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A B S T R A C T 

Large-scale outflows are believed to be an important mechanism in the evolution of galaxies. We can determine the impact of 
these outflows by studying either current galaxy outflows and their effect in the galaxy or by studying the effect of past outflows 
on the gas surrounding the galaxy. In this work, we examine the CO(7 −6), [C I ] ( 3 P 1 → 

3 P 0 ), H 2 O 2 11 –2 02 , and dust continuum 

emission of 15 extremely red quasars at z ∼ 2.3 using ALMA. By investigating the radial surface brightness profiles of both the 
individual sources and the stacked emission, we detect extended cold gas and dust emission on scales of ∼14 kpc in CO(7 −6), 
[C I ](2 −1), and dust continuum. This is the first time that the presence of a large amount of molecular gas was detected on large, 
circumgalactic medium scales around quasar host galaxies using [C I ] extended emission. We estimate the dust and molecular 
gas mass of these haloes to be 10 

7.6 and 10 

10.6 M �, indicating significant dust and molecular gas reservoirs around these extreme 
quasars. By estimating the time-scale at which this gas can reach these distances by molecular gas outflows (7–32 Myr), we 
conclude that these haloes are a relic of past AGN or starburst activity, rather than an effect of the current episode of extreme 
quasar activity. 

K ey words: galaxies: e volution – galaxies: haloes – galaxies: high-redshift – galaxies: ISM. 

1

D  

v  

e  

f  

a  

(  

i  

o  

s  

H  

H  

S  

2
 

s  

S  

f  

f  

G  

f  

e  

l  

�

2  

a
 

fi  

i  

o  

∼  

o
 

1  

(  

H  

l  

t  

o
e  

w  

o
 

p  

t
2  

i  

h  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/4/5246/6967145 by Scuola N
orm

ale Superiore user on 21 June 2023
 I N T RO D U C T I O N  

uring their growth via accretion, supermassive black holes become
isible as active galactic nuclei (AGNs; Lynden-Bell 1969 ; Rees
t al. 1982 ; Soltan 1982 ; Merloni, Rudnick & Di Matteo 2004 ). The
eedback from AGN is a key ingredient in cosmological simulations,
s it injects energy into the host galaxies and circumgalactic medium
CGM). This is required in order to reproduce key galaxy properties
ncluding the M-sigma relationship, colour bi-modality, enrichment
f the IGM by metals, galaxy sizes, and broader range of specific
tar formation rates (e.g. Silk & Rees 1998 ; Di Matteo, Springel &
ernquist 2005 ; Alexander & Hickox 2012 ; Dubois et al. 2013a , b ;
irschmann et al. 2014 ; Vogelsberger et al. 2014 ; Crain et al. 2015 ;
egers et al. 2016 ; Beckmann et al. 2017 ; Harrison 2017 ; Choi et al.
018 ; Scholtz et al. 2018 ). 
The CGM surrounding a galaxy is spatially extended material (on

cales larger than the galaxy’s stellar size; > 8 kpc at z ∼ 2; F ̈orster
chreiber et al. 2018 ) that serves as a fuel reservoir for future star
ormation. This reservoir contains both the processed gas ejected
rom the galaxy via star-formation feedback (e.g. Ginolfi et al. 2017 ;
allerani et al. 2018 ; Spilker et al. 2018 ; Jones et al. 2019 ) or AGN

eedback (e.g. Bischetti et al. 2019 ; Travascio et al. 2020 ; Cicone
t al. 2021 ; Vayner et al. 2021 ) as well as streams of gas from the
arge scale filaments (e.g. Arrigoni Battaia et al. 2018 ; Umehata et al.
 E-mail: honzascholtz@gmail.com 
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Pub
019 ). Therefore, it can be used to study past star formation and AGN
ctivity as well as future fuelling of galaxy growth. 

The most reliable efforts to map the CGM come from integral-
eld-spectroscopy observations of Ly α emission, which traces

onized gas (e.g. Drake et al. 2020 ; Sanderson et al. 2021 ). These
bservations constrained the size of these ionized gas haloes up to
170 kpc. Ho we ver, Ly α observ ations are tracing only a single phase

f the gas in the CGM, omitting the cold phase. 
Cold gas haloes have been detected in both stacked [C II ]

58 μm emission and individual star-forming main sequence galaxies
SFMS; Schreiber et al. 2015 ) at z > 4 (Fujimoto et al. 2019 , 2020 ;
errera-Camus et al. 2021 ; Lambert et al. 2022 ) that extend on scales

arger than both the beam of the observations and UV emission
racing the young stars. These extended haloes are taken as evidence
f enrichment of the CGM by starbursts driven outflows (see Ginolfi
t al. 2020 , for more details). Ho we ver, in these observations, AGN
ere purposefully discarded to study the effect of starburst-driven
utflows on the CGM. 
Although we have a wealth of observations of cold gas haloes, the

icture around AGN host galaxies is still emerging. More recently,
wo studies have detected CO(3 −2) haloes around X-ray AGN at z ∼
.4 (Cicone et al. 2021 in a single AGN host galaxy, Jones et al. 2023
n stacked emission). In radio loud AGN, cold gas molecular haloes
ave been detected in the Spiderweb galaxy, a galaxy protocluster at
 ∼2.2, with a size of up to 70 kpc using CO(4 −3), [C I ](1 −0), [C II ]
mission (Emonts et al. 2016 , 2018 ; De Breuck et al. 2022 ), and in
 radio loud quasar at z ∼2.2, where the molecular gas reservoir is
© 2023 The Author(s) 
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Table 1. Table of basic properties of our sample. (1) Object ID; (2,3) 
Coordinates; (4) optical redshift; (5,6) Black hole masses and bolometric 
luminosities from Hamann et al. 2017 . 

(1) (2) (3) (4) (5) (6) 
ID RA Dec z log 10 M BH log 10 L bol 

M � ergs s −1 

J0006 + 1215 1.5445 12.2504 2.318 10.0 47.9 
J0007 + 1222 1.9425 12.3733 2.446 7.8 47.7 
J0052 −0556 13.1385 −5.9482 2.363 9.1 47.4 
J0826 + 0542 126.7226 5.7131 2.58 8.1 47.5 
J0832 + 1615 128.0008 16.2501 2.428 7.6 47.5 
J0834 + 0159 128.702 1.9892 2.605 8.1 47.6 
J1137 + 1427 174.3394 14.458 2.302 8.9 48.1 
J1217 + 0234 184.2696 2.5714 2.428 8.5 47.4 
J1232 + 0912 188.1739 9.2026 2.405 8.6 47.8 
J1316 + 0453 199.118 4.8878 2.16 9.2 47.9 
J1342 + 0930 205.7269 9.5165 2.347 8.7 47.1 
J1348 −0250 207.0006 −2.8351 2.238 8.5 47.1 
J2215 −0056 333.85 −0.9455 2.508 8.4 47.1 
J2223 + 0857 335.7797 8.9505 2.291 8.5 47.8 
J2323 −0100 350.8591 −1.0092 2.381 8.4 47.1 
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ligned with a radio jet on scales of 100 kpc (Li et al. 2021 ). Ho we ver,
e still lack a systematic study of cold gas haloes around quasar host
alaxies. 

Extremely red quasars (ERQs), a population of unique obscured 
uasars, are often luminous dust-reddened sources that are believed 
o be at a dif ferent e volutionary stage compared to blue quasars
nd moderate luminosity AGN (Ross et al. 2015 ; Hamann et al.
017 ; Klindt et al. 2019 ). ERQs were initially disco v ered through a
election based on high rest-frame ultraviolet to infrared colours (i- 

3 > 4.6 mag) from the Wide-Field Infrared Survey Explorer ( WISE ;
right et al. 2010 ) and Sloan Digital Sky survey (SDSS; Blanton

t al. 2017 ). This selection results in high nuclear obscuration with
olumn densities up to 10 24 cm 

−2 (Goulding et al. 2018 ; Ishikawa
t al. 2021 ). 

Previous detections of cold gas haloes have used [C II ] emission,
hich is tracing multiple phases of gas, or CO(3 −2), which requires
ultiple conversion factors to estimate molecular gas mass (e.g. r J 1 

nd αCO ; Bolatto, Wolfire & Leroy 2013 ). In this work we focus on
nalysing ALMA observations of three emission lines: CO(7 −6), 
C I ] ( 3 P 2 → 

3 P 1 ) and H 2 O 2 11 –2 02 , as well as the dust continuum
rest-frame ∼350 μm). The CO(7 −6) and [C I ](2 −1) are among
he most luminous emission lines, and therefore important lines to 
ool the ISM and CGM, each tracing a different cold gas phase.
imilarly to CO(1 −0), the [C I ] emission line is tracing primarily
olecular gas from the outer layers of molecular clouds (see Walter 

t al. 2011 ; Alaghband-Zadeh et al. 2016 ; Glo v er & Clark 2016 ;
apadopoulos, Bisbas & Zhang 2018 ; Valentino et al. 2018 ; Bisbas,
chruba & van Dishoeck 2019 ) as well as the diffuse molecular
as in the interstellar medium, such as photon dominated regions 
PDRs; Tielens & Hollenbach 1985 ) with relatively low critical 
ensity ( n crit ) of ∼10 3 cm 

−3 . Hence [C I ] is an excellent trace of
he cold molecular gas (Bothwell et al. 2017 ; Jiao et al. 2017 ).
urthermore, the conversion of [C I ] integrated line luminosity to 
 2 mass has smaller uncertainties compared to that of CO, and has
 lesser dependence on the metallicity of the gas. On the other hand,
he CO(7 −6) is tracing warmer and denser gas ( T ex ∼150 K and n crit 

10 5 cm 

−3 ). This emission line is an excellent tracer of current or
ecent star formation (see Lu et al. 2018 ; Zhao et al. 2020 ) in star-
orming galaxies, but the exact source of excitation in quasar host
alaxies is yet unknown. 

In Section 2 we describe our targets, and the observations used in
ur study, while Section 3 describes the data analyses of the ALMA
bservations, including spectral fitting, stacking, and modelling the 
xtracted radial surface brightness profile. In Section 4 we present 
ur results and discuss the physical properties and origins of the 
isco v ered cold gas and dust haloes. In this work, we consider any
dditional component larger than the galaxy as a halo. In all of our
nalyses, we adopt the cosmological parameters of H 0 = 67.3 km s −1 ,
M 

= 0 . 3, �� 

= 0 . 7 (Planck Collaboration XVI 2014 ) and assume
 Chabrier ( 2003 ) initial mass function (IMF). 

 DATA  A N D  OBSERVATIONS  

.1 ALMA Obser v ations and data reduction 

n this project we investigate the molecular gas emission of fifteen 
RQs at z ∼ 2.4, observed in CO(7 −6), [C I ] ( 3 P 2 → 

3 P 1 ), and H 2 O
 11 –2 02 emission and 1.2 mm dust continuum in ALMA project 
017.1.00478.S (PI: Fred Hamann) in Cycle 5. These ERQs were 
dentified in Hamann et al. ( 2017 ) with the following selection crite-
ia: (1) QSOs with red colours (i-W3 > 4.6); (2) large equi v alent with
f the CIV emission line (RW(CIV) > 100 Å). The IDs, coordinates,
edshifts, black hole masses, and bolometric luminosities of the 
ample are summarized in Table 1 . 

The raw science data models were processed by the ALMA staff
hrough their calibration pipeline, which resulted in the calibrated 
easurement sets for each observation. As two sources were ob- 

erv ed o v er two separate e x ecutions, we joined these e x ecutions
sing CASA ’s concat task. The measurement sets included also the
alibrator sources, so we created measurement sets containing only 
alibrated visibilities of the target source with CASA ’s split task. 

With the measurement sets for each source, we imaged the sources
sing a uniform imaging pipeline. As the optical and sub-mm line
mission can have a significant velocity offsets, we first imaged 
he cubes using the natural weighting (to maximize the sensitivity) 
o find the redshift of the CO(7 −6), [C I ] ( 3 P 2 → 

3 P 1 ) (hereafter
C I ](2 −1)) and H 2 O 2 11 –2 02 (752.033 GHz; hereafter H 2 O) emission
ines. Indeed we find that the velocity offset between the optical and
O redshifts is up to 2000 km s −1 . To identify the ‘line-free’ channels
e picked channels outside of the ±600 km s −1 of the centre of the
etected emission lines. We then used CASA ’s uvcontsub task to
ubtract the continuum emission in the uv -plane. 

The continuum-free visibilities were imaged using the tclean 
ask in the ‘cube’ mode using 0.1 arcsec cells and natural weighting
o create the ‘dirt’ line cubes. Given that we are ultimately searching
or faint emission on large scales, natural weighting is the ideal
eighting scheme for us. The channel width is kept to the intrinsic
alue of ∼20 km s −1 . Once we estimate the RMS of the ‘dirt’ cubes,
e repeat the tclean task, this time cleaning the emission down

o 3 ×RMS. The final beam size of the natural weighted line cubes
re 0.7–1.0 arcsec. We imaged the continuum using the tclean
ask in the continuum (mfs) mode, using only the line-free channels
i.e. channels > ±2 × FWHM of the systematic redshift; which 
orresponds to our original assumption of line-free channels of 
600 km s −1 ). 

.2 Extraction of the integrated line emission 

n this section, we describe the extraction and analyses of the total
ntegrated emission lines. To get the emission-line profiles of the 
RQs, we extract the spectra from the naturally weighted cubes 
MNRAS 519, 5246–5262 (2023) 
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M

Figure 1. Summary of the CO(7 −6) data. Left-hand column: Moment-0 map of the emission line. The red solid contours show 1, 2, 3, 4, 5 σ , and the red 
dashed contours −1, −2, −3, −4, −5 σ . Middle panel: Spectrum extracted from the region corresponding to the beam size. The orange line indicates the best fit 
to the data according to the BIC statistics. Right-hand panel: Plot of the uv -visibilities (flux (real component) versus the uv -distance). The red solid line shows 
the best fit to the data. We have also included the single resolved source fit (blue dashed line), unresolved source model (green dashed line), and a combination 
of resolved and a point source (magenta dashed line). We only show the uv -visibilities for targets detected over 10 σ . 
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sing apertures with a radius of 0.7–0.9 arcsec, corresponding to the
eam size of these observations, centred on the peak of the emission,
hich we found by fitting a 2D Gaussian to the emission. 
To model the extracted emission-line profiles, each emission line

as fitted with one or two Gaussian components with the centroid,
ine width and normalization (flux) as free parameters. We note that
e do not give a physical meaning to either of these components

nd we use these to characterize the total emission line profile. To
istinguish between indi vidual models, se veral dif ferent statistics can
e used. One of the most basic models is the reduced χ2 

red parameter: 

2 
red = 

χ2 

N data − N var 
, (1) 

where N data is the number of data points and N var is the number
f variables that are fitted (e.g. three for a single Gaussian profile).
lternatively, we can use the Bayesian Information Criterion (BIC;
chwarz 1978 ; Liddle 2007 ; Concas & Popesso 2019 ), which further
enalizes the χ2 for more variables: 

IC = χ2 + N var log (N data ) (2) 

imilarly to the χ2 
red , the model with lower BIC is a statistically better

t to the data. The following criteria are used: < 2 – no difference;
–6 – slight evidence; 6–10 significant evidence; > 10 a better fit.
o we ver, it is worth noting that using BIC or reduced χ2 metrics to
NRAS 519, 5246–5262 (2023) 
istinguish between models does not change the conclusions of this
ork. 
The resulting extracted spectra with best fits are presented in Figs 1 ,

 , and 3 and we present the results of the best fits in Table 2 . We define
he FWHM of the line as the velocity width containing 68 per cent
f the flux of the line, similar to previous works in the literature
Bothwell et al. 2013 ; Wardlow et al. 2018 ) to describe the emission
ine width in a way that is independent of the fitted model. We report
NR, integrated line flux, and the velocity line width for all lines
etected at SNR > 5 in Table 2 . 

 ANALYSI S  

n this section, we present the analysis used in this work to achieve our
oal of tracing cold gas haloes around these quasars. In Section 3.1 ,
e describe our analyses of the ALMA data in the uv -plane, and in
ection 3.2 we present the extraction and modelling of the radial
rightness profiles. Finally, in Sections 3.3 and 3.4 we present
ur method for stacking in both image and uv -plane stacking,
espectively. 

.1 Investigating uv visibilities 

n order to measure the flux and the sizes of the emission, we
av e e xtracted and collapsed the uv visibilities. We first split the

art/stac3787_f1.eps
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Figure 2. Summary of the [C I ] data. Left-hand column: Moment-0 map of the emission line. The red solid contours show 1, 2, 3, 4, 5 σ , and the red dashed 
contours −1, −2, −3, −4, −5 σ . Middle panel: Spectrum extracted from the region corresponding to the beam size. The orange line indicates the best fit to the 
data according to the BIC statistics. Right-hand panel: Plot of the uv -visibilities (flux (real component) versus the uv -distance). The red solid line shows the 
best fit to the data. We have also included the single resolved source fit (blue dashed line), unresolved source model (green dashed line) and a combination of 
resolved and a point source (magenta dashed line). We only show the uv -visibilities for targets detected over 10 σ . 
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alibrated measurement sets to include only channels with the 
mission line. We selected these line emission channels based on 
he extracted spectra in the image plane, by selecting channels with 
t least 10 per cent of the peak flux of the combined spectra. We
xtracted the uv -visibilities using uvplot Python library (Tazzari 
017 ) and binned them in 30 k λ-wide bins. We show these visi-
ilities for each emission line in Figs 1 , 2 , and 3 for sources with
NR > 10. 
We fitted these amplitudes as a function of uv distance with four

ifferent functions, a constant, to represent an unresolved source 
e.g. Rohlfs & Wilson 1996 ), a half Gaussian model centred on
, to represent a resolved source with a Gaussian morphology, a 
ombination of the previous two models representing both a central 
nresolved source and resolved source and two half Gaussians 
epresenting two resolved sources. Similarly to the spectral line 
tting, we used BIC to distinguish between the models. The final 
ncertainties on the sizes comes as 68 per cent confidence interval 
ncertainties from the MCMC fitting. We summarize the estimated 
izes in Table 3 . 

.2 Extraction and modelling of radial profiles 

ne of the goals of this work is to search for extended molecular gas
mission (in CO(7 −6), [C I ], H 2 O, and dust continuum). To achieve
his, we construct the radial brightness profiles of the moment-0 map, 
.e. the flux map. Compared to curve-of-growth, radial brightness 
rofiles are more sensitive to faint emission at larger radii – i.e.
xtended halo emission. Although our sources were the primary 
argets of our ALMA observations, the emission line regions are 
ot in the exact centre of the field (1–2 pixels offset). Hence, we
tted the objects with a 2D Gaussian profile to find the centre of the
mission. We then calculated the median flux in annuli with a width
f 0.2 arcsec (2 pixels), with the annuli centred on the coordinates
etermined from the 2D Gaussian fitting. The uncertainty on the 
ux is calculated as the RMS of the moment-0 map divided by

he square root of the number of beams co v ered by the annuli (the
umber of pixels in the annuli divided by the number of pixels in
he beam). We estimated the RMS of the noise of the moment-0 map
sing the astropy ’s sigma-clipping function (SNR = 3). We have
epeated this procedure on an image of the clean elliptical beam to
ompare the radial profiles of the object to the radial profiles of the
eam. 

We investigated the effect of the width of the annuli versus the
umber of the annuli on the radial profile modelling. As we increase
he width of the annuli the uncertainty on the median flux decreases.
o we ver, the increased size of annuli results in fewer annuli, to
 v oid o v erlap of the bins. Comparing the 	 BIC between the models
see below) showed that the decrease of the flux uncertainties with
ncreased annulus width does not out-weight the downside of more 
oarse sampling of the radial surface brightness profile. That is, in this
MNRAS 519, 5246–5262 (2023) 
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Figure 3. Summary of the H 2 O data. Left-hand column: Moment-0 map of the emission line. The red solid contours show 1, 2, 3, 4, 5 σ and the red dashed 
contours −1, −2, −3, −4, −5 σ . Middle panel: Spectrum e xtracted from the re gion corresponding to the beam size. The orange line indicates the best fit to 
the data according to the BIC statistics. Right-hand panel: Plot of the uv -visibilities (flux (real component) versus the uv -distance). The red solid line shows the 
best fit to the data. We have also included the single resolved source fit (blue dashed line), unresolved source model (green dashed line), and a combination of 
resolved and a point source (magenta dashed line). We only show the uv -visibilities for targets detected over 10 σ . 
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ase, we found that having more data points with large uncertainties
s better than having a smaller number of data points with smaller
ncertainties. 

.2.1 Modelling of the radial brightness profiles 

n order to investigate whether the data contains a single galaxy
omponent (i.e. the gas in the galaxy) or whether it also contains a
iffuse outer larger scale component (i.e. a halo), we modelled radial
urface density profiles of a single symmetrical 2D Gaussian or two
ymmetrical 2D Gaussian components. 

We start by creating a 2D circular Gaussian model with arbitrary
mplitude ( = 1) and set the intrinsic size of the object (FWHM).
e convolved the model with the beam and extracted the radial

rightness profile of this mock convolved image as described in
ection 3.2 . Finally, we compared the modelled and observed radial
rightness profiles and used Python ’s emcee library to find the
est value of FWHM using the MCMC ensemble sampler algorithm.
e set a flat prior on the FWHM to be between 0 and 3 arcsec.

or the double 2D Gaussian model, we fit three free parameters:
WHM galaxy , FWHM halo , and the log 10 ratio between the peak flux
f the galaxy and outer components log 10 

peak halo 
peak galaxy 

. For these three
arameters we set the priors to [0, 1 arcsec], [1, 4 arcsec], and [ −1,
5] for FWHM galaxy , FWHM halo , and log 10 

peak halo 
peak galaxy 

, respectively. We
NRAS 519, 5246–5262 (2023) 
dopt the likelihood function of Nikolic ( 2009 ) as: 

log L ( σ ) = 

∑ 

i 

[ [
D i − M i 

δD i 

]2 

+ log (2 πδD 

2 
i ) 

] 

, (3) 

here the D i and δD i are the data and uncertainties on the data,
espectively, M i is the model. The final results quoted in this work
re the 50th, 16th, and 84th percentiles of the posterior distribution. 

.3 Stacking in the image plane 

lthough we detect a majority of the sources in each observed
mission line, we also stack the emission line cubes to search for the
aint emission on large scales. We stacked the individual cubes rather
han moment-0 maps of the emission lines. There is no reason to
ssume that the line widths of the extended and galaxy component are
he same, which would result in removing some extended component
ignal. Stacking the cube rather than moment-0 maps allows us
o search for the extended halo emission across multiple velocity
anges later on. Furthermore, we only stacked cubes which contain
 detected emission line. As we described abo v e, there can be a
ignificant offset between the optical and submm lines and which
ould potentially result in including noise only. 
To stack the emission cubes, we used the same code from Jones

t al. ( 2023 ), a similar technique to Delhaize et al. ( 2013 ), Bischetti

art/stac3787_f3.eps
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M

Table 3. Sizes of the different emission region from the uv -visibilities (see 
Section 3.1 ). (1) Object ID; (2) Size of the CO(7 −6) emission; (3) Size of the 
[C I ] emission; (4) Size of the H 2 O emission; (5) Size of the dust continuum. 

(1) (2) (3) (4) (5) 
ID FWHM CO(7 −6) FWHM [CI] FWHM H 2 O FWHM cont 

(kpc) (kpc) (kpc) (kpc) 

J0006 + 1215 7.5 ± 1.1 5.8 ± 0.7 6.1 ± 1.5 5.2 ± 1.0 
J0007 + 1222 – – – –
J0052 −0556 8.4 ± 1.1 – – 4.0 ± 1.7 
J0826 + 0542 4.0 ± 0.5 6.0 ± 0.9 – 6.2 ± 1.0 
J0832 + 1615 – – – 5.4 ± 1.9 
J0834 + 0159 – – – 9.5 ± 2.2 
J1137 + 1427 6.2 ± 1.1 ∗ 7.5 ± 1.3 4.5 ± 0.8 6.9 ± 1.8 
J1217 + 0234 2.7 ± 0.4 – – 0.0 ± 0.0 
J1232 + 0912 3.2 ± 0.2 3.5 ± 0.5 3.4 ± 0.4 5.0 ± 0.9 
J1316 + 0453 3.4 ± 0.2 3.4 ± 0.1 4.6 ± 0.6 2.2 ± 0.4 
J1342 + 0930 4.3 ± 0.4 11.2 ± 1.4 – 8.0 ± 2.5 
J1348 −0250 2.9 ± 0.4 5.1 ± 1.1 2.8 ± 0.9 2.4 ± 0.7 
J2215 −0056 8.6 ± 1.6 ∗ – – 0.0 ± 0.0 
J2223 + 0857 4.6 ± 1.1 2.9 ± 0.3 7.9 ± 3.5 2.1 ± 0.6 
J2323 −0100 3.1 ± 0.2 9.4 ± 1.1 ∗ 4.0 ± 0.5 8.2 ± 0.7 

Note. ∗ Object has two components: a point source and a resolved component. 
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t al. ( 2019 ), Jolly, Knudsen & Stanley ( 2020 ). Here we briefly
utline the method. To stack the emission line cubes, we first start
ith an empty cube with a spatial dimension of 128 × 128 pixels

corresponding to 12.8 × 12.8 arcsec) with a spectral axis of −2000–
000 km s −1 in 200 channels, resulting in channels width of 20 km
 

−1 . This stacked cube setup was chosen to match the individual cubes
rom the imaging pipeline. For each of the emission line cubes, we
reated a cutout corresponding to the size of the new empty cube.
o we ver, the spectral scale is different for each cube as it is tuned

o the different central frequencies and hence velocity width. As a
esult, we distribute the flux to individual velocity bins of the stacked
ube as described by equation (1) in Jones et al. ( 2023 ). 

We stacked the cubes based on four different weighting schemes: 

(i) Uniform: The cubes are stacked without any weighting
chemes. 

(ii) Normalization (Normed): We estimated the maximum value
f each cube and calculated the weighting as 1/(maximum value).
his weighting scheme ef fecti vely results in normalizing the data
ubes by their maximum values. 

(iii) Inverse variance (InvV): Normalizing by the noise levels in
he cube. We first estimated the RMS of each cube using sigma
lipping of SNR = 3. We then calculated the weights as 1/(RMS 

2 ),
hich penalizes data cubes with a larger noise. Ho we ver, gi ven the
niformity of the depth of our observations, the weights are very
imilar resulting to similar results to the uniform weighting. 

(iv) Inverse variance and normalization (InNo): Combination of
he previous two weighting schemes, with the final weights being
/(RMS 

2 × max value). 

To accurately describe the radial emission line profiles, we need
o also stack the beams of the individual cubes to find the final
eam of the stacked cube. As each spectral window has a narrow
requency range, the beam size is changing only by maximum of
0.5 per cent. As this difference is negligible, we use only a single

ommon beam for the cube to simplify the procedure and the analysis
f the stacked cubes. Using a single common beam per data cube
implifies the beam stacking and data analysis from three dimensions
o two dimensions. We extracted the clean beam information from
he header of the individual cube and created an image of the beam
NRAS 519, 5246–5262 (2023) 
or each cube. We stacked these beam images on the same grid as the
tacked cube (128 × 128 pixels corresponding to 12.8 × 12.8 arcsec),
iving the beam the same weight as to the individual cube in the cube
tacking. We then fit this stacked beam image with a 2D Gaussian,
imilarly to the method used by the tclean to find the size and
hape of the clean beam. This then became the new clean beam for
he stacked data. 

Using the method described abo v e, we stacked the data cubes
f CO(7 −6), [C I ], H 2 O, and continuum emission. We constructed
oment-0 maps of stacked cubes for each of the weightings in the

ange of ±100 km s −1 , ±200 km s −1 , ±300 km s −1 , ±400 km s −1 ,
nd ±500 km s −1 . For CO(7 −6), the emission line is at the edge
f the band in seven objects, with five objects with CO(7 −6) less
han 500 km s −1 from the edge of the band. Ho we ver, as we are not

easuring the emission line profiles of the stacked data this does
ot influence our results; although it will decrease the SNR of our
tacked data. We showed these moment-0 maps and their extracted
rightness profiles in Figs A 1 , A 2 , A 3 . 

.4 Stacking in uv -plane 

ince our data w as tak en with an interferometer, it is important to
 erify an y morphology results by inv estigating the data in the uv -
lane. The image analysis from interferometric observations can be
ensitive to the exact cleaning procedure, which can accidentally
ntroduce f aint artef acts into the data. Furthermore, an y e xtended
mission detected in the image stacks can be caused by stacking
he residuals of the dirty beam. Fortunately, working in the uv -plane
ircumvents all of these downsides of image-plane stacking. 

For each object, we first split the visibility data into separate
easurement sets, containing: CO(7 −6), [C I ], H 2 O, and continuum

mission only. For the emission line visibilities, we extracted chan-
els in the velocity range as the stacked cube with strongest halo
mission from the image-based stacking: ±300, ±200, and ±200
ms −1 for CO(7 −6), [C I ], and H 2 O, respectively (see Section 4.2.1 ).
e centred velocity ranges on the frequency peak (the 3D position in

ur ALMA cubes). For the continuum, we selected line-free channels
defined as 2 × FWHM from the spectral fitting). During the split
ask, we also binned the data in the time domain with 30s bins, to
ake the data sizes more manageable. We verified that the time-

inning does not affect our final results, by stacking a subset of the
C I ] data set. 

In order to stack the visibilities, we used the STACKER (Lindroos
t al. 2015 ). We first concatenate (using the CASA concat task)
he individual emission line and continuum measurement sets to
reate a single measurement set per emission tracer. We shifted the
oordinate of the visibility data sets by rewriting the source centre
etermined from the moment-0 maps as ‘00:00:00.00, 00:00:00.0’
sing the uv.stack task in STACKER . Finally, we recalculated the
ata weights for the combined visibility data sets with the statwt
ask, based on the scatter of visibilities, which includes the effects
f integration time, channel width, and system temperature. This is
omparable to using the inverse rms weighting for the image-based
tacking. 

We have adapted our uv -stacking procedure for the continuum
tacking. Both stacker and uvplot require for all the spectral
indows to have the same number of channels. This is not a
roblem for the emission line stacking, as we al w ays stack the
ame number of channels (i.e. same line width). Ho we ver, for the
ontinuum, each spw has a different number of line-free channels.
he abo v e-outlined process would result in a significant number
f continuum channels being excluded as we would have to settle
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Figure 4. Comparison of sizes from different cold gas tracers (CO(7 −6), 
[C I ](2 −1), H 2 O) and dust continuum. In each panel, the dashed black line 
shows the 1:1 ratio between the sizes. If a source is not detected in one tracer, 
we only show the size for the other tracer. Points with a size of −0.5 kpc 
indicate an upper limit on the size in that tracer. For comparison of dust 
continuum versus [C I ](2 −1), we compared our sample to other studies which 
measured CO(3 −2) or lower, as they trace molecular gas of same temperature 
and density. 
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or the lowest common number of channels across thirteen objects 
ith four spw each. Instead, for the continuum emission, we shifted

he coordinate of each MS containing the continuum emission only 
sing the uv.stacker , extracted the visibilities using uvplot 
nd then concatenated the text files containing each of the objects uv -
isibilities. This is the equi v alent of stacking the objects in a uniform
cheme, as we cannot use the statwt on the already extracted 
v -visibilities. 
We analyse the stacked visibility data sets in the same way as

isibilities of the individual objects. We extracted the visibilities and 
ollapsed the visibilities as described in Section 3.1 , with bin sizes
f 20 k λ. We present the stacked visibilities in Fig. 12 . 

 RESULTS  A N D  DISCUSSION  

n this section, we present the results of our data analyses described
bo v e. We show the o v erview of the emission lines in Section 4.1 ,
izes of the different cold gas tracers in Section 4.1.1 , and investigate
he stacked data for presence of cold gas haloes in Sections 4.2.1 and
.2.2 . In Section 4.3 we derived the physical properties of these
aloes and in Section 4.4 we discuss their origins. 

.1 Individual quasar host galaxies 

irst, we give a brief overview of the detected emission line properties
f our sample. We detect twelve objects in CO(7 −6), eleven in
C I ] emission, ten objects in H 2 O emission, and fourteen objects in
ontinuum, across a range of SNR (3–67). The measured FWHM of
he emission lines ranged 220–1060 km s −1 . Although some objects 
equire two Gaussian components to accurately describe the emission 
ine profiles, we do not detect any evidence for broad wings indicating
 large scale outflow. For objects which were detected in multiple 
mission lines, the line widths of different emission lines agree within 
he 1 sigma errors. We summarize the redshifts, SNRs, FWHM, and 
ntegrated flux in Table 2 . 

.1.1 Galaxy component sizes 

e used the collapsed uv -visibilities to measure the sizes of the
O(7 −6), [C I ], H 2 O, and continuum in Section 3.1 and we present

he collapsed visibilities in the right-hand panels of Figs 1 , 2 , 3 . We
nvestigate the uv -visibilities of all emissions abo v e SNR = 10, as
his is considered a minimal SNR limit to reliably measure sizes for
nterferometric data (see Simpson et al. 2015 ; Harrison et al. 2016 ;
choltz et al. 2020 , for details). We resolv e elev en out of twelve
ources in CO(7 −6), nine out of ten in [C I ], and seven out of eight
ources in H 2 O emission. For objects J1348 −0250 and J2323 −0100,
e are able to decompose the emission into a point source and a

esolved component in CO(7 −6) and [C I ] emission, respectively. In
hese cases, we report the values of the resolved components and 

ark each source with an asterisk in Table 3 . 
We present the comparison of the CO(7 −6), [C I ], H 2 O, and dust

ontinuum sizes in Fig. 4 . We measured the sizes of the four emission
racers to be in the range of 3.1–8.6 kpc (median of 3.8 ± 2.0 kpc)
or CO(7 −6), 2.9–11.2 kpc (median of 5.3 ± 2.5 kpc) for [C I ],
.7–6.0 kpc (median of 4.3 ± 1.5 kpc) for H 2 O and 2.1–9.5 kpc
median of 5.1 ± 2.6) for FIR emission. The error on the median was
stimated as a standard deviation. We summarize the galaxy sizes 
n each tracer in Table 3 . There is no evidence for the evolution of
ither dust continuum or [C I ] sizes as a function of QSO bolometric
uminosity, ho we ver, this can be due to co v ering a very narrow range
f bolometric luminosities in this sample. 
In the top panel of Fig. 4 , we compare the sizes of the dust emission
ith [C I ] for our objects (red points), SMGs (blue points; Chen

t al. 2017 ; Tadaki et al. 2017 ), star-forming galaxies (green points;
aasinen et al. 2020 ) and results from the FIRE-2 simulations (grey
oints; Cochrane et al. 2019 ). For the SMGs and star-forming galax-
es, we use the observations of CO(3 −2) emission, as [C I ](2 −1) is
arely detected let alone resolved in high redshift galaxies. The cold
olecular gas and dust sizes lie very close to the dashed 1:1 line,

ndicating very similar sizes. 
MNRAS 519, 5246–5262 (2023) 
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Figure 5. Modelling of the aperture profiles of the CO(7 −6) emission from 
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the convolution. The shaded region shows the 0.5 × RMS of the moment-0 
maps. 

f  

e  

a  

C
 

e  

c  

o  

l  

s  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/4/5246/6967145 by Scuola N
orm

ale Superiore user on 21 June 2023
The CO(7 −6), [C I ], and H 2 O sizes are consistent with CO sizes
easured by Chen et al. ( 2017 ), Calistro Rivera et al. ( 2018 ) and [C II ]

izes measured by ALPINE surv e y (Fujimoto et al. 2020 ) and Hot
ust Obscured Galaxies (Hot DOGs; Scholtz et al., in preparation).
he median FIR sizes of our sample agree with those found in AGN
ost galaxies (Harrison et al. 2016 ; Scholtz et al. 2020 ; Lamperti et al.
021 ; Scholtz et al. 2021 ), Hot DOGs (Scholtz et al., in preparation)
nd sub-mm and star-forming galaxies (e.g. Ikarashi et al. 2015 ;
impson et al. 2015 ; Hodge et al. 2016 ; Spilker et al. 2016 ; Tadaki
t al. 2017 ; Fujimoto et al. 2018 ; Lang et al. 2019 ; Chen et al. 2020 ),
o we ver, the range of the values is a factor of ∼1.5 higher than
hose found in submm and AGN host galaxies. This can support
he hypothesis that these objects are in a blowout phase of galaxy
volution. 

.1.2 Detection of cold gas haloes in individual sources 

e extracted the radial brightness profiles for our sources in
O(7 −6), [C I ], and H 2 O emission in Section 3.2 and we modelled

hese radial brightness profiles as described in Section 3.2.1 . Overall
e detect an additional large-scale extended (halo) emission in two

ources: J1232 + 0912 (CO 7 −6), and J2323 −0100 ([C I ]) and we
how these in Figs 5 and 6 . We show the results of the fitting of
 single resolved component in the middle panels of Figs 5 and 6 ,
he residuals (green lines) showing a clear need for an additional
arge scale halo component. We present the results of fitting two
esolved components – galaxy component and a large scale halo
omponent – in the bottom panels of Figs 5 and 6 . Based on the
IC and reduced χ2 , the radial brightness profiles require both
omponents to be fitted. The FWHM size of the large-scale extended
alo emission extended emission is 22 . 38 + 5 . 26 

−4 . 09 and 20 . 5 + 7 . 53 
−5 . 32 kpc for

1232 + 0912 (CO 7 −6) and J2323 −0100 ([C I ]), respectively. The
 BIC for J1232 + 0912 (CO 7 −6) and J2323 −0100 are −24.0 and
4.0 in fa v our of a double component fit, respectively. We present the

izes of the individual components, BIC values, and ratio between
he peaks of the components in Table 4 . This is a first detection
f large-scale gas reservoirs around individual quasar host galaxies
sing the [CI] & CO(7 −6) emission line at high redshift. 

.2 Stacking results 

n this section, we describe the results obtained from stacking the
ata in both image-plane and the uv -plane. We described the stacking
ethods in Sections 3.3 and 3.4 . 

.2.1 Ima g e-plane stacking results 

e show the full results of the image-stacked data for CO(7 −6),
C I ], H 2 O, and continuum in Supplementary material (Figs 1, 2 and
), showing both the moment-0 map and extracted radial surface
rightness profiles for each of the velocity ranges ( ±100, ±200,
300, ±400 and ±500 km s −1 ) and stacking weighting schemes.
or further analysis, we use the inverse RMS weighting scheme,
s it allows more direct comparison with uv -plane stacking. Since
e do not expect any a priori correlation between the galaxy and
alo emission, we do not bias the stacks based on the galaxy gas
rightness such as in the Normed and InNo weighting schemes. 
We further investigate and model the image-plane stacking in

igs 7 , 8 , 9 , and 10 . In the top subplot of each figure, we show
oment-0 map of the stack from the velocity range which gives

he most robust evidence for extended halo emission ( ±200 km s −1 
NRAS 519, 5246–5262 (2023) 
or [C I ](2 −1) and H 2 O emission and ±300 km s −1 for CO(7 −6)
mission). The extracted radial surface brightness profiles (second
nd third subplots) show emission on scales larger than the beam for
O(7 −6), [C I ](2 −1) and dust continuum. 
Using the methods described in Section 3.2.1 , we fitted the

xtracted radial brightness profiles with a single resolved galaxy
omponent in the middle panels of Figs 7 , 8 , 9 , and 10 . The residual
f the fits (green solid line) shows significant emission on scale
arger than one arcsecond for CO(7 −6), [C I ] and dust continuum
tacked data. We show the image of the model galaxy component
nd the moment-0 residual in the second and third row of Fig. 11 ,

art/stac3787_f5.eps


Cold gas haloes around ERQs 5255 

Figure 6. Modelling of the aperture profiles of the [C I ] emission from 

J2323 −0100. Top panel: The red solid contours show 1, 2, 3, 4, 5 σ , and 
the red dashed contours −1, −2, −3, −4, −5 σ . Middle and bottom panels: 
Modelling of the radial brightness profiles using a single resolved source 
model (middle panel) and two resolved sources model. The blue points show 

the extracted radial brightness profile and their uncertainties. The orange and 
green lines show 100 randomly drawn solutions from the MCMC chain for the 
fit and residuals, respectively. The black line shows the intrinsic model before 
the convolution. The shaded region shows the 0.5 × RMS of the moment-0 
maps. 
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especti vely, further sho wing the residual emission on scales of > 1
rcsec, that are not accounted for by the fitting a resolved galaxy
omponent only. 

We fitted the galaxy resolved galaxy component and an extended 
alo in the bottom panels of 7 , 8 , 9 , 10 . The BIC and reduced
2 indicates that the two-component model is a better fit for the 

tacked CO(7 −6), [C I ], and dust continuum data, while the single
alaxy component is a better fit for the stacked H 2 O data. We show
he moment-0 residual from fitting the two-component model in 
he bottom row of Fig. 11 . We see small residual emission in the
O(7 −6) and dust emissions, suggesting that the emission halo is
ot strictly symmetrical as we model. Overall, the residual images 
onfirm the presence of large extended haloes in the image-stacked 
ata as shown in the aperture growth analysis. This is the first
etection of a cold molecular gas emission in the CGM of ERQs
t high redshift using emission lines. 

The estimated deconvolved halo emission FWHM sizes are 
3.5 ± 0.66, 12.6 ± 1.24 and 14.6 ± 2.7 kpc for CO(7 −6), [C I ](2 −1)
nd dust emission, respectively. These sizes are smaller than the 
revious detection of [C II ] emission haloes at z > 5 of ∼22 kpc
Fujimoto et al. 2019 , 2020 ) and CO(3 −2) emission of z ∼ 2.5 AGN
rom the SUPER surv e y ( ∼27 kpc; Jones et al. 2023 ). We do not
etect any extended halo emission in H 2 O, ho we ver, this is expected
s H 2 O emission is mostly tracing dense warm gas. We confirmed that
he stacked emission is not dominated by the objects with individually 
etected extended emission (J1232 + 0912 and J2323 −0100), by 
epeating the stacking procedure excluding these sources from the 
tacking. After removing the objects with individually detected 
aloes from the stacks we measured the sizes of the halo component
s 13.9 ± 0.8 and 12.2 ± 1.78 kpc for CO(7 −6) and [C I ](2 −1),
espectively. Therefore, this detected extended emission is not from 

 single source but is present in all of the sources. 

.2.2 uv -plane stacking results 

e stacked the targets in uv -plane for all four emission tracers. We
xtracted the visibilities from the stacked measurement sets and we 
how these in Fig. 12 . Visually, all of these stacked uv -visibilities
how a Gaussian-like profile, indicating at least a single resolved 
ource in the stacked data. Ho we ver, in the CO(7 −6), [C I ](2 −1)
nd dust continuum uv -stacked data, we also see a sudden upturn in
ux density at low uv -distances, indicating an additional large scale
omponent. 

In order to confirm the presence of extended emission, we fitted
he collapsed stacked uv -visibilities using three separate models: a 
ingle resolved source (half-Gaussian model), resolved source and a 
oint source (half-Gaussian model + a constant), and two separate 
esolved sources (two half-Gaussian models). Based on the BIC 

nd χ2 , our modelling of the uv -visibilities fa v oured two resolved
omponents in CO(7 −6), [C I ](2 −1) and dust continuum stacks,
hile for the H 2 O data, the BIC fa v ours a single resolved model, in

greement with the image-based stacking. 
We measured the sizes of the extended (halo) component to be

8.4 ± 2.4, 13.3 ± 3.2 and 12.3 ± 1.6 kpc for CO(7 −6), [C I ](2 −1)
nd dust emission, respectively. These values agree with the results 
rom the image-stacking within 1 σ error. Overall, the results of the
v -stacking confirm our previous results of the existence of extended
old gas haloes around these quasars. We summarize the uv -based
tacking results in Table 5 . 

.3 Estimating dust and molecular gas masses in the haloes 

he uv -stacking allowed us to reliably estimate the fluxes of the
alo components and as a result, we can estimate the total dust
nd molecular gas mass. We derive the dust masses using a single
odified black body (MBB) curve, (e.g. Jones et al. 2020 ) as: 

 obs ( νobs ) = 

(1 + z) πR 

2 

D 

2 
L 

B 

′ ( ν, T dust ) 

(
1 − e 

−M dust κo ( ν/νo ) β

πR 2 

)
, (4) 

here S obs ( νobs ) is the observed band 6 flux, R is the size of the galaxy
r halo, κo = 4 cm 

2 g −1 with ν0 = 1.2 THz (see Bianchi 2013 )
nd β = 1.8. As the source is at high redshift, it is necessary to also
MNRAS 519, 5246–5262 (2023) 
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Table 4. Radial surface brightness profile fitting results for objects with detected extended emission: J1232 + 0912 and 
J2323 −0100. (1) Object ID; (2) Tracer in which we detect the extended emission; (3) Model fitted to the data (best-fitting 
model is in bold); (4) Size of the galaxy component; (5) Size of the outer component; (6) log 10 ratio between the peaks of the 
two-component; (7) BIC of the fit; (8) χ2 of the fit. 

(1) (2) (3) (4) (5) (6) (7) (8) 
ID Tracer Model FWHM(galaxy) FWHM(halo) log 10 ( 

Peak outer 
Peak galaxy 

) BIC χ2 

(arcsec) (arcsec) 

J1223 + 0912 CO(7 −6) Single 0 . 35 + 0 . 03 
−0 . 04 – – 47.8 44 

Double 0 . 07 + 0 . 06 
−0 . 05 2 . 7 + 0 . 63 

−0 . 49 −3 . 04 + 0 . 22 
−0 . 13 24.3 15 

J2323 −0100 [CI] Single 0 . 56 + 0 . 05 
−0 . 05 – – 13.2 10 

Double 0 . 25 + 0 . 15 
−0 . 17 2 . 47 + 0 . 91 

−0 . 64 −2 . 06 + 0 . 26 
−0 . 47 9.2 1.4 

Figure 7. Modelling of the aperture profiles of the CO(7 −6) stacked 
emission. Top panel: The red solid contours show 1, 2, 3, 4, 5 σ and the 
red dashed contours −1, −2, −3, −4, −5 σ . Middle and bottom panels: 
Modelling of the radial brightness profiles using a single resolved source 
model (middle panel) and two resolved sources model. The blue points show 

the extracted radial brightness profile and their uncertainties. The orange and 
green lines show 100 randomly drawn solutions from the MCMC chain for 
the fit and residuals, respectively. The black line shows the intrinsic model 
before the convolution. 

Figure 8. Modelling of the aperture profiles of the [C I ](2 −1) stacked 
emission. Top panel: The red solid contours show 1, 2, 3, 4, 5 σ and the red 
dashed contours −1, −2, −3, −4, −5 σ . Middle and bottom panels: Modelling 
of the radial brightness profiles using a single resolved source model (middle 
panel) and two resolved sources model. The blue points show the extracted 
radial brightness profile and their uncertainties. The orange and green lines 
show 100 randomly drawn solutions from the MCMC chain for the fit and 
residuals, respectively. The black line shows the intrinsic model before the 
convolution. The shaded region shows the 0.5 × RMS of the moment-0 maps. 
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Figure 9. Modelling of the aperture profiles of the H 2 O stacked emission. 
Top panel: The red solid contours show 1, 2, 3, 4, 5 σ and the red dashed 
contours −1, −2, −3, −4, −5 σ . Middle and bottom panels: Modelling of 
the radial brightness profiles using a single resolved source model (middle 
panel) and two resolved sources model. The blue points show the extracted 
radial brightness profile and their uncertainties. The orange and green lines 
show 100 randomly drawn solutions from the MCMC chain for the fit and 
residuals, respectively. The black line shows the intrinsic model before the 
convolution. The shaded region shows the 0.5 × RMS of the moment-0 maps. 
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Figure 10. Modelling of the aperture profiles of the dust continuum stacked 
emission. Top panel: The red solid contours show 1, 2, 3, 4, 5 σ and the red 
dashed contours −1, −2, −3, −4, −5 σ . Middle and bottom panels: Modelling 
of the radial brightness profiles using a single resolved source model (middle 
panel) and two resolved sources model. The blue points show the extracted 
radial brightness profile and their uncertainties. The orange and green lines 
show 100 randomly drawn solutions from the MCMC chain for the fit and 
residuals, respectively. The black line shows the intrinsic model before the 
convolution. The shaded region shows the 0.5 × RMS of the moment-0 maps. 
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nclude the effect of the dust heating by the CMB. Removing this
ontribution results in a modified blackbody function ( B 

′ ( ν, T dust )): 

 

′ ( ν, T dust ) = B( ν, T ′ dust ) − B( ν, T CMB ) 

= 

2 hν3 

c 2 

[
1 

e hν/k B T 
′ 
dust − 1 

− 1 

e hν/k B T CMB − 1 

]
, (5) 

here T dust is the true dust temperature, T ′ dust is an ef fecti ve dust
emperature, T CMB = (1 + z) T o , with T o = 2.73 K is the CMB
emperature at z = 0. We assume dust temperature of 30 K and we
iscuss this value below and beta value of 1.8. 
For estimating the cold gas mass in the host galaxies and in

he halo we use the [C I ](2 −1) emission line. The CO(7 −6) traces
ore excited gas (150 K) and the conversion to CO(1 −0) necessary
o estimate cold gas mass is very uncertain, even in star-forming
alaxies, let alone in uncertain conditions of these extended haloes. 
o calculate the cold gas mass ( M (H 2 )) from [C I ](2 −1), we use the
ethod described in Bothwell et al. ( 2017 ). We calculate M (H 2 ) as: 

( H 2 ) = 1375 . 8 × D 

2 
L (1 + z) −1 

(
X [ C i] 

10 −5 

)−1 (
A 10 

10 −7 s −1 

)−1 

× Q 

−1 
10 I [C i] (1 −0) , (6) 

here X [CI 1 −0 ] is the [C I ]/H 2 abundance ratio, we adopt a literature-
tandard [C I ]/H2 abundance ratio of 3 × 10 −5 and the Einstein A
oefficient ( A 10 ) of 7.93 × 10 −8 s −1 with excitation factor ( Q 10 ) of 0.6.
MNRAS 519, 5246–5262 (2023) 
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Figure 11. Image visualization of the aperture growth modelling. Each column represents different emission tracers. From left to right: CO(7 −6), [C I ](2 −1), 
H 2 O an dust continuum. From top to bottom: First row: Data from the image-based stacking. The red dot indicates the centre of the image. Second row: Model 
image constructed from the best fit to the radial brightness profiles convolved with the beam. The model is dominated by the galaxy component. Third row: 
Residual image after subtracting the galaxy component model. Fourth row: Residual image after subtracting the total model image (i.e. both galaxy and outer 
components). In each residual images, the solid contours sho w SNR le vels of 2 and increasing by one and dashed contours sho w negati ve contours starting at 
−2. 
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he value of Q 10 is dependent on the specific conditions within the
as (Papadopoulos & Greve 2004 ). As we observed the [C I ](2 −1)
ine rather than the [C I ](1 −0) and hence we need to convert these,
sing the [C I ](1 −0)/[C I ](2 −1) conversion factor of 3 (Jiao et al.
017 ). 
Using the method and assumptions abo v e, we estimated average

ust mass of 10 8.3 ± 0.16 and 10 7.6 ± 0.12 M � for the galaxy and halo
omponents, respectiv ely, and av erage molecular gas masses of
0 10.8 ± 0.14 and 10 10.2 ± 0.16 M � for the galaxy and halo components,
espectively. We note that the quoted uncertainties are estimated
NRAS 519, 5246–5262 (2023) 
rom the random flux uncertainties. We discuss the systematic
ncertainties below. The average host galaxy masses are in agreement
ith molecular gas and dust masses measured in high-z quasars

Bischetti et al. 2021 ; Decarli et al. 2022 ). These halo molecular
as masses indicate a massive cold gas reservoir around these
uminous quasars. Previous studies estimating these molecular gas
aloes around star-forming galaxies estimated 10 11.3 −11.77 M � (with a
ange of CO(4 −3)/CO(1 −0) and αCO = 10; Ginolfi et al. 2017 ) and
.3 × 10 11 M � (using CO(4 −3)/CO(1 −0) = 0.45–1 and αCO = 3.6;
i et al. 2021 ). 
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Figure 12. Results of the uv -based stacking. Panels from top: CO(7 −6), 
[C I ](2 −1), H 2 O, and dust continuum. The stacked and binned uv -visibilities 
are shown as blue points, while the best fit is shown as a red dashed line. 
When two separate components are required in the fit we show the individual 
components as a green and blue dashed line. The stacked uv -visibilities show 

a presence of additional extended emission in CO(7 −6), [C I ](2 −1), and dust 
continuum data. 
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Here, we discuss the uncertainties in estimating the dust and 
olecular gas masses, which in both cases, are dominated by 

ystematic rather than random uncertainties. The primary source 
f uncertainties in estimating the dust masses is the assumed dust
emperature of 30 K, as this is a typical value for z ∼ 2.5 star-forming
alaxies (30 −40 K; Schreiber et al. 2018 ; Liang et al. 2019 ; Reuter
t al. 2020 ). Ho we ver, the dust in the halo is located away from
ny of the heating sources such as star-formation and quasar, it can
e significantly cooler than dust in the galaxy. Recalculating the 
ust mass in the haloes for a temperature of 20 K (lowest measured
emperature for SF galaxy at z ∼2.4; Reuter et al. 2020 ) yields 10 8.3 

 �, a factor of 5 higher than the original estimate for the dust mass
n the halo. 

There have been numerous studies focusing on the [C I ] abundance
nd its effect on estimates of the molecular gas mass. Although [C I ] is
ertainly more stable and more reliable than the CO for determining
he molecular gas mass, the [C I ]-to-H 2 conversion factor is also
ssociated with uncertainties. Both Offner et al. ( 2014 ) and Glo v er &
lark ( 2016 ) show results from post-processing of hydrodynamical 

imulations of star-forming clouds, claiming that the [C I ] abundance 
aries as a function of interstellar radiation field (ISRF), metallicity, 
nd H 2 column density. At high A v , the [C I ] abundance is raised
y the presence of cosmic rays, while at low A v , increasing the
SFR by a factor of 100–1000 can increase the [C I ] abundance
y 30–50 per cent, a similar effect to αCO . Furthermore, Glo v er &
lark ( 2016 ) have showed evidence for evolving [C I ] abundance as
 function of metallicity given as: ∼ Z 

−1 . The metallicity of CGM
aterial can vastly vary. Indeed, Pointon et al. ( 2019 ) found that

he metallicity of cooler CGM (10 4 K) can vary by a factor 10–
00, and there are no measurements of the metallicity of < 100 K
GM. Ho we ver, if we consider a range of metallicity values for
ur molecular gas measurement, the average molecular gas mass in 
hese cold gas haloes can be up to 10 12.1 M � (for log 10 OH = −1.5).
o we ver, gi ven that the origin of this cold is most likely AGN or star

ormation driven outflows, the metallicity of the gas is going to be
loser to that of a galaxy. 

An alternative approach to calculating molecular gas masses is to 
se the dust mass as a proxy tracer of the molecular gas (e.g. Leroy
t al. 2011 ; Magdis et al. 2011 ; Magnelli et al. 2012 ; Scoville et al.
014 ; Genzel et al. 2015 ). Therefore, assuming a gas-to-dust ratio
 δGDR), molecular gas masses can be estimated as M( H 2 = δGDR
 dust . As mentioned abo v e, the lack of metallicity estimates of the

old CGM, we adopt a fixed value of δGDR = 100–1000 (for
olar metallicity star-forming galaxies Sandstrom et al. 2013 ; R ́emy-
uyer et al. 2014 ). We estimate molecular gas masses from dust
easurement of 10 9.6 −10.6 M �, within the estimated values using the

C I ](2 −1) emission. 
Overall, we estimated a range of average cold gas masses inside

hese haloes to be in the range of 10 10.2 –10 12.1 M �. This indicates
hat these quasars have significant gas reservoirs surrounding their 
ost galaxies. In the next section, we discuss the origin of these cold
as haloes. 

.4 Origins of the halo emission 

n this section, we discuss the origin of these extended cold gas
aloes. The potential origins of these haloes are: (1) current merger
vents; (2) companions; (3) cold gas haloes from AGN or SF driven
utflows. To distinguish between these scenarios, we investigated 
he emission line kinematics and HST archi v al i -band and 1.4 μm
maging of our targets. Given the double peak nature of the emission
ines (see Figs 1 , 2 , and 3 ) and smooth velocity gradient of moment −1

aps, we see no evidence of disturbed kinematics suggesting a recent
erger. 
Ov erall, six targets hav e deep HST i -band and 1.4 μm imaging,

ith five of six targets showing no sign of additional objects within
.5 arcsec. Ho we ver, in Fig. 13 we present HST 1.4 μm map ( λrest = 

00 Å) imaging of J2323 −0100 with ALMA [C I ] contours o v erlaid
n red. The presence of an additional bright object 1.2 arcsec away
rom the main quasar with additional faint emission possibly around 
he bright point source may indicate a galaxy merger with tidal
MNRAS 519, 5246–5262 (2023) 
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Table 5. Radial surface brightness profile fitting results for stacked data and results of the modelling the uv -visibilities of the stacked data. (1) Tracer 
in which we detect the extended emission; (2) Model fitted to the data (best fit model is in bold); (3) Size of the galaxy component from radial surface 
brightness profiles; (4) Size of the outer component from radial surface brightness profiles; (5) log 10 ratio between the peaks of the two-component from 

radial surface brightness profiles; (6) BIC; (7) Size of the galaxy component from uv -visibilities fit; (8) Size of the outer component from uv -visibilities fit; 
(9) log 10 ratio between the flux of the two-component from uv -visibilities fit; (10) BIC. 

Image-based stacking uv-based stacking 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
Tracer Model FWHM(galaxy) FWHM(halo) log 10 ( 

Peak halo 
Peak galaxy 

) BIC χ2 FWHM(galaxy) FWHM(halo) log 10 ( 
F halo 

F galaxy 
) BIC 

(arcsec) (arcsec) (arcsec) (arcsec) 

CO(7 −6) Single 0 . 4 + 0 . 03 
−0 . 03 – – 29.4 26.0 0 . 21 + 0 . 01 

−0 . 01 – – 153 

Double 0 . 11 + 0 . 11 
−0 . 07 1 . 71 + 0 . 35 

−0 . 24 −2 . 64 + 0 . 3 −0 . 21 12.7 3.4 0 . 19 + 0 . 01 
−0 . 01 2 . 3 + 0 . 33 

−0 . 27 −0.80 ± 0.1 119 

[CI] Single 0 . 6 + 0 . 05 
−0 . 05 – – 16.5 15.6 0 . 35 + 0 . 01 

−0 . 01 – – 104 

Double 0 . 22 + 0 . 17 
−0 . 15 1 . 62 + 0 . 46 

−0 . 31 −1 . 91 + 0 . 34 
−0 . 42 11.3 2.9 0 . 31 + 0 . 02 

−0 . 02 1 . 66 + 0 . 4 −0 . 34 −0.57 ± 0.3 82 

H 2 O Single 0 . 19 + 0 . 11 
−0 . 12 – – 8.22 5.1 0 . 21 + 0 . 02 

−0 . 02 – – 91 

Double 0 . 23 + 0 . 1 −0 . 13 1 . 76 + 1 . 12 
−0 . 57 −3 . 15 + 0 . 42 

−0 . 26 14.7 5.4 0 . 2 + 0 . 02 
−0 . 02 6 . 21 + 31 . 24 

−5 . 42 −1.14 ± 0.70 99 

Dust Single 0 . 41 + 0 . 03 
−0 . 03 – – 33.5 36.2 0 . 24 + 0 . 01 

−0 . 01 – – 172 

Double 0 . 15 + 0 . 11 
−0 . 1 1 . 99 + 0 . 57 

−0 . 36 −2 . 62 + 0 . 29 
−0 . 3 19.7 22.0 0 . 2 + 0 . 01 

−0 . 01 1 . 54 + 0 . 21 
−0 . 21 −0.64 ± 0.28 87 

Figure 13. HST 1.4 μm image of the J2323 −0100 with ALMA [C I ] map 
o v erlayed as red solid (2,3, 5, and 10 σ levels) contours. The image is centred 
on the location of the quasar. The HST imaging show clear signs of a merger, 
suggesting that the detection of large scale cold gas emission in this particular 
object is caused by the merger, rather than a cold gas halo (see Fig. 6 ). 
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tellar streams between them (see also Vayner et al. 2021 , for merger
iscussion). As a result, we cannot confirm that the individually
etected large-scale cold gas emission in J2323 −0100 is a cold gas
alo. For the rest of the targets, we see no evidence of mergers in
ither the emission line kinematics or HST imaging. Furthermore,
iven that we do not see any evidence for companion galaxies
n the HST imaging and we do not detect the extended emission
n H 2 O emission, we conclude that our extended emission are
ndeed cold gas haloes, rather than contamination from mergers or
ompanions. 

We investigated the ionized outflow velocities of the two ERQs
ith individually detected large scale cold gas haloes. Perrotta et al.

 2019 ) hav e observ ed the ionized outflow v elocities in [O III ] of 4800
NRAS 519, 5246–5262 (2023) 
nd 3000 km s −1 . Although these are extreme velocities, they are
n a common range for high luminosity ERQs such as our sample
Perrotta et al. 2019 ; Vayner et al. 2021 ). 

It is now important to discuss the origin of the cold gas halo.
revious studies (Fujimoto et al. 2019 , 2020 ; Ginolfi et al. 2020 )
ho wed e vidence of cold gas haloes detected in [C II ] emission in
tar-forming galaxies, suggesting that the origin of the haloes can
e starburst driven winds. A possibility, cosmological simulations
howed that bright galaxies at high redshift were likely encased
n diffuse filaments of gas (e.g. Pallottini et al. 2017 ; Kohandel
t al. 2019 ). Ho we ver, the presence of dust and [C I ] emission in
hese haloes indicates significant metal enrichment of these haloes,
ointing towards its origin in the galaxy. 
Assuming molecular gas outflow velocities of 700–2000 km

 

−1 (Bischetti et al. 2019 ; Stanley et al. 2019 ), we calculated the
raveltimes of 7–35 Myr for the gas to reach such distances from the
ost galaxy. As quasar and AGN can switch can vary drastically on
cales of 1–10 Myr (e.g. Hickox et al. 2014 ; King & Nixon 2015 ;
chawinski et al. 2015 ; McAlpine et al. 2017 ), it is less likely that

he current quasar episode is responsible for the creation of these
old gas haloes, but rather than they are relics of previous AGN or
tarbursts episodes. Ho we v er, assuming the v elocity gas similar to
hat of the detected ionized outflows in these objects ( ∼ 3000 km
 

−1 ; Vayner et al. 2021 ), the time taken for the gas to reach 13 kpc
ould only be 4.2 Myr. Ho we ver, this would require this ionized gas

o cool down to 40 K, traced by [C I ](2 −1) emission, in the same
ime. 

As the [C I ](2 −1) line is tracing the cold phase of the gas ( T ∼30 K)
nd the CO(7 −6) is tracing excited dense gas ( T ∼150 K), we
peculate that the cold gas haloes contain a large amount of both cold
nd warm excited gas, as both [C I ] and CO(7 −6) have similar halo
xtension. Finally, these metal-enriched cold molecular gas haloes
an be either created by AGN or star-formation driven outflows
Maiolino et al. 2012 ; Cicone et al. 2015 ; Fiore et al. 2017 ; Spilker
t al. 2018 ). The most likely scenario is that these haloes were created
y a combination of past AGN and starburst activity. Overall, this
s the first detection of cold molecular gas haloes traced in [C I ],
O(7 −6), and dust continuum emission in high redshift galaxies.
ur result confirms the predictions of the cosmological simulations

hat the baryon cycle the enriched gas exchanges with the CGM are

art/stac3787_f13.eps
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t work (see e.g. Hopkins et al. 2014 ; Somerville & Dav ́e 2015 ;
ayward & Hopkins 2017 ). 

 C O N C L U S I O N S  

e present the results of ALMA Band 6 observations of 15 extremely
ed quasars. We detect the 13, 11, 10, and 13 objects in CO(7 −6),
C I ](2 −1), H 2 O, and continuum emission, with SNR ranging from 5
o 64 σ . We constructed a radial brightness profile for both individual
ources and for stacked data (in both image and uv -plane) to search
or extended emission around these objects. Based on our analyses 
e find: 

(i) We measured the sizes of the four emission tracers to be in
he range of 3.1–8.6 kpc (median of 4.0 kpc) for CO(7 −6), 2.9–
1.2 kpc (median of 5.3 kpc) for [C I ](2 −1), 2.7–6.0 kpc (median of
.3 kpc) for H 2 O, and 2.0–8.0 kpc (median of 5.1 kpc) for continuum
mission. These value are consistent with those found in the literature 
or sub-mm galaxies and other AGN host galaxies (see Fig. 4 ). 

(ii) Modelling the observed radial surface brightness profiles, 
e found extended emission in two objects in either CO(7 −6) or

C I ](2 −1) emission (see Figs 5 and 6 ). We measured the FWHM
izes of these extended haloes to be 21 . 6 + 5 . 0 

−4 . 0 kpc for the CO(7 −6)
alo in J1232 + 0912 and 19 . 8 + 7 . 2 

−5 . 0 kpc for the [C I ](2 −1) halo in
2323 + 0100. 

(iii) We stacked our sample in CO(7 −6), [C I ](2 −1), H 2 O, and
ust continuum emission in the image plane and extracted the 
adial surface brightness profiles from the moment-0 maps of the 
tacked emission cubes (see Figs 7 , 8 , 9 , and 10 ). Modelling
he profiles showed evidence of large scales cold gas haloes in 
O(7 −6), [C I ](2 −1), and dust continuum with size of 13.5 ± 0.66,
2.6 ± 1.24, and 14.6 ± 2.7 kpc for CO(7 −6), [C I ](2 −1), and dust
mission, respectiv ely. Inv estigating the residual stacked images after 
ubtracting a central galaxy source (see Fig. 11 ) confirms the radial
urface brightness profile modelling. 

(iv) Stacking our data in the uv -plane across the four emission
racers and extracting the uv -visibilities confirms the result of the 
mage stacking extended cold gas haloes around these quasar host 
alaxies (see Fig. 12 ). We measure the sizes of the halo component
o be 18.4 ± 2.4, 13.3 ± 3.2, and 12.3 ± 1.6 kpc for CO(7 −6),
C I ](2 −1), and dust emission, respectively. These cold gas halo sizes
gree within 1 σ with the sizes measured in the image plane. 

(v) Using the measured fluxes of the dust continuum and the 
C I ](2 −1) emission line from the uv -plane stacking, we derived
he average dust and molecular gas mass inside the halo of 10 7.6 

nd 10 10.2 M �, respectively. These dust and molecular gas masses
ndicate substantial dust and gas reservoirs around these quasar host 
alaxies and evidence of enrichment of CGM from the past AGN or
tarbursts activity. 

Overall, our analysis of this deep ALMA band 6 data shows
vidence for a central host galaxy source surrounded by an extended 
old gas and dust halo. Assuming typical molecular and ionized gas 
utflow velocities implies long traveltimes for the gas to reach such 
istances (5 −30 Myr), and hence suggesting these haloes are relics
f past AGN or star-formation activity. 
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