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ABSTRACT

We present the discovery of copious molecular gas in the halo of cid_346, a z = 2.2 quasar studied as part of the SINFONI survey
for Unveiling the Physics and Effect of Radiative feedback (SUPER). New Atacama Compact Array (ACA) CO(3-2) observations
detect a much higher flux (by a factor of 14 + 5) than measured on kiloparsec scales (r < 8 kpc) using previous snapshot Atacama
Large Millimeter/submillimeter Array data. Such additional CO(3—2) emission traces a structure that extends out to r ~ 200kpc
in projected size, as inferred through direct imaging and confirmed by an analysis of the uv visibilities. This is the most extended
molecular circumgalactic medium (CGM) reservoir that has ever been mapped. It shows complex kinematics, with an overall broad
line profile (FWHM = 1000kms™") that is skewed towards redshifted velocities up to at least v ~ 1000kms~'. Using the optically
thin assumption, we estimate a strict lower limit for the total molecular CGM mass observed by ACA of MgglM > 10'° M, There
is however room for up to MSSM ~ 1.7 x 10'2 Mo, once optically thick CO emission with aco = 3.6 Mo (Kkms™ pc?)™" and
Leoi-/Leoa—g = 0.5 are assumed. Since cid_346 hosts quasar-driven ionised outflows and since there is no evidence of merging
companions or an overdensity, we suggest that outflows may have played a crucial rule in seeding metal-enriched, dense gas on halo
scales. However, the origin of such an extended molecular CGM remains unclear.

Key words. galaxies: active — quasars: individual: cid_346 — intergalactic medium — galaxies: halos — galaxies: high-redshift —

submillimeter: galaxies

1. Introduction

The past few years of observational and theoretical advances in
the field of galaxy formation and evolution have drawn signifi-
cant attention to the role of gaseous halos surrounding galaxies,
referred to as ‘circumgalactic medium’ (CGM, usually defined to
extend up to the virial radius). The CGM is continuously enriched
by galactic outflows, cosmological inflows, and mergers, and
it is depleted by the same processes. The CGM gas undergoes

Article published by EDP Sciences

several physical and chemical transformations, resulting in a
constantly evolving multi-phase medium. Originally expected
to be in a rarefied, highly ionised diffuse phase at T ~ 10°K
(the ‘Galactic corona’), the CGM has been studied mostly
in absorption (Tumlinson etal. 2017; Chen 2017). However,
there is now overwhelming evidence that the CGM of both
normal and active galaxies, at any redshift, also embeds much
colder and denser gas clouds, which allow it to be detected in
emission using several tracers: Ly« (Arrigoni Battaia et al. 2019;
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Cai et al. 2019; Bacon et al. 2021), CIV and Hell (Travascio et al.
2020; Guoetal. 2020), [OI] (Rupkeetal. 2019), Mgll
(Burchett et al. 2021), and Ha (Fossatietal. 2019). Never-
theless, the total mass of (multi-phase) gas stored on CGM scales
remains unconstrained.

In addition to (tidal or ram-pressure) gas stripping from satel-
lites (e.g. Nelson et al. 2020), galactic outflows and fountains
are the primary mechanisms enriching the CGM with metals
and cool gas (Suresh et al. 2019). Observations have shown that
outflows can carry large amounts (a few ~10'° M) of cold and
dense molecular (H,) gas travelling at speeds v > 1000kms™!,
out to r ~ 10kpc (see review by Veilleux et al. 2020). Although
there is not yet evidence for a significant H, gas mass in the
CGM, Cicone et al. (2019) have pointed out that these observa-
tions will only become feasible with a new, large (e.g. 50-m)
single dish (sub)mm telescope because of the limited sensitiv-
ity of current facilities to diffuse large-scale structures of cold
gas. These limitations are partially mitigated at high-z, thanks
to the larger angular diameter distance, and indeed there have
been a few promising detections at z > 2. The [CII] 158 um
line, probing both HT and H, gas, was imaged out to r ~ 30 kpc
around a luminous z = 6.4 quasar hosting a massive outflow
(Cicone et al. 2015) and out to r ~ 10 kpc in a number of individ-
ual main sequence galaxies at 4 < z < 6 (Fujimoto et al. 2020).
Diffuse CO and [CI] components have been revealed on scales
of ~70kpc around the Spiderweb galaxy (Emonts et al. 2016)
and ~40kpc around a massive star forming galaxy at z = 3.5
(Ginolfi et al. 2017).

The target of this study, cid_346, is an X-ray selected z ~ 2
type 1 active galactic nucleus (AGN), which is part of the SIN-
FONI survey for Unveiling the Physics and Effect of Radiative
feedback (SUPER!, Circosta et al. 2018). The AGN (LBol,AGN =
10%% ergs~!) and its host galaxy (SFR =360 Myyr~!, M, =
10'"! My, see target properties in Table 1) are likely undergo-
ing an explosive feedback phase since energetic outflows have

been detected from parsec (vVCVIiQd ~ 2230kms~!, Vietri et al.

2020%) to kiloparsec scales (V‘[J(l)nnu = 1700kms~!, Kakkad et al.

2020). Using snapshot 1”-resolution Atacama Large Millime-
ter/submillimeter Array (ALMA) observations, Circosta et al.
(2021) resolved the CO(3-2) stemming from the interstellar
medium (ISM), and found no evidence for depletion of H, gas
with respect to inactive galaxies at matched z, M., and broadly
covering the same star formation rate (SFR) range. In this Let-
ter we present new Atacama Compact Array (ACA) CO(3-2)
observations of cid_346 tracing significant additional CO emis-
sion beyond the ISM, which led to the first image of a molecular
halo out to » ~ 200 kpc.

2. Observations

The technical parameters, including line sensitivities, of the data
used in this work are reported in Table 2. In the following, we
briefly outline the data reduction and analysis steps.

The ACA CO(3-2) line observations are dated 6-8 March
2020 (Project code 2019.2.00118.S, PI: Mainieri). Data reduc-
tion and analysis were performed using the Common Astron-
omy Software Applications package (CASA, McMullin et al.
2007). We obtained the calibrated measurement set by running
the standard pipeline through the scriptForPl in CASA v.5.6.
The continuum is not detected by ACA (see Appendix A.l),

! http://www.super-survey.org
2 Measured from the broad, blue-shifted CIV emission component.
The spectrum also exhibits a CIV broad absorption line (BAL).
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Table 1. Source properties: cid_346.

RA, Dec (ICRS)
Redshift

09:59:43.412, 02:07:07:402
2co = 22197 ®

Physical scale [kpc arcsec™'] 8.459
Nuclear activity Quasar

log M. [Mo] 11.0+0.2 D
SFR [Moyr'] 360 + 50 )
log Lop.acn [ergs™] 46.66 +0.02 ®
log Mpn [Mo] 9.1+03®
Akdd = LBol,AGN/LEad 02®

Notes. ®Line peak of the ALMA CO(3-2) spectrum probing r <
8 kpc (see also Circosta et al. 2021). ®'We adopted a standard A cold
dark matter cosmology with Hy =67.4kms™! Mpc™!, Qy =0.315, and
Q, =0.685 (Planck Collaboration VI 2020).

References. ('Circosta et al. (2018); ®Vietri et al. (2020).

Table 2. Description of the sub-millimetre and millimetre data used in
this work.

2CO(J = 3-2) line (Ve = 345.796 GHz, vops = 107.4 GHz)

Tel. Res. MRS/FoV Time PWV 1o (Avehannel)
["] [] [h] [mm] [mJy beam™']
(1) (2) 3) @ 4 (6)
ACA 93  73/99 52 52  40(6kms™)
-1
ALMA 10 oo gy g 07 (2kmsh
ALMA-t 34 1.4 (22kms™)

2[CI]*P,—3P; line (Viest = 809.342 GHz, vops = 251.372 GHz)
APEX 27 2727 169 1.5 7.0 (50kms™)
Notes. Columns: (1) telescope; (2) spatial resolution; (3) maximum
recoverable scale (MRS) and field of View (FoV); (4) on source time;

(5) precipitable water vapour (PWYV); and (6) average line sensitivity
per spectral channel (1o~ rms).

hence we did not perform a continuum subtraction. The data
were imaged at their native spectral resolution of Avehanner =
5.45kms~!. Deconvolution and cleaning were executed using
the task tclean with interactive guidance for mask selection.
We applied Briggs weighting and set the robust parameter equal
to 0.5. All spectra were extracted from the primary-beam cor-
rected cubes.

The ALMA CO(3-2) data are the same as in Circosta et al.
(2021). We reduced them using the CASA pipeline (v.5.1) and
subtracted the continuum in the uv plane using uvcontsub
with a linear polynomial fit, estimating the continuum from the
Vobs < 107.2 GHz and v, > 107.6 GHz channels, correspond-
ing to [v| > 560kms~'. We note that this dataset spans vops €
(107.07,109.5) GHz, corresponding to v € (=5900, 920) km s,
hence it does not provide good coverage of the redshifted side
of the CO line. The maximum spectral resolution is 22kms~".
We imaged the ALMA uv visibilities with Briggs weighting and
robust =0.5. We also produced a second, lower resolution cube
by applying an uv tapering of 4” to enhance any extended com-
ponents (ALMA-t in Table 2).

The APEX "?[CI]’P,—3P; (hereafter, [CT](2—1)) line obser-
vations were carried out in 2017 (five UT dates in April-
June 2017, project ID: 098.A-0774, PI: Cicone) and 2018
(4 UT dates in May 2018, project ID: 0101.B-0758, PI: Cicone)


http://www.super-survey.org

C. Cicone et al.: SUPER. VI. A giant molecular halo around a z ~ 2 quasar

(Jy/beam) x107°

=1 -0.5 0 0.5 1

Relative ICRS Declination (arcsec)

50 40 30 20 10 O

Relative ICRS Right Ascension (arcsec)

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

with the PI230 heterodyne receiver in dual polarisation. Jupiter
and IRC+10216 were the main focus and pointing calibra-
tors. We placed the tuning frequency (vops = 251.372 GHz) at
IF=10GHz in the upper side band (USB), and analysed the
data exploiting the full IF 4—12 GHz bandwidth. The instrumen-
tal resolution is 0.061 MHz (Avyes = 0.073 kms™!). We reduced
the data using the Continuum and Line Analysis Single-dish
Software (CLASS), which is part of the GILDAS package®. We
checked all scans and dropped those showing baseline ripples
or instrumental features. The final spectrum (Fig. A.2) does not
show any clear [CI] detection, down to a lo rms line sensi-
tivity of 74 = 0.175mK in Av = 50kms™'. To convert the
antenna temperature units into flux density, we adopted a fac-
tor of 40 + 7JyK™!, which is the average value estimated for
PI230 during our observing runs®.

3. Results

Figure 1 shows the ACA CO(3-2) map obtained by integrat-
ing the line emission across its full spectral extent of —400 <
v[kms™'] < 1000. The source was resolved at the ACA resolu-
tion of 9.3” =~ 80kpc, spreading across tens of arcsec in pro-
jected size. It shows a central peak, slightly (~3"") offset from
the AGN position in the south-east direction, and additional sec-
ondary peaks north, north-east, and south-east of the nucleus. To

3 http://www.iram.fr/IRAMFR/GILDAS
4 http://www.apex-telescope.org/telescope/efficiency/
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Fig. 2. ACA CO(3-2) spectrum extracted from a polygonal region trac-
ing the 20" contours in Fig. 1 which maximises the S/N (=5). The spec-
tral profile is, however, almost identical to the ACA spectra extracted
using circular or elliptical apertures with 7yperure 2 15" (Fig. A.3, bot-
tom panel). The spectral rms is 2.7 mJy per Avepannet = 160kms™". The
best-fit Gaussian parameters are as follows: Ve, = 200 + 100kms™,
FWHM = 1000 + 220kms™", and Speix = 8.1 £ 1.6 mJy. At the bot-
tom, shifted vertically to facilitate a visual comparison, we show the
ALMA CO(3-2) spectrum extracted from a 1”-radius circular aper-
ture. The green dot-dashed line indicates the ALMA CO(3-2) line peak
(Vobs = 107.4 GHz, zco = 2.2197).

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

The ACA CO(3-2) spectrum is shown in Fig. 2. A Gaus-
sian fit returns a total flux of 8.7 = 2.6 Jykm s~!, which is a fac-
tor of 14 + 5 higher than estimated by Circosta et al. (2021) for
the ISM component. The additional CO(3—-2) emission detected
by ACA spans a much broader range in line-of-sight velocities
than the inner ISM. Although our spectral analysis is limited
by the low signal-to-noise (S/N) of the data, by comparing
ACA and ALMA spectra extracted from different apertures (see
Fig. 2 and additional spectra in Fig. A.3), we infer that: (i)
the CO(3-2) emission within r,, < 5" is dominated by a nar-
row (FWHM ~ 200kms™") line centred at vo,s = 107.4 GHz
(corresponding to the zco listed in Table 1). Its peak flux den-
sity is maximised in the spectrum extracted from r,, = 2.5”

(SP* ~ 4mly), and it remains constant when using bigger
extraction areas. (ii) Larger apertures collect significant addi-
tional flux due to a second line centred at v ~ 450kms~!, a
feature that is marginally detected by ALMA even in smaller
apertures, but it only becomes dominant at r,, > 5”. This com-
ponent is responsible for the red shift of the main CO(3—-2) peak
in the low resolution ACA spectra. (iii) For ryp, > 15", which are
only reliably probed by ACA, we observed — at a spectral resolu-
tion of AVehanner = 160km s~ — a very broad line profile extend-
ing from v ~ —400kms~! to v ~ 1000km s~! with respect to a
central frequency of vops = 107.4 GHz, with an additional fainter
component at v ~ 1500km s~ (see Fig. A.3, bottom panel).

The curve of growth in Fig. 3 shows a steady increase in
CO(3-2) flux up to ry, =~ 25”, and it plateaus for larger aper-
tures. From this, we infer that the CO halo extends up to r ~
200 kpc. This size estimate is consistent with the analysis of the
uv visibilities presented in Fig. 4, where the data are modelled
using a circular Gaussian function with FWHM = 300 + 80 kpc,
in addition to a point source (the unresolved ISM) which con-
tributes very little to the total flux.

L8, page 30f 9
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Fig. 3. Curve of growth of the CO(3-2) line emission, showing the
integrated flux as a function of the radius of the aperture used for spectra
extraction. The fluxes were computed through a Gaussian fitting (details
in Appendix A.3). Vertical lines correspond to the MRS of the ALMA
and ACA data. Error bars include nominal calibration uncertainties (5%
for both ALMA and ACA Band 3). Our ALMA data are not reliable
for measuring fluxes beyond r > 10", where aperture dilution effects
become severe due to the poor sensitivity to extended and redshifted
components.

2/067736E+05 '

0.01 B

0.005 B

** H

. ‘

40 50

Real part [Jy]

I
0 10

o
NS &

Q.
UV radius [Smw

Fig. 4. uv plot of the ACA CO(3-2) data integrated between —400 <
vlkms™] < 1000 and binned in uv radii of 8 m. The blue curve is
the best-fit with two components: a point source with a flux=0.8 +
0.5Jykm s7!, consistent with the fiducial ISM value, and a circular
Gaussian with a flux=15+ 11Jykms™' anda FWHM = 35" + 10".

4. Discussion and conclusions

Table 3 summarises the CO(3—-2) measurements available for
cid_346 and its halo: our fiducial ISM value is the one mea-
sured by Circosta et al. (2021) at » < 8kpc, while the fiducial
CGM CO(3-2) flux (which includes the ISM contribution) is
the one obtained through the Gaussian fit shown in Fig. 2. In
the same table, we also report the zeroth-baseline flux extrapo-
lated through the uv visibility fit in Fig. 4, which is consistent,
within its (large) error, with the CGM flux measured from the
spectrum.

Any estimate of molecular gas mass based on a single CO
transition is highly uncertain. The uncertainty is even higher in
the absence of any (theoretical or observational) constraint on
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the physical conditions of the gas, which is the case for this
newly discovered molecular CGM reservoir around cid_346. An
extremely strict lower boundary on MSSIM, obtained by simply
counting the CO molecules in the J = 3 level in an optically

thin regime, is MSSIM > 2 x 10° My (see Appendix A.4). A
more reasonable (but still quite strict) lower limit is MSSM >

10'° My, inferred assuming local thermodynamic equilibrium
(LTE). There is however room for up to 1.7 x 10'2 My of
molecular gas in the CGM of cid_346 (upper limit assuming
optically thick CO with aco = 3.6 Mg (Kkm s7! pcz)’1 and
Leoi-a/Leoa—o) = 0-5, see Appendix A.4). As a comparison,
it has been estimated that the CGM of the Milky Way contains
a few 10° M, of gas within 75 kpc (Zheng et al. 2019), although
a constraint on the molecular phase, as well as on the warm-hot
medium, is still missing.

The origin of such a massive molecular CGM reservoir
around cid_346 is unclear. Current data (see Appendix A.5) dis-
favour an over-density of galaxies, contrary to previous (albeit
much less extended) detections of molecular halos, all in high-
z protoclusters (Ginolfi et al. 2017; Emonts et al. 2016). There-
fore, in the absence of better quality data, we set aside the
hypothesis that this cold CGM reservoir coincides with a dense
environment and thus that it may be the result of gravitational
interactions and ram-pressure stripping from satellites.

The moment maps (see Appendix A.6) show complex kine-
matics, which may be a signature of the direct imprint by AGN-
driven outflows, but also of accreting streams. Interestingly,
cid_346 is one of the few Type 1 SUPER targets for which
high velocity [OIII] 15007 A emission, which is a signature of
ionised outflows, has been detected as far as ~3 kpc south-east of
the AGN, using SINFONI-AO data (Kakkad et al. 2020). This is
also the same direction of the offset of the global ACA CO(3-2)
peak with respect to the AGN position (Fig. 1), although we
should not over-interpret this result, since the map in Fig. 1
results from an integration of the CO(3—2) emission over a very
broad velocity range, and by restricting the velocity range the
peak would shift (see e.g. Fig. A.5, left panel). The large line
width of the CO emission stemming from the CGM (Fig. 2) is
suggestive of outflows, but it may also simply reflect gas assem-
bly within the dark matter halo.

Understanding the presence and survival of molecular gas
out to r ~ 200kpc is a real puzzle. On the one hand, the fact
that the CGM of massive high-z galaxies is shaped by outflows,
and, specifically, AGN-driven outflows, is a prediction of mod-
els (Nelson et al. 2019; Suresh et al. 2019). On the other hand,
whether such outflows can have a direct impact on — or even be
responsible for —a molecular CGM reservoir has yet to be proven
from a theoretical perspective. It has been shown that clumps
of cold gas can survive the entrainment by a hot medium if
they are large enough (e.g. Armillotta et al. 2017; Gronke & Oh
2018). This process has, however, never been probed on CGM
scales in a cosmological box. In current simulations, even though
AGN-driven outflows can have a higher cool (T’ ~ 10* K) mass
content and thus contribute to seed cold gas on large scales,
the outer CGM is still predominantly hot (Nelson et al. 2020).
This could be a numerical resolution bias (Hummels et al. 2019)
since no current cosmological simulation can track the sur-
vival or formation of molecular gas on scales of 100s of kilo-
parsecs. Observational evidence that outflows may be linked
to extended cold gas CGM reservoirs has been building up,
especially in powerful AGN (Cicone et al. 2015; Travascio et al.
2020; Izumi et al. 2021), and cid_346 is the most extraordinary
of such cases. However, an in-depth study of such extended cold
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Table 3. Summary of CO(3-2) measurements.

Region fSCO(3_2)dV L&O(3—2) Notes
Uykms™']  [10"°Kkms™' pc?]
r < 8kpe 0.63 +0.09 1.74 £ 0.24 Fiducial ISM (Circosta et al. 2021)
r < 200 kpe 87+26 24 +7 Fiducial CGM (Fig. 2)
FWHM =300 + 80kpc 1611 40 + 30 uv fit (Fig. 4)

Notes. Errors include a 5% calibration uncertainty.

CGM structures, especially at z ~ 0, will only be possible with a
facility such as the Atacama Large Aperture Submillimeter Tele-
scope (AtLAST, e.g. Klaassen et al. 2020; Cicone et al. 2019).
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Appendix A: Supplementary material
A.1. ACA non-detection of the continuum

The 3mm continuum flux density measured in cid_346 by
Circosta et al. (2021) using ALMA is 0.15 + 0.04 mJy. Such
continuum emission is not detected by ACA. We verified this
by using a line-free spectral window (spw17) adjacent to the
one containing the CO(3-2) line, but at a lower spectral res-
olution of Avehamner = 22kms~!, which covers observed fre-
quencies between 106.75 and 104.80 GHz. In Figure A.1 we
present a collapsed map of the full spwl7 range, centred at
Vobs = 105.796 GHz, which does not show any significant detec-
tion. Using this map, we can place an ACA 30 upper limit on
the continuum level of S g6 gu, < 0.5 mJy beam™!, which is con-
sistent with the detection by Circosta et al. (2021).

A.2. The APEX [Cl](2-1) data

Figure A.2 shows the final APEX PI230 spectrum, obtained
by combining all the good quality scans selected from the
2017 and 2018 observing runs, for a total of 16.9 hours of
single-polarisation data. The tuning frequency is the redshifted
frequency of the [CI](2-1) line (vops = 251.372 GHz, set to
v = 0kms™!). The CO(7-6) line would be expected at v,p, =
250.5363 GHz, thus Av ~ 1000 kms~! redward of the [CI](2-1)
line. Neither of the two lines is detected in the APEX data, down
to a sensitivity of 7.0 + 1.2 mJy per Av = 50kms~! channel.

By assuming that the [CI](2-1) and CO(3-2) lines share the
same line profile, we can assume FWHM ~ 1000km s7! (see
Fig. 2) to place a 30~ upper limit on the [CI](2-1) flux:

fSE/CI]dV < 3o-rms \/Avchannel . FWHM[CI] ~ 4.7 Jykms_l,
(A.1)

which corresponds to Lfcy,,_;, < 2.4 x 10" Kkms™" pc?.

A.3. CO(3-2) line spectral fits

In this section we describe, in more detail, the Gaussian fitting
procedure used to measure the CO(3-2) fluxes for the curve of
growth reported in Fig. 3. A few representative spectra used to
compute Fig. 3 are reported in Fig. A.3. The CO(3-2) spectral
line profile significantly varies with the aperture used for spectra
extraction, and of course it also depends on the S/N of the data
and spectral binning applied. The spectra used in this analysis
can be divided into three categories, shown in different panels of
Fig. A.3.

For small apertures probed by the ALMA data (¥apermre =
0.6” — 5”), the CO(3-2) spectrum exhibits a single component,
which can be modelled using a Gaussian function. The top panel
of Fig. A.3 shows a few examples and reports, in the top-right
inset, the best fit to the r4pernre = 1”7 spectrum.

The ALMA spectra extracted using 7apermre = 7.5” and 10”
show a clear additional redshifted component at v ~ 450 —
480kms~!, brighter than the one at v = Okm ™', which is very
close to the edge of the ALMA spectral window. These spectra
are shown in the middle panel of Fig. A.3.

The ALMA spectra extracted from even larger apertures,
with 7ypermre > 107, are not reliable, even when using the
tapered dataset (ALMA-t in Table 1). Indeed, at these scales,
the snapshot 1”-resolution ALMA data fail to recover the addi-
tional extended flux and the increasingly larger contribution
from the redshifted component (due to their limited bandwidth
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Fig. A.1. ACA map showing the non-detection of the 3mm continuum
in cid_346, obtained by integrating the emission over the (observed)
frequency range v,,, € (104.8,106.75) GHz. Negative and positive
contours are plotted in steps of lo starting from 1o, with a 1loo =

0.18 mJy beam™'.
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Fig. A.2. APEX [CI](2-1) spectrum, with no signs of either the [CI]
or the CO emission lines. The window used to mask the line during
the baseline fitting is shown. The y-axis units are antenna temperature
corrected for atmospheric losses (T7). The final rms calculated across

the full spectral range (v € (—6000, 2400) kms™!) is 0.175 mK per Av =
50kms~! channel.
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on the red side of the line), and the resulting flux measurement
is affected by severe aperture dilution effects. These technical
issues are instructively shown by the two ALMA data points at
Faperre > 10" in Fig. 3. These fluxes were obtained by fitting the
spectra extracted from the ALMA-t cube, using elliptical aper-
tures with semi-major axes of a = 15”, b = 10” for the data
point plotted at 7apermre = 12.5”, and a = 20”, b = 15", for
the data point plotted at 74permre = 17.5”. The resulting flux val-
ues fall below the 74permre = 10" value, hence demonstrating the
inadequacy of this dataset for probing extended structures.
Apertures with » > 10" are only reliably probed by the ACA
data. The ACA spectra were rebinned to Avggume; = 160kms™!
in order to maximise the S/N. All spectra were fitted using a sin-
gle broad Gaussian component, as shown in the bottom panel
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Fig. A.3. CO(3-2) spectra extracted using increasingly larger apertures
from the primary-beam corrected ALMA and ACA data cubes. The
channel widths are 21, 64, 86kms~! for the ALMA r = 17, 2.5”, 4”
spectra (top panel), 86 kms™! for the ALMA r = 7.5” and 10" spectra
(middle panel), and 160 km s~! for the ACA spectra (bottom panel). The
aperture radii (or, in the case of elliptical apertures, the major and minor
semi-axes) are reported on the plots. The top-right insets in each panel
show the Gaussian spectral fits to the ALMA r,, = 1”7 (fop), ALMA
rap = 1.5” (middle), and ACA r,, = 15" (bottom) spectra.

of Fig. A.3 (see also Fig. 2). The central velocity of the best-fit
Gaussian function varies within the range v ~ 200 — 300km ™!
for different apertures, hence robustly displaying a red shift com-
pared to the CO(3-2) emission arising from the inner ISM of
cid_346. This is also clearly shown by the comparison between
ALMA and ACA spectra in Fig. 2. Although the low S/N of the
ACA spectra does not allow us to analyse them at higher spec-
tral resolution, it is likely that the observed global redshift of
the CO(3-2) line results from the spectral blending (when using

such a large bin size of Avepguner = 160 km s~1) of the two peaks
that are already visible in the ALMA spectra extracted from
Yapermre = 71.5” and 10” (middle panel of Fig. A.3). The best-fit
FWHM value is ~ 1000 km s~! for all ACA spectral fits. None of
these single-Gaussian fits include the additional component cen-
tred at v ~ 1500km s~!, which is detected at too low of an S/N
to be fit separately, but it is consistently present in all the ACA
spectra, as shown in the bottom panel of Fig. A.3. We note that
we cannot verify whether this component is also present on the
smaller ISM scales probed by ALMA because our ALMA data
lack the corresponding frequency coverage.

A.4. Lower and upper limits on M¢%M

mol

In the following, we use our fiducial estimate of the CGM CO(3-
2) luminosity, L’CO(3—2) =(4+7)x10°Kkms™! p02 (Table 3),
to place strict lower and upper limits on the CGM molecular
gas mass. We treat all of the CO(3-2) emission equally, although
the physical conditions in the ISM (inner kiloparsecs) can be
different from those on larger scales. In the absence of additional
constraints, any assumption would be speculative.

A.4.1. Lower limit on MCEGM

mol

A lower boundary for MHCH?IM can be estimated using the optically

thin limit. Even in this case, there are several possible routes
(see, e.g. Papadopoulos et al. 2012), which are more or less con-
servative depending on the underlying assumptions. The most
minimalist one is to estimate the column density of the molecu-
lar gas in the J = 3 level, N3, and from this infer the molecular
gas mass assuming only the J = 3 level contribution, that is

MSSM > N3 Reo pmp, ~ 2% 10° Mo, (A2)
where Rco is the [H,/CO] abundance ratio and u = 1.36

accounts for the mass in Helium. We have assumed a typical
CO abundance [CO/H,]=10"* since lower values, for exam-
ple due to lower metallicities and/or CO-dark H, gas, would
only increase the mass. We stress that Eq. A.2 represents an
extremely strict lower limit (hence the > symbol) that is phys-
ically unattainable because it does not account for the (signifi-
cant) contribution to the total column density N;,, due to the CO
molecules in the J = 0, 1,2 levels (or in the J > 4 levels).

To account for the contribution from the other CO energy
levels, we can assume local thermodynamic equilibrium (LTE)
and so describe the system as a Boltzmann distribution with a
single temperature, T%;,. Under this condition, the total column
density Ny, can be derived using

N _ g
Nt ZirE
where g3 = 7, Z;rg is the LTE partition function given by Z; g
2kpTyin/E1, and the J = 1 and J = 3 state energies are E; /kp =

5.53K and E3/kg = 33.19 K. Hence, a more reasonable lower
limit for the CGM molecular gas mass is as follows:

MEM > N, Reo u my, ~ 1010 My,

mol

e_EB/(kBTk[n)’ (A.3)

1R

(A4)

Here we have assumed T, = 50K, which corresponds to the
lower boundary of the cold neutral medium temperature range.

i cGM
A.4.2. Upper limiton M-~
We may estimate an upper limit on MﬁflM by assuming opti-
cally thick CO emission throughout the entire CGM reservoir.
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Fig. A.4. Optical and infrared image of the field around cid_346,
obtained by combining Subaru and Spitzer photometric data (see
Table A.1). The images have been registered to the same astrometric
solution, using the one with the best point spread function (z-band) as a
reference. Known spectroscopic redshifts from the literature (blue) and
photometric redshifts from Laigle et al. (2016) (red) are reported in the
image. The red contours show the ACA CO(3-2) 1-3¢ level emission
from Fig. 1.

Several recent literature studies promote the use of a CO-to-
H, conversion factor of acoi-0) = 3.6 Mo (Kkms™' pc?)~!
(including the Helium correction) for the molecular ISM of
z ~ 2 galaxies (see references in Circosta et al. 2021). Con-
cerning the CO excitation, the literature reports a broad range
of r3 = L’CO(3_2) /L/CO(I—O) measurements, r3; ~ 0.5 — 1, at both
low and high redshifts. If we assume r3; ~ 0.5, combined with
the aco(1-0) quoted above, we obtain a total molecular gas mass
of 1.7 x 10'> My, which may be considered an upper limit given
the premise of optically thick CO emission and the low r3; ratio.

Alternatively, it is possible to convert the APEX [CI](2-
1) non-detection into an upper limit on MSSM, by assuming
a Carbon excitation temperature T,, and a Carbon abundance
Xcr = [C]/[H2]. The most updated high-z compilations of
[CI](2-1) and [CI](1-0) line measurements by Valentino et al.
(2018) and Valentino et al. (2020) provide average values of

LECH(Z_])/LECH(I_O) = 0.47 (corresponding to T,, = 26K) and

Xcr = 1.6 x 107 for the ISM of main sequence galaxies at z > 1.
If we adopt these values we obtain M,,,; < 9 X 10! M, which
is slightly more stringent than the aco(-0)-based upper M,y
boundary. However, we note that the APEX single-pointing FoV
of 27" (Table 2) is smaller than the full extent of the CO halo
detected by ACA, and an aperture of r,, = 15" contains half of
our fiducial CGM CO(3-2) flux (4.2 + 1.9 Jykms~!, see Fig. 3),
hence the two upper limits are consistent.

Finally, we note that some caution must be taken when
comparing these mass estimates with the previous molecu-
lar CGM detections by Ginolfi et al. (2017) and Emonts et al.
(2016). Indeed, these studies used very high acoq-g) val-
ues of aco-0) = 10 and aco-0 = 4 Mo (Kkms™' pc?)!,
respectively.
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A.5. Continuum sources in the field

Figure A.4 displays the ACA CO(3-2) contours overlaid on the
optical and infrared image of the field, obtained by combining
photometric data from the Subaru and Spitzer telescopes. The
central wavelength (A..,) and FWHM of the photometric filters,
as well as the point spread function (PSF) and sensitivity of the
images are listed in Table A.1. Figure A.4 shows that the ACA
CO peaks do not coincide with any known optical or infrared
source. The galaxies with a photometric or spectroscopic redshift
measurement that lie close to the CO contours have redshifts that
are not consistent with the range inferred from the CO data of z ~
2.215 — 2.230. In addition, sensitive ALMA Band 7 continuum
observations® do not show any dust continuum emitters besides
cid_346 within a FoV of 16”.

Furthermore, there is no clear indication that cid_346 is
in a galaxy pair or in a merging state. The target appears as
a point source both in the COSMOS HST-Advanced Cam-
era for Surveys data (rest-frame UV, PSF=0.12") and in the
UltraVista near-infrared data (seeing-limited, FWHM =~ (.78")
(Laigle et al. 2016). Even at longer wavelengths, cid_346 does
not show close companions. Its rest frame 260-um continuum
emission (870um observed frame) was imaged at ~ 2 kpc res-
olution with a very high S/N (~ 29, Lamperti et al. 2021) and
resolved into a Gaussian distribution with half-light radius R, =
1.81 kpc and a possible additional central point source (a com-
pact starburst or the AGN) contributing ~ 13% to the flux.

A.6. CO(83-2) moment maps

Figure A.5 shows the ACA CO(3-2) moment maps. These were
produced with the task immoments in CASA by selecting the
velocity range v € [-300, 3001 km s~! and masking pixels below
a flux threshold of 0.04 Jy beam™! kms~!. Since it was produced
by applying a flux and a velocity threshold, the moment 0 map
(left panel of Fig. A.5) is biased against faint and high-velocity
emission, and it is shown only for completeness. We refer to
Fig. 1 for an unbiased, total CO(3-2) flux map.

The velocity map (middle panel of Fig. A.5) does not display
a regular velocity gradient. However, about 15” north-east of the
AGN position, it is possible to identify an extended region of
predominantly redshifted emission with 150 < v[kms~'] <200,
and an average velocity dispersion of o, ~ 120kms~!. Almost
symmetrically, ~ 15” south-west of the AGN, the CO(3-2) is
mostly blueshifted, with —250 < v[km s711<-200 and an over-
all low velocity dispersion of o, < 50kms~'. In the central
portion of the field, just south-west of the redshifted area, the
moment 2 map shows a stripe of high-o, CO emission extend-
ing towards the east, with o, > 200 km s~L. Other clear distinc-
tive features of the moment maps are two spots of redshifted CO
emission about 20” west of the AGN, offset in declination by
A6 ~ +10” and A6 ~ —10”, respectively, and two regions of
high o, > 200kms~! between them.

Interestingly, the velocity dispersion peaks are not cen-
tred on cid_346. This may favour accreting streams over the
AGN-outflow interpretation for explaining the kinematics of the
molecular CGM, since in the outflow scenario one would expect
the o, peak to coincide with the AGN position. However, we
caution against an over-intepretation of Fig. A.5 since the very
large beam of ACA would dilute any kinematic signature of
kiloparsec-scale outflows. In fact, the ACA resolution of 80 kpc
is much larger than any ISM structure (disk, ring, or outflow)

5 Project number 2018.1.00992.S, PI: C. Harrison.
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Table A.1. Description of the RGB data used in Fig. A.4.

Instrument Band Acen FWHM PSF 50-depth
[um] [um] [’] [mag]
Subaru/HSC™  g-band (Blue) 0.4816 0.1386 0.63 26.84
Subaru/HSCT  z-band (Green)  0.8912 0.0773 0.45 24.79
Spitzer* IRAC ch2 (Red) 4.5049 1.0097 1.4 25.13

Notes. "Laigle et al. (2016); *Mehta et al. (2018).

(Jy/beam.km,/s) (kmn/s) (kmn/s)
a1 0.2 0.3 0.4 a.5 0.6 —250 -150 -50 0 50 100 150 200 250 50 100 15

20

Relative ICRS Declination (arcsec)
Relative ICRS Declination (arcsec)
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30 20 10 0 -10 -20 30 20 10 0 -10 -20 30 20 10 0 -10 -20

Relative ICRS Right Ascension (arcsec) Relative ICRS Right Ascension (arcsec) Relative ICRS Right Ascension (arcsec)
Fig. A.5. ACA CO(3-2) moment maps, produced by selecting the velocity range to —300 < v[kms~'] < 300. The left panel shows the zeroth
moment map (flux), with contours at [0.2, 0.3, 0.4, 0.5, 0.6]Jy beam™' kms~'; the middle panel shows the first moment map (velocity), with
contours corresponding to [-250, -150, -50, 50, 150, 250] km s7!; the right panel shows the second moment map (o-,), with contours at [50, 100,
150, 200, 2501 km s~". The black cross indicates the AGN position, whose coordinates are reported in Table 1.

ever observed in molecular tracers. At this resolution, even the unresolved. Therefore, the kinematic features resolved by ACA
two largest detections of molecular CGM reservoirs prior to this around cid_346, shown in Figure A.5, cannot be compared to
work, that is the Spiderweb protocluster (70 kpc, Emonts et al. anything known. Due to the poor resolution and low S/N of the
2016) and Candels-5001 (40kpc, Ginolfi et al. 2017), would be data, none of these features can be studied in detail.
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