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Abstract

We report Atacama Large Millimeter/submillimeter Array and Atacama Compact Array observations of atomic
carbon ([C I](1–0)) and dust continuum in 10 enormous Lyα nebulae hosting ultraluminous Type-I QSOs at
z= 2.2–2.5, as part of the Survey of Protocluster ELANe Revealing CO/C I in the Lyα Detected CGM. We detect
[C I](1–0) and dust in all 10 QSOs and five companion galaxies. We find that the QSOs and companions have
higher gas densities and more intense radiation fields than Luminous Infrared galaxies and high-z main sequence
galaxies, with the highest values found in the QSOs. By comparing molecular gas masses derived from [C I](1–0),
CO(4−3), and dust continuum, we find that the QSOs and companions display a similar low CO conversion factor
of αCO∼ 0.8M☉[ ]- -K km s pc1 2 1. After tapering our data to low resolution, the [C I](1–0) flux increases for nine
QSOs, hinting at the possibility of [C I](1–0) in the circumgalactic medium (CGM) on a scale of 16−40 kpc.
However, the [C I](1–0) sensitivity is too low to confirm this for individual targets, except for a tentative (2.7σ)
CGM detection in Q0050+0051 with MH2 = (1.0–2.8)× 1010M☉. The 3σ mass limits of molecular CGM for the
remaining QSO fields are (0.2–1.4)× 1010M☉. This translates into a baryon fraction of <0.4%–3% in the
molecular CGM relative to the total baryonic halo mass. Our sample also includes a radio-detected active galactic
nuclei, Q1416+2649, which shows [C I](1–0) and CO(4−3) luminosities an order of magnitude fainter for its far-
infrared luminosity than other QSOs in our sample, possibly due to a lower molecular gas mass.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Circumgalactic medium (1879); Molecular gas
(1073); Quasars (1319); Galaxy evolution (594); High-redshift galaxies (734); Radio galaxies (1343)

1. Introduction

Active galactic nuclei (AGN) play key roles in the formation
and evolution of massive galaxies. It has been suggested in
theory and simulations that powerful radiative feedback from
the AGN is responsible for ejecting or removing the gas from
galaxy halos and as a result, quenching star formation (e.g.,
J. Silk & M. J. Rees 1998; T. Di Matteo et al. 2005;
R. G. Bower et al. 2006; D. J. Croton et al. 2006; P. F. Hopkins
et al. 2008; D. Martizzi et al. 2012; Y. Dubois et al.
2013, 2016; A. M. C. Le Brun et al. 2014; J. Schaye et al.
2015; D. Sijacki et al. 2015; B. D. Oppenheimer et al. 2020;
S. Koudmani et al. 2021). Cosmic noon (z∼ 2−3) is the epoch
at which the star formation rate (SFR), molecular density, and
cosmic AGN activity peak (e.g., M. Schmidt et al. 1995;
G. T. Richards et al. 2006; J. Aird et al. 2010; P. Madau &
M. Dickinson 2014; R. Decarli et al. 2019; Y. Khusanova et al.
2021). Luminous QSOs at cosmic noon are particularly

interesting as both the luminous QSO and the active star
formation lead to the injection of a large amount of energy into
the interstellar medium (ISM) and circumgalactic medium
(CGM). This makes them ideal targets to investigate the
interplay between the star formation/AGN feedback and the
ISM/CGM properties.
The molecular ISM, as the fuel for star formation and the

material feeding the growth of supermassive black holes
(SMBHs), traces the direct link between the AGN and their
hosts. Observations have shown that the SMBHs and their host
galaxies coevolve across redshifts (e.g., J. Kormendy &
L. C. Ho 2013; J. Kormendy 2020; G. Mountrichas 2023).
The cold ISM (∼10–100 K), which is directly linked to star
formation, has long been probed through emission from
molecular carbon monoxide, CO(J→ J–1), as well as atomic
fine structure lines, e.g., [C I] 3P1−

3P0 [hereafter [C I](1–0)]
and [C II]158 μm (e.g., D. Liu et al. 2015; M. J. F. Rosenberg
et al. 2015; T. Díaz-Santos et al. 2017; Q. Jiao et al.
2017, 2019, 2021; R. Herrera-Camus et al. 2018). These lines
trace different gas temperatures and densities, as well as the
effect of cosmic rays (P. P. Papadopoulos et al. 2004;
T. G. Bisbas et al. 2017). In particular, the total molecular gas
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mass is traced by the [C I](1–0) and low-lying CO rotational
transitions, e.g., CO(1–0). The ratios between different (sub)-
millimeter emission lines serve as sensitive diagnostics of the
physical conditions of the molecular and atomic gas when
compared to radiative transfer models (e.g., M. J. Kaufman et al.
2006; C. L. Carilli & F. Walter 2013; G. Gururajan et al.
2022, 2023; M. W. Pound & M. G. Wolfire 2023; A. Schimek
et al. 2024). The cold molecular emission lines with different
critical densities but similar excitation potentials serve as
excellent probes for the molecular gas density. For example,
the CO(4−3) emission, which is usually observed simulta-
neously with the [C I](1–0) line due to the close frequency
separation, has a higher critical density compared to[C I](1–0)
(8.7× 104 and 470 cm−3 for CO(4−3) and [C I](1–0), respec-
tively; C. L. Carilli & F. Walter 2013). Therefore, the [C I](1–0)/
CO(4−3) ratio is an ideal tracer of the molecular hydrogen
density.

The CGM fills the volume between the ISM and the
intergalactic/intracluster medium. It is perhaps the key
regulator of galactic gas supply by acting as a reservoir that
contributes gas to galaxies or that absorbs gas depleted from
galaxies, thereby playing a crucial role in feeding or quenching
the star formation of galaxies (J. Tumlinson et al. 2017). The
CGM has been extensively studied in atomic and ionized
phases through absorption or emission (e.g., P. J. McCarthy
et al. 1990; M. Reuland et al. 2003; M. Villar-Martin et al.
2003; F. Arrigoni Battaia et al. 2015, 2018; M. W. Lau et al.
2016; Z. Cai et al. 2017, 2018, 2019; J. H. Knapen et al. 2017;
J. Tumlinson et al. 2017). In particular, enormous Lyα nebulae
(ELANe) have been found around massive QSO hosts that
extend to up to a few hundred kiloparsecs (e.g., Z. Cai et al.
2019). However, the cold CGM (with temperatures of
∼10–100 K), which provides the direct link between the
CGM and star formation, is less extensively explored. The cold
CGM emission began to be revealed by recent detections of
widespread CO (e.g., B. H. C. Emonts et al. 2016; H. Danne-
rbauer et al. 2017; M. Ginolfi et al. 2017; C. Cicone et al. 2021;
J. Li et al. 2021; G. C. Jones et al. 2023; J. Scholtz et al. 2023;
Z. Chen et al. 2024), [C II]158 μm (e.g., C. Cicone et al. 2015;
S. Fujimoto et al. 2020; M. Ginolfi et al. 2020; R. Herrera-C-
amus et al. 2021; C. De Breuck et al. 2022; R. A. Meyer et al.
2022) and[C I] (1–0) (e.g., B. H. C. Emonts et al. 2018, 2023;
J. Scholtz et al. 2023) emission surrounding galaxies, which
extend for tens to hundreds of kiloparsecs.

For a systematic study of the role that the cold CGM plays in
the evolution of massive galaxies in the Early Universe, we
carried out the SUrvey of Protocluster ELANe Revealing CO/
C I in the Lyα Detected CGM (SUPERCOLD-CGM). We
simultaneously target the CO(4−3) and [C I](1–0) lines in a
sample of 10 ELANe around ultraluminous (i-magnitude
brighter than 18.5) Type-I QSOs at z∼ 2 using both the main
(12 m) and Morita (Atacama Compact Array (ACA) 7 m)
arrays of the Atacama Large Millimeter/submillimeter Array
(ALMA). Including the 7 m array increases the surface
brightness sensitivity for detecting extended low-surface
brightness emission in the CGM. The CO(4−3) emission is
detected in all the QSO hosts, with 70% of our QSO fields
having at least one CO companion. In particular, extended
CO(4−3) emission has been revealed in QSO fields on scales
of 15−100 kpc for 60% of our targets, with the majority of
them showing extended CO(4−3) emission predominantly in
the direction of the companion galaxies. Detailed descriptions

of the sample and the CO(4−3) results are reported in J. Li
et al. (2023, hereafter Paper I). In this work, we present the
[C I](1–0) results.
The paper is structured as follows. We present the observations

and data reduction details in Section 2. Observational results are
presented in Section 3 where we measure the [C I](1–0) and dust
continuum emission properties for the QSOs, companion galaxies,
and the CGM. In Section 4, we discuss the physical properties of
the molecular gas utilizing ratios between different molecular
emission lines and the far-infrared (FIR) luminosities for the
QSOs, companion galaxies, and CGM. In addition, we measure
the molecular gas masses of the QSOs, companion galaxies, and
the CGM in Section 4. Finally, we summarize our main
conclusions in Section 5. We adopt a flat ΛCDM cosmology
model with H0= 70 km s−1Mpc−1, ΩΛ= 0.7, and ΩM= 0.3,
so that 1″ corresponds to 8.25–8.16 kpc at z= 2.22–2.37
respectively.

2. Observations and Data Reduction

We observed the CO(4−3) and [C I](1–0) lines and the dust
continuum emission in a sample of 10 ultraluminous Type-I
QSOs at z∼ 2, each showing extended Lyα emission on scales
of >100 kpc, using both the 7 and 12 m arrays of ALMA.
Detailed descriptions of the observations are presented in
Paper I, in which we published the CO(4−3) data. Including
the 7 m array enables us to image large-scale structures that are
not well sampled by the 12 m array of ALMA. In this way, we
search for low-surface-brightness molecular gas emission
surrounding QSO host galaxies. In the current work, we focus
on the [C I](1–0) detections in the QSOs, companion galaxies,
and the CGM.
We performed data calibration and imaging using the Common

Astronomy Software Applications package (CASA) version 6.4.1
(CASA Team et al. 2022). We calibrated the data using the
ALMA calibration pipeline (T. R. Hunter et al. 2023) version
2022.2.0.68 by running the standard pipeline calibration script that
was included with the archival ALMA data. We use all line-free
channels to image the continuum emission. For the spectral lines,
we first subtract the continuum emission using the uvcontsub
task in CASA, assuming a first-order polynomial for the
continuum using line-free channels, and then use the continuum
subtracted data to generate the spectral line data cubes. We
employed two imaging methods for our sample. First, to spatially
resolve the [C I](1–0) emission in the QSOs and their companions,
we imaged the 12m array data using the tclean task in CASA
with natural weighting to maximize the signal-to-noise ratio
(SNR). Second, to search for widespread CGM emission, we
combined the data from the 7 and 12m arrays and used the “uv-
tapering” technique to manually down weight baselines with
lengths longer than 18.75 kλ,12 and image the data using natural
weighting to maximize the SNR. This will lower the spatial
resolution but enhance the surface brightness sensitivity, which
is required to trace the faint, widespread CGM emission. The
final spatial resolution was 1 6−2 7× 1 2−1 8 with
PA=−80°–78° for the 12 m array data and 5 2−5 4× 4 9
−5 1 with PA=−90°–84° for the 7 m+12 m array data after
uv-tapering. The [C I](1–0) beam sizes are listed in Table A1.
We binned the [C I](1–0) line in all of our targets to 60 km s−1

channel width, and the resulting rms was between 0.12 and

12 Specifying a taper of 18.75 kλ in the CASA task tclean would
correspond to applying a Gaussian with FWHM = 4 8 in the image plane.
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Table 1
Measured [C I](1–0) Properties for Our Sample

Source zCO/vc Component R.A. Decl. Sνdν[C I] FWHM[C I] [ ]nnS d C I
taper

[ ]FWHM C I
taper

[ ]nnS d C I
CGM rms rmstaper RLyα

(Jy km s−1) (km s−1) (Jy km s−1) (km s−1) Jy km s−1 (mJy beam−1) (mJy beam−1) (kpc)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

Q0050+0051 2.2432 QSO 00:50:21.22 +00:51:35.0 0.89 ± 0.04 382 1.11 ± 0.07 382 0.22(2.7σ)25% 0.14 0.27 116
−14 C1 (CO emitter_A) 00:50:20.84 +00:51:33.4 0.31 ± 0.06 480 L L
323 C2 (CO emitter_B) 00:50:20.14 +00:51:32.4 <0.07 174 L L

Q0052+0140 2.3101 QSO 00:52:33.67 +01:40:40.8 0.13 ± 0.04 222 ± 49 0.20 ± 0.06 198 ± 44 0.07(1.0σ)54% 0.14 0.26 127
76 C1(CO emitter_A) 00:52:31.94 +01:40:50.4 0.67 ± 0.13 443 L L

Q0101+0201 2.4503 QSO 01:01:16.54 +02:01:57.4 0.34 ± 0.02 110 ± 5 0.39 ± 0.04 123 ± 9 0.05(1.2σ)15% 0.14 0.24
Q0107+0314 2.2825 QSO 01:07:36.90 +03:14:59.2 0.37 ± 0.04 453 ± 60 0.53 ± 0.10 785 ± 254 0.16(1.4σ)43% 0.14 0.27 114

−121 C1(CO emitter_A) 01:07:35.76 +03:14:34.9 L L L L
593 C2(CO emitter_B) 01:07:38.03 +03:14:46.7 L L L L

Q1227+2848 2.2653 QSO 12:27:27.48 +28:48:47.9 0.21 ± 0.04 493 ± 112 L L L 0.15 0.24 >164
Q1228+3128 2.2218 QSO 12:28:24.97 +31:28:37.7 0.27 ± 0.06 414 ± 65 0.48 ± 0.10 553 ± 87 0.21(1.8σ)78% 0.17 0.30 >124

−217 C1(Extended emission) 12:28:25.42 +31:28:49.0 <0.09 313 L L
315 C2(CO emitter_A) 12:28:26.16 +31:28:51.5 <0.22 616 L L

Q1230+3320 2.3287 QSO 12:30:35.47 +33:20:00.5 0.32 ± 0.04 292 0.39 ± 0.04 292 0.07(1.2σ)22% 0.17 0.30 >204
81 C1(CO emitter) 12:30:36.20 +33:19:53.1 0.74 ± 0.10 349

Q1416+2649 2.2990 QSO 14:16:17.38 +26:49:06.2 0.09 ± 0.03 436 ± 179 0.20 ± 0.07 497 ± 137 0.11(1.4σ)122% 0.12 0.21 >141
−864 C1(CO emitter_A) 14:16:17.53 +26:49:03.4 <0.03 156 L L
−621 C2(CO emitter_B) 14:16:17.06 +26:48:58.2 <0.08 683 L L
73 C3(CO emitter_C) 14:16:17.25 +26:49:03.9 <0.03 133 L L

Q2121+0052 2.3732 QSO 21:21:59.04 +00:52:24.1 0.13 ± 0.03 218 ± 39 0.16 ± 0.05 164 ± 35 0.03(0.5σ)23% 0.12 0.25 >141
Q2123−0050 2.2807 QSO 21:23:29.46 −00:50:52.9 0.19 ± 0.03 498 ± 109 0.26 ± 0.05 487 0.07(1.0σ)37% 0.15 0.29 >154

−272 C1(CO emitter_blue) 21:23:29.88 −00:50:51.8 0.10 ± 0.03 549 L L
285 C2(CO emitter_red) 21:23:28.98 −00:50:53.4 0.25 ± 0.03 520 0.26 ± 0.05 520

Note. Column (1): source name. Column (2): QSO redshift (zCO) measured from the CO(4−3) line and center velocity vc (in kilometers per second) of the companion galaxies relative to the QSO redshift. Column (3):
[C I](1–0) emitting component in the QSO field, QSO, or its companions. For companion galaxies, we also list the names presented in Paper I in brackets. Columns (4) and (5): R.A. and decl. for the emitting component.
Columns (6) and (7): [C I](1–0) fluxes and line widths in FWHM for the 12 m array data. Uncertainties are based on the uncertainty of the Gaussian fit to the line. Width values with no errors correspond to QSOs and
companion galaxies for which the [C I](1–0) width was fixed to that of CO(4−3) (see Table 2 in Paper I). Columns (8) and (9): [C I](1–0) fluxes and line widths in FWHM for the 7 m+12 m array data after uv-tapering.
Column (10): [C I](1–0) fluxes of the CGM emission estimated from the flux difference between the 7 m+12 m array data after uv-tapering and the 12 m array data. The SNRs of the CGM emission is in brackets. The
percentage of the flux increase after uv-tapering relative to the 12 m array data is also listed. Columns (11) and (12): rms of the 12 m array data and 7 m+12 m array data after uv-tapering per 60 km s−1 channel. Column
(13): projected Lyα extent (Z. Cai et al. 2019).
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0.17 mJy beam−1 per binned channel for the 12 m array data
and between 0.21 and 0.30 mJy beam−1 for the 7 m+12 m
array data after uv-tapering (Table 1).

3. Results

We report robust detections of the [C I](1–0) emission line in
nine of our QSOs at SNR of 3.3σ–22.3σ and a tentative
detection of the [C I](1–0) line in Q1230+3320 at 3.0σ.
Figure 1 shows the intensity maps generated from the 12 m
array data of the QSOs. Among the 13 companion galaxies
previously identified as CO(4−3) emitters in seven of our QSO
fields (Paper I), 11 are covered in our frequency setup, and five
of them (in four QSO fields) are detected in [C I](1–0) emission
as well. The intensity maps of these companion galaxies are
shown in Figure 2.

Nine QSOs show flux increase after uv-tapering (Figure 3),
although the flux increase is only significant in Q0050+0051 at
the 2.7σ level. While we will describe this result in detail in
Section 3.2, it shows that we need to take the tapered data into
account in our analysis of the QSOs. For the QSOQ1227
+2848, the [C I](1–0) line is detected in the 12 m array data but
not detected in the tapered data due to the low SNR. For the
companion galaxies, we do not find any indication of flux
increase after uv-tapering.

Figure 3 shows the [C I](1–0) spectra of the QSOs, while
Figure 4 shows the spectra of the companions. The spectra
were extracted against the peak of the [C I](1–0) signal in the
QSOs and companion galaxies. The [C I](1–0) emission in the
QSOs and their companions appeared spatially unresolved (see
the Appendix for details). Therefore, this method of extracting
a spectrum against the peak of the emission gives the total [C I]
(1–0) luminosity in the central beam, and also allows for a fair
comparison between the full-resolution 12 m and the tapered 12
+7 m data. Due to the uncertainties in redshift determined from
previous Lyα emission, and to secure the full frequency
coverage for the CO(4−3) line when observing CO(4−3) and
[C I](1–0) lines at the same time, the proposed spectral setup
only fully covers the [C I](1–0) emission in seven of our QSOs.
For the remaining three QSOs Q0050+0051, Q0107+0314,
and Q1230+3320, we only obtained part of the [C I](1–0)
spectra.

In Figures 3 and 4, we use a Gaussian profile to fit the
spectrum for each of the QSOs and companions, where a full
[C I](1–0) spectrum is obtained. We adopt a Gaussian profile
with the line center and width fixed to the values derived from
the CO(4−3) line to fit each of the QSOs and companions
where [C I](1–0) spectra are partially covered. The measured
[C I](1–0) widths and fluxes are shown in Table 1. For the
majority of the [C I](1–0) spectra detected in the QSOs and
companion galaxies, we find no significant deviation from a
Gaussian profile. The derived [C I](1–0) widths are in
agreement with those found for the CO(4−3) line. We derive
the 3σ [C I](1–0) flux upper limits for the companion galaxies
where the [C I](1–0) line is undetected using ´3

dn´ ´rms FWHMchannel . Here, δν is the channel width,
which is 60 km s−1 for all our observations, and FWHM is the
line width expected for the [C I](1–0) line, for which we adopt
the value measured from the CO(4−3) line (Paper I).

Table 1 also gives the line luminosities and molecular gas
mass. At high redshift, two luminosities are frequently used

(C. L. Carilli & F. Walter 2013). One is Lline in the unit of L☉:

[ ] ( )n n= ´ D-L S D L1.04 10 , 1Lline
3

line
2

obs

where z is redshift, SlineΔν is the line flux in Jy km s−1, DL is
luminosity distance in Mpc, and νobs is the observed line
frequency in GHz. The other is ¢L line in the unit of K km
s−1 pc2:

( )
[ ] ( )n

n
¢ = ´ D

+
-L S

D

z
3.25 10

1
Kkm s pc . 2L

line
7

line

2

3
obs
2

1 2

¢L line is directly linked to the molecular gas mass, as we will
explain in Section 4.3.
We detect the dust continuum emission in all the QSOs and

five of the companion galaxies in our sample with ALMA. For
all QSOs and the companion galaxies that are detected in dust
continuum emission, we derive FIR luminosities from star
formation that are higher than 1012 L☉ (see below), which
suggests that the QSOs and continuum detected companions
are ultraluminous infrared galaxies ((U)LIRGs). The line fluxes
and luminosities are shown in Tables 1 and 2.
In the following sections, we show the results for the

individual QSO fields (Section 3.1), the flux excess seen after
tapering the data, which hints at the presence of a faint CGM
component (Section 3.2), and the FIR luminosities from star
formation and corresponding SFRs as derived from our
continuum results (Section 3.3).

3.1. Individual QSOs

Q0050+0051. This QSO shows the brightest [C I](1–0) and
CO(4−3) emission in our sample. In one of the two companion
galaxies (C1) previously discovered in CO(4−3) emission, we
detect the [C I](1–0) emission as well at 5σ. The

[ ]( ) ( )¢ ¢- -L LC I 1 0 CO 4 3 ratio (r[C I]/CO) is a probe of the molecular
gas density, and a lower ratio is a signature of higher-density
gas (see Section 4.2 for details). The r[C I]/CO values in the
QSO and C1 are 0.36± 0.03 and 0.75± 0.18, which may
suggest a higher molecular gas density in the QSO compared to
its companion galaxy.
Q0052+0140. The [C I](1–0) emission is detected in both

this QSO and its companion galaxy (C1), which is located
∼240 kpc west of the QSO. The [C I](1–0) flux in C1 is much
higher than that detected in the QSO. Higher CO(4−3) flux and
continuum flux density are also found in our CO(4−3)
observations (Paper I) in C1 compared to the QSO. The
velocity gradient of the CO(4−3) line of C1 resembles either a
merger system or a large-scale rotating molecular disk (see
Paper I for details). The r[C I]/CO values are 0.46± 0.14 in the
QSO and 0.64± 0.13 in C1, suggesting that the gas density in
Q0052+0140 is comparable to that in its companion galaxy.
Q0101+0201. This QSO shows bright [C I](1–0) and CO(4

−3) emission lines. The [C I](1–0) spectrum of the QSO
reveals a narrow line width of 110± 5 km s−1. This is among
the lowest values found for high-z QSOs, which span a range of
∼100–1000 km s−1 (see Figure 5 in C. L. Carilli &
F. Walter 2013 for details), but is comparable to that found
for our CO(4−3) observations (Paper I).
Q0107+0314. The CO(4−3) spectrum of this quasar shows

an asymmetric double-peak profile and a similar asymmetric
feature is also found in our [C I](1–0) data. Our ALMA data did
not cover companion galaxy C1 within the field of view, while
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Figure 1. [C I](1–0) intensity maps for the QSOs. Color bars show the scale in the unit of Jy beam−1× km s−1. We show the contours with a factor of 2× increase, except for the
last one which we highlight the peak of the emission. Contours denote [−2, 2, 4, 8, 16, 21]× σ (σ= 0.029 Jy beam−1× km s−1) for Q0050+0051, [−2, 2, 4, 5]× σ
(σ= 0.029 Jy beam−1× km s−1) for Q0052+0140, [−2, 2, 4, 8, 16, 18]× σ (σ= 0.018 Jy beam−1× km s−1) for Q0101+0201, [−2, 2, 4, 8]× σ
(σ= 0.032 Jy beam−1× km s−1) for Q0107+0314, [−2, 2, 4, 5]× σ (σ= 0.036 Jy beam−1× km s−1) for Q1227+2848, [−2, 2, 4]× σ (σ= 0.058 Jy beam−1× km s−1)
for Q1228+3128, [−2, 2, 4, 8]× σ (σ= 0.025 Jy beam−1× km s−1) for Q1230+3320, [−2, 2, 4, 5]× σ (σ= 0.019 Jy beam−1× km s−1) for Q1416+2649, [−2, 2, 4, 6]× σ
(σ= 0.018 Jy beam−1× km s−1) for Q2121+0052, and [−2, 2, 3.3]× σ (σ= 0.029 Jy beam−1× km s−1) for Q2123−0050. For Q2123−0050, we also show the velocity
range for generating the intensity map.
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for companion galaxy C2, the [C I](1–0) emission fell outside
our frequency setup (Paper I).

Q1227+2848. We detect the [C I](1–0) emission in the QSO
host galaxy at the 5σ level in our 12 m array data. However, the
[C I](1–0) emission is barely detected in the 7 m+12 m data
after uv-tapering due to the low SNR of the tapered data. Thus,
we here consider the [C I](1–0) emission in the tapered 7 m
+12 m array data as a nondetection.

Q1228+3128. This QSO reveals an outflowing CO(4−3)
gas component in the QSO spectrum with a line width of
1160 km s−1 in FWHM offset in velocity by -346± 130 km s−1

compared to the quasar (J. Li et al. 2021). In the [C I](1–0)
spectrum, we also find a tentative flux excess at the outflow
frequency; however, our current SNR is insufficient to confirm
this feature. In addition, we find that the [C I](1–0) line width
increases from 414± 65 km s−1 for the 12m data to 553±
87 km s−1 for the 7 m+12m array data after uv-tapering, which
might also be a possible signature of [C I](1–0) outflow. An
extended CO(4−3) emission in the CGM spreading over
100 kpc has been found in this QSO field (J. Li et al. 2021).
However, we fail to detect any [C I](1–0) emission in either the
12m or the 7 m+12m arrays data after uv-tapering at the
position of the extended CO(4−3) component. This leads to an
upper limit for the r[C I]/CO value in the CGM of <0.35. The
nondetection of the [C I](1–0) in the extended CGM could be
due to the relatively lower SNR expected for the [C I](1–0)
observations compared to that of the CO(4−3) line, because the
[C I](1–0) line is generally a few times weaker than the CO(4−3)
line, as can be seen from the [C I](1–0)/CO(4−3) luminosity

ratios in the QSOs and companion galaxies (Table 2). This upper
limit is lower than the r[C I]/CO value in the CGM of the
Spiderweb nebulae of 0.6± 0.1 (B. H. C. Emonts et al. 2018).
Two companion galaxies are detected in our CO(4−3)
observations; however, we do not detect the [C I](1–0) emission
in the companions.
Q1228+3128 is a very bright radio source with flux densities

of 297.0± 0.15 mJy at 1.44 GHz and 314.3± 0.30 mJy at
3.00 GHz, observed with the FIRST and VLASS survey,
respectively (R. H. Becker et al. 1995; M. Lacy et al. 2020).
For QSOs with significant radio emission, the contribution of
the radio synchrotron emission to the ALMA continuum
emission can be substantial (e.g., T. Falkendal et al. 2019). This
needs to be subtracted from the observational value for reliable
measurement of the FIR luminosity from star formation, SFR,
and dust mass, which trace the cold dust properties of the host
galaxy. To subtract the radio synchrotron contribution from the
ALMA continuum detection, we first assume the radio
emission has a power-law spectrum with the shape of
fν∼ να, where α is the radio power-law index. Second, we
assume that the radio emission at 1.44 and 3.00 GHz are purely
from the radio synchrotron emission, and then derive α.
However, the derived α of 0.08 predicts a radio emission at the
ALMA continuum frequency that is even much higher than our
detected value, which prevents us from deriving the LFIR(SF) of
this QSO. This could be a result of a steepening of the radio
power-law index from 3 GHz to the observed ALMA
frequency. In this case, we could not use the radio power-law
index with measurements of radio emission at 1.44 and

Figure 2. [C I](1–0) intensity maps for the companion galaxies in our QSO fields. X- and Y-axes show the positions of the companion galaxies relative to the QSOs.
Color bars show the line flux scale in the unit of Jy beam−1 × km s−1. Contours denote the detections of [−2, 2, 4, 5] × σ (1σ = 0.019 Jy beam−1 × km s−1) for the
companion galaxy C1 in the Q0050+0051 field, [−2, 2, 3] × σ (1σ = 0.043 Jy beam−1 × km s−1) for C1 in the Q0052+0140 field, [−2, 2, 4, 8, 10] × σ
(1σ = 0.025 Jy beam−1 × km s−1) for C1 in the Q1230+3320 field, [−2, 2, 3.3] × σ (1σ = 0.030 Jy beam−1 × km s−1) for C1 in the Q2123−0050 field, and [−2, 2,
4] × σ (1σ = 0.041 Jy beam−1 × km s−1) for C2 in the Q2123−0050 field. For the companion galaxies C1 and C2 of Q2123−0050, we show the velocity ranges for
generating the intensity maps. We show the position of the companion galaxy C1 of Q2123−0050 as a white cross.
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3.00 GHz to constrain the synchrotron emission at the ALMA
observing frequency (148.42 GHz). This means that our
assumption of a fixed power-law index between 1.44 and
3.00 GHz is invalid. For this source, we do not subtract the
synchrotron emission contribution to the ALMA continuum.

Q1230+3320. This QSO is bright in CO(4−3), and it is also
among the [C I](1–0) brightest QSOs in our sample. In the

companion galaxy C1, which shows the brightest CO(4−3)
emission among all the companion galaxies, we detect the
brightest [C I](1–0) emission as well. The r[C I]/CO values in the
QSOs and its companion galaxy are 0.24± 0.03 and
0.37± 0.05, respectively.
Q1416+2649. Our CO(4−3) data reveal widespread

CO(4−3) emission connecting the QSO and its three close

Figure 3. [C I](1–0) spectra for QSOs. Left column: the CO(4−3) (solid blue lines) and [C I](1–0) (gray histograms) spectra normalized to the peak flux densities. Red
solid lines represent Gaussian profile fit to the [C I](1–0) lines. Note that the [C I](1–0) and CO(4−3) are from the 12 m array data of ALMA. Right column: the [C I]
(1–0) spectra obtained using 12 m array data of ALMA (gray histograms) and 7 m+12 m array data of ALMA after uv-tapering (solid black lines). Gaussian fit to the
spectra extracted from the 7 m+12 m array data after uv-tapering are denoted as solid magenta lines.
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companion galaxies (Paper I). We detect the [C I](1–0)
emission in the QSO, and fail to detect the [C I](1–0) emission
in any of the three companion galaxies. Q1416+2649 is
covered in both the FIRST and the VLASS survey, with flux
densities of 2.69± 0.15 mJy at 1.44 GHz and 1.79± 0.13 mJy
at 3.00 GHz in the observed frame. We follow a similar
procedure as for Q1228+3128 to subtract the radio synchrotron
contribution from the observed ALMA continuum emission.
We obtain α=−0.55 and a contribution of 0.21 mJy from the

radio source to the observed continuum emission at
144.75 GHz. This leads to a continuum flux density of
0.18 mJy purely from the cold dust emission and a resulting
FIR luminosity of 4.3× 1012 L☉ from star formation after
subtracting the contribution of the radio emission.13 Utilizing

Figure 3. (Continued.)

13 We consider this as a rough estimate, because there might be a contribution
of the cold dust emission to the 3 GHz band, and the radio power-law index
might steepen between 3 GHz and the ALMA continuum frequency.
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detections of the Two Micron All Sky Survey (2MASS;
M. F. Skrutskie et al. 2006) and VLASS and adopting the
estimated α=−0.55, we derived the radio-loudness of

Å
R f f5 GHz 4400

= 9, which classifies this source as a radio-detected
QSO (Y. Liu et al. 2021).

Q2121+0052. This QSO shows extended CO(4−3) emis-
sion; however, we do not find any concrete evidence for either
extended [C I](1–0) emission or significant flux increase in the
7 m+12 m array data after uv-tapering. This QSO has a narrow
[C I](1–0) line width of 218± 39 and 164± 35 km s−1 in the
12 m and 7 m+12 m array data after uv-tapering, respectively.

Q2123−0050. This QSO shows widespread CO(4−3)
emission connecting the QSO and its two close companion
galaxies C1 and C2. We detect the [C I](1–0) emission in the
QSO and the companion galaxies C1 and C2 at the 6.3σ, 3.3σ,
and 8.3σ levels, respectively. Interestingly, we find an offset of
50± 13 km s−1 between the CO(4−3) and [C I](1–0) line
centers for the QSO in the 12 m array spectrum, although the
signal is broad (FWHM∼500 km s−1) and the [C I](1–0) line
falls at the very edge of the band, so it needs to be verified if
this offset is real. The r[C I]/CO values are comparable in the
QSO and its companions, suggesting similar gas properties in
the QSO and its companion galaxies.

3.2. Extended [C I](1–0) Emission

We study the molecular CGM emission by comparing the
[C I](1–0) flux measured in the 12 m array data and the 7 m
+12 m array data after uv-tapering. The [C I](1–0) spectra of

the 12 m array data are extracted from peak pixels with beam
sizes of 1 6−2 7× 1 2−1 8.Recent ALMA surveys of the
cold ISM (generally traced by [C II]158 μm or CO lines) in the
host galaxies of QSOs at z= 2.4–7.6 reveal typical sizes of less
than 5 kpc for the cold ISM (e.g., S. Fujimoto et al. 2020;
B. P. Venemans et al. 2020; M. Bischetti et al. 2021; R. Ikeda
et al. 2024; F. Wang et al. 2024), with very limited cases
showing cold ISM sizes approaching or extending 10 kpc (e.g.,
M. Banerji et al. 2017; M. Bischetti et al. 2021; R. A. Meyer
et al. 2022). The [C I](1–0) source sizes we measure from the
12 m array data (see the Appendix for details) suggest that the
cold ISM in the host galaxies of the QSOs in our sample tend to
be spatially unresolved, with sizes of 2″ (16 kpc). This is in
agreement with the above mentioned studies of the cold ISM in
other high-z QSOs. We also do not see any evidence for
rotating structures in our 12 m data that could hint at the
presence of large-scale disks on these scales, as has been
observed in a few other high-z galaxies (J. A. Hodge et al.
2012; H. Dannerbauer et al. 2017). Accordingly, we consider
that the 2″ (16 kpc) beam of our 12 m array data fully
covers the cold ISM emission of the QSO hosts in our sample.
In this paper, we adopt the definition “CGM” for all the [C I]
(1–0) emission on scales 16 kpc. While this definition is
somewhat arbitrary, it nevertheless agrees with the findings of
other high-z studies (e.g., S. Fujimoto et al. 2019; M. Ginolfi
et al. 2020).
As for the 7 m+12 m array data, the [C I](1–0) spectra are

extracted from peak pixels within beam sizes of
5 2–5 4× 4 9−5 1 after uv-tapering. We consider the [C I]

Figure 4. Similar to Figure 3 (left column) but showing the [C I](1–0) spectra for the companion galaxies in the QSO fields. For the companion galaxy C1 in the
Q0050+0051 field, we also show the [C I](1–0) spectrum after uv-tapering.
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(1–0) emission measured from the 7 m+12 m array data after
uv-tapering to originate from both the ISM emission of the
QSO host galaxy and the CGM emission surrounding the QSO.
Accordingly, the [C I](1–0) line flux difference measured from
7 m+12 m array data after uv-tapering and the 12 m array data
represents the CGM emission on scales of ∼2″−5″ (16
−40 kpc). The uncertainty of the [C I](1–0) flux for the CGM
is calculated through s s+ +12 m

2
7 m 12 m
2 , where σ12 m and

σ7 m+12 m are the uncertainties in the Gaussian profile fit to the
[C I](1–0) line for the 12 m and 7 m+12 m data after uv-
tapering, as shown in columns (6) and (8) of Table 1,
respectively. We consider our estimated uncertainty for the
CGM conservative because the noise in the data from the 12 m
array and the 7 m+12 m array is not entirely independent.

We detect the [C I](1–0) emission in all of our 10 QSOs
(including a 3σ detection in Q1230+3320) in the 12 m array
data and nine of them in the 7 m+12 m array data after uv-
tapering.In Figure 5, we show the [C I](1–0) flux measured in
the data of the 12 m array and the 7 m+12 m array after uv-
tapering. Interestingly, all the nine QSOs show higher flux in
the 7 m+12 m array data compared to the 12 m array data, with
a flux difference of 0.03–0.22 Jy km s−1, hinting at the
possibility of cold CGM in the majority of our targets.
However, the putative CGM emission in [C I](1–0), which is
measured as a difference between the tapered data and the 12 m
array data, is at too low significance to claim a reliable
detection for the individual sources. The exception is the CGM
in Q0050+0051, where we detect a [C I](1–0) flux (luminosity)
of 0.22 Jy km s−1 ((2.5± 0.9)× 107 L☉) at an SNR of 2.7. We

also find a CO(4−3) flux increase for Q0050+0051 after uv-
tapering (Paper I). But the CO(4−3) luminosity in the CGM of
Q0050+0051 is less prominent with a luminosity of
(1.4± 0.9)× 107 L☉ (1.6σ), which suggest a 3σ upper limit of
2.7× 107 L☉. We note that in the Q0050+0051 field, there is a
companion galaxy at a projected distance of ∼45 kpc from the

Table 2
Derived Properties for Spectral Lines

Source Component L[C I] LCO r[C I]/CO MH ,CO2 [ ]MH , C I2 MH ,dust2

×107 L☉ ×107 L☉ ×1010 M☉ ×1010 M☉ ×1010 M☉
(1) (2) (3) (4) (5) (6) (7) (8)

Q0050+0051 QSO 4.49 ± 0.20 10.21 ± 0.57 0.36 ± 0.03 3.19 ± 0.18 4.23 ± 0.19 2.86 ± 0.43
C1 1.55 ± 0.32 1.70 ± 0.19 0.75 ± 0.18 0.53 ± 0.06 1.46 ± 0.3 1.46 ± 0.3
C2 <0.34 0.61 ± 0.09 <0.46 0.19 ± 0.03 <0.32 <0.32

Q0052+0140 QSO 0.69 ± 0.21 1.24 ± 0.10 0.46 ± 0.14 0.39 ± 0.03 0.65 ± 0.20 0.78 ± 0.12
C1 3.54 ± 0.67 4.53 ± 0.25 0.64 ± 0.13 1.42 ± 0.08 3.34 ± 0.63 3.34 ± 0.63

Q0101+0201 QSO 2.00 ± 0.12 6.94 ± 0.39 0.24 ± 0.02 2.17 ± 0.12 1.88 ± 0.11 2.38 ± 0.36
Q0107+0314 QSO 1.92 ± 0.31 5.50 ± 0.19 0.29 ± 0.05 1.72 ± 0.06 1.81 ± 0.29 1.42 ± 0.21

C1 L 4.09 ± 0.78 L 1.28 ± 0.24 L <0.40
C2 L 1.22 ± 0.19 L 0.38 ± 0.06 L <0.45

Q1227+2848 QSO 1.08 ± 0.31 3.08 ± 0.19 0.29 ± 0.08 0.96 ± 0.06 1.02 ± 0.29 1.41 ± 0.21
Q1228+3128 QSO 1.34 ± 0.30 3.81 ± 0.28 0.29 ± 0.07 1.19 ± 0.09 1.26 ± 0.28 <94.85

C1 <0.46 0.65 ± 0.19 <0.58 0.20 ± 0.06 <0.43 <0.43
C2 <1.09 1.91 ± 0.51 <0.47 0.60 ± 0.16 <1.02 <1.02

Q1230+3320 QSO 1.72 ± 0.22 5.90 ± 0.35 0.24 ± 0.03 1.85 ± 0.11 1.62 ± 0.21 1.58 ± 0.24
C1 3.98 ± 0.54 8.72 ± 0.45 0.37 ± 0.05 2.73 ± 0.14 3.74 ± 0.51 3.74 ± 0.51

Q1416+2649 QSO 0.47 ± 0.20 0.69 ± 0.10 0.56 ± 0.32 0.22 ± 0.03 0.44 ± 0.20 4.37 ± 0.65
C1 <0.16 0.49 ± 0.10 <0.27 0.15 ± 0.03 <0.15 <0.15
C2 <0.43 1.92 ± 0.20 <0.18 0.60 ± 0.06 <0.40 0.40
C3 <0.16 0.30 ± 0.10 <0.44 0.09 ± 0.03 <0.15 <0.15

Q2121+0052 QSO 0.72 ± 0.17 1.46 ± 0.10 0.41 ± 0.10 0.46 ± 0.03 0.68 ± 0.16 0.35 ± 0.05
Q2123−0050 QSO 0.99 ± 0.26 2.43 ± 0.24 0.33 ± 0.09 0.76 ± 0.08 0.93 ± 0.24 0.99 ± 0.15

C1 0.55 ± 0.17 1.90 ± 0.19 0.24 ± 0.08 0.59 ± 0.06 0.52 ± 0.16 <0.52
C2 1.31 ± 0.18 1.99 ± 0.19 0.54 ± 0.09 0.62 ± 0.06 1.23 ± 0.17 1.23 ± 0.17

Note. Columns (1) and (2): source name and the [C I](1–0) emitting component. Columns (3)–(5): [C I](1–0) and CO(4−3) luminosities and the [ ]( ) ( )¢ ¢- -L LC I 1 0 CO 4 3

ratios. Columns (6)–(8): molecular gas masses derived using CO(4−3), [C I](1–0), and ALMA continuum. For the QSOs, we adopt αCO = 0.8 M☉ [ ]- -K km s pc1 2 1,
R41 = 0.87, and X[C I] = 8.4 × 10−5 to estimate the molecular gas mass using the CO(4−3) and [C I](1–0) lines (see Section 4.3 for explanations of αCO, R41, X[C I],
and δDGR). For the companion galaxies, we use αCO = 0.8 M☉ [ ]- -K km s pc1 2 1, R41 = 0.85, and X[C I] = 8.4 × 10−5 to derive the molecular gas mass from the CO(4
−3) and [C I](1–0) lines. As for the molecular gas mass derived from the ALMA continuum, we adopt d =DGR

1

50
and Tdust = 47 K for the QSOs and companions.

Figure 5. A comparison between the [C I](1–0) flux measured from the 12 m
array data (Sνdν[C I]) and the 7 m+12 m array data after uv-tapering ( [ ]nnS d C I

taper).
The red-filled squares represent the measured [C I](1–0) fluxes, and the
Sνdν[C I] = [ ]nnS d C I

taper relation is shown as a solid black line.
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QSO. To check if there is any contamination from the
companion galaxy C1 in the tapered data to the CGM, we
use the fact that the QSO is more luminous in [C I](1–0) than
companion C1, and check whether there is any contamination
of the QSO emission in the spectra of C1. Comparable fluxes
and line peaks are found between the 12 m and 7 m+12 m
array data after uv-tapering for C1 (Figure 4), which is likely an
indication of negligible contamination of the QSO flux to C1.
Conversely, we therefore also assume negligible contamination
of the [C I](1–0) emission from C1 to the spectra of the QSO,
and hence also to the CGM in Q0050+0051. Any potential
CGM emission in the remaining eight QSOs is less prominent,
with an SNR in the range of 0.5–1.8.

We also explore the possibility that the extended emission
is arising from individual companion galaxies that are
undetected in the proximity of the QSOs. Such companion
galaxies would be below the detection limit of our [C I](1–0)
data, but they would still amount to 15%−78% of the [C I]
(1–0) emission of the QSO in each field when added together
(see Table 1). Given the rms noise of our data, for most of our
QSOs, even one to two of such companions just below the 3σ
limit would be sufficient to produce the excessive flux after
tapering. However, if the [C I](1–0) emission from compa-
nion galaxies is hidden just below the noise limit, CO(4–3)
emission from the companion galaxies should likely be
visible, given that CO(4−3) is typically brighter than [C I]
(1–0) in the ISM of high-z galaxies (e.g., F. P. Israel et al.
2015; B. H. C. Emonts et al. 2018). We looked into the CO(4
−3) emission (Paper I) from the companion galaxies but
could not find a significant emission either. However, low-
metallicity companions would show relatively low CO(4−3)
emission with respect to the [C I](1–0) emission (e.g.,
P. P. Papadopoulos et al. 2004). Therefore, argue that the
contribution from companion galaxies to the extended
emission is likely not significant, but cannot be completely
excluded.

As can be seen from the r[C I]/CO values measured for our
QSOs and companion galaxies, the [C I](1–0) emission is
generally a few times weaker than the CO(4−3) line.
Considering the same observing time and thus similar rms
for the [C I](1–0) and CO(4−3) lines, the low detection rate of
the CGM emission in the majority of our QSO fields is possibly
a result of our limited SNR for detecting the [C I](1–0)
emission. A detailed study about the [C I](1–0) emission in the
CGM through spectral stacking will be presented in a separate
paper (J. Li. et al. 2024, in preparation).

3.3. SFRs

We derive the FIR luminosity from star formation (integrated
between rest wavelengths 42.5 and 122.5 μm) for radio-quiet
QSOs and companion galaxies based on their continuum flux
densities that we detect with ALMA, by means of a normal-
ization and adopting a modified black body (MBB) dust
spectral energy distribution (SED) model under the optically
thin approximation regime. We adopt a dust temperature of
47 K and an emissivity index of 1.6 typical for the dust
continuum emission of the QSO host galaxies (S. Bian-
chi 2013). In the MBB dust SED model, the dust flux density
Sν is related to the dust emissivity index (β) and the dust
temperature (Tdust) through

[ ] ( )nµn
b

nS B T , 3dust

where Bν[Tdust] is the Planck function for T= Tdust, and ν is the
dust continuum frequency in the rest frame. The LFIR(SF) we
derive only considers the dust continuum emission from the
host galaxy of the QSO that is heated by star formation; thus,
we can directly derive the SFR from the FIR luminosity
(LFIR(SF)) through

[ ] ( )( ) = ´ - -L MSFR 2.1 10 yr 410
FIR SF

1

(E. J. Murphy et al. 2011).
The derived SFR and FIR luminosities from star formation

for the QSOs and companions are shown in Table 3.

4. Discussion

4.1. Line-to-FIR Ratio

In Figure 6, we show the CO(4−3) luminosity against FIR
luminosity from star formation (left panel) and the [C I](1–0)
luminosity against FIR luminosity from star formation (right
panel) for our sample and comparison samples.14 The local (U)
LIRGs, high-z QSOs, submillimeter galaxies (SMGs), and
main-sequence (MS) galaxies follow a linear relation between
CO(4−3), or [C I](1–0), luminosity and the FIR luminosity
from star formation. We fit the [C I](1–0) or CO(4−3) versus
FIR relations using the polyfit function in the Python
NumPy package in the form of log(Lline)= α + β×
log(LFIR(SF)). The α and β values for the CO(4−3) line are
−2.34 (−2.53) and 0.80 (0.82) with (without) our sample
included. As for the linear fit to the [C I](1–0) versus FIR
relation, the α and β values are −1.49 (−1.78) and 0.71 (0.74)
with (without) our sample included. In short, the inclusion or
exclusion of our sample to the fit of the linear relation between
CO(4−3), or [C I](1–0), and FIR luminosity from star
formation does not significantly alter the relation. In addition,
we find that the L[C I](1−0)/LFIR(SF) and LCO(4−3)/LFIR(SF) ratios
in Q1416+2649 are an order of magnitude lower than expected
for its LFIR(SF) on the linear relation. The [C I](1–0) and CO(4
−3) lines are the molecular gas mass tracers. As we will
discuss in Section 4.2, one possible explanation could be due to
a lower molecular gas mass relative to its FIR luminosity from
star formation compared to the other QSOs and companion
galaxies in our sample, as well as other local/high-z galaxies.
An alternative explanation could be that the observed ALMA
continuum flux density is heavily contaminated by the
synchrotron emission even after subtracting the contribution
of synchrotron emission to the ALMA flux due to the large
uncertainties in deriving the power-law index and extrapolating
the radio flux to the observed ALMA frequency. Another
outlier is the radio-loud QSO Q1228+3128; the FIR luminosity
from star formation of this QSO is not well constrained due to
the change of the power-law index for the radio emission. As
can be seen from Figure 6, the FIR luminosity contributed by
heating from the star formation should be at least an order of
magnitude lower than what we observe to bring it on the
relation.

4.2. Molecular Gas Properties Revealed by Line Ratios

Ratios between different molecular emission lines serve as
diagnostics of the molecular gas properties in galaxies (e.g.,
P. P. Papadopoulos et al. 2004; M. S. Bothwell et al. 2017;

14 We note that the cosmology and the method to calculate LFIR(SF) are
consistent in all samples.
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G. Gururajan et al. 2023). The [C I](1–0)/CO(4−3) ratio traces
the molecular hydrogen density. Whereas CO(4−3) can be
biased toward tracing denser gas (e.g., in starburst and AGN
regions), the [C I](1–0) emission is a reliable tracer for the total
molecular gas mass, while LFIR(SF) is directly linked to star
formation through Equation (4). Thus, the ratio between
L[C I](1−0) and LFIR(SF) is sensitive to the radiation field
strength, with a lower ratio probing a more intense ionization
field. We use the L[C I](1−0)/LCO(4−3) and L[C I](1−0)/LFIR(SF)
ratios to study the physical conditions of the molecular gas in
QSOs and their companion galaxies by comparing the observed
ratios with those predicted in the photodissociation region
(PDR) model PhotoDissociation Region Toolbox
(Figure 7). The radiation field strength is described by the
ionization parameter G0 in Habing field units (1 Habing field
corresponds to 1.6× 10−3 erg s−1 cm−2; H. J. Habing 1968),
and the molecular gas density n(H2) is in the unit of per cubic
centimeter.

We show the results in Figure 7. Local (U)LIRGs and high-z
MS galaxies have systematically higher L[C I](1−0)/LCO(4−3)
ratios and higher L[C I](1−0)/LFIR(SF) ratios compared to high-z
SMGs, QSOs, and AGN. These suggest that the local (U)
LIRGs and MS galaxies tend to have lower gas density and less
intense radiation field compared to high-z SMGs, QSOs, and
AGN. Our QSOs reside in similar regions and thus have similar
gas densities and radiation fields as that of high-z SMGs,
QSOs, and AGN (Figure 7). This reveals that the gas within the
QSOs in our sample experiences a more intense radiation field
and has higher molecular densities compared to high-z MS

galaxies, with values that are at the high end for local (U)
LIRGs. Except for one upper limit, the companion galaxies
show similar line ratios as high-z SMGs and are comparable to
the lowest ratios found for local (U)LIRGs and high-z MS
galaxies. This indicates that, similar to high-z SMGs, the
companion galaxies reveal a higher radiation field strength and
higher gas density compared to the mean of local (U)LIRGs
and high-z MS galaxies. By comparing our detections with
models, we estimate a gas density in the range of
104.4–104.8 cm−3 and radiation field of 103.3–103.7 for the
majority of the QSOs (except for the two QSOsQ1228+3128
and Q1416+2649 that are detected in radio emission) and
density of 104.1–104.6 cm −3 and radiation field of 103.1–103.6

for the companion galaxies in our sample. As for a comparison
between the QSOs and the companion galaxies in the QSO
fields, the companions reveal slightly higher L[C I](1−0)/
LCO(4−3) and L[C I](1−0)/LFIR(SF) ratios compared to the QSOs.
By comparing the line ratios with models (Figure 7), we
propose that the QSOs are likely to have slightly higher gas
densities and higher radiation fields compared to their
companion galaxies.
We note that the QSO Q1416+2649 shows an extremely

low L[C I](1−0)/LFIR(SF) ratio of 1.1× 10−6. The L[C I](1−0)/
LCO(4−3) ratio of Q1416+2649 is not very different from other
QSOs and companion galaxies in our sample. One explanation
could be that the molecular gas in Q1416+2649 has similar
densities as the other QSOs and companion galaxies in our
sample, but is exposed to a more intense radiation field. By
comparing the line ratios with models, we obtain a gas density

Table 3
Continuum Measurements

Source Component Frequency Flux Density LFIR(SF) SFR Mdust

(GHz) (mJy) (×1012 L☉) (M☉ yr−1) (×108 M☉)
(1) (2) (3) (4) (5) (6) (7)

Q0050+0051 QSO 147.6001 0.27 6.2 1295 2.86
C1 0.05 1.2 255 2.93 ± 0.6
C2 <0.05 <1.1 <229 <0.64

Q0052+0140 QSO 144.3370 0.07 1.7 356 0.78
C1 0.15 3.7 752 6.67 ± 1.26

Q0101+0201 QSO 138.1957 0.19 5.1 1076 2.38
Q0107+0314 QSO 145.7495 0.13 3.0 644 1.42

C1 <0.03 <0.7 <149 <0.79
C2 <0.06 <1.5 <317 <0.90

Q1227+2848 QSO 146.2051 0.13 3.0 640 1.41
Q1228+3128 QSO 148.4225 7.71 <173.7 <36488 <94.85

C1 <0.14 <3.2 <668 <0.87
C2 <0.22 <5.0 <1042 <2.05

Q1230+3320 QSO 143.7226 0.14 3.4 718 1.58
C1 0.19 4.6 949 7.49 ± 1.01

Q1416+2649 QSO 144.7541 0.18(0.39) 4.3(9.3) 908 2.01
C1 <0.03 <0.7 <151 <0.30
C2 0.05 1.1 232 0.80
C3 <0.03 <0.7 <151 <0.30

Q2121+0052 QSO 141.4330 0.03 0.8 160 0.35
Q2123−0050 QSO 145.6604 0.09 2.1 447 0.99

C1 <0.04 <1.0 <207 <1.03
C2 0.11 2.5 533 2.46 ± 0.33

Note. Columns (1) and (2): source name and the [C I](1–0) emitting component. Columns (3) and (4): continuum frequencies in the observed frame, and continuum
flux densities. Column (5): FIR luminosity integrated from 42.5 μ to 122.5 μm, assuming a dust temperature of 47 K and emissivity index of β = 1.6, which is a
measure of the FIR emission from star formation. Columns (6) and (7): SFR and dust mass derived from the dust continuum emission, assuming again a dust
temperature of 47 K and emissivity index of β = 1.6. Q1416+2649 is a QSO with a “radio-detected” AGN. We list both the observed continuum flux density/FIR
luminosity (in parentheses) and the continuum flux density/FIR luminosity after subtracting the contribution from the radio emission. The SFR and dust mass of
Q1416+2649 are derived based on the continuum emission after subtracting the synchrotron contribution from the radio source.
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of 104.4 cm −3 and a radiation field of 104.3 for Q1416+2649.
Another explanation for the low L[C I](1−0)/LFIR(SF) ratio could
be a lower molecular gas content of this QSO compared to
other sources in our sample. Indeed, this quasar shows the
lowest derived molecular gas mass in our sample, based either
on [C I](1–0) or CO(4−3) (see Section 4.3). Q1416+2649 is
the only radio-detected source shown in Figure 7 of our sample
with well-constrained LFIR(SF) (for the other radio-loud QSO
Q1228+3128, we cannot constrain LFIR(SF)). A recent work by
S. Kolwa et al. (2023) reports systematically fainter [C I](1–0)
emission relative to FIR luminosity from star formation in a
sample of seven radio-loud AGN. The L[C I](1−0)/LFIR(SF) ratio
in Q1416+2649 is even lower than the lowest value of
2.9× 10−6 found for the radio-loud AGN in S. Kolwa et al.
(2023). Using the ALMA continuum observations, T. Falken-
dal et al. (2019) interpret the significant offset of a sample of
radio galaxies below the MS as a result of gas removed from
galaxies by the radio source, which leads to quenching. Thus, it
is possible that similar to the radio-loud AGN in S. Kolwa et al.
(2023) and T. Falkendal et al. (2019), Q1416+2649 has lower
molecular gas mass compared to other QSOs in our sample.
This is also supported by the results reported in Section 4.1 that
the low ratio is found not only in L[C I](1−0)/LFIR(SF) but also in
LCO(4−3)/LFIR(SF), considering both CO(4−3) and [C I](1–0)
emission trace the cold molecular gas content. In addition, it is
the QSO with the lowest derived molecular gas mass among all
QSOs in our sample based on either CO(4−3) or [C I](1–0),
although the infrared luminosity due to star formation is an
intermediate value that provides an inconsistently high
molecular gas mass (Figures 8(c)–(e)). However, we cannot
rule out the possibility that the radio-detected Q1416+2649
experiences a burst of star formation, as often seen in high-z
radio galaxies (G. Drouart et al. 2014), possibly as a result of
either hierarchical merging or radio-jet-induced star formation
(e.g., G. Miley & C. De Breuck 2008). This will lead to a high
LFIR(SF) and thus a low L[C I](1−0)/LFIR(SF) ratio. As for Q1228
+3128, the L[C I](1−0)/LCO(4−3) ratio is within the range for
other QSOs in our sample, while the L[C I](1−0)/LFIR(SF) ratio is

not well constrained. More CO(4−3), [C I](1–0), and dust
continuum detections toward radio-loud QSOs will be critical
to test if a low L[C I](1−0)/LFIR(SF) is universal for radio-
loud QSOs.
We also show our tentative detection of the [C I](1–0) line in

the CGM in the field of Q0050+0051. The lower limit for the
L[C I](1−0)/LCO(4−3) ratio of 1.0, which translates into a r[C I]/CO
value of >0.8 in the CGM of Q0050+0051 is slightly higher
than that detected in the CGM of the Spiderweb galaxy of
0.6± 0.1 (B. H. C. Emonts et al. 2018). Such high r[C I]/CO
value in the CGM is higher than the values found in any of the
QSOs or companion galaxies in our sample, indicating a lower
gas density and less intense radiation field in the CGM
compared to the ISM in the QSOs and the companion galaxies.
The derived gas conditions in the CGM of Q0050+0051 are
comparable to the lowest gas densities and radiation fields
found for local (U)LIRGs and high-z MS galaxies.

4.3. Molecular Gas Mass

The [C I](1–0) emission and the low-J CO rotational
transition lines trace the bulk of the cold molecular gas and
thus serve as tracers for the molecular gas mass. In addition,
studies of the gas and dust content in local and high-z galaxies
suggest a relation between the dust mass and molecular gas
mass, which is only dependent on gas-phase metallicity (e.g.,
P. De Vis et al. 2019). We here use the [C I](1–0) and CO(4−3)
lines, as well as the dust continuum emission, as three
independent tracers for the molecular gas mass in the QSOs,
companion galaxies, and the CGM. In Sections 4.3.1, 4.3.2,
and 4.3.3, we introduce the methods we adopt for deriving
molecular gas masses from the CO(4−3), [C I](1–0) and dust
continuum, respectively. In Section 4.3.4, we derive the
molecular gas masses of the QSOs and companion galaxies
in our sample using the three independent molecular gas traces.
In Section 4.3.5, we estimate the molecular gas mass locked up
in the cold CGM from the [C I](1–0) and CO(4−3) lines.

Figure 6. LCO(4−3)/LFIR(SF) and L[C I](1−0)/LFIR(SF) ratios for the QSOs and companion galaxies in our sample and samples of galaxies in the literature. Literature
galaxy samples are local (U)LIRGs (cyan-filled circles), z = 1.1–6.4 AGN or QSOs (magenta down-triangles), z = 2.0–4.8 SMGs (orange-filled pentagons), and
z = 0.8–2.2 MS galaxies (green-filled stars) from F. Valentino et al. (2020) and G. Gururajan et al. (2023). The z = 1.1–6.4 AGN or QSOs are from F. Walter et al.
(2011), but only the CO (3–2) line is observed. We convert the CO(3–2) luminosity to CO (4–3) luminosity, adopting an ( ) ( )¢ ¢- -L LCO 4 3 CO 3 2 ratio of 0.9 typical of
high-z QSOs (C. L. Carilli & F. Walter 2013). Pink dotted and gray solid lines represent linear fits to the data without and with the QSOs and companion galaxies of
this work included.
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4.3.1. CO-based Molecular Gas Mass

The total molecular gas mass can be directly converted from
the CO (1–0) luminosity through

[ ] ( )( ) a= ´ ¢ -M L M , 5mol
CO

CO CO 1 0

where αCO is the CO-to-H2 conversion factor in the unit of M☉
[ ]- -K km s pc1 2 1 (A. D. Bolatto et al. 2013), and ( )¢ -L CO 1 0 is
the CO(1–0) luminosity in the unit of K km s−1 pc2.

In Paper I, we measured the CO(4−3) luminosities for the
QSOs and companion galaxies in our sample (Table 2). This
enables us to derive the molecular gas mass from the CO(4−3)
line by assuming a ( )¢ -L CO 4 3 -to- ( )¢ -L CO 1 0 ratio (hereafter R41)
value. As is shown in Equation (5), the derived molecular gas
mass is dependent on both αCO and R41. These two parameters
vary between different galaxy types, e.g., typical αCO values
are 0.8 and 3.6 M☉ [ ]- -K km s pc1 2 1 for starbursts and normal
star-forming galaxies, respectively (e.g., D. Downes &
P. M. Solomon 1998; E. Daddi et al. 2010; R. Genzel et al.
2010). Typical R41 values are 0.87, 0.85, and 0.17 for QSOs,
starbursts, and star-forming galaxies (e.g., C. L. Carilli &
F. Walter 2013).

4.3.2. [C I](1–0)-based Molecular Gas Mass

We follow the formula presented in L. Dunne et al. (2021) to
estimate the molecular gas mass from the [C I](1–0) luminosity.
We calculate M(H2) as

( ) [ ] ( )[ ]

[ ]
[ ] =

´
¢

-

-M
X Q

L M1.36
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, 6P Pmol
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where X[C I] is the carbon abundance relative to H2, namely
C/H2. Q10 is the excitation factor, which is expressed as
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where T1= 23.6 K and T2= 62.5 K are the excitation energy
levels of atomic carbon and Tex is the excitation temperature of
the ISM.
As is shown in Equations (6) and (7), X[C I] and Tex are two

parameters that influence the resulting molecular gas mass
estimated from the [C I](1–0) line. The excitation temperature
does not vary significantly between different galaxies, with a
median value of 19.4 K for local galaxies (Q. Jiao et al. 2019)
and 29.1 K for high-z SMGs and QSOs (F. Walter et al. 2011).
Such differences in local and high-z galaxies translate into
minor differences in Q10. We adopt an excitation temperature
of 29.1 K, and the resulting Q10 is 0.457. On the other hand,
X[C I] is very different in starburst systems (e.g., QSOs and
SMGs) compared to normal star-forming galaxies, with
commonly adopted values of 8.4× 10−5 for high-z SMGs
and QSOs and 3.0× 10−5 for normal star-forming galaxies
(e.g., A. Weiß et al. 2003; P. P. Papadopoulos &
T. R. Greve 2004; F. Walter et al. 2011). These values result
in a molecular gas mass of

[ ] ( )[ ]
[ ] = ´ ¢ -M L M3.37 8P Pmol

C I
C I 3

1
3

0

for starbursts and

[ ] ( )[ ]
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1
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Figure 7. LCO(4−3)/L[C I](1−0) vs. L[C I](1−0)/LFIR(SF) ratios for the QSOs (red-filled diamonds), and companion galaxies (blue-filled squares), and the tentative
detection of the CGM (black-filled square) in our sample. The comparison samples in the literature are the same as those presented in Figure 6. The isocontours are
from the PDR models generated by the PhotoDissociation Region Toolbox adopting the “wk2000” model (M. J. Kaufman et al. 2006; M. G. Wolfire
et al. 2010; D. A. Neufeld & M. G. Wolfire 2016). The pink solid contours represent the modeled [C I](1–0)/CO(4−3) luminosity ratio with different molecular
hydrogen densities, and the gray dashed contours represent the modeled [C I](1–0)/LFIR(SF) ratio for different ionization parameters.
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for normal star-forming galaxies.

4.3.3. Dust-based Molecular Gas Mass

The dust mass can be derived from dust-related flux density
through

( ) ( )
[ ] ( )( )/

=
+

n

n n

+M
D S

z k B T
M

1
, 10L z

dust

2
1

dust

where DL is the luminosity distance, Sν/(1+z) is the continuum
flux density at an observed frequency of νrest/(1+ z), kν is the
mass absorption coefficient (cross section per unit mass), and
Bν(Tdust) is the Planck function at a temperature of Tdust.

The molecular gas mass is converted from the dust mass
through

[ ] ( )/ d=M M M , 11mol
dust

dust DGR

where δDGR is the dust-to-gas ratio. δDGR is dependent on the
gas-phase metallicity (Z) in galaxies through

⎜ ⎟
⎛
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d =  - 
Z

Z
log 2.45 0.12 log 2.0 1.4 12DGR

(P. De Vis et al. 2019).

4.3.4. Comparing the Molecular Gas Mass in the ISM Derived Using
Different Tracers

To compare the estimates of the molecular gas mass based
on the different tracers described in Sections 4.3.1–4.3.3, one
has to rely on important parameters that carry a large degree of
uncertainty. For example, C. Yang et al. (2017) found that
high-z lensed galaxies show a large range of R41 values that
affect the CO(4–3) luminosity, T. G. Bisbas et al. (2015)
revealed that the CO and [C I](1–0) abundance is influenced
heavily by both photo- and cosmic-ray ionization, and
R. C. Kennicutt et al. (2009) showed that infrared luminosity
in part arises from a diffuse dusty medium (“cirrus”) that is not
directly associated with star formation. Therefore, any
comparison between the various tracers will be hampered by
large uncertainties. Nevertheless, it is interesting to compare
molecular mass estimates based on values that are widely
adopted in the literature.
We adopt αCO= 0.8 M☉ [ ]- -K km s pc1 2 1 and R41= 0.87 to

estimate the molecular gas mass from the CO(4−3) line, and
X[C I]= 8.4× 10−5 to derive the molecular gas based on [C I]
(1–0) for the QSOs in our sample (see Sections 4.3.1 and 4.3.2;
all the adopted parameter values are typical for QSOs). As for
the companion galaxies, we assume two cases, namely the
companion galaxies are either all starbursts or star-forming
galaxies, and the adopted parameter values are αCO= 0.8 M☉

Figure 8. Molecular gas masses derived based on the CO(4−3), [C I](1–0), and dust continuum emission. We use αCO = 0.8 M☉[ ]- -K km s pc1 2 1, R41 = 0.87, and
X[C I] = 8.4 × 10−5 to estimate the molecular gas mass using the CO(4−3) and [C I](1–0) lines for the QSOs. We consider all the companion galaxies as either
starbursts (a) or star-forming galaxies (b), and the parameters adopted are αCO = 0.8 M☉[ ]- -K km s pc1 2 1, R41 = 0.85, and X[C I] = 8.4 × 10−5 (for starbursts), and
αCO = 3.6 M☉[ ]- -K km s pc1 2 1, R41 = 0.17, and X[C I] = 3.0 × 10−5 (for star-forming galaxies). For the molecular gas masses derived from the ALMA continuum,
we adopt d =DGR

1

100
and Tdust = 47 K (c), d =DGR

1

50
and Tdust = 47 K (d), and d =DGR

1

100
and Tdust = 80 K (e) for the QSOs and companions.
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[ ]- -K km s pc1 2 1, R41= 0.85, and X[C I]= 8.4× 10−5 for the
starburst case, and αCO= 3.6 M☉ [ ]- -K km s pc1 2 1,
R41= 0.17, and X[C I]= 3.0× 10−5 for the star-forming case.
We show the comparison between the molecular gas masses
based on CO(4−3) and [C I](1–0) for the QSOs and companion
galaxies in Figures 8(a) and (b). The molecular gas mass
derived using the CO(4−3) line for the QSOs agrees with those
derived from the [C I](1–0) line within uncertainties. For the
companion galaxies, only the starburst case suggests compar-
able molecular gas mass based on CO(4−3) and [C I](1–0).
This suggests that the QSOs and companions are likely
starbursts, and both have a low conversion factor of αCO∼ 0.8
M☉[ ]-K km s pc2 1. This is also consistent with the high SFR
derived from their FIR continuum detection (Table 3).

The molecular gas mass based on the dust continuum
emission is dependent on both δDGR and Tdust. δDGR is only
dependent on metallicity (P. De Vis et al. 2019). We do not
expect significant differences between the QSOs and their
companions as these systems are likely part of the same galaxy
groups or clusters, and therefore we can assume that their ages
and mechanism of gas supply are similar. In addition, extended
cold CGM emission connecting the companion galaxies and
the QSOs is detected in CO(4−3) emission for the majority of
our QSO fields, which might indicate gas exchange between
the QSOs and their companions (Paper I). We first assume a
solar metallicity (Z= 1.0 Z☉), which translates to d =DGR

1

100
and a typical Tdust= 47 K to derive the molecular gas mass
from the continuum emission (Figure 8(c)). Such an assump-
tion leads to higher molecular gas masses derived from the
continuum emission compared to those from the CO(4−3) line
for the QSOs and companion galaxies in our sample. To get
consistent molecular gas masses estimated from the continuum
and the CO(4−3) line, we also consider that the QSOs and
companion galaxies in our sample have either warmer dust with
Tdust= 80 K and d =DGR

1

100
or higher metallicity (Z= 1.3 Z☉)

with Tdust= 47 K and d =DGR
1

50
. In calculating the CO(4

−3) based molecular gas mass, all the QSOs and companion
galaxies are treated as starbursts. The comparison of the
molecular gas estimated based on the CO(4−3) and the dust
continuum is shown in Figures 8(c)–(e). Both the warmer dust
and the higher metallicity scenario reveal comparable mole-
cular gas derived based on the CO(4−3) and the continuum
emission. This suggests that the QSOs and companions in our
sample have either higher dust temperatures than the typical
value of 47 K and/or a higher metallicity compared to the solar
value. We note that the QSO Q1416+2649 with a radio-
detected AGN is off the one-to-one relation in Figures 8(c)–(e).
This is likely a result of lower CO(4−3) and [C I](1–0)
luminosities for its FIR luminosity from star formation
compared to all the other QSOs and companions in our
sample. As for the QSO Q1228+3128, the dust-derived
molecular gas mass is approaching two orders of magnitude
lower than what we derive based on the observed continuum
flux density to reside on the one-to-one relation for CO(4−3)
and dust-based molecular gas masses. Future ALMA con-
tinuum observations sampling the dust SED at other frequen-
cies may help to better constrain the FIR luminosity of this
QSO to further confirm this.

4.3.5. Mass Estimation of the Extended [C I](1–0) from the CGM

We estimate the molecular gas masses locked up in the CGM
based on the [C I](1–0) luminosities presented in Section 3.2.
The [C I](1–0) emission in the CGM is only tentatively
detected in one of the QSOs Q0050+0051, which has a [C I]
(1–0) luminosity of (2.5± 0.9)× 107 L☉. As is discussed in
Section 4.3.2, the molecular gas mass based on the [C I](1–0)
line is dependent on the carbon abundance, which is different
by a factor of ∼3 in the ISM of normal star-forming and
starburst galaxies. Due to the limited detection of the [C I](1–0)
in the CGM, we have little knowledge about its carbon
abundance. We here give a very crude estimation of the carbon
abundance in the CGM by assuming an X[C I] range of
(3.0–8.4)× 10−5, similar to that in the ISM. This leads to a
molecular gas mass of (1.0–2.8)× 1010 M☉ based on the [C I]
(1–0) line. We estimate the molecular CGM masses for the
remaining nine quasars based on the 3σ upper limits of the [C I]
(1–0) line, and the resulting range in limits for the molecular
gas mass in the CGM is <(0.2–1.4)× 1010 M☉.
Utilizing a similar method as [C I](1–0), we also measure the

molecular gas mass using the CO(4−3) emission in the CGM
(Paper I). The CO(4−3) luminosity in the CGM for Q0050
+0051 is (1.4± 0.9)× 107 L☉ (1.6σ). The resulting 3σ upper
limit for the molecular CGM mass in Q0050+0051 based on
the CO(4−3) line is in the range of (0.7–13.6)× 1010 L☉
assuming similar parameters of the CGM as normal star-
forming and starburst galaxies. The 3σ upper limits of the
molecular CGM masses for the remaining nine QSOs are in the
range of <(0.1–10.2)× 1010 M☉. Therefore, the molecular
CGM mass based on the [C I](1–0) and CO(4−3) lines are
consistent within the uncertainties.
In addition, we estimate the cosmic baryon fraction using the

molecular gas we derive in the CGM. Assuming that all the
reprocessed baryons stay within the virial radius, that the
cosmic baryon fraction of 15.6% derived by Planck (Planck
Collaboration et al. 2020) applies to this reservoir, and
adopting a typical halo mass for QSOs of 1012.5 M☉ (e.g.,
M. White et al. 2012; E. Pizzati et al. 2024), the baryonic mass
within the halo is roughly 4.9× 1011 M☉. Our derived
molecular gas masses in the CGM of <(0.2–1.4)× 1010 M☉
for the CGM within the inner 40 kpc represents <0.4%–3% of
the baryons, which is in the same range as other estimates in the
literature (F. Arrigoni Battaia et al. 2022).

5. Summary

We report ALMA/ACA observations of the [C I](1–0) line and
dust continuum emission in a sample of 10 ultraluminous Type-I
QSOs at z∼ 2, each showing extended Lyα emission on scales of
>100 kpc. Utilizing both the 7m and the 12m arrays of ALMA,
we can constrain the molecular gas properties in both the ISM and
the extended CGM. We summarize our main results below.
(1) We detect the [C I](1–0) emission in all of our 10 QSOs

in the 12 m array data and nine QSOs in the 7 m+12 m array
data after uv-tapering. Interestingly, all the nine QSOs show
higher flux in the 7 m+12 m array data compared to the 12 m
array data, with a flux difference of 0.03–0.22 Jy km s−1,
hinting at the possibility of cold CGM emission in the majority
of our targets. However, the [C I](1–0) line is too weak to
determine this on a case-by-case basis, except for Q0050+0051
where we detect a [C I](1–0) flux of 0.22 Jy km s−1 at an SNR
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of 2.7. In addition, we detect the dust continuum emission in all
the 10 QSOs.

(2) 13 companion galaxies are identified in our previous
CO(4–3) observations in 70% of our QSO fields. We detect the
[C I](1–0) emission in 40% of the companion galaxies and
detect the dust continuum emission in 40% of the companion
galaxies.

(3) Utilizing the L[C I](1−0)/LCO(4–3) and L[C I](1–0)/LFIR(SF)
ratios as diagnostics of the physical properties of the molecular
gas, we find that, similar to other high-z AGN and SMGs, the
QSOs and companion galaxies in our sample have higher gas
density and more intense radiation field compared to high-zMS
galaxies, with values that are at the high end of the distribution
for local (U)LIRGs. In addition, we find a slightly higher gas
density and slightly higher radiation field in the QSOs
compared to their companion galaxies.

(4) In one of the radio-detected QSOs in our sample, Q1416
+2649, we find that the LCO(4–3) and L[C I](1–0) luminosities are an
order of magnitude fainter for its LFIR(SF). This could result from a
lower molecular gas mass or a more intense radiation field
compared to other QSOs and companion galaxies in our sample.

(5) We use CO(4−3), [C I](1–0), and the ALMA continuum
emission as independent molecular gas mass tracers for the ISM
in the QSOs and their companions. We estimate the molecular gas
mass in the QSOs in the range of (0.4–4.2)× 1010 M☉ and
(0.2–3.7)× 1010 M☉ for companion galaxies where either CO(4
−3), [C I](1− 0), or the ALMA continuum is detected. The QSOs
and companions also display the same low conversion factor of
αCO ∼ 0.8 M☉[ ]- -K km s pc1 2 1. In addition, we constrain the
cold molecular CGM mass using the [C I](1–0) emission and
obtained a tentative detection of (1.0–2.8)× 1010 M☉ in Q0050
+0051 and 3σ upper limits of <(0.2–1.4)× 1010 M☉ for the rest
of the nine QSO fields. This translates into a baryon fraction of
<0.4%–3% in the molecular CGM relative to the total baryonic
mass within the halo, which is consistent with values estimated
from the literature.
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Appendix
The Extent of the Cold ISM in the Host Galaxies of

the QSOs

We measure the source sizes using the 2D Gaussian fit icon
in the CASA viewer. The 2D Gaussian fit returns both the
source size convolved with the beam, and the source size
deconvolved with the beam. We show the derived source sizes
and beam sizes in Table A1. For 70% of the sources, the 2D

Table A1
Measurements of [C I](1–0) Sizes for the QSOs

Source [C I](1–0) Size (Convolved with Beam) [C I](1–0) Size (Deconvolved from Beam) Beam Size
θmajor × θminor; PA θmajor × θminor; PA θmajor × θminor; PA

(1) (2) (3) (4)

Q0050+0051 (1 99 ± 0 09) × (1 86 ± 0 08); (95° ± 24°) L 1 98 × 1 65; 78°
Q0052+0140 (1 84 ± 0 30) × (1 54 ± 0 21); (42° ± 31°) L 2 03 × 1 68; −81°
Q0101+0201 (2 19 ± 0 14) × (1 85 ± 0 10); (75° ± 13°) L 2 20 × 1 66; 70°
Q0107+0314 (2 50 ± 0 38) × (2 28 ± 0 32); (125° ± 60°) (1 64 ± 0 71) × (1 25 ± 0 96); (176° ± 60°) 2 12 × 1 66; −75°
Q1227+2848 (2 21 ± 0 43) × (1 75 ± 0 27); (17° ± 26°) L 2 36 × 1 75; 11°
Q1228+3128 (3 90 ± 1 00) × (1 62 ± 0 21); (154° ± 5°) L 2 33 × 1 66; 12°
Q1230+3320 (4 09 ± 0 80) × (1 91 ± 0 21); (15° ± 5°) (3 11 ± 1 18) × (0 44 ± 0 68); (21° ± 20°) 2 71 × 1 77; 1°
Q1416+2649 (3 12 ± 1 05) × (2 10 ± 0 52); (48° ± 25°) L 2 37 × 1 83; −22°
Q2121+0052 (2 42 ± 0 44) × (1 31 ± 0 15); (121° ± 7°) (1 84 ± 0 66) × (0 55 ± 0 33); (126° ± 23°) 1 59 × 1 16; −70°
Q2123−0050 L L 2 05 × 1 70; 72°

Note. We show the [C I](1–0) source sizes of the QSOs convolved with the beam and deconvolved from the beam for the 12 m array data. We also show the beam
sizes for the 12 m array data. We do not show the fitting result for Q2123−0050 because the SNR is too low (see also Figure 1) to give a meaningful fitting result.
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Gaussian fit fails to measure the deconvolved source size and
returns a point source. For a better visualization, if the host
galaxies of the QSOs are spatially resolved in the 12 m array
data, we also show the comparison between the source size
convolved with the beam and the beam size in Figure 9. We
consider sources where source sizes convolved with the beam
comparable to the beam sizes as spatially unresolved. From
Figure 9, the source sizes agree with the beam sizes within 2σ
uncertainties (the error bars on Figure 9 represent 1σ
uncertainties). In addition, for the three sources where
deconvolved source sizes are returned in the 2D Gaussian fit,
the measured deconvolved source sizes are poorly constrained
with large uncertainties (SNR less than 3 for the major axis and
less than 2 for the minor axis). Accordingly, we consider the
[C I](1–0) emission from the cold ISM of the QSOs to be
spatially unresolved under our beam sizes of 1 6
−2 7×1 2−1 8.
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