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A B S T R A C T 

While observations of molecular gas at cosmic noon and be yond hav e focused on the gas within galaxies (i.e. the interstellar 
medium, ISM), it is also crucial to study the molecular gas reservoirs surrounding each galaxy (i.e. in the circumgalactic medium, 
CGM). Recent observations of galaxies and quasars hosts at high redshift ( z > 2) hav e rev ealed evidence for cold gaseous haloes 
of scale r CGM 

∼ 10 kpc, with one disco v ery of a molecular halo with r CGM 

∼ 200 kpc, and a molecular gas mass one order of 
magnitude larger than the ISM of the central galaxy. As a follow up, we present deep ACA and ALMA observations of CO(3–2) 
from this source and two other quasar host galaxies at z ∼ 2.2. While we find evidence for CO emission on scales of r ∼ 10 kpc, 
we do not find evidence for molecular gas on scales larger than r > 20 kpc. Therefore, our deep data do not confirm the existence 
of massive molecular haloes on scales of ∼100 kpc for these X-ray selected quasars. As an interesting byproduct of our deep 

observations, we obtain the tentative detection of a negative continuum signal on scales larger than r > 200 kpc, which might be 
tracing the Sun yaev–Zeldo vich effect associated with the halo heated by the active galactic nucleus (AGN). If confirmed with 

deeper data, this could be direct evidence of the prev entiv e AGN feedback process expected by cosmological simulations. 

K ey words: galaxies: e volution – galaxies: haloes – galaxies: high-redshift. 
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 I N T RO D U C T I O N  

he study of molecular gas is crucial to understand how galaxies 
a ve ev olved throughout cosmic time. This cold gas is the primary
uel for star formation, so its presence or absence strongly influences 
he final stellar mass of the galaxy. This may be seen in the similar
volution of the star formation rate density and molecular gas density 
hroughout cosmic time (e.g. Decarli et al. 2019 ; Khusanova et al.
021 ). 
Gas may be accreted by the galaxy via cold, filamentary flows 

e.g. Danovich et al. 2015 ; Bennett & Sijacki 2020 ), or via wet (i.e.
as-rich) mergers (e.g. Riechers et al. 2008 ; Peschken, Łokas & 

thanassoula 2020 ). On the other hand, it may be expelled by
utflows (e.g. Feruglio et al. 2010 ; Fluetsch et al. 2019 ; Lutz
t al. 2020 ; Roberts-Borsani 2020 ) or consumed in the process of
tar formation. These processes act on multiple scales, from the 
mmediate surroundings of the active galactic nucleus (AGN; � 

0 pc), to the interstellar medium (ISM, r � 5 kpc) of the galaxy,
nd extending to the circumgalactic medium (CGM, r � 10 kpc) 
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hat surrounds it. The multiscale nature of the baryon cycle makes it
mperative to study the molecular content of both the ISM and CGM.

Using a number of spectral lines as tracers (e.g. H I , CO, [C I ],
C II ]), the properties of cold gas in the ISM of local and distant
alaxies have been thoroughly studied (e.g. Carilli et al. 2002 ; Walter
t al. 2011 ; Hunter et al. 2012 ; Le F ̀evre et al. 2020 ; Leroy et al. 2021 ;
ouwens et al. 2022 ). These studies hav e rev ealed the gas content,
inematics (i.e. rotation, outflows, and merging), and morphology 
f galaxies from the local to high-redshift Universe, including a 
 ast v ariety of galaxy types (e.g. dwarfs, SFGs, starbursts, quasar
ost galaxies).For the molecular gas specifically, while there are 
ngoing investigations into how to correctly transform line intensities 
o molecular gas masses (e.g. Bolatto, Wolfire & Leroy 2013 ; Madden
t al. 2020 ; Vizgan et al. 2022 ), there are decades of observations and
tudy of molecular gas on the ISM scale (see e.g. re vie w by Tacconi,
enzel & Sternberg 2020 ). 
The CGM of galaxies is also well studied, but primarily in its

tomic ionized phases through absorption systems along the line 
f sight of background luminous sources (e.g. Werk et al. 2016 ;
umlinson, Peeples & Werk 2017 ) and by mapping the Lyman α

ine. The latter observations hav e rev ealed Ly α ‘nebulae’ that extend
 100 kpc around protoclusters (e.g. Steidel et al. 2000 ; Cai et al.
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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017 ; Travascio et al. 2020 ) and smaller haloes of � 10 kpc around
ndividual galaxies (e.g. Steidel et al. 2011 ; Borisova et al. 2016 ;
eclercq et al. 2017 ; Arrigoni Battaia et al. 2019 ; Guo et al. 2020 ;
ang et al. 2021 ; Ginolfi et al. 2022 ). Ho we ver, the resonant nature

f Ly α makes it non-trivial to extract the physical properties of the
mitting gas (e.g. Hayes 2015 ). 

The cold phase of the CGM has been explored much less
 xtensiv ely. The primary issue is that while millimetre/submillimetre
ine tracers of the cold gas may also be used to probe the CGM, the
ow surface brightness of this spatially extended gas makes direct
etection difficult, especially at high redshift. Despite this, detections
f cold gas haloes of radius ∼10 kpc have been reported through
LMA observations of [C II ]158 μm observations of z � 2 galaxies

Fujimoto et al. 2019 , 2020 ; Ginolfi et al. 2020 ; Herrera-Camus et al.
021 ; De Breuck et al. 2022 ). 
The detection of molecular gas transitions in the CGM has been
ore challenging. The detection of CO transitions has been obtained

n the CGM around radio galaxies and radio quasars, both locally
e.g. Russell et al. 2017 , 2019 ) and at high redshift (Emonts et al.
016 ; Li et al. 2021 ). In AGNs and normal galaxies, molecular haloes
ave been found on scales of a few ∼10 kpc (Ginolfi et al. 2017 ; Jones
t al. 2023 ; Scholtz et al. 2023 ). 

Ho we ver, it has been pointed out that spatially extended CO
mission may have been missed and filtered out by interferometric
bservations with ALMA and other extended millimetre observato-
ies. The Atacama Compact Array (ACA) offers the possibility to
otentially reco v er emission on large scales ( > 10 arcsec). Within
his context, an initial, relatively short-integration ACA observation
f CO(3–2) emission from a z ∼ 2.2 AGN host galaxy resulted in
he disco v ery of a molecular halo of radius 200 kpc (Cicone et al.
021 ). This scale is comparable to the virial radius of a Milky Way-
ike galaxy (e.g. Dehnen, McLaughlin & Sachania 2006 ) as well as
he largest Ly α nebulae found around protoclusters. The amount of
olecular gas in the CGM on such large scales is huge; more than

n order of magnitude larger than the gas in the ISM of the central
alaxy (as inferred from previous ALMA observations). Such a large
mount of molecular gas in the CGM may require a large number
f unresolved satellite galaxies (although these were undetected
y ALMA, Subaru, and Spitzer; Cicone et al. 2021 ) or a fossil
ecord of enormous outflows of enriched gas. Since this result was
etermined using relatively low-S/N data, follow-up observations are
equired. 

We follow these initial ACA observations of CO(3–2) emission
rom a z ∼ 2.2 AGN host galaxy with deeper ACA observations,
llowing us to probe lower luminosity emission. In addition, we target
O(3–2) in two comparable AGN host galaxies, in order to see if

he extended emission is ubiquitous for these class of objects. These
ata are complemented with new and archival ALMA observations,
n order to compare emission at different spatial scales. 

The details of these observations are listed in Section 2 , and
ur analysis of the line and continuum emission is presented in
ection 3 . The presence or absence of extended emission is discussed

n Section 4 , and we conclude in Section 5 . We assume a standard
oncordance cosmology ( �� 

, �m 

, h) = (0.7, 0.3, 0.7) throughout. 

 OBSERVATION S  A N D  DATA  R E D U C T I O N  

or this work, we consider three z ∼ 2.2–2.3 AGNs host galaxies
hat are part of the SUPER-ALMA sample. These are X-ray selected
GNs at z ∼ 2.3 which were observed with ALMA in CO(3–2)
mission (Circosta et al. 2021 ) using band 3. As mentioned, one
f them (CID 346) was also observed with the ACA (Cicone et al.
NRAS 522, 275–291 (2023) 
021 ). In this paper, we use deeper ACA observations for CID 346,
e w ACA observ ations for two other AGN host galaxies in the
UPER sample (X N 44 64 and X N 6 27), and also much deeper
LMA CO(3–2) new observations for the latter two sources. 
Although we also present the new ALMA data, in this paper

e primarily focus on the analysis of the ACA data, while a more
horough analysis of the ALMA data will be published in a later
aper. 

The data used in this paper originate from the ALMA + ACA
roject 2021.1.00327.S (PI: R. Maiolino). In the case of CID 346,
e also combine our ACA data with the pre vious, shallo wer ACA
ata from project 2019.2.00118.S (PI: V. Mainieri). The details of
hese observations are listed in Table 1 . For CID 346 we do not
ave new ALMA data, so we use archival ALMA data from the
rogramme 2016.1.00798.S (PI Mainieri). 
The ACA data for CID 346 from project 2019.2.00118.S were

reviously analysed by Cicone et al. ( 2021 ), while the previous
LMA data of the same source were presented in Circosta et al.

 2021 ). A cursory inspection of the new ALMA data for X N 6 27
rom project 2021.1.00327.S was presented in a related work (Jones
t al. 2023 ), but the rest of the new data set is unexplored. 

The data for each project were downloaded from the ALMA data
rchive. 1 We then applied the ALMA staff calibration by running the
criptforPI.py script using the appropriate CASA version (McMullin
t al. 2007 ; 5.6.1 for 2019.2.00118.S, 6.2.7.1 for 2021.1.00327.S).
fter further inspection, the data were found to not require additional
agging or re-calibration. 
The two ACA observations of CID 346 were combined for

his analysis ( CASA CONCAT ). We note that while ALMA data for
 N 44 64 and X N 6 27 were also taken in project 2016.1.00798.S

Circosta et al. 2021 ), the corresponding integration times are much
horter ( ∼0.15 h) than our new ALMA observations, so we choose
ot to merge them and to only use our ne w, high-sensiti vity data
Table 1 ). In what follows, we will refer to the 12 m array as
LMA and the 7 m array as ACA (i.e. no combination of antenna 

ypes). 
More detailed steps of the data processing beyond calibration are

rovided separately for the continuum and CO-line analysis, and for
ach individual source, in the following section. 

 ANALYSI S  

.1 Image-plane continuum analysis 

s a first step, we create rest-frame far-infrared (FIR) continuum
mages for each source. In order to conserv ati v ely e xclude line
mission, we only include channels with | v| > 1000 km s −1 from
 CO . Here, z CO for CID 346 and X N 44 64 are taken from Circosta
t al. ( 2021 ), while we adopt the revised value of z CO for X N 6 27
 z = 2.281) which is found by our analysis (see Section 3.3 ). The
ASA task tclean is used in multifrequency synthesis (MFS) mode
ith natural visibility weighting and a primary beam (PB) limit
f 20 per cent to create ‘dirty’ images. The rms noise level ( σ )
s determined using maps without PB corrections. We then clean
own to 3 σ , resulting in the images presented in Fig. 1 . None of
he ACA continuum images show significant emission, while two of
he galaxies are detected in the ALMA images (see Table 3 ). Below,
e briefly discuss the limits on FIR continuum emission that this

mplies. 

https://almascience.eso.org/aq/
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Table 1. Properties of ACA and ALMA observations analysed in this work. We also note the synthesized beam size of each continuum image (see Section 3.1 ) 
and the approximate physical scale of this beam (i.e. the geometric mean of the FWHM values). For the ACA data of CID 346, we present the beam and 
resolution information from the combined data set of both projects. 

Source Array Project Dates On-source time N antennae Synthesized beam Resolution 
(h) (kpc) 

CID 346 ALMA 2016.1.00798.S 2016 Dec 1 0.16 43 (1.31 arcsec × 1.19 arcsec), 53.42 ◦ 10 
ACA 2019.2.00118.S 2020 Mar 6–8 3.36 9–11 (16.37 arcsec × 12.09 arcsec), −68.36 ◦ 116 
ACA 2021.1.00327.S 2021 Oct 10–Nov 27 4.49 8–9 – –

X N 44 64 ALMA 2021.1.00327.S 2022 Jan 24–27 3.46 42–44 (2.24 arcsec × 1.91 arcsec), −76.79 ◦ 17 
ACA 2021.1.00327.S 2021 Oct 6–15 4.99 8 (17.21 arcsec × 13.64 arcsec), 86.34 ◦ 126 

X N 6 27 ALMA 2021.1.00327.S 2022 Jan 23–24 2.77 42–44 (2.42 arcsec × 1.83 arcsec), −83.34 ◦ 17 
ACA 2021.1.00327.S 2021 Oct 15–29 4.99 8–10 (18.88 arcsec × 11.61 arcsec), −61.06 ◦ 122 

Figure 1. Continuum images ( λrest ∼ 870 μm) for each galaxy. Contours are displayed at significance levels of ±(2, 3, 4. . . ) × σ , where 1 σ is the rms 
noise level of the image. The top ro w sho ws ACA data (left to right: 1 σ = [60 , 50 , 60] μJy beam 

−1 ). The lo wer ro w sho ws ALMA data (left to right: 
1 σ = [20 , 5 , 7] μJy beam 

−1 ). The field of view for the lower images is shown as a green rectangle in the upper row. Synthesized beams and galaxy positions 
given by red ellipses and black crosses, respectively. Images are cleaned to 3 σ , but PB correction has not been performed. 
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.1.1 CID 346 

 previous analysis of the ALMA data revealed FIR continuum 

mission from CID 346 (149 ± 43 μJy; Circosta et al. 2021 ) using
 beam of ∼1 arcsec. A two-dimensional Gaussian fit to our ALMA
ontinuum map returns a similar value (133 ± 57 μJy). Note that we
se the same data as the previous analysis, so there is no impro v ement
n sensitivity. While the CASA two-dimensional fitting routine returns 
n intrinsic (i.e. deconvolved) source full width at half-maximum 

FWHM) of (1.4 ± 0.8) arcsec × (0.9 × 0.6) arcsec, the shape of
he emission is likely disrupted by noise, and the true emission is
nresolved. Using the geometric mean of the half-widths at half- 
aximum (HWHMs) of the major and minor axes of the beam as an

pper size limit (e.g. Miettinen et al. 2017 ), this implies a size of r
 0.6 arcsec ∼ 5 kpc. 
Since the relatively high-resolution ALMA observations show 

ompact emission, we should detect the continuum emission as a 
oint source at ∼2 σ–3 σ in the ACA map. Ho we ver, it is undetected
n the ACA map, suggesting a 3 σ upper limit of < 180 μJy. This is in
greement with the ALMA value, so we may state that the only FIR
ontinuum emission detected in this source is compact ( < 1 arcsec)
ith an integrated flux density of 133 ± 57 μJy. 

.1.2 X N 44 64 

his source was not detected in FIR continuum emission with 
LMA by Circosta et al. ( 2021 ), implying a 3 σ limit of < 66 μJy.
o we ver, this analysis only used 0.15 h of on-source observation

ime. Our much deeper observations ( t on-source ∼ 3.5 h) reach a
ower rms noise level (5 μJy beam 

−1 ), and reveal emission with
n integrated flux density of 15.6 ± 3.0 μJy. This FIR continuum
mission is unresolved, implying a small size ( � 1.0 arcsec ∼ 8 kpc),
imilar to that of CID 346. Again, we do not detect FIR continuum
mission in the ACA data, but this is due to the higher rms noise
evel (50 μJy beam 

−1 ). The resulting 3 σ upper limit on the ACA
MNRAS 522, 275–291 (2023) 
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Figure 2. Radial profile of the real part of the stacked observed continuum 

visibilities from ACA data, including only channels without line emission 
(maroon points). Top: The results of fitting three models are shown: a 
single Gaussian (brown line), a constant value (light blue line), and an offset 
Gaussian (green line). Uncertainties shown by shaded regions (1 σ ). Bottom: 
Results of fitting an offset Gaussian model, subtracting the best-fitting offset 
from the model, and fitting a new Gaussian model. Best-fitting parameters 
and goodness of fit given in Table 2 . Note that this is zoomed in with respect 
to the upper panel. 
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ontinuum flux density ( < 150 μJy) is consistent with the ALMA
etection. 

.1.3 X N 6 27 

either the ACA nor the ALMA data show a significant detection of
IR continuum emission, implying 3 σ upper limits of < 180 μJy and
 21 μJy , respectively . These are in agreement with the upper limit

f Circosta et al. ( 2021 ): < 66 μJy. We note that there is a 3 σ feature
n the ALMA map, but it is separated from the phase centre by ∼1
eamwidth and is not coincident with CO emission (Section 3.3 ), so
e consider it to be noise. 

.2 uv -plane continuum analysis 

hile we do not detect continuum emission in the ACA continuum
mages of any of the three galaxies, it may be possible that a low-
ev el e xtended signal is present in the visibilities (i.e. uv -data). Here,
e examine the stacked continuum visibilities of our ACA data to

earch for an extended signal. We do not include ALMA data here,
s we are interested in the behaviour on large scales (i.e. on short
aselines). 
To begin, we use the CASA task split to separate the line-free

hannels of each ACA measurement set, while performing time
veraging of 30 s (given the short baselines of ACA this time
veraging does not affect the angular resolution). These visibilities
re then combined into one file (i.e. stacked) and converted into
 text file with columns of u , v, Real(V), Imaginary(V), and the
ssociated weight using the EXPORT UVTABLE task of the UVPLOT

ackage (Tazzari 2017 ). This same package is then used to bin the real
art of the visibilities with a given uv -bin size (here 2 m). Note that
his procedure is identical to other ‘stacking’ analyses (e.g. Fujimoto
t al. 2019 ). 

The resulting plot of the real part of the visibilities is shown in
ig. 2 (magenta points). We fit the visibility distribution in uv -space
ith three 1D models: a constant value, Gaussian, and Gaussian
ith constant offset. The form of these fits informs us of the spatial
istribution of the signal in image space: a constant positive value
epresents a point source, a Gaussian represents a resolved source,
nd a Gaussian with constant offset represents the combination of a
oint source and resolved component. 
The best-fitting parameters and goodness of fit values are presented

n Table 2 , along with the associated χ2 and reduced χ2 (hereafter
2 
red ). The offset Gaussian fit returns the best χ2 value as well as

he best χ2 
red value, suggesting that the more complex model is not

 v erfitting the data. Both the constant and offset Gaussian models
ave best-fitting constant amplitudes, which represent compact
mission, that are in agreement (i.e. within 3 σ ) with no clear signal.
his implies that even a combination of all visibilities does not
how a robust continuum signal for the stacked galaxies. This lack of
ignificant compact signal agrees with the weak combined continuum
ignal as derived in the image-plane analyses of Section 3.1 for the
elatively high-resolution observations of ALMA (0.15 ± 0.06 mJy;
able 3 ), and for the ACA observations ( < 0.51 mJy). 
Ho we ver, one interesting aspect is that both Gaussian models

i.e. ‘Gaussian Fit’ and ‘Constant + Gaussian Fit’) feature ne gativ e
mplitudes (see Table 2 ). To show this more clearly, we subtract
he best-fitting offset from the Constant + Gaussian model and fit
hese residuals with a Gaussian model (lower panel of Fig. 2 ). The
e gativ e signal is visible on large angular scales (i.e. � 60 arcsec, or
 500 kpc). This is also true for the simpler ‘Gaussian’ fit, although
ith a larger uncertainty. 
NRAS 522, 275–291 (2023) 
Even though the detection is marginal (i.e. ∼2 σ using the fitting
ncertainty for the Gaussian amplitude), this is the sort of signal
xpected to be produced by the Sunyae v–Zel’dovich ef fect and
esulting from the heating of the CGM resulting from the action
f AGN feedback (e.g. Brownson et al. 2019 ; Lacy et al. 2019 ).
his process is expected to be a key phase in galaxy evolution,
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Table 2. Best-fitting values for three models applied to the radial profile of the real part of the visibilities in Fig. 2 (stacked continuum visibilities, see 
Section 3.2 ) and Fig. 5 (line visibilities, see Section 3.4 ). We also note the goodness of fit using two statistics. 

Constant Gaussian Gaussian Gaussian 
Data Model amplitude amplitude c c χ2 χ2 

red 

(mJy) (mJy) (m) (arcsec) 

Stacked continuum Constant fit 0.04 ± 0.02 × × × 51.05 2.69 
Gaussian fit × −0.3 ± 0.9 5.18 ± 4.67 122 + 1115 

−58 52.89 2.94 

Constant + Gaussian fit 0.09 ± 0.04 −0.26 ± 0.12 9.95 ± 4.2 63 + 46 
−19 42.84 2.52 

CID 346 CO(3–2) Constant fit 3.51 ± 0.48 × × × 19.31 1.02 
Gaussian fit × 3.51 ± 0.76 > 10 4 < 0.06 19.31 1.07 

Constant + Gaussian fit 3.25 ± 0.53 34 ± 182 3.84 ± 4.01 150 +∞ 

−77 16.96 1.0 
X N 44 64 CO(3–2) Constant fit 1.23 ± 0.43 × × × 24.41 1.74 

Gaussian fit × 8.6 ± 6.5 6.62 ± 2.23 88 + 45 
−22 20.23 1.56 

Constant + Gaussian fit 0.67 ± 0.57 11.4 ± 17.0 5.29 ± 2.86 110 + 129 
−39 18.8 1.57 

Table 3. Best-fitting parameters of one-dimensional Gaussian fits to integrated CO(3–2) spectra and rest-frame FIR continuum flux 
density. For each source, we present both high- (ALMA) and low-resolution (ACA) results. All upper limits are given as 3 σ . Superscript 
a : The ALMA CO(3–2) line profile of X N 44 64 shows a two-Gaussian nature (see Fig. 4 ), so we record the best-fitting parameters of 
each peak, as well as the average redshift and combined integrated flux density. Since the ACA CO(3–2) signal for this source is much 
weaker, we fix the redshifts of each peak to be identical to the best-fitting values of the ALMA spectrum and only fit for the amplitudes 
and linewidths of each peak. Superscript b : We find no evidence for CO(3–2) emission in the ACA data of X N 6 27, so we only present 
3 σ upper limits on its average amplitude and integrated flux density (see Section 3.3.2 ). 

Source Array Amplitude Redshift FWHM Integrated S Continuum 

(mJy) (km s −1 ) (mJy km s −1 ) ( μJy) 

CID 346 ALMA 2.68 ± 0.23 2.2198 ± 0.0001 187 ± 22 532 ± 84 133 ± 57 
ACA 2.81 ± 0.40 2.2196 ± 0.0001 183 ± 30 548 ± 119 < 180 

X N 44 64 a ALMA G1 1.14 ± 0.11 2.2435 ± 0.0001 238 ± 33 290 ± 49 –
ALMA G2 1.90 ± 0.18 2.246 ± 0.001 89 ± 11 179 ± 29 –

ALMA TOTAL – 2.2448 ± 0.0005 – 469 ± 57 15.6 ± 3.0 
ACA G1 0.59 ± 0.26 2.2435 342 ± 215 216 ± 165 –
ACA G2 0.42 ± 0.45 2.246 144 ± 164 64 ± 100 –

ACA TOTAL – 2.2448 – 280 ± 193 < 150 
X N 6 27 ALMA 0.21 ± 0.05 2.2807 ± 0.0005 356 ± 99 81 ± 30 < 21 

ACA 
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s the AGN heating of the CGM should prevent cold accretion 
nd therefore result in the quenching of star formation in the 
alaxy, as a consequence of starvation. It is particularly interesting 
o note that the observed signal ( ∼−0.2 mJy) is exactly at the
ev el e xpected from cosmological simulations for this phenomenon 
see fig. 16 in Brownson et al. 2019 ). If confirmed with higher
ignal-to-noise ratio, this would be an unambiguous confirmation 
f the pre venti ve, delayed AGN feedback at work at cosmic noon,
s expected by models. Ho we ver, our tentati ve detection should
e confirmed with deeper ACA data, or single-dish observations 
hat could fill in the low- uv space (e.g. AtLAST; Klaassen et al.
020 ). 

.3 Image-plane CO(3–2) analysis 

he CO(3–2) emission of all three sources studied in this work have
reviously been detected in relatively high-resolution (i.e. ∼1 arcsec) 
LMA observations (Circosta et al. 2021 ; although in our data we
nd a different detection for X N 6 27, as explained later in this
ubsection). Here, we examine new and archi v al ALMA and ACA
ata in order to determine the distribution of CO(3–2) emission in 
ach source. 

For each data set, we perform continuum subtraction in the uv 
lane using the CASA task uvcontsub to fit a first-order polynomial 
odel to the line-free channels identified in Section 3.1 (i.e. chan-
els width | v| > 1000 km s −1 ) and subtract this model from the
ata. 
Since the resolution of our ACA observations is an order of mag-

itude coarser than the previous ALMA observations, the resulting 
mission should feature a different morphology and higher flux if 
olecular gas is present on the scales probed by ACA and resolved

ut by ALMA. To properly explore this putativ e e xtended emission,
e do not wish to use the previously determined CO properties (i.e.

edshift, FWHM, flux density) as priors when characterizing the 
xtended CO emission. Instead, we follow an iterative process. First, 
e use the CASA task tclean with natural visibility weighting and a
B limit of 10 per cent to create spectral cubes with channel widths of
5.625 MHz ( ∼44 km s −1 ), using only the spectral windows (SPWs)
ontaining CO(3–2) emission. The cell size is set to 1/5th of the
WHM of the minor axis of the median synthesized beam. A mean
ms noise level per channel is found (1 σ ; CASA imstat ), and the cube
s cleaned down to 3 σ . A duplicate of this cube with the PB correction
pplied is also created. 

A spectrum is extracted from the PB-uncorrected cube using a 
ircular aperture of diameter 10 px ( ∼20 arcsec for the ACA data, ∼2
rcsec for the ALMA data) centred on the galaxy position, and a list of
reliminary channels containing line emission are identified. These 
hannels are collapsed using the CASA task immoments , resulting 
MNRAS 522, 275–291 (2023) 



280 G. C. Jones et al. 

M

i  

(  

a  

c
 

s  

s  

a

3

W  

o  

C  

w  

l  

p  

a  

r
 

i
c  

a  

l  

p
 

b  

e  

T

3

W  

a  

0
2  

F  

t  

t  

t
 

n  

a  

e  

s  

p  

F  

w  

r
d

 

i  

e

3

U  

a  

i  

c  

t

 

r  

o  

d  

l  

C  

∼  

w  

a  

b  

o  

t  

s
 

w  

i  

d  

s  

g  

d
 

d  

a  

e  

a  

g  

m  

z  

s
 

b  

w  

l  

l  

o  

t  

y

3

T  

t  

w  

v  

t  

U  

u  

w  

l
 

v  

T  

a  

t  

i  

T  

i  

a  

2 This equation emerges from propagating the uncertainty on the integrated 
flux density: S int ≡

∫ 
S δv = δv 

∑ 

i S i . 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/1/275/7100981 by Luisa Ferrini user on 12 M
arch 2024
n a moment 0 map. The rms noise level of this map is measured
 σ rms ), and the 2 σ rms contour of this emission is used to create a new
perture. A final spectrum is extracted from the PB-corrected data
ube using this aperture. 

We find that while CO(3–2) emission is detected in all three
ources with ALMA, only two sources (CID 346 and X N 44 64)
ho w e vidence for CO(3–2) emission in the ACA data. More details
re given in the following subsections. 

.3.1 CID 346 

e use data from the two ACA programs in which CID 346 was
bserved (see Table 1 ), selecting only the SPW expected to contain
O(3–2) emission. Using tclean , we create a ‘dirty’ image (i.e.
ithout cleaning) with a cellsize of 2.19 arcsec and a mean rms noise

evel per channel of 1.3 mJy beam 

−1 . We follow a similar imaging
rocess for the one ALMA program for this source, with a cell size
nd rms noise level per channel of 0.22 arcsec and 0.46 mJy beam 

−1 ,
espectively. 

Moment zero maps of each source are created using the channels
dentified to contain line emission (Fig. 3 ). Using the central 2 σ rms 

ontour of each map as an aperture, we extract a spectrum that reveals
 strong CO(3–2) detection (left-hand panels of Fig. 4 ). Each spectral
ine is well-fit by a single Gaussian, resulting in low residuals. The
roperties of each fit are listed in Table 3 . 
Despite the fact that the ALMA and ACA data feature synthesized

eam sizes that differ by an order of magnitude, the CO(3–2)
mission reco v ered by each array is in agreement to within 1 σ .
his finding is discussed in more detail in Section 4.1 . 

.3.2 X N 44 64 

hen imaged, the new ALMA data result in a data cube with
 cellsize of 0.35 arcsec and rms noise level per channel of
.16 mJy beam 

−1 . With this high sensitivity, we detect strong CO(3–
) emission (Fig. 3 ) with a double-horned profile (central panels of
ig. 4 ). Since we lack the spatial resolution to decipher the cause of

his appearance (e.g. rotation, merging, or outflows), we simply fit
wo one-dimensional Gaussians to the profile in order to determine
he integrated flux density. 

The ACA CO(3–2) cube of X N 44 64 features an average rms
oise level per channel of 1.4 mJy beam 

−1 and a cellsize of 2.55
rcsec. While the individual channel maps do not show obvious
mission, a line is evident using a central circular aperture. The
pectrum shows that the line is weak but broad, matching the
roperties of the previous ALMA observation (Circosta et al. 2021 ).
ollowing the finding that the ALMA CO line is double-peaked,
e fit this spectrum with a double-Gaussian model, fixing the

edshifts of the two peaks to be identical to those of the ALMA 

ata. 
Similarly to CID 346, the difference between the ALMA and ACA

ntegrated flux densities is not significant ( < 2 σ ), so there is no robust
vidence for an extended CO halo from this analysis. 

.3.3 X N 6 27 

sing the data from a single ACA observation program, we create
n image of the CO(3–2) emission from this source. The resulting
mage has a cellsize of 2.16 arcsec and average rms noise level per
hannel of ∼1.4 mJy beam 

−1 . No significant emission is detected in
his data cube (see top right panel of Fig. 4 ). 
NRAS 522, 275–291 (2023) 
We then image the new ALMA observations of this target, which
esults in a data cube with a cellsize and rms noise level per channel
f 0.34 arcsec and 0.19 mJy beam 

−1 , respectively. No emission was
etected at the originally reported CO-based redshift or the optical
ine-based redshift of this source ( z = 2.2640 and z = 2.263;
ircosta et al. 2021 ), but there is a ∼3 σ detection at z = 2.2807, or
1500 km s −1 from the previous redshift (top right panel of Fig. 4 ,
here we have shifted the velocity scale to the new redshift), exactly

t the phase centre (i.e. the location of the galaxy optical counterpart,
ottom right panel of Fig. 3 ). Since the rms noise level per channel
f the previous observation was much higher (i.e. 0.51 mJy beam 

−1 ),
his emission would not be observable without the additional on-
ource exposure time. 

We also note that there is a strong line detection ∼11 arcsec
est of the phase centre (bottom right panel of Fig. 3 ). Since

t shows no detectable link to the target galaxy and is bright,
iscrete, and distant, we conclude that this strong detection at the
ame redshift of the central detection is likely tracing a physical,
as-rich companion and gives further confidence in the central
etection. 
Since there is a weak detection of CO(3–2) emission in our ALMA

ata, we create a moment zero map and extract a spectrum as detailed
bo v e. Specifically, in order to illustrate the ACA non-detection, we
xtract a spectrum from the cleaned, PB-corrected data cube using
 10 px ( ∼20 arcsec) wide circular aperture centred on the expected
alaxy position (upper right panel of Fig. 4 ). In addition, we create a
oment zero map using the same channels as in the ALMA moment

ero map (Fig. 3 , top right panel). Both of these panels show no
ignificant emission. 

An upper limit on the ACA CO(3–2) emission of X N 6 27 can
e obtained using δS int = δv 

√ 

N ch R MS spec , where δv is the velocity
idth of one channel, N ch is the number of channels identified as

ine emission in the ALMA map, and RMS spec is the rms noise
evel of the extracted spectrum. 2 This results in a 3 σ upper limit
f � 480 mJy km s −1 . Similarly, we may estimate the uncertainty on
he average value of the flux density using δS = RMS spec / 

√ 

N ch ,
ielding a 3 σ upper limit of � 0.91 mJy. 

.4 uv -plane CO(3–2) analysis 

he previous image-plane analysis of our ACA CO(3–2) observa-
ions show two significant detections. To examine these in a different
ay, we turn to the line visibilities, as we did for the continuum
isibilities in Section 3.2 . Specifically, we use the CASA task split
o separate the visibilities corresponding to ±HWHM CO and use
VPLOT to plot the real part of the visibilities as a function of binned
v -distance (bins of 2 m). The resulting plots are shown in Fig. 5 ,
hile the best-fitting parameters and goodness of fit parameters are

isted in Table 2 . 
The ACA line visibility plot of CID 346 is well fit by a constant

alue with a significant offset from zero, i.e. unresolved emission.
his is strengthened by the fact that the Gaussian fit yields a similar
mplitude and very large Gaussian width, which is nearly identical
o a constant value. On the other hand, the offset Gaussian model
s best fit by a slightly lower constant value and a narrow Gaussian.
he fit of this Gaussian component is strongly influenced by the

nner three uv bins, making the width and amplitude uncertain
nd fully consistent with a constant value (as shown by the green
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Figure 3. CO(3–2) moment zero maps for each galaxy. Contours are displayed at significance levels of ±(2, 3, 4. . . ) × σ , where 1 σ is the rms noise 
level of the image. The top row shows ACA data (left to right: 1 σ = [0 . 04 , 0 . 06 , 0 . 07] Jy beam 

−1 km s −1 ). Lower row shows ALMA data (left to right: 
1 σ = [0 . 07 , 0 . 006 , 0 . 007] Jy beam 

−1 ). The field of view for the lower images is shown as a red rectangle in the upper row. Synthesized beam and galaxy position 
given by red ellipse and cross, respectively. Each map was made by collapsing cleaned data cubes ( CASA IMMOMENTS ). We choose to present the PB-uncorrected 
moment zero maps for clarity, as the outskirts of the PB-corrected map feature very high rms noise levels compared to the central values and are thus obscured 
by our contours. 
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haded regions in Fig. 5 , which give the uncertainty ranges). We
onclude that the visibilities are well represented by a flat model, 
mplying a point source of amplitude 3.51 ± 0.48 mJy. This is in
greement (i.e. < 2 σ difference) with the image-plane flux density of
.81 ± 0.40, and also fully consistent with the ALMA flux, which 
mplies a lack of extended emission (see Appendix A for discussion
f discussion of a previous ACA CO(3–2) visibility analysis of this 
ource). 

The CO(3–2) emission of X N 44 64 is less strongly detected than
hat of CID 346, so it is not surprising that the best-fitting amplitude
f a constant model applied to the line visibilities yields a lower
mplitude (1.23 ± 0.43 mJy). This peak flux is larger than the poorly
t amplitude of the ACA spectrum ( ∼0.5 mJy), but in agreement
ith the ALMA amplitude ( ∼1–2 mJy). This again implies a lack
f flux beyond the maximum recoverable scale (MRS) of ALMA. 
hile the two Gaussian models return lower χ2 and χ2 

red values, 
heir unconstrained Gaussian amplitudes suggest that they are poor 
ts. 

.5 CO(3–2) radial profile analysis 

n the previous subsections, we detailed multiple detections of CO(3–
) using low-resolution observations with the ACA and higher 
esolution observations with ALMA. The integrated emission (i.e. 
oment 0 maps) of these detections do not show obvious extended 

missions, with only small deviations from the beam shape. Yet, a 
ecent work (Cicone et al. 2021 ) suggests that this type of source
and CID 346 in particular) may be surrounded by a very large scale
 ∼200 kpc) reservoir of molecular gas. To further test the presence
f spatially extended emission, we extract radial brightness profiles 
nd test whether these profiles may be explained by an unresolved 
ource, a single resolved component, or a central source with an
xtended halo. 

.5.1 Radial profile extraction 

he methods of this analysis is detailed in an associated paper that
nalyses the ALMA CO(3–2) data of a larger sample of SUPER
alaxies (Jones et al. 2023 ). In short, we fit a 2D elliptical Gaussian
o the ALMA and ACA CO(3–2) moment zero maps of each source
etected in line emission and use the best-fitting spatial centroid as
he ef fecti ve centre. We then find the mean value in circular rings
f width 1 px ( ∼2 arcsec for the ACA data, ∼0.2 arcsec for the
LMA data) centred on this position in order to create a radial
rightness profile. In parallel, we extract a radial brightness profile 
rom the synthesized beam. The extracted profiles are shown in 
ig. 6 . 
The uncertainty on the mean value is non-trivial to derive, as the

oise in each map is correlated on the scale of the synthesized beam.
o estimate this effect, we produce 100 maps of pure noise, convolve
ach with the beam, determine the rms noise level in each annulus,
nd take the average value across all maps. The uncertainty is then
aken as the greater of this value and the standard deviation of the
alues in each annulus in the moment zero map. We note that this
esult in slightly different noise realizations for each run of our 
ode. 

.5.2 Profile fitting methods 

n order to place constraints on the physical morphology, we first
xamine whether the emission could be explained by a single 
nresolved source. In this case, the radial profile of the beam
MNRAS 522, 275–291 (2023) 
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M

Figure 4. Top row: CO(3–2) spectra for each galaxy, extracted from PB-corrected cubes using the 2 σ contours from each moment map (see Fig. 3 ). Each panel 
shows the extracted spectrum from the ACA data (brown) and ALMA data (purple). Channels identified to contain line emission are highlighted. Rms noise 
level depicted as coloured dotted lines. The redshift of the ALMA detection is shown by a vertical dashed line. Since the ALMA spectrum of X N 44 64 shows 
non-Gaussian behaviour, we fit the spectra of this source with two Gaussian components. No significant emission was detected in the ACA data for X N 6 27, 
so we use a 10 px ( ∼20 arcsec) wide circular aperture instead. The previously determined redshift of X N 6 27 from Circosta et al. ( 2021 ) is shown as a green 
line in the upper right panel. Lower row: zoomed-in views of the best-fitting models for each emission line. The 3 σ upper limit of the average value for the ACA 

spectrum of X N 6 27 is shown as a downw ards-f acing triangle in the lower right plot. 
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nd moment 0 map would be the same. This is tested by finding
he χ2 value between the beam profile and observed emission 
rofile. 
Next, we create a circular Gaussian model with a given HWHM,

onvolve it with the point spread function (PSF), extract a radial
rightness profile, and use the Bayesian inference code PYMULTINEST

Feroz, Hobson & Bridges 2009 ; Buchner et al. 2014 ) to find the best-
tting intrinsic HWHM so that the modelled and observed radial
rightness profiles are matched. In this way, we test whether the
mission could be explained by a single resolved source. We wish
o explore a range of intrinsic widths, so for the ALMA data we fit
or log 10 (HWHM G1 ) (where the HWHM is in units of arcseconds)
nd set the prior to a uniform distribution between [ −2.0,1.5],
orresponding to angular scales [0.01 arcsec, ∼30 arcsec]. The upper
ound of this prior is moti v ated by the MRS of these observations,
hich varies between ∼10 and 20 arcsec. Since the ACA data may

nclude much more extended emission, we expand the prior limits
o be [ −2.0,2.0], corresponding to angular scales [0.01 arcsec, 100
rcsec]. Again, this is moti v ated by the larger MRS of the ACA data
 ∼70–90 arcsec). 

In order to test the existence of a halo around this central
ource, we add an additional 2D Gaussian component to the
NRAS 522, 275–291 (2023) 
revious model, resulting in three variables: the widths of the
wo Gaussians (HWHM 1 , HWHM 2 ) and the relative peak inten-
ity f 12 . For the ALMA data, the prior distributions of the two
og 10 (HWHM) variables are set to uniform distributions: [ −2,0]
or [0.01 arcsec, 1 arcsec]) for log 10 (HWHM G1 ) and [0, 1.5] (or
1 arcsec, ∼30 arcsec]) for log 10 (HWHM G2 ). We adopt a uniform
istribution between [ −3.5,0) for log 10 (f 12 ). In the case of the
CA data, the HWHM priors are shifted slightly to [ −2,0.5] and

0.5,2.0], or [0.01-arcsec, ∼3 arcsec] and [3 arcsec, ∼100 arcsec], 
espectively. 

.5.3 Results 

or each observation where CO(3–2) emission was significantly
etected, we present the best-fitting parameters and goodness of
t in Table 4 . The resulting profiles are shown in Fig. 6 . Below, we
iscuss the implications of these fits. 
The goodness of the fit is characterized in three ways: χ2 , χ2 

red , and
he Bayesian evidence outputted by PYMULTINEST ( Z ). This last value
s sometimes useful for determining which model is preferred, as a
atio of Z 1 /Z 2 > 10 would indicate slight e vidence to wards model 1
e.g. Jeffreys 1961 ). 
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Figure 5. Radial profile of the real part of the CO(3–2) visibilities (maroon 
points). The results of fitting three models are shown: a single Gaussian 
(brown line), a constant value (light blue line), and an offset Gaussian (green 
line). Uncertainties shown by shaded regions (1 σ ). Best-fitting parameters 
and goodness of fit values are given in Table 2 . 
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For the ACA data of CID 346, we find that the observed ra-
ial profile of the ACA data is nearly identical to that of the
ynthesized beam, as seen by the o v erlap between the maroon
nd cyan curves in Fig. 6 . Allowing for a Gaussian (resolved)
omponent results in a better χ2 , but a very small source (HWHM

0.5 arcsec) that is much less than the cell size, let alone the
esolution of the observ ation. Further allo wing for an additional 
aussian component (2G) makes the fit unstable, by increasing 
2 
red , which is what is expected when starting from a model that

s already o v erfitting the data. The evidence ratio Z 1 G / Z 2 G is � 2,
urther indicating that the inclusion of an additional component 
s not required, and that the most likely fit is an unresolved point
ource. 

The other source detected in CO(3–2) emission in ACA data 
X N 44 64) shows a radial profile that extends beyond the beam,
lthough with high uncertainties. Examining the moment zero map 
n Fig. 6 , it is apparent that this is partly due to the fact that there
s a ∼1 σ tail of emission that extends to the west and north of this
ource, which shifts the best-fitting centroid slightly. Despite this, 
he best-fitting model is a point source, as seen by the goodness of
t measures. 
All of these results lead to the conclusion that the ACA data in these

ources are unresolved, implying that the ACA data originate from a
ource of radius � 6 arcsec ∼ 50 kpc. On the other hand, the ALMA
ata of these two sources are best fit by two Gaussian components,
mplying a resolved central source (HWHM ∼ 1 kpc) and a spatially
xtended component (HWHM ∼ 40 kpc; Fig. 6 ), which is consistent
ith the upper limit from ACA. 
While the ACA cube of X N 6 27 shows no significant line

mission, the ALMA moment zero map is best fit by a composite
ource (HWHM ∼ 2 kpc and a much weaker source with HWHM

34 kpc). This source is composed of a small 3 σ peak and a more
xtended 2 σ that extends to the north. So it is also possible that the
orphology is truly unresolved, but inflated by noise peaks. 
In a parallel work (Jones et al. 2023 ), we combine the data

rom seven ALMA CO(3–2) observations of SUPER galaxies by 
erforming a stacking analysis. The resulting stacked data cube, 
hen collapsed o v er ±100 km s −1 , is best fit by a two-component
odel with a bright central source (radius ∼1 kpc) and a weaker ex-

ended component (radius ∼14 kpc). These results from the stacking 
nalysis are generally consistent with the radial profiles of the two
LMA high-sensitivity measurements of the two individual galaxies 
resented in this paper. This paints a picture of two components
n these galaxies: a bright central galaxy of radius ∼1 kpc, and a
patially extended component of radius ∼10–50 kpc, both of which 
re enclosed within the ACA beam. There is no evidence of a third
omponent at larger spatial scales (i.e. > 100 kpc). 

 DI SCUSSI ON  

.1 Is there extended CO flux? 

n the previous section, we detailed the detection of CO(3–2) 
mission from two z ∼ 2.2 AGN host galaxies using the ACA,
nd also discussed the upper limit for a third source. The CO(3–
) emission of these sources had previously been detected using 
he 12 m array of ALMA (Circosta et al. 2021 ) and, in the case
f X N 44 64 and X N 6 27 also re-observed with ALMA (this
ork). Since the ne w observ ations feature a synthesized beam that

s ∼10 × larger, it is possible that the y hav e captured emission from
patially extended emission that would not be detected using the 12 m 

rray. 
In Fig. 7 , we compare the integrated CO(3–2) fluxes of our three

ources using the ACA (vertical axis) and ALMA (horizontal axis). 
he two detections (CID 346 and X N 44 64) show ACA fluxes that
re in agreement with the observed ALMA flux. The third source
X N 6 27) is undetected with the ACA, but its 3 σ upper limit is
5 × the measured ALMA flux density. 
At face value, this implies that the two ACA-detected sources 

ave no evidence for extended CO emission beyond the largest 
eco v erable scale of ALMA, while the ACA-undetected source 
ay potentially have a halo. Indeed, our image- and visibility- 

lane analyses show no evidence for larger reco v ered CO flux es
MNRAS 522, 275–291 (2023) 
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M

Figure 6. Results of fitting a two-dimensional Gaussian model to the moment 0 maps of the CID 346 (top two rows), X N 44 64 (central 2 rows), and X N 6 27 
(bottom row). Each left panel shows the zoomed in moment zero map of Fig. 3 , while the central and right columns show a single- and two-component model 
fit, respecti vely. Bro wn and cyan lines show the normalized mean radial brightness profiles of the moment 0 map and beam, while the shaded region depicts the 
rms noise level of the moment 0 map. We include the best-fitting model radial brightness profile (magenta) and intrinsic halo profile (black solid curves). The 
intrinsic HWHM values are depicted by vertical black line. Each profile is normalized to its maximum value. 
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or the ACA observations. Additionally, the finding that the ACA
ata show no evidence of extended emission beyond the synthesized
eam excludes the presence of a significant amount of molecular gas
n scales larger than ∼60 kpc in radius. Together, our observations
xclude the presence of massive molecular haloes on scales larger
han about 20 kpc in radius. 

Ho we ver, it is important to note that while the ACA observations
etailed here are sensitive to larger spatial scales, they also feature
o wer sensiti vities than the ALMA observ ations. F or e xample,
NRAS 522, 275–291 (2023) 
he ACA and ALMA data cubes for X N 6 27 had beam sizes
f ∼10 and ∼1 arcsec, but rms noise levels per channel of 1.4
nd 0.19 mJy beam 

−1 , respectively. It is therefore possible that
ome weak level of spatially extended emission is present between
he ALMA larger reco v erable scales and the ACA beam (at the
evel of 10–20 per cent of the ACA flux, see Fig. 7 ). As well,
t is possible that weak spatially extended emission beyond the
CA beam is present (at the level of a few per cent of the ACA
eak). 
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Figure 6. continued . 

Table 4. Best-fitting values for a one- and two-Gaussian 2D model applied to the moment 0 map of each CO(3–2) detection (see Section 3.5 ). 
For each HWHM entry, we first list the value with units of arcseconds, then with units of kiloparsecs. We also note the goodness of fit through 
three criteria: χ2 , χ2 

red , and the natural logarithm of the Bayesian evidence, as output by MULTINEST (Feroz et al. 2009 ). 

Galaxy Data Model log 10 (HWHM G1 /[UNIT]) log 10 (HWHM G2 /[UNIT]) log 10 (f 12 ) χ2 χ2 
red ln(Z) 

CID 346 ALMA PSF – – – 1.9 – –
1G −0.90 ± 0.49, 0.01 ± 0.49 – – 2.5 0.5 7.78 ± 0.05 
2G −0.78 ± 0.32, 0.14 ± 0.32 0.69 ± 0.44, 1.61 ± 0.44 −2.59 ± 0.53 0.7 0.2 7.74 ± 0.06 

ACA PSF – – – 0.3 – –
1G −0.34 ± 0.62, 0.58 ± 0.62 – – 0.04 0.02 4.97 ± 0.04 
2G −0.22 ± 0.67, 0.69 ± 0.67 1.00 ± 0.43, 1.92 ± 0.43 −2.11 ± 0.91 3.4 3.4 4.34 ± 0.05 

X N 44 64 ALMA PSF – – – 3.2 – –
1G −0.71 ± 0.52, 0.20 ± 0.52 – – 4.0 0.7 11.51 ± 0.05 
2G −0.63 ± 0.30, 0.29 ± 0.30 0.69 ± 0.45, 1.61 ± 0.45 −2.66 ± 0.48 0.8 0.2 11.51 ± 0.07 

ACA PSF – – – 0.7 – –
1G −0.06 ± 0.73, 0.85 ± 0.73 – – 1.3 0.3 3.66 ± 0.03 
2G −0.59 ± 0.76, 0.33 ± 0.76 0.93 ± 0.37, 1.84 ± 0.37 −1.79 ± 0.95 1.6 0.8 3.91 ± 0.04 

X N 6 27 ALMA PSF – – – 4.7 – –
1G −0.39 ± 0.59, 0.53 ± 0.59 – – 3.5 0.7 4.11 ± 0.05 
2G −0.60 ± 0.51, 0.31 ± 0.51 0.61 ± 0.46, 1.53 ± 0.46 −1.80 ± 0.91 1.1 0.4 4.95 ± 0.05 
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.2 Comparison with previous results 

n this section, we compare our sensitive ACA upper limits on the
resence of molecular gas in galactic haloes, on scales larger than 
bout 20 kpc, with previous results. 

The first, most direct comparison should be made with Cicone et al. 
 2021 ), as they performed a similar analysis specifically on CID 346
y using ACA CO(3–2) data. This previous work presented the 
etection of a molecular halo with a radius of 200 kpc. By combining
his previous data with new observations, we find evidence for the
O emission in the ACA data to be unresolved (i.e. not larger than
50 kpc in radius; see Figs 5 and 6 ). Furthermore, while this previous
ork found the CO flux in the ACA data to be 14 times higher than
hat is observed with ALMA, our combined data set shows that the
CA CO flux is fully consistent with the ALMA CO flux (Fig. 7 ). 
MNRAS 522, 275–291 (2023) 
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M

Figure 7. Comparison of reco v ered inte grated CO(3–2) flux density for 
each source, as measured in low-resolution ACA observations (vertical axis) 
and relatively high-resolution ALMA observations (horizontal axis). Since 
X N 6 27 in undetected in line emission with the ACA, the 3 σ upper limit on 
the integrated flux density is shown by a downw ards-f acing arrow. Dotted and 
dashed lines show constant ratios of ACA flux to ALMA flux. For reference, 
the ALMA data have an angular scale of ∼10 kpc, while the ACA data trace 
larger scale emission ( ∼100 kpc; see Table 1 ). 
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The origin of such a discrepancy is not clear. Our combined ACA
ata are deeper than the data set analysed in Cicone et al. ( 2021 ).
ince the combined data represent a factor of ∼2.3 longer on-source

ntegration time 3 , the resulting sensitivity should be increased by a
actor of ∼1.5. 4 Due to different beam sizes and number of antennas,
ur sensitivity per channel is increased by a factor of ∼1.4. Ho we ver,
his difference in sensitivity is not enough to explain this difference
n findings. 

Cicone et al. ( 2021 ) extracted the integrated CO map using the
FS mode to collapse the channels co v ered by the line (V. Mainieri,

ri v ate communication). We have employed the same method on our
ata (see Fig. 8 ), which do not show any significant difference with
espect to the moment 0 map extracted in this work – the noise is
lightly lower, but the size and flux are fully consistent with those
erived in the previous sections. Due to the lower noise level, a weak
patial extension to the north-west appears to emerge, but with the
ame elongation as the beam. As seen in the right-hand panel of
ig. 8 , the radial profile of this emission is still very well fit by the
SF. Since the extension is unilateral and has a low significance, we

nterpret it as not significant. 
An additional possible origin of this disagreement is that

his previous work uses a different velocity integration interval
 −400 km s −1 < v < 1000 km s −1 ) based on the broad and asym-
etric CO profile that was obtained. We do not obtain such a broad

nd asymmetric profile (Fig. 4 ), regardless of the extraction aperture
hat we adopt (see Appendix B for a further exploration of this).
o we ver, in Appendix C we repeat the same analysis by using the

arge, asymmetric velocity range adopted by Cicone et al. ( 2021 ):
NRAS 522, 275–291 (2023) 

 We note that the integration time reported in table 2 of Cicone et al. ( 2021 ) is 
he total e x ecution time (5.2 h), while the on-source integration time is 3.3 h. 
 Using the ALMA sensitivity calculator; https://almascience.eso.org/ 
roposing/sensitivity-calculator. 

t  

f  

f  

n
 

d  
he peak is slightly off-centred, but we do not obtain any evidence of
he large extension that was previously obtained. 

Possible differences may arise during steps of image creation
‘cleaning’) that were not specified by Cicone et al. ( 2021 ). First,
t appears that this previous work used very small image cells ( ∼1
rcsec, or 1/10th the FWHM of the minor axis of the restoring beam)
hat may o v erresolv e the emission (see discussion in Appendix B ). In
ddition, a difference may arise when adopting a low threshold when
erforming the cleaning (e.g. 0 σ rather than 3 σ ), which could result
n an artificially boosted flux within the cleaning aperture, especially
f using interactive cleaning. Something similar could have happened
o the data published by Cicone et al. ( 2021 ) and explain the different
esults. 

Within this context it is interesting to note that the uv radial profile
hown by Cicone et al. ( 2021 ) is fully consistent with ours within the
ncertainties. This previous work reported a very low significance
etection, which agrees with our non-detection. 
With the exception of Cicone et al. ( 2021 ), our results are broadly

onsistent with the results obtained by other authors on cold haloes
round high-redshift galaxies and quasar host galaxies. Indeed, as
entioned in Section 1 , studies based on tracing the CO and [C II ]

ransitions in galaxies and quasar at z ∼ 2–6 have resulted in the
etection of haloes on scales of order ∼10 kpc, and with a mass that
s lower or comparable to the mass of cold gas in the ISM of the
entral galaxy (Ginolfi et al. 2017 , 2020 ; Fujimoto et al. 2019 , 2020 ;
errera-Camus et al. 2021 ). 
In a parallel work, we stack the CO data of seven SUPER-ALMA

alaxies and obtain consistent results with this work (i.e. weak CO
aloes on scales of ∼10–20 kpc; Jones et al. 2023 ). In an additional
ork (Scholtz et al. 2023 ), we investigate the haloes of powerful

xtremely red quasars at z ∼ 2.5 by using the [C I ] transition (a more
eliable tracer of molecular gas in some environments; e.g. Dunne
t al. 2021 ; Jiao, Gao & Zhao 2021 ) and find the same result (i.e. the
xistence of weak cold haloes, but on scales of ∼10–20 kpc). 

The properties of the cold gas in the CGM are likely different in
he case of radio galaxies, for which molecular gas emission is indeed
bserved on scales of ∼100 kpc (Emonts et al. 2016 ; Li et al. 2021 ).
n these cases, the CGM enrichment with molecular gas may result
rom ISM lifting from the radio jets or compression and cooling of
he CGM in the expanding radio lobes or cocoons (Russell et al.
017 , 2019 ). 

 C O N C L U S I O N S  

n this work, we have presented new ACA and ALMA observations
and combined archi v al data) of CO(3–2) emission around three
GN host galaxies at cosmic noon to search for evidence of an
 xtremely e xtended cold gas in the CGM (i.e. of order ∼100 kpc).
he combination of ACA and ALMA data allows the comparison of
mall- and large-scale emission. 

(i) Using the ACA data alone, no rest-frame FIR continuum
mission ( λrest ∼ 870 μm) is detected from each individual object
n the image plane, and a stack of the continuum visibilities from
ll three galaxies shows no significant signal. Due to the higher
ensitivity of the ALMA observations, continuum emission from
wo of these three sources is detected in ALMA data at the same
requency. The upper limits on large-scale continuum flux densities
or each source are in agreement with the ALMA values, so we find
o evidence for extended continuum emission in these sources. 
(ii) By stacking the continuum visibilities, we find the tentative

etection ( ∼2 σ ) of ne gativ e continuum emission on large scales

https://almascience.eso.org/proposing/sensitivity-calculator
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Figure 8. Results of fitting a single-component, two-dimensional Gaussian model to the MFS image of CO(3–2) emission from CID 346 with no PB correction, 
multiplied by the velocity bandwidth used. The left-hand panel shows a zoomed in intensity map, to be compared with the moment zero map of Fig. 3 . The 
contours are shown at ±(2, 3, 4, . . . ) σ rms (where 1 σ rms = 0.09Jy beam 

−1 km s −1 ). Synthesized beam and galaxy position gi ven by ellipse and cross, respecti vely. 
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 > 500 kpc). This feature could be tracing the thermal S–Z effect
ssociated with the halo heating from AGN feedback. The level of the
entative signal is consistent with the expectations of cosmological 
imulations for this important phenomenon and will be followed up 
ith future observations. 
(iii) CO(3–2) emission is detected with ACA in two sources 

CID 346 and X N 44 64). All three sources are detected in CO(3–
) emission with ALMA, and the ALMA and ACA flux densities
re in agreement. This indicates that there is no evidence for CO
mission e xtended be yond ALMA’s largest reco v erable scale that is
issed by ALMA, within the ACA beam. 
(iv) To search for CO emission e xtending be yond the ACA beam,

e investigate the CO emission in the ACA data both through the
nalysis of radial brightness profiles in the maps and by analysing 
he visibilities. We find that the CO(3–2) emission in the ACA data
f CID 346 and X N 44 64 is consistent with being unresolved ( r <
0–50 kpc). On smaller scales, the ALMA data for these two sources
eveal the presence of two components: a compact ( r < 1–2 kpc)
omponent and a weak, extended component ( r ∼ 10–50 kpc). 

Altogether, our results show that these z ∼ 2.2 AGN hosts galaxies 
eature CO(3–2) spatial extents of r ∼ 10–50 kpc (with a more 
oncentrated component on scales of r ∼ 1 kpc, likely tracing the 
SM of the star-forming galaxy), with no evidence of r ∼ 100 kpc
omponents. In our companion paper (Jones et al. 2023 ), we similarly
nd that the high-resolution (i.e. ALMA) CO(3–2) morphologies 

mply a compact central source (co-spatial with the central, star- 
orming galaxy; r ∼ 1 kpc) and an extended component (the CGM;
 ∼ 10 kpc). Thus, it is likely that these sources are surrounded by a
aseous reservoir ∼10 × larger than the galaxy, with no evidence for
n additional component ∼100 × larger than the galaxy. 

Our results are consistent with other studies of galaxies and 
uasars at z ∼ 2–6, which find cold haloes on similar scales, but
re inconsistent with recent disco v eries of huge amounts of cold gas
n the CGM on scales of 200 kpc or larger. On the other hand, the
vidence for molecular gas on ∼100 kpc scale appears solid around 
adio galaxies/radio-loud quasars (Emonts et al. 2016 ; Li et al. 2021 ),
here ISM jet lifting of CGM/ICM compression may be responsible 

or the presence of molecular gas on very large scales. 
Finally, the tentative detection of the S–Z signal is extremely 

ntriguing. If confirmed at high significance with deeper observation 
his would be one of the very first direct pieces of evidence of halo
eating from the AGN feedback, which is predicted by models to 
e an important phenomenon preventing cold accretion on to the 
alaxy and resulting into quenching as a consequence of starvation. 
o we ver , deeper A CA observations and on a larger sample of AGN

t high- z are certainly needed both to confirm the detection and to
xplore whether this is an ubiquitous phenomenon. 
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PPENDI X  A :  STATISTICAL  VISIBILITY  

NALYSI S  

n Section 3.3 of the main text, we explore the CO(3–2) visibilities
f the combined ACA observations of CID 346, assuming a small
elocity range (i.e. ±HWHM, or −91 km s −1 < v <91 km s −1 ). By
tting multiple models to the visibilities, we find a strong detection
f a point source, with no evidence for extended emission. 
At first, this finding may appear to contradict the conclusion of

 previous work (Cicone et al. 2021 ), which found an extended
omponent in the CO visibilities of a single ACA observation.
o we v er, the v elocity range of the previous w ork w as much more

xtended ( −400 km s −1 < v < 1000 km s −1 ), and we will show that
his emission does not show significant extension in Section C1 . Here,
e apply a statistical fitting analysis to the same CO visibilities to

how that there is no significant ( > 3 σ ) extended emission. 
We first extract the CO(3–2) visibilities for CID 346 from project

019.2.00118.S (i.e. all channels between −400 km s −1 < v <
000 km s −1 ), place them into uv -bins, and plot them using the
VPLOT package (Tazzari 2017 ). By using the same uv bins as
icone et al. ( 2021 ) (8 m), we find a similar profile to that of Cicone
t al. ( 2021 ). We then fit three models to this profile: a constant
alue, a Gaussian, and an offset Gaussian. In image space, these
orrespond to a point source, a resolved source, and a coincident
esolved source and point source, respectively (see Fig. A1 ). We
hen repeat this process with the combined data set of ACA data for
ID 346. 
y profile in Fig. A1 . We also note the goodness of fit using two 

ussian Gaussian Gaussian 
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Figure A1. Radial profile of the real part of the observed visibilities of 
the Cicone et al. ( 2021 ) data (top panel) and the combined ACA data for 
CID 346 (lower panel), including only channels in the range −400 km s −1 

< v < 1000 km s −1 (maroon points). The results of fitting three models are 
shown: a single Gaussian (brown line), a constant value (light blue line), and 
an offset Gaussian (green line). Uncertainties shown by shaded regions (1 σ ). 
Note that the uncertainty regions for the two Gaussian models (orange and 
green) are nearly identical. 
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Figure B1. Spectrum of CID 346 extracted from the combined ACA data 
set using a circular aperture of radius 15 arcsec. Channels within the velocity 
range −400 km s −1 < v < + 1000 km s −1 are highlighted in purple. 
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To check the goodness of fit, we calculate the χ2 and χ2 
red value of

ach fit. As shown in Table A1 , models with Gaussian components
hence with a resolved component of the CO emission) better fit the
ata. Ho we ver, we note that the two Gaussian fits to the ‘Original’
ata set give amplitudes that are within 1 σ of 0; so there is no
etection of any resolved CO component, hence no detection of 
xtended CO emission. This is shown by the large uncertainty regions 
f the top panel of Fig. A1 . Since the best model returns a constant
mplitude of 0.74 ± 0.36 (i.e. ∼2 σ ), we conclude that this data (when
ollapsed o v er the giv en, large v elocity range) contains no significant
vidence for either a point source or an extended component, in
greement with Section C1 . 

The ‘Combined’ data set contains more data, so the errors in the
isibility profile are smaller (see lower panel of Fig. A1 ). Since the
owest- uv point is now much lower in amplitude, the evidence for an
xtended component is decreased. As for the ‘Original’ data set, the
aussian fits return better goodness-of-fit values and unconstrained 

mplitudes, while the constant fit returns a <3 σ value. Therefore, 
hese uv data show little evidence for significant emission. We note
hat an MFS image of the ‘Combined’ visibilities results in a ∼3 σ
entral peak (Fig. C2), so there may be a weak signal in the visibilities
hat is occluded by the inclusion of noisy data (as seen by the multiple

2 σ noise peaks in the image). 

PPENDI X  B:  UPDATED  AC A  SPECTRUM  F O R  

I D  3 4 6  

revious analysis of the CO(3–2) emission in CID 346 showed 
vidence for emission o v er a broad velocity range ( −400 km s −1 < v 

 + 1000 km 

−1 ) when a spectrum is e xtracted o v er a large circular
perture ( r ∼ 15 arcsec ∼ 124 kpc; see fig. A.3 of Cicone et al. 2021 ).
y adding the new ACA data for this object, we are able to create a
eeper data cube and extract a comparable spectrum. 

As seen in Fig. B1 , the emission is concentrated at low velocities
 | v| � 100 km s −1 ). The amplitude of the central peak is slightly
ess than is seen in Fig. 4 , and is comparable to that of the previous
nalysis. While there is a slight trend for the high-velocity channels,
he possible signal lies within the noise level. 
MNRAS 522, 275–291 (2023) 
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PPENDIX  C :  EFFECTS  O F  IMAG ING  

A R A M E T E R S  O N  MFS  MAPS  

ere, we explore how the finding of extended CO emission obtained
y Cicone et al. ( 2021 ) may have been influenced by the choice
f imaging parameters selected in the CASA task tclean . We also
nvestigate whether the deeper ACA data for CID 346 presented in
his paper show signs of spatial extension when imaged o v er the
ame velocity range adopted by Cicone et al. ( 2021 ). 

The image creation procedure of Cicone et al. ( 2021 ) is followed as
losely as possible. Data were downloaded from the ALMA archive
nd calibration was applied by running the scriptforpi.py prepared by
bserv atory staf f. No continuum subtraction, channel averaging, or
B correction was applied. Uncalibrated edge channels are excluded
rom analysis. Line emission is assumed to lie in the velocity range
400 km s −1 < v < + 1000 km s −1 of the systemic redshift ( z =

.2197). 
Using the calibrated measurement set, we first apply the CASA task

CLEAN in MFS mode to create a dirty image using a PB cut-off of
0 per cent and Briggs weighting with a robust value of 0.5. While
he previous work performed interactive cleaning, we do not find
trong emission, and thus proceed with the dirty images (but see note
n interactive cleaning in Section 4.2 ). 
As a next step, we must determine the image size and cell size.

he image size is important when considering ACA observations,
here the ratio of the synthesized beam to the PB is high (i.e. with

espect to ALMA observations). In cases like this, small images may
e dominated by the central source, resulting in biased noise levels.
arger images, which extend to the PB limit, allow for better noise
stimates. 

On the other hand, cell sizes affect all interferometric observations.
 general rule of thumb is to set the cell size so that there
NRAS 522, 275–291 (2023) 

C  

igure C1. MFS images of CO(3–2) emission in CID 346 from ACA data. In each
m s −1 < v < 1000 km s −1 ), with Briggs weighting (robust parameter of 0.5). Ho w
he right-hand column) and field of view (100 px × 100 px in the top row, 256 px ×
 σ = [0.35, 0.31, 0.31, 0.31] mJy beam 

−1 for the top left, top right, bottom left, an

/

re ∼3 to 5 pixels across the smallest width of the beam (e.g.
tanley et al. 2019 ; da Cunha et al. 2021 ; Michiyama et al. 2021 ),
lthough some works use ∼5 to 10 across the beam (e.g. Nguyen
t al. 2020 ; Pensabene et al. 2021 ; Garc ́ıa-Vergara et al. 2022 ).

hile a smaller cell size results in a map with a higher apparent
esolution, the emission (and noise) is truly correlated on scales of
he beamsize. 

To explore these effects we created MFS maps using two image
izes (100 px and 256 px) and two cell sizes (1 arcsec or ∼ 10 per cent
f the beam, and 2 arcsec or ∼ 20 per cent of the beam). Note that by
efault, CASA assumes image and cell sizes of 100 px and 1 arcsec,
espectively. 

1 Effects on single measurement set 

he resulting MFS maps for the single ACA data set of CID 346
2019.2.00118.S) are shown in Fig. C1 . Clearly, using only this
ata set with a broad velocity range decreases the S/N dramatically.
hen using different imaging parameters, the morphology changes

lightly, sometimes mimicking weak extended emission. Ho we ver,
one of these cases show the e xtremely e xtended emission at 3 σ
ound by Cicone et al. ( 2021 ), suggesting that the discrepancy is
ue to interactive cleaning and/or cleaning thresholds, not imaging
arameters. 

2 Effects on combined measurement set 

e now use both ACA data sets of CID 346 (2019.2.00118.S and
021.1.00327.S) to create a deeper MFS image of CO(3–2) emission
sing the same values of cell size and image size. The result (Fig.
2 ) features a lower rms noise level and a central ∼3 σ peak, but no
 panel, we use the same data set (2019.2.00118.S) and velocity range ( −400 
e ver, we v ary the cell size (1.0 arcsec in the left-hand column, 2.0 arcsec in 
256 px in the bottom row). The contours are shown at ±[1, 2, 3, ···] σ , where 
d bottom right images, respectively. 

1/275/7100981 by Luisa Ferrini user on 12 M
arch 2024
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Figure C2. MFS images of CO(3–2) emission in CID 346 from ACA data. In each panel, we use the same combined data set (2019.2.00118.S and 
2021.1.00327.S) and velocity range ( −400 km s −1 < v < 1000 km s −1 ), with Briggs weighting (robust parameter of 0.5). Ho we ver, we v ary the cell size (1.0 
arcsec in the left-hand column, 2.0 arcsec in the right-hand column) and field of view (100 px × 100 px in the top row, 256 px × 256 px in the bottom row). 
The contours are shown at ±[1, 2, 3, ···] σ , where 1 σ = [0.21, 0.20, 0.20, 0.19] mJy beam 

−1 for the top left, top right, bottom left, and bottom right images, 
respectively. 
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vidence of extended emission on large scales. The central emission 
s slightly elongated to the west, but is comparable to noise peaks
n the field of view, suggesting that it is not physical. Since the
entral detection is much weaker than that of Fig. 8 , this suggests
2023 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
hat the large velocity range dilutes the signal by including noisy 
hannels. 
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