These results thus indicate that a significant fraction of the CO(1–
0) detected in the Spiderweb Galaxy likely originates from (merg-
ing) satellites of the central radio galaxy, or the intergalactic medium
(IGM) between them.

Our results also suggests that the redshift of the central radio
galaxy is associated with the red peak of the CO(1–0) profile, giv-
ing zCO(1–0) = 2.161 ± 0.001. Kuiper et al. (2011) discuss that de-
termining the redshift from optical and UV rest-frame emission
lines is bound to a much larger uncertainty, but they derive 2.158 <

z < 2.170, which is in agreement with our estimated zCO(1–0).

3.1 HAE 229

Fig. 3 shows that also the dusty star-forming galaxy HAE 229
(M⋆ ∼ 5 × 1011 M⊙; Kurk et al. 2004; Doherty et al. 2010) is
detected in CO(1–0) at 3.7σ significance. We derive L′

CO = 3.3 ±
0.2 × 1010 K km s−1 pc2 for HAE 229. Table 1 summarizes the
CO(1–0) properties. HAE 229 is located 250 kpc (30 arcsec) West
of MRC 1138−262, i.e. outside the giant Lyα halo. The CO(1–
0) signal peaks at v = −1354 km s−1, which agrees with the Hα

redshift from Kurk et al. (2004). None of the other line-emitting

Figure 3. Left: the Spiderweb Galaxy and HAE 229. Shown is a zoom-out of Fig. 1 (left) including the CO(1–0) contours of HAE 229 (purple) 250 kpc to
the West. The light-blue contours indicate the extent of the Lyα halo that encompasses the Spiderweb Galaxy (from Miley et al. 2006, see also Pentericci et al.
1997). The red and blue contours are the same as in Fig. 1 (2.8, 3.5, 4.2 and 5.0σ ), with σ the noise level at the phase centre (centred on the Spiderweb Galaxy).
The dark-red and dark-blue contours are the corresponding negative signal (present only at −2.8σ at a significant distance from the phase centre, where the
noise increases due to correction of the signal for primary-beam attenuation). Contour levels of the CO(1–0) in HAE 229 are −2.8 (grey), 2.8 and 3.5σ (purple),
derived across the velocity range indicated by the purple bar in the spectrum on the right (−1618 < v < −1100 km s−1; σ = 0.048 Jy beam−1 × km s−1).
For HAE 229, σ is the local rms noise (i.e. 30 arcsec from the phase centre) in the primary-beam-corrected total intensity CO image. The dashed partial circle
on the right shows the FWHM of the primary beam (i.e. the effective field of view) of our observations. The small arrows indicate the location of a peak in
24 µm emission that coincides with HAE 229 (data from De Breuck et al. 2010). Right: CO(1–0) spectrum of HAE 229. The systemic velocity, as derived
from optical emission lines, is also indicated (Kurk et al. 2004). Note that the higher noise in this spectrum compared to the spectra of Fig. 1 is a result of the
primary-beam correction.
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Fig. 4. Overview of the CO(1-0) full-resolution ATCA data. Top left: Total intensity image of the CO(1-0) emission across the velocity ranges
-200< v< 0 km s�1 (blue contours) and 0< v< +200 km s�1 (red contours). Contours levels are 3, 4, 5, 6 � and �= 0.015 Jy beam�1 km s�1.
Following Papadopoulos et al. (2008), the relative accuracy in the position of the CO peak emission is ⇠< 0.400. The dashed circle indicates
the half-power size of the synthesized beam. Top right: Position-velocity plot of the CO(1-0) emission along the line indicated in the top-left
plot (along the NE-SW direction). Contours level shown are -4, -3, -2 (grey), 2, 3, 4, 5 (black) �. Bottom: CO(1-0) spectra of the peak
emission in the blue- and red-shifted velocity components as indicated in the plot at the top left. Note that the spectra are not mutually
independent due to the relatively large beam and due to having velocities that over-lap.

5. Discussion

In extremely deep observations with the ATCA, we have found
a very extended, massive, rotating disk of cold gas in a galaxy
embedded in the protocluster surrounding the radio galaxy,
MRC 1138�262. HAE229 has a high stellar mass, few 1011 M�,
already in place at z=2.16. Its high CO(1-0) luminosity suggests
that it has a similar mass in cold molecular gas. HAE229 is mov-
ing at high speed relative to the radio galaxy, MRC 1138�262,
over �1200 km s�1 and has a small projected separation, ⇠250
kpc (Emonts et al. 2013). Dannerbauer et al. (2014) showed that
the far-IR and sub-mm emission detected by Herschel/SPIRE
250 µm and APEX LABOCA at the position of MRC 1138�262
is extended in the direction of HAE229. Although it has a rela-
tively high velocity relative to the radio galaxy, it has a similar
velocity to other protocluster galaxies that lie to the west of the

radio galaxy (Kuiper et al. 2011), so it is likely that HAE229 is
a member of the protocluster surrounding MRC 1138�262.

HAE229 is the first CO(1-0) emitting HAE that is classified
as a disk galaxy in a (proto)cluster. This is only the fifth de-
tection of CO in an HAE residing in an overdensity at high red-
shift. For all, with one exception, DRG55 (Chapman et al. 2015),
the low-order CO transitions are detected, enabling robust esti-
mates of their total molecular gas mass to be made without sig-
nificant uncertainties due to the unknown excitation of the gas.
Three galaxies with possible low-order CO detections, bHAE-
191, rHAE-193, rHAE-213 (which is only tentatively detected),
reside in the protocluster USS 1558�003 at z = 2.53 (Tadaki
et al. 2014) and two of them4, bHAE-191 and rHAE-193, are
classified as mergers.

4 The third source, rHAE-213, has no reliable FIR-measurements.
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Figure 1. Multiwavelength imaging of the z=4.05 SMG GN20. Top left: 880µm PdBI image (0.3′′×0.2′′ resolution). Contours start
at ±2σ in steps of 1σ=0.25mJy beam−1 (corresponding to a rest-frame brightness temperature of TB=0.22K). The measured peak flux
density of 3.6mJy implies TB,peak=3.2K. Top right: VLA CO(2–1) 0th moment map (H12) at the same resolution as the 880µm data.
Bottom left: 1.2mm PdBI image (0.46′′×0.35′′ resolution). Contours start at ±2σ in steps of 1σ=0.25mJy beam−1. Bottom right:
HST/WFC3 F105W image from the CANDELS survey (Grogin et al. 2011) and 1.2mm contours.

2.1. PdBI 880µm

The 880µm (170µm rest–frame) observations of GN20
(α(J2000)=12h37m11.920s, δ(J2000)=62◦22′12.0′′) were
carried out in two tracks on 2013 December 4 (C-
configuration track) and 2014 March 7 (A-configuration
track) using six antennas. The observations used the
PdBI’s Band 4, tuned to 340GHz (880µm), along with
the WideX correlator (3.6GHz bandwidth). The receiver
was operating in the upper side band. The nearby radio
quasars B1044+719 and B1418+546 were used for point-
ing, amplitude, and phase calibration, and the flux cal-
ibrators were 3C279 and MWC349 (A-track) and 3C84
and LKHα101 (C-track). We estimate the flux calibra-
tion to be good to within 20%.
The IRAM gildas package was used for data reduction

and analysis. The calibration process included two iter-
ations of phase-only self-calibration, and one iteration of
amplitude+phase self-calibration. After flagging, there
were 5.7 h/4.3 h on-source in the C/A-tracks (6-antenna
equivalent). The final map (C+A tracks; Figure 1) has
0.05′′ pixels and was created using the clean algorithm
with robust weighting and a tight clean box on the source
(cleaning down to 2σ). The image has a synthesized

beam of 0.3′′×0.2′′ and an rms of 0.25mJybeam−1. As
the source lies at the phase center of the 14.8′′ primary
beam, the map was not corrected for primary beam at-
tenuation.

2.2. PdBI 1.2mm

The 1.2mm (240µm rest–frame) PdBI observations of
GN20 (20.1” primary beam) were carried out in two
tracks on 2010 February 1 and 7 using six antennas in the
A-configuration. The 250GHz observations used the pre-
vious generation correlator, providing a total bandwidth
of 1.0GHz (dual polarization). The quasars B1044+719,
B1418+546, and B1300+580 were used for pointing, am-
plitude and phase calibration. Several standard calibra-
tors (MWC349, Titan, 3C273, 3C279, 3C345, 3C454.3,
B0234+285, B0923+392, B1055+018, B1749+096) were
observed for flux and bandpass calibration, yielding
∼15% calibration accuracy.
The data were mapped using clean with natu-

ral weighting, resulting in a synthesized beam of
0.46′′×0.35′′ (Figure 1). Weighting schemes that would
lead to higher spatial resolution were discarded due to
high noise. The final rms noise is 0.25mJy beam−1 over

typical sizes are up to 6-8 kpc

Hodge et al. 2015; Ivison et al. 2011
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Fig. 4. Overview of the CO(1-0) full-resolution ATCA data. Top left: Total intensity image of the CO(1-0) emission across the velocity ranges
-200< v< 0 km s�1 (blue contours) and 0< v< +200 km s�1 (red contours). Contours levels are 3, 4, 5, 6 � and �= 0.015 Jy beam�1 km s�1.
Following Papadopoulos et al. (2008), the relative accuracy in the position of the CO peak emission is ⇠< 0.400. The dashed circle indicates
the half-power size of the synthesized beam. Top right: Position-velocity plot of the CO(1-0) emission along the line indicated in the top-left
plot (along the NE-SW direction). Contours level shown are -4, -3, -2 (grey), 2, 3, 4, 5 (black) �. Bottom: CO(1-0) spectra of the peak
emission in the blue- and red-shifted velocity components as indicated in the plot at the top left. Note that the spectra are not mutually
independent due to the relatively large beam and due to having velocities that over-lap.

5. Discussion

In extremely deep observations with the ATCA, we have found
a very extended, massive, rotating disk of cold gas in a galaxy
embedded in the protocluster surrounding the radio galaxy,
MRC 1138�262. HAE229 has a high stellar mass, few 1011 M�,
already in place at z=2.16. Its high CO(1-0) luminosity suggests
that it has a similar mass in cold molecular gas. HAE229 is mov-
ing at high speed relative to the radio galaxy, MRC 1138�262,
over �1200 km s�1 and has a small projected separation, ⇠250
kpc (Emonts et al. 2013). Dannerbauer et al. (2014) showed that
the far-IR and sub-mm emission detected by Herschel/SPIRE
250 µm and APEX LABOCA at the position of MRC 1138�262
is extended in the direction of HAE229. Although it has a rela-
tively high velocity relative to the radio galaxy, it has a similar
velocity to other protocluster galaxies that lie to the west of the

radio galaxy (Kuiper et al. 2011), so it is likely that HAE229 is
a member of the protocluster surrounding MRC 1138�262.

HAE229 is the first CO(1-0) emitting HAE that is classified
as a disk galaxy in a (proto)cluster. This is only the fifth de-
tection of CO in an HAE residing in an overdensity at high red-
shift. For all, with one exception, DRG55 (Chapman et al. 2015),
the low-order CO transitions are detected, enabling robust esti-
mates of their total molecular gas mass to be made without sig-
nificant uncertainties due to the unknown excitation of the gas.
Three galaxies with possible low-order CO detections, bHAE-
191, rHAE-193, rHAE-213 (which is only tentatively detected),
reside in the protocluster USS 1558�003 at z = 2.53 (Tadaki
et al. 2014) and two of them4, bHAE-191 and rHAE-193, are
classified as mergers.

4 The third source, rHAE-213, has no reliable FIR-measurements.
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Figure 3. (a) Upper panel: CO J = 4−3 map of the region around Candels-5001 obtained through natural weighting of the visibilities. The CO surface
brightness contours range from 1σ to 6σ , where σ = 22 mJy km s−1beam−1 is the CO map rms. Dashed contours indicate negative fluxes. Lower panel:
the same CO contours are shown overlaid on to the F775W HST image (colour). (b) Upper panel: CO J = 4−3 map obtained through the Briggs weighting
(robustness parameter: +2). Contours range from 1σ to 5σ , where σ = 24.5 mJy km s−1beam−1. In this image, the extended emission is even more clearly
resolved, over more than 10 independent beams, although the sensitivity is somewhat lower. Lower panel: same background colour image of (a), with surface
brightness contours of CO J = 4−3 Briggs weighted map overlaid. The beam sizes of the ALMA maps are given in the bottom-left corners.

4 R ESULTS

4.1 Molecular gas structure extending on 40 kpc scale
around the central galaxy

A CO J = 4−3 flux map was obtained by collapsing the chan-
nels containing line emission (−140 < v < +140 km s−1; see Sec-
tion 4.2), using a data cube where the CASA natural weight of the
visibilities was performed, resulting into the ∼1.5 arcsec resolution
mentioned in Section 3 (specifically beam of 1.6 arcsec × 1.3 arcsec
with PA = 54.◦32). The resulting CO flux map is shown in Fig. 3a
(left-hand panel). The CO emission is clearly extended over about
40 kpc in an elongated structure-oriented NE–SW. In the bottom im-
age of Fig. 3a, the same contours are overlaid on to an optical Hubble
Space Telescope (HST) image (F775W), tracing the rest-frame UV
emission. We note that the CO map reveals some structures on
scales smaller than the beam FWHM; this is a consequence of the
presence of some long baselines that provide some sensitivity to
small scales and make the beam profile non-Gaussian, as discussed
in the previous section.

Fig. 3b shows the same maps obtained with a CASA Briggs weight
(i.e. weighting less the more compact baselines), which results into
higher angular resolution (beam of 1 arcsec), although at expenses
of a somewhat lower sensitivity. The latter image shows even more
clearly that the extended emission is fully resolved, over more than
10 independent beams. The flux assigned to Candels-5001 has been
estimated collecting the total flux within an ALMA synthesized
beam centred on the rest-frame UV emission peak from HST images.

Interestingly, although the CO map peaks are associated with the
massive star-forming galaxy, Candels-5001 accounts for only about
40 per cent of the CO emission in the central 40 kpc; the remaining
CO emission (∼60 per cent) is distributed in the CGM within the
elongated structure, and it is not directly associated with either the
central target or its two companions.

Within this context, we note that the extended structure cannot be
ascribed to molecular gas hosted in the three merging galaxies and
‘artificially’ smeared on a larger scale by the ALMA beam. This is
discussed more in detail in Appendix C through a simple simulation.

We calculated the total molecular mass in the 40 kpc struc-
ture traced by the CO J = 4−3 emission, conservatively assum-
ing for such a system the same gas metallicity inferred for the
central and nearby galaxies (∼0.5 Z⊙, e.g. Maiolino et al. 2008,
Troncoso et al. 2014, and validated by the Te-based calibration in
Curti et al. 2017; this is a conservative assumption as the sur-
rounding gas has probably lower metallicity, although Bouché
et al. 2016 have found evidence for inflowing gas with similar
metallicity) and using a metallicity-dependent CO-to-H2 conver-
sion factor (αCO ∼ 10 ± 2; Wolfire, Hollenbach & McKee 2010;
Feldmann, Gnedin & Kravtsov 2011; Bolatto, Wolfire &
Leroy 2013; Saintonge et al. 2013). The inferred total mass of
molecular gas within the 40 kpc wide structure is about 2–
6 × 1011 M⊙. The given range of gas masses reflects the uncer-
tainty on αCO and on the CO J = 4−3/CO J = 1−0 lines flux ratio,
for which we have assumed values ranging from that typically ob-
served in normal (Milky Way-like) star-forming galaxies to that
observed in starburst and high-z submillimetre galaxies (Carilli &
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EVLA imaging of CO(1–0) in submm galaxies 1917

Figure 1. CO J = 1–0 spectra and lightly CLEANed images for the SMGs in our study. On the left we show the spectra, integrated over a region of ∼3 beam
areas in the data cubes, with the corresponding PdBI CO J = 3–2 spectra from Tacconi et al. (2006) shown as dot–dashed lines, scaled by 9−1 times to be on
the same Rayleigh–Jeans Tb scale. Arrows indicate the CO J = 3–2 line centres. The CO J = 1–0 spectrum of the NE component of SMM J123707 is shown
in red. All our targets are well detected with CO J = 1–0 FWHM of ∼300–800 km s−1, marginally broader than the corresponding CO J = 3–2 emission. The
frequency range used to create the images in the right-hand panels are indicated below each spectrum. A typical ±1σ error bar is shown at the top right of each
panel. Velocities are relative to the CO J = 1–0 redshifts listed in Table 2 and the spectra have been Hanning smoothed with an four-channel triangular kernel
with 4-MHz (∼35 km s−1) spectral resolution. Right: CO J = 1–0 emission integrated over the channels indicated in the corresponding spectrum, displayed
as contours (−3, 3, 4... × σ where σ is typically ∼20 µJy beam−1), superimposed on linear grey-scales of the 1.4-GHz continuum emission. We see that all
targets are marginally or well resolved at the resolution of our map, with SMM J123707 comprising two components. The beam is shown in the bottom left
corner of each image. Insets show 6×6 arcsec2 postage stamps of CO J = 1–0 for SMM J123549 (a 220-km s−1wide bin centred at −150 km s−1, displayed
as contours, superimposed on a grey-scale of the total CO J = 1–0 emission) and SMM J123707 (contiguous 390-km s−1wide blue and red bins represented
by the contours and the underlying grey-scale, respectively, illustrating the velocity gradient across SMM J123707-NE).
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Norris, Huub Roettgering, Eva Schinnerer, Paolo Serra, Nick Seymour, Rhythm Shimakawa, 
James Simpson, Mark Swinbank, Ivan Valtchanov, Fabian Walter, Julie Wardlow

• >800 hrs approved, observations finished in March 2020 
• CO(1-0) observations of (dusty) star-forming galaxies
• selected from the Spiderweb Protocluster field and ALESS 

(APEX-LABOCA survey of the Extended Chandra Deep 
Field South) field

• complementing ALMA molecular gas and dust observation
• GOAL: impact of environment on molecular gas reservoir

COALAS
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46 detections

450hrs, 13 pointing
1.8 arcmin

Shuowen Jin, HD et al., 2021, A&A

still largest, coherent CO 
map of a high-z cluster 
stucture

COALAS survey: 
ATCA CO(1-0) map of Spiderweb protocluster
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COALAS survey: ATCA CO(1-0) map
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Assessment of data quality:
• SNR of the CO emission detection
• beam spatial resolution
• location in the pointing

Criterion Binary Ranking

9 bits

inhomogeneous data set

Extendeded Molecular Gas: Chen, Z., HD, et al. 2024, MNRAS, 527, 8590

carried out by former PhD student Zhengyi Chen, 
Nanjing U + IAC (through CSC fellowship)

Search for large molecular gas reservoirs > 40kpc

https://ui.adsabs.harvard.edu/abs/2024MNRAS.527.8950C/abstract


Search for large molecular gas reservoirs > 40kpc

To confirm our assessment - large molecular gas reservoir 
— follow-up observations have been conducted.

Coarse Data –
map/mosaic
(low-resolution; 
7-10 arcsec)

collapsed images          position-velocity diagram

High 
resolution
@ 3 arcsec



Search for large molecular gas reservoirs > 40kpc



Can the large molecular gas reservoirs 
feed the future ICM?

→ the large molecular gas reservoirs in the SW protocluster 
may be enough to contribute to the ICM in a future Virgo-like 
galaxy clusters (e.g. through „truncation“ process)

“truncation” process: galaxy-galaxy encounter or gravitational interactions
between galaxies and the (proto)cluster environment can result in the distortion,
stripping, and truncation of galaxy halos (Moore+96, 98; Fujita 98)



Literature Search8960 Z. Chen et al. 

MNRAS 527, 8950–8972 (2024) 

Table 1. Collection from the literature of potential extended molecular gas reservoirs with scale ! 40 kpc. In addition to emission lines indicative of a 
scale abo v e 40 kpc, other rele v ant emission lines of the same sources are also listed e xhibiting compact or less e xtended behaviour. 
Protocluster Redshift Source ID Emission lines Size Size given Reference 
Jackpot nebular 2.04 Galaxy1 CO(3 −2) ∼40 kpc − Decarli et al. 2021 
PKS1138 −262 protocluster 2.16 Spiderweb Galaxy CO(1 −0) ∼70 kpc Yes Emonts et al. ( 2013 , 2014 , 2016 , 2018 ) 
(Spiderweb) CO(4 −3) ∼50 kpc Yes Emonts et al. ( 2018 ) 

[CI] ∼50 kpc Yes Emonts et al. ( 2018 ) 
HAE229 CO(1 −0) ∼40 kpc Yes Dannerbauer et al. ( 2017 ) 

Protocluster ELANe 2.22 QSO Q12287 + 3128 CO(4 −3) ∼100 kpc Yes Li et al. ( 2021b , 2023 ) 
Slug nebular 2.28 QSO CO(3 −2) ∼50 kpc − Decarli et al. ( 2021 ) 
BOSS1441 protocluster 2.3 Region A (Q0052) CO(1 −0) ∼40 kpc − Emonts et al. ( 2019 ) 
(MAMMOTH-I) CO(3 −2) ! 15 kpc − Li et al. ( 2021a ) 

CO(4 −3) ! 15 kpc − Li et al. ( 2023 ) 
CLJ1001 protocluster 2.5 131 077 CO(1 −0) ! 40 kpc Yes Champagne et al. ( 2021 ) 

CO(3 −2) ! 10 kpc − Champagne et al. ( 2021 ) 
CO(1 −0) ∼30 kpc − Wang et al. ( 2016 ) 
CO(5 −4) ∼30 kpc − Wang et al. ( 2016 ) 

130 933 CO(1 −0) ∼60 kpc − Wang et al. ( 2018 ) 
130 842 CO(1 −0) ∼60 kpc − Wang et al. ( 2018 ) 

HXMM20 protocluster 2.6 S0 CO(1 −0) ∼45 kpc − G ́omez-Guijarro et al. ( 2019 ) 
CO(3 −2) ∼30 kpc − G ́omez-Guijarro et al. ( 2019 ) 

S2 CO(1 −0) ∼40 kpc − G ́omez-Guijarro et al. ( 2019 ) 
CO(3 −2) ∼30 kpc − G ́omez-Guijarro et al. ( 2019 ) 

S3 CO(1 −0) ∼40 kpc − G ́omez-Guijarro et al. ( 2019 ) 
CO(3 −2) ∼30 kpc − G ́omez-Guijarro et al. ( 2019 ) 

SSA22 protocluster 3.1 LAB1 [C II ] ∼50 kpc − Umehata et al. ( 2017 , 2021 ) 
CO(4 −3) ∼30 kpc − Umehata et al. ( 2021 ) 

well. Consequently, one can expect the accretion rate of gas to be 
focused in these regions. Of course, whether or not gas accretion 
continues in massive haloes and redshifts like those of the Spiderweb 
protocluster is not clear (Dekel & Birnboim 2006 ; Cornuault et al. 
2018 ). Moreo v er, cold streams could potentially penetrate the early, 
massive, and hot haloes and serve as the primary mode of galaxy 
formation (Dekel et al. 2009 ). Nevertheless, theoretically it is clear 
that gas accretion should create large extended reservoirs of gas (e.g. 
Danovich et al. 2015 ). We can demonstrate what we mean by this 
through a few simple timescale estimates. For example, let us assume 
that these extended reservoirs of gas have order motions. We can 
calculate a dynamical time, based on the assumption that the angular 
momentum resembles that of a rotating-like system, yields an 
approximate value of t orbital ∼ 1.2 Gyr ( r /40 kpc)/( v orb /200 km s −1 ). 
The gas cannot inspiral into the galaxy potential, say through tidal 
effects due to bars or spiral arms or other disc substructure in less than 
a dynamical time. Such a long timescale, although crudely estimated, 
suggest that these extended reservoirs of molecular gas could be 
long-lived if not disrupted by external forces (e.g. ram pressure 
stripping, tidal stripping by passing/merging gas, etc). Furthermore, 
if the extended gas is stable, it can fuel the future growth of these 
protocluster galaxies for a long time, at least 1 Gyr. So even if gas 
accretion has ceased, as galaxies fall into the protocluster potential, 
there is still enough remaining extended gas to support their growth 
and star formation rates for approximately the same timescale. 

Even more curiously, we can again estimate a crude crossing 
timescale if indeed the Spiderweb protocluster is forming and the 
galaxies are falling into the potential. Again, just making simple 
assumptions to provide a sense of the timescales we are discussing, 
we can estimate the crossing time or infall time, albeit crudely, 
as t crossing ∼ 1 Gyr ( r /Mpc)/( v infall /1000 km s −1 ) (Kuiper et al. 2011 ). 
This is the timescale o v er which processes like tidal and ram pressure 
stripping may play a role in truncating the gas distribution in these 
galaxies. Comparing the two crude estimates of the dynamical time 

of the extended reservoirs of gas and the crossing or infall time of 
a galaxy, they are approximately equal (order-of-magnitude only). 
Even with this crude comparison, it begs the question, why do we 
observe these at all (Dannerbauer et al. 2017 )? Observing such 
reservoirs is even more puzzling given the recent detection of the 
S - Z effect in the Spiderweb protocluster (Di Mascolo et al. 2023 ). 

Unfortunately, our results raise more questions than they answer. 
What we have shown is that extended gas reservoirs may be common 
and their mere existence pose many interesting problems and ques- 
tions. Perhaps these reservoirs are one of the smoking guns of gas 
accretion. Smoking gun may be particular appropriate as a metaphor 
as these extended reservoirs may be the residual after accretion has 
ceased. We simply do not know. If the extended molecular gas is 
long-lived, then why was the gas remo v ed by tidal stripping and 
ram pressure stripping despite this being a protocluster and there is 
evidence for a (proto-)ICM. Perhaps the galaxies without extended 
reservoirs are the galaxies that were stripped of their material, they 
may ha ve contrib uted to the gas in the ICM. Ho we ver, it may be that 
the extended gas is relatively metal poor, but the ICM of local clusters 
is metal-rich, generally containing more metals than the galaxies 
in the clusters. Therefore, there must be an ongoing exchange of 
material between the galaxies and their surrounding large molecular 
gas reservoirs, which is due to outflow generated by young massive 
stars, type Ia SNe and AGN through their radiation pressure and radio 
jets (Tumlinson, Peeples & Werk 2017 ). This is evidenced by the 
ele v ated le vels of gas metallicity observed in the Spiderweb Galaxy 
and its halo gas and HAE229 (Emonts et al. 2016 ; Dannerbauer 
et al. 2017 ). In other words, what ever processes are dominating the 
nature of the gas in the centre of the protocluster, it is more complex 
than the simple picture of gas accretion of relatively pristine gas and 
outflows of metal-rich gas via starburst- and AGN-driven outflows. 
If the most simple picture (caricature) of inflows and outflow were 
correct, the extended gas reservoirs would become diluted due to 
the continuous accretion of relatively pristine gas via filaments. This 
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Figure 9. The upper panel displays the distribution of emission line numbers 
for (potential) extended gas reservoirs, while the bottom panel illustrates the 
situation of each individual (proto)cluster/object. 
scenario would lead to a result that is opposite to that observed in 
the Spiderweb Galaxy and HAE229. Other processes such a mixing 
and gas instabilities must allow inflows and outflows to enrich or 
dilute each other. If not, these extended reservoirs become virtually 
impossible to explain with any reasonable mass. 

Furthermore, it was first disco v ered in Hatch et al. ( 2008 ) that 
the Spiderweb Galaxy had an extended stellar halo, which was 
postulated to originate from intense star formation fuelled by a 
large (in size) gas reservoir. It was later, in 2016, that Emonts et al. 
( 2016 ) disco v ered this gas reservoir, which nicely closed the loop 
on this picture. The gas reservoir appears to be forming stars at 
a rate consistent with the Kennicutt–Schmidt law. These stars are 
likely to be an early source of intracluster light, further adding to 
the complexity of the processes at play. 
6  SU MMARY  
We present a method for searching for large molecular gas reservoirs 
in 46 CO emitters from Jin et al. ( 2021 ) physically related to the 
z = 2.16 Spiderweb protocluster. To show the feasibility of our 
method on extended source searching based on mosaic data, we took 
COALAS-SW.03 as an example, and compared the kinematic and 
morphological features obtained from the high-resolution and mosaic 
data. We classify CO emitters through visual inspections of collapsed 
images, PVDs, channel maps, and integrated spectra. We propose a 

binary criteria ranking approach to quantify whether a source is 
extended or not. The criteria for ranking reflects both the source 
characteristics and the observational conditions of each source. The 
method is calibrated by seven sources, including four large gas 
reservoirs confirmed with high-resolution observations, and three 
having strong evidences of extended gas reservoirs solely based on 
mosaic observations. The major results we obtained in this work are: 

(i) We find 14 robust and seven tentativ e e xtended gas reservoir 
candidates and present their collapsed images and PVDs in Appen- 
dices C and D . The rate of cluster members containing large gas 
reservoirs is ∼ 30 per cent , and up to ∼ 50 per cent if including the 
tentative detections. 

(ii) We collected 13 potential extended gas reservoirs in dense 
environments from literature, and highlighted the inadequacy of 
ground-transition CO observations, which has resulted in limited 
disco v eries of large gas reservoirs. 

(iii) Through the analysis of the 3D distribution we show that 
the candidates are concentrated on the core of the Spiderweb 
protocluster. Through our environmental study employing the N th 
nearest neighbour method, we find that the candidates tend to be 
located in the local denser environments. This is in line with the 
scenario that gas was accreted efficiently by gravity in the denser 
region where the potential well is deeper. 

(iv) We discuss the underlying environmental-driven physical 
processes of the large molecular gas phenomenon. The large gas 
reserv oirs might inv olve mechanisms like g as truncation, g alaxy 
merger or interaction in a dense protocluster, and may feed the ICM 
in future local galaxy clusters like Virgo or Coma. 
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Figure 9. The upper panel displays the distribution of emission line numbers 
for (potential) extended gas reservoirs, while the bottom panel illustrates the 
situation of each individual (proto)cluster/object. 
scenario would lead to a result that is opposite to that observed in 
the Spiderweb Galaxy and HAE229. Other processes such a mixing 
and gas instabilities must allow inflows and outflows to enrich or 
dilute each other. If not, these extended reservoirs become virtually 
impossible to explain with any reasonable mass. 

Furthermore, it was first disco v ered in Hatch et al. ( 2008 ) that 
the Spiderweb Galaxy had an extended stellar halo, which was 
postulated to originate from intense star formation fuelled by a 
large (in size) gas reservoir. It was later, in 2016, that Emonts et al. 
( 2016 ) disco v ered this gas reservoir, which nicely closed the loop 
on this picture. The gas reservoir appears to be forming stars at 
a rate consistent with the Kennicutt–Schmidt law. These stars are 
likely to be an early source of intracluster light, further adding to 
the complexity of the processes at play. 
6  S U M M A RY  
We present a method for searching for large molecular gas reservoirs 
in 46 CO emitters from Jin et al. ( 2021 ) physically related to the 
z = 2.16 Spiderweb protocluster. To show the feasibility of our 
method on extended source searching based on mosaic data, we took 
COALAS-SW.03 as an example, and compared the kinematic and 
morphological features obtained from the high-resolution and mosaic 
data. We classify CO emitters through visual inspections of collapsed 
images, PVDs, channel maps, and integrated spectra. We propose a 

binary criteria ranking approach to quantify whether a source is 
extended or not. The criteria for ranking reflects both the source 
characteristics and the observational conditions of each source. The 
method is calibrated by seven sources, including four large gas 
reservoirs confirmed with high-resolution observations, and three 
having strong evidences of extended gas reservoirs solely based on 
mosaic observations. The major results we obtained in this work are: 

(i) We find 14 robust and seven tentativ e e xtended gas reservoir 
candidates and present their collapsed images and PVDs in Appen- 
dices C and D . The rate of cluster members containing large gas 
reservoirs is ∼ 30 per cent , and up to ∼ 50 per cent if including the 
tentative detections. 

(ii) We collected 13 potential extended gas reservoirs in dense 
environments from literature, and highlighted the inadequacy of 
ground-transition CO observations, which has resulted in limited 
disco v eries of large gas reservoirs. 

(iii) Through the analysis of the 3D distribution we show that 
the candidates are concentrated on the core of the Spiderweb 
protocluster. Through our environmental study employing the N th 
nearest neighbour method, we find that the candidates tend to be 
located in the local denser environments. This is in line with the 
scenario that gas was accreted efficiently by gravity in the denser 
region where the potential well is deeper. 

(iv) We discuss the underlying environmental-driven physical 
processes of the large molecular gas phenomenon. The large gas 
reserv oirs might inv olve mechanisms like g as truncation, g alaxy 
merger or interaction in a dense protocluster, and may feed the ICM 
in future local galaxy clusters like Virgo or Coma. 
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More StudiesJ
C. Cicone et al.: SUPER. VI. A giant molecular halo around a z⇠ 2 quasar

Fig. 1. ACA map obtained by integrating the CO(3�2) line emission
within �400 < v[km s�1] < 1000. For visualisation purposes, the map
has not been divided by the primary beam profile, hence the noise is
uniform across the field. Negative contours are shown as dashed curves.
Both negative and positive contours are plotted in steps of 1� starting
from ±1�, with a 1� = 0.33 mJy beam�1. The phase centre is indicated
with a black cross (see coordinates in Table 1) and corresponds to the
AGN position.

with the PI230 heterodyne receiver in dual polarisation. Jupiter
and IRC+10216 were the main focus and pointing calibra-
tors. We placed the tuning frequency (⌫obs = 251.372 GHz) at
IF= 10 GHz in the upper side band (USB), and analysed the
data exploiting the full IF 4�12 GHz bandwidth. The instrumen-
tal resolution is 0.061 MHz (�vres = 0.073 km s�1). We reduced
the data using the Continuum and Line Analysis Single-dish
Software (CLASS), which is part of the GILDAS package3. We
checked all scans and dropped those showing baseline ripples
or instrumental features. The final spectrum (Fig. A.2) does not
show any clear [CI] detection, down to a 1� rms line sensi-
tivity of T 0A = 0.175 mK in �v = 50 km s�1. To convert the
antenna temperature units into flux density, we adopted a fac-
tor of 40 ± 7 Jy K�1, which is the average value estimated for
PI230 during our observing runs4.

3. Results

Figure 1 shows the ACA CO(3�2) map obtained by integrat-
ing the line emission across its full spectral extent of �400 <
v[km s�1] < 1000. The source was resolved at the ACA resolu-
tion of 9.300 ' 80 kpc, spreading across tens of arcsec in pro-
jected size. It shows a central peak, slightly (⇠300) o↵set from
the AGN position in the south-east direction, and additional sec-
ondary peaks north, north-east, and south-east of the nucleus. To

3 http://www.iram.fr/IRAMFR/GILDAS
4 http://www.apex-telescope.org/telescope/efficiency/

Fig. 2. ACA CO(3�2) spectrum extracted from a polygonal region trac-
ing the 2� contours in Fig. 1 which maximises the S/N (=5). The spec-
tral profile is, however, almost identical to the ACA spectra extracted
using circular or elliptical apertures with raperture & 1500 (Fig. A.3, bot-
tom panel). The spectral rms is 2.7 mJy per �vchannel = 160 km s�1. The
best-fit Gaussian parameters are as follows: vcen = 200 ± 100 km s�1,
FWHM = 1000 ± 220 km s�1, and S peak = 8.1 ± 1.6 mJy. At the bot-
tom, shifted vertically to facilitate a visual comparison, we show the
ALMA CO(3�2) spectrum extracted from a 100-radius circular aper-
ture. The green dot-dashed line indicates the ALMA CO(3�2) line peak
(⌫obs = 107.4 GHz, zCO = 2.2197).

our knowledge, this is the most extended molecular CGM reser-
voir that has ever been mapped.

The ACA CO(3�2) spectrum is shown in Fig. 2. A Gaus-
sian fit returns a total flux of 8.7 ± 2.6 Jy km s�1, which is a fac-
tor of 14 ± 5 higher than estimated by Circosta et al. (2021) for
the ISM component. The additional CO(3�2) emission detected
by ACA spans a much broader range in line-of-sight velocities
than the inner ISM. Although our spectral analysis is limited
by the low signal-to-noise (S/N) of the data, by comparing
ACA and ALMA spectra extracted from di↵erent apertures (see
Fig. 2 and additional spectra in Fig. A.3), we infer that: (i)
the CO(3�2) emission within rap . 500 is dominated by a nar-
row (FWHM ⇠ 200 km s�1) line centred at ⌫obs = 107.4 GHz
(corresponding to the zCO listed in Table 1). Its peak flux den-
sity is maximised in the spectrum extracted from rap = 2.500

(S peak
⌫ ⇠ 4 mJy), and it remains constant when using bigger

extraction areas. (ii) Larger apertures collect significant addi-
tional flux due to a second line centred at v ⇠ 450 km s�1, a
feature that is marginally detected by ALMA even in smaller
apertures, but it only becomes dominant at rap > 500. This com-
ponent is responsible for the red shift of the main CO(3�2) peak
in the low resolution ACA spectra. (iii) For rap > 1500, which are
only reliably probed by ACA, we observed – at a spectral resolu-
tion of �vchannel = 160 km s�1 – a very broad line profile extend-
ing from v ⇠ �400 km s�1 to v ⇠ 1000 km s�1 with respect to a
central frequency of ⌫obs = 107.4 GHz, with an additional fainter
component at v ⇠ 1500 km s�1 (see Fig. A.3, bottom panel).

The curve of growth in Fig. 3 shows a steady increase in
CO(3�2) flux up to rap ' 2500, and it plateaus for larger aper-
tures. From this, we infer that the CO halo extends up to r ⇠
200 kpc. This size estimate is consistent with the analysis of the
uv visibilities presented in Fig. 4, where the data are modelled
using a circular Gaussian function with FWHM = 300±80 kpc,
in addition to a point source (the unresolved ISM) which con-
tributes very little to the total flux.

L8, page 3 of 9

Cicone et al. 2021, A&A

4.4. CO-emitting Companions in the Quasar Fields

The vast majority of QSO in our sample show companions in
CO or continuum emission. In this section, we will discuss the
gas reservoirs associated with these companions, and investi-
gate the overdensities in these QSO fields.

4.4.1. Extended CO Emission Outside the ELANe

For Q1228, there is a companion galaxy (A) located at a
distance of ∼160 kpc from the quasar also revealing massive
extended cold gas, almost in the same direction as the extended
CO reservoir in region E, but at a higher velocity. The large
amount of additional flux that is recovered after tapering the
data might suggest that this could be a cold halo structure that
resembles the huge CO reservoirs detected in the Spiderweb
galaxy (Emonts et al. 2016) and cid_346 (Cicone et al. 2021).
Alternatively, a system similar to this companion is HAE229
(z∼ 2.1), which is a star-forming galaxy located at a distance of
∼250 kpc from the central radio galaxy MRC 1138-262 in the
Spiderweb protocluster, which also shows extended CO(1–0)
emission across ∼40 kpc, likely as part of a large disk
(Dannerbauer et al. 2017).

Q0052 reveals extended CO emission across ∼40 kpc
associated with the bright companion that is at a distance of
∼240 kpc from the QSO, and ∼160 kpc outside the ELAN
region. The P–V map in Figure 2 shows a significant kinematic
gradient, which resembles both the extended CO(1–0)/(6-5)

detection of a merger system associated with a z∼ 3.4
submillimeter galaxy, SMM J13120+4242 (Frias Castillo
et al. 2022), and the CO(1–0) detection of a large-scale disk
in an ordinary, star-forming galaxy, HAE229, in a protocluster
at z∼ 2.1 (Dannerbauer et al. 2017). Future deep optical
imaging of the companion galaxy could help us to distinguish
between these two possibilities.

4.4.2. The QSO–Companion Systems

Figure 12 shows that in our sample, 70% of the QSO targets
contain at least one CO companion in their quasar field. These
companions are generally located at distances of ∼25–240 kpc
from the QSO. In particular, among our 11 CO companions, 6
show a distance from the QSO of less than 100 kpc. Using the
luminosity function of the CO(4–3) line with ¢ ( – )LCO 4 3 ranging
from 0.4 to 6.3× 1010 K km s−1 pc2 at z∼ 2.05–2.59 reported
by Lenkić et al. (2020), we derive the predicted number of
galaxies owning such bright CO(4–3) emission to be
0.03–0.001 in each of our fields of view (S ∼0.22 Mpc2) with
a depth of 400.8 Mpc (Δz = 0.042) in the sight-line direction.
This means that at least 60% of the QSOs (Q0050, Q0052,
Q0107, Q1228, Q1230, Q2123) in our sample are located in
significantly overdense regions. In addition, Q0052, Q0101,
and Q1416 show at least one >6σ continuum-detected source
in the region where no CO was detected, at a distance of
∼16–190 kpc from the QSO.
In previous studies, based on individual cases and small

samples, interacting systems between the QSO and companion
galaxies detected at submillimeter wavelengths at z= 2–6 have
been reported (e.g., Ivison et al. 2008; Clements et al. 2009;
Salomé et al. 2012; Riechers 2013; Fogasy et al. 2017, 2020;
Díaz-Santos et al. 2018; Decarli et al. 2017; Trakhtenbrot et al.
2017; D’Odorico et al. 2018; Neeleman et al. 2019; Stacey &
Arrigoni Battaia 2022). Besides, almost the same detection rate
(∼80%) of submillimeter companions around the most
luminous type I QSOs at z∼ 2.4−4.7 was reported by Bischetti
et al. (2021); in particular, seven out of nine QSOs were found
to have a bright CO or [C II] emitter at about the same redshift

Table 3
Results of all the Continuum Emitters in Each QSO Field (Except Q2121)

Target ID R.A. Decl. Fluxa

L L L mJy beam−1

Q0050 L L 0.26 ± 0.02
Q0052 L L 0.09 ± 0.01
continuum emitter 1 00:52:33.92 01:40:42.6 0.15 ± 0.01
continuum emitter 2 00:52:34.57 01:41:00.2 0.09 ± 0.01
Q0101 L L 0.22 ± 0.01
continuum emitter 1 01:01;16.78 02:02:21.2 0.09 ± 0.01
continuum emitter 2 01:01:18.12 02:02:13.9 0.06 ± 0.01
Q0107 L L 0.13 ± 0.01
Q1227 L L 0.13 ± 0.01
Q1228 L L 7.87 ± 0.40
Q1230 L L 0.13 ± 0.02
continuum emitter 1 12:30:36.20 +33:19:53.1 0.14 ± 0.02
Q1416 L L 0.38 ± 0.02
continuum emitter 1 14:16:17.06 26:48:58.2 0.15 ± 0.01
Q2123 L L 0.10 ± 0.01
continuum emitter 1 21:23:28.98 −00:50:53.4 0.08 ± 0.01

Note.
a Errors of Flux include the absolute flux calibration (5%) for ALMA.

Figure 12. Statistical information from our sample about the scale of the
extended CO emission and the number of the CO companions in each QSO
field. The pink and gray columns represent the number of the CO companions
detected in the fields of the resolved and unresolved QSO.
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Figure 11. Left top and middle: total intensity map collapsed from the 12 m untapered CO(4–3) data cube of Q2123 integrated within (−763 < v < 677) and
(−763 < v < −283) km s−1, with 1σ corresponding to 0.040 and 0.023 Jy beam−1 km s−1. Left bottom: position–velocity (P–V ) map extracted along the P–V slice
direction indicated in the middle panel with 1σ equaling 0.068 mJy beam−1 channel−1. Right top: position–velocity (P–V ) map extracted along the P–V slice direction
indicated in the left panel with 1σ equaling 0.068 mJy beam−1 channel−1. Right middle: 1D spectra of the beam-integrated flux extracted from the 12 m untapered data
cube of Q2123 after primary-beam correction, taken against the peak of the CO emission associated with the QSO, blue-, and red-side companions, respectively. The
dashed red line shows the tapered result of the blue-side companion, and the dashed blue line in the bottom panel shows the offset between the tapered and untapered
results of the blue-side companion; the dashed red and black lines in the bottom panel show the noise level of the untapered and tapered data cubes. The red lines show
the Gaussian fitting, and the gray lines in the bottom panels show the residuals. Right bottom: continuum image of Q2123 with 1σ corresponding to 0.014 mJy
beam−1. In all panels, contours start at 3σ and increase with 1σ.
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Fig. 1. Left: Stacked CO(1–0) image-plane for 19 sources with robust CO(1–0) detections. For the image-plane stack, the contours are drawn
at ±(2, 4, 6 . . .)�, where 1� = 0.014 Jy km s�1), and the white ellipses indicate the mean FWHM beam size (4.2400 ⇥ 2.7300, PA= 1.7 deg). Right:
Visibility-plane stack. The uv-plane data are integrated over ±1 FWHM velocity range and radially binned with a step of 5 k�. For CO(1–0), the
exponential model with R1/2 = 0.49 ± 0.0700 (3.8± 0.5 kpc at our median redshift z = 3.1) is strongly preferred by the available data.

AS2COS44.1 and AS2COS65.1, which were observed for two
hours each.

We observed in the K and Ka bands using a contiguous band-
width of 2 GHz with 2 MHz spectral channels. Depending on
the source redshift, the angular resolution ranged from 2.500 to
5.100 (circularised FWHM); the maximum recoverable scale was
4400–6000. We manually inspected and calibrated the data using
the Common Astronomy Software Applications package (Casa,
McMullin et al. 2007) versions 6.4.1 and 6.4.3 and the standard
JVLA pipeline.

The observations of the first 17 galaxies (11 robust detec-
tions) were presented by Frias Castillo et al. (2023, Paper I). The
remaining sources from the completed survey will be presented
in a forthcoming paper (Paper III); out of these, an additional
eight sources were found to have secure detections of the CO(1-
0) emission line. For this work (Paper II), we selected all the
sources of the entire sample with secure CO(1-0) detections
(peak S/N� 3 in naturally weighted cleaned maps of CO(1-0)
emission) – 19 sources in total.

2.3. Visibility-plane analysis and stacking

We directly measured the source sizes in the visibility plane.
This approach bypasses several issues with the Cleaned images,
including a varying beam shape, the fact that cleaned images
combine the dirty and clean (Gaussian) beam, and the cor-
related noise in the image plane. For illustration, we show
the stacked moment-0 image in Fig. 1. We achieved an rms
sensitivity of � = 0.014 Jy km s�1 beam�1 with a median
beam FWHM 4.200 ⇥ 2.700, corresponding to ⌃CO(1�0) ' 1.1 ⇥
107 K km s�1 pc2 kpc�2 at z = 3.1, which is the median redshift
of our sample. An image-plane deconvolution with the imfit
task in Casa did not yield a reliable source size.

For the visibility-plane analysis, we processed the data as
follows: (1) When the wide-band imaging showed a significant
(S/N� 5) continuum, we subtracted the continuum (constant sig-
nal) from the data using the uvcontsub task. (2) We selected
the velocity range within ±1 FWHM from the systemic velocity
(using line widths from the mid-J CO lines, which are detected at
a higher S/N). (3) We frequency-averaged the selected data into
a single channel. (4) We binned the resulting visibilities in radial
bins with a size of 2.5, 5, and 10 k�. The fields were centred at
the ALMA dust continuum peak (accurate to 0.100). The phase-
tracking centre was generally well aligned with the CO(1–0)
emission. We phase-shifted three sources with noticeable o↵sets

(AEG2, CDFN1, and CDFN2). For two sources (AS2COS14.1
and AS2COS31.1), we found a bright continuum source within
the VLA primary beam. We subtracted these companions from
the visibilities in Casa using the ft task.

We fitted each binned visibility function with (1) a point
source (constant signal) and (2) an exponential profile. We pre-
ferred the exponential profile to the more widely used Gaus-
sian profile because it provides a more physical description of
the gas surface brightness distribution in star-forming galax-
ies3 (e.g. Leroy et al. 2009; Wang & Lilly 2022) and a dust and
stellar light distribution (e.g. Hodge et al. 2016; Gullberg et al.
2019; Gillman et al. 2024. We used a Monte Carlo Markov chain
modelling in the emcee package (Foreman-Mackey et al. 2013).
We assumed wide uniform priors in the total flux and half-light
radius. For each galaxy, we calculated the Akaike and Bayesian
information criteria (AIC and BIC) for each model.

Table 1 lists the source sizes we inferred from the MCMC
modelling. For galaxies for which the extended source is not pre-
ferred by the AIC and BIC, we list the upper limit on the source
size based on the 95th percentile from the posterior of the expo-
nential model.

3. Analysis and results

Fits to individual galaxies showed that the point-source model
(our null hypothesis) is preferred for 15 out of 19 sources. For 4
sources, exponential profiles with R1/2 = 0.4�1.000 are preferred
(see Table 1). These sources are AS2COS13.1, AS2COS14.1,
AS2COS28.14, and AS2UDS126.0. These 4 sources do not
stand out from the rest of the sample in redshift, SFR, or Mmol.
We hypothesise that our detections of extended emission in these
source arise because their redshifts are lower than average com-
pared to those of the whole sample (increasing the line signal),
which also place the CO(1–0) line at frequencies at which the
noise of the JVLA is particularly low. In particular, AS2COS13.1
and AS2COS14.1 have the highest S/N of the entire sample.

We stacked the 19 galaxies with CO(1–0) detections and
fitted them with (1) a point-source, (2) an exponential profile,
and (3) a combination of an exponential profile plus a point
source (to capture the potential combination of a compact and
3 For the literature source sizes derived using Gaussian profiles, we
converted the half-light radius from the Gaussian into an exponential
profile.
4 AS2COS28.1 has a companion o↵set by ⇡20 kpc, which might con-
tribute to the large apparent source size (Chen et al. 2022).
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Target AtLAST ALMA C-1 ALMA C-5
[C II] at 253.4 GHz (S/N=10 on �v = 50 km s�1 channels) 9.7 hours 2 days 3555 days
[O III] at 460 GHz† (S/N=3 on �v = 100 km s�1 channels) 2.3 days 211 days

Table 1. On-source time estimates for ALMA and AtLAST observations of the (red-shifted) [C II] (for S/N=10) and
[O III] (for S/N=3) line emissions from the CGM based on the simulated star-forming galaxy halo at z = 6.5, from
Schimek et al. (2024). † For [O III] , a central frequency of 460 GHz instead of 452.4 GHz (the true frequency of [O III] at
z = 6.5) was used to improve atmospheric transmission and a PWV=0.5 mm is assumed. The comparisons of the on-
source times show that the higher surface brightness sensitivity provided by AtLAST in the higher frequency bands can
allow for detection of the [O III] emission from the CGM of a high-z galaxy 100 more efficiently than with ALMA, even
for relatively compact high-z sources.

Figure 7. Mock observations of the [C I]line emission from the CGM of a Ponos-like galaxy at z = 0.01, obtained with
the CASA simulator (CASA Team et al., 2022). The morphology of the input image is similar to that of the source shown
in the central panels of Fig 6, with the difference that the system has been artificially shifted to z = 0.01, and so has a
larger angular size (while keeping the same physical size). The observed frequency is 801.326 GHz, which falls within
the ALMA Band 10 range. The left panel shows the results obtained with ALMA in configuration C-1 (synthesised beam
0.5300 ⇥ 0.3800, pixel size is 0.0500), with a 10-hour on-source time. The right panel shows a simplified AtLAST mock
observation (angular resolution of 1.9600) produced by tweaking the CASA simulator to mock a 50-m single dish and
using a 10-hour on-source time per beam to mimic a multi-beam heterodyne receiver.

for CGM science not only because of the sensitivity it
provides, which is essential for this science but also be-
cause it would provide the (so far, missing) fundamental
complement to ALMA, enabling the much-needed overlap
in short uv baselines required for a proper ALMA and
single-dish data combination. Placing AtLAST close to
ALMA, on the Chajnantor Plateau in Chile, would grant
access to its same portion of the sky which is ideal for
ALMA follow-ups of the AtLAST-detected point sources,
and it would allow ALMA + SD data combination (See
also Section 6.1) At present, the four designated single-
dish telescopes of ALMA that should provide total power
(TP) measurements for the 12m and/or the 7m array
are inadequate for extragalactic studies because of their
poor sensitivity (they cannot detect the faint features for
which we need the sensitivity of ALMA) and poor per-
formance in terms of atmospheric correction (Manolidou
et al, 2023, ESO Internship Report, Priv. communication).

(II) Need for a large field of view For a single-dish

telescope, the maximum recoverable scale is set by the
maximum portion of the field of view filled with detec-
tors. As discussed in Section 2, depending on the type of
sources and redshift, the extent of faint CGM can reach
a few arcminutes and even a few degrees. Degree-scale
structures are most relevant for Local Group objects and
the Milky Way. Therefore, we recommend a FoV of 1
degree which will enable CGM science at all redshifts and
comparison of the evolution of CGM structures across cos-
mic times and connect it with our galaxy evolution theory.

(III) Sub-mm capabilities

Being able to detect multiple tracers of the CGM in the
same source is essential to study the physical properties
of the gas, its density, temperature, metal content (and
the CO-to-H2 conversion factor), and so its origin. Given
the wide range of redshifts (from z = 0 to z = 10) that
is of interest for the CGM science case, a telescope with
sub-mm (e.g. � < 600 µm) capabilities would have
crucial access to the most promising (because expected to
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Scenario A Scenario B
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Figure 1. Cartoon illustrating different scenarios for the CGM composition, inspired by Figure 1 in Tumlinson et al.
(2017). The galaxy is illustrated as a star-forming (yellow dots) disc partially shrouded by dust (black) and a central
bulge (red) surrounded by loosely defined CGM components as labelled in each scenario. Scenario A: A galaxy and its
satellite galaxies are surrounded by diffuse hot/warm CGM and IGM components fed by hot mode accretion in varying
tones of red colour, with no diffuse cold and dense gas contribution. In this scenario, any detection of cold gas on
CGM scales is expected to be due entirely to the ISM of satellites. Scenario B: The accretion from the IGM is in cold
mode (sky blue). The streams cannot fully penetrate the dark matter halo so most of the CGM is hot/warm phase gas
except for the ISM contribution from satellites. Scenario C: In Scenario C, a galaxy is fed by cold gas accretion along
the filaments and cold accretion reaches the central galaxy contributing to the CGM. Moreover, the central galaxy has
launched a powerful multi-phase outflow extending by several kpc that has both cold (blue) and warm/hot (orange)
gas. An additional contribution to the cold CGM is given by tidal tails formed from galaxy interactions. Scenario D: Cold
accreting filaments (sky blue), cold galactic outflows and fountains (blue), optically dark satellites (large blue clump),
and cold condensation out of the CGM itself (cold CGM clumps; smaller blue clump) lead to a significant fraction of the
CGM to be in a cold and relatively dense phase. Current observational and theoretical work suggests that scenarios C
and D may be dominant at high-z. The CGM of local galaxies may resemble more that of Scenarios A and B, although
evidence for massive cold molecular outflows in local ultraluminous infrared galaxies and cold tidal material between
galaxies in groups suggests that some elements of Scenarios C and D may also be found in the z ⇠ 0 Universe.

sec to degrees scales such as the Atacama Large Aper-
ture Submillimeter Telescope (AtLAST, Mroczkowski et al.
2024, Mroczkowski et al. 2023, Ramasawmy et al. 2022,
Klaassen et al. 2020) will open up exploration of the un-
charted territory of the cold CGM phase. This case study
seeks to motivate the AtLAST endeavour with the scope of
pursuing ambitious observations of the hidden cold CGM
of galaxies. Imaging the hidden cold CGM with AtLAST
is a high-reward science case that can lead to a break-
through in galaxy evolution studies.

In Figure 1 we show a cartoon illustrating various scenar-
ios for the composition of the CGM, drawn based on our
current understanding. We lay out four scenarios (A, B, C
and D that may not be necessarily mutually exclusive) for
possible states of the CGM. Each of these scenarios is valid
and possibly relevant for a different galaxy evolutionary

stage: determining such a link is the main goal of CGM
observations. From the point of view of sub-mm obser-
vations, any proof of potential scenarios described in Fig-
ure 1 will open a new avenue to studies of galaxy forma-
tion and evolution. For example, even in the most conser-
vative case of a cold CGM component that is made entirely
of the unresolved ISM of optically faint (or optically dark)
galaxy companions and dominated by only hot accretion
mode (Scenario A), sub-mm observations hold promise
for directly imaging such hidden components confined in
the ISM of individual galaxies, whose existence was pre-
viously unaccounted for. Cold mode accretion (e.g. Dekel
et al. 2009, Kereš et al. 2009, shown as sky blue in Sce-
nario B, C, D in Figure 1), massive molecular outflows on
galactic scales of several kpc (Scenario D; e.g., Veilleux
et al. 2020), tidal interactions and satellites (Scenario C;
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Conclusions and Remarks
•Discovery of large molecular gas reservoirs appears to be a common
feature in galaxy protoclusters.

•These large molecular gas reservoirs could significantly contribute
to the formation of the future ICM.

•How frequent is this phenomenon?

•Does it depend on environment?

•Systematic studies are still scarce.

•Large-number statistics are needed, but with current
instrumentation such studies remain very demanding and time-
consuming.

•AtLAST would be a true game changer. 🙂


