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A Spatially Resolved [C II] Survey of 31 z ~ 7 Massive Galaxies Hosting Luminous Quasars

FEIGE WANG,! JINYI YANG," * X1aoHUI FAN,! BRAM VENEMANS,??® ROBERTO DECARLI,* EDUARDO BANADOS,?
FABIAN WALTER,? AARON J. BArRTH,? FUuYAN BIaN,® FREDERICK B. Daviges,”? ANNA-CHRISTINA EILERS,®
EMANUELE PAOLO FaARINA,? JosepH F. HENNAWL* 10 JiaNG-Tao Li,'' CHIARA MAZZUCCHELLL ' RAN WANG,'?
XUE-BING WU, ¥ AND MINGHAO YUE®

1Steward Observatory, University of Arizona, 933 North Cherry Avenue, Tucson, AZ 85721, USA
2Max Planck Institut fir Astronomie, Konigstuhl 17, D-69117, Heidelberg, Germany
3 Leiden Observatory, Leiden University, P.O. Box 9513, NL-2300 RA Leiden, The Netherlands
4INAF-Osservatorio di Astrofisica e Scienza dello Spazio, via Gobetti 93/3, 1-40129, Bologna, Italy
5 Department of Physics and Astronomy, 4129 Frederick Reines Hall, University of California, Irvine, CA, 92697-4575, USA
8 European Southern Observatory, Alonso de Cdrdova 3107, Casilla 19001, Vitacura, Santiago 19, Chile
7 Lawrence Berkeley National Laboratory, CA 94720-8139, USA
S MIT Kavli Institute for Astrophysics and Space Research, 77 Massachusetts Avenue, Cambridge, Massachusetts 02139, USA
9 Gemini Observatory, NSF’s NOIRLab, 670 N A’ohoku Place, Hilo, Hawai’i 96720, USA
10 Department of Physics, University of California, Santa Barbara, CA 93106-9530, USA
1 Department of Astronomy, University of Michigan, 311 West Hall, 1085 S. University Ave, Ann Arbor, MI, 48109-1107, USA
12 Instituto de Estudios Astrofisicos, Facultad de Ingenieria y Ciencias, Universidad Diego Portales, Avenida Ejercito Libertador 441,
Santiago, Chile.
13 Kawli Institute for Astronomy and Astrophysics, Peking University, Beijing 100871, China
4 Department of Astronomy, School of Physics, Peking University, Beijing 100871, China

ABSTRACT

The [C II] 158 pum emission line and the underlying far-infrared (FIR) dust continuum are important
tracers for studying star formation and kinematic properties of early galaxies. We present a survey of
the [C II] emission lines and FIR continua of 31 luminous quasars at z > 6.5 using the Atacama Large
Millimeter Array (ALMA) and the NOrthern Extended Millimeter Array (NOEMA) at sub-arcsec
resolution. This survey more than doubles the number of quasars with [C II] and FIR observations at
these redshifts and enables statistical studies of quasar host galaxies deep into the epoch of reionization.
We detect [C IT] emission in 27 quasar hosts with a luminosity range of Licry = (0.3—5.5) x 10° L, and
detect the FIR continuum of 28 quasar hosts with a luminosity range of Lyr = (0.5 —13.0) x 102 L.
Both Liciy and Lpr are correlated (p ~ 0.4) with the quasar bolometric luminosity, albeit with
substantial scatter. The quasar hosts detected by ALMA are clearly resolved with a median diameter
of ~5 kpc. About 40% of the quasar host galaxies show a velocity gradient in [C II] emission, while
the rest show either dispersion-dominated or disturbed kinematics. Basic estimates of the dynamical
masses of the rotation-dominated host galaxies yield Mgy, = (0.1 — 7.5) x 10'* M. Considering our
findings alongside those of literature studies, we found that the ratio between Mpy and Mayy is about
ten times higher than that of local Mgy — Mgy, relation on average but with substantial scatter (the
ratio difference ranging from ~0.6 to 60) and large uncertainties.

Keywords: Early universe (435) — Galaxies(573) — Quasars(1319) — Supermassive black holes (1663)

1. INTRODUCTION The discovery of the strong correlations between
the mass of supermassive black holes (SMBHs) and
the physical properties (e.g., stellar velocity dispersion,

Corresponding author: Feige Wang bulge mass, dynamical mass) of their host galaxies (i.e.,
feigewang@email.arizona.edu the M — o, relation) in the local Universe indicates
* Strittmatter Fellow that SMBHs co-evolve with their host galaxies (see Ko-
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rmendy & Ho 2013, and references therein). Such rela-
tions are thought to arise from the fact that the energy
released by accreting SMBHs is able to affect gas kine-
matic and star formation activity in the host galaxy,
thus regulating both the dynamical properties and the
stellar mass of the host (e.g. Di Matteo et al. 2005; Hop-
kins et al. 2008). Therefore, investigating the SMBH-
galaxy relations at high redshift is crucial for under-
standing galaxy formation and evolution at early cosmic
times. However, luminous quasars in the rest-frame UV
significantly outshine their hosts, prohibiting the detec-
tion of the stellar light or the measurement of the M — o,
relation in luminous z 2 6 SMBH-galaxy systems even
with the Hubble Space Telescope (Mechtley et al. 2012;
Marshall et al. 2020).

Thanks to the superb sensitivity of the Atacama
Large Millimeter/submillimeter Array (ALMA) and the
NOrthern Extended Millimeter Array (NOEMA), the
host galaxies of more than 60 z = 6 quasars have been
detected in rest-frame far-infrared dust continuum and
the fine structure [C II] 158 pm line (e.g., Walter et
al. 2009; Wang et al. 2013, 2016; Willott et al. 2015;
Venemans et al. 2016; Decarli et al. 2018; Feruglio et
al. 2018; Venemans et al. 2018; Izumi et al. 2019, 2021;
Wang et al. 2019b; Yang et al. 2019b; Eilers et al. 2020;
Pensabene et al. 2020). Several key findings have been
established based on these observations. Firstly, copi-
ous amounts of dust and gas are present in the majority
of these z > 6 quasar host galaxies (see Carilli & Wal-
ter 2013; Fan et al. 2023, for reviews). These galaxies,
significantly enriched with metals and powered by prodi-
gious star formation with star formation rate (SFR) of
> 100 Mg yr~!, are significantly more massive than
typical star-forming galaxies found in deep fields (e.g.,
Bouwens et al. 2022). Secondly, kinematic modeling of
several high spatial resolution (sub-kpc scale) observa-
tions of the [C II] line suggests that the most luminous
systems seem to have over-massive SMBHs compared
with expectations from the local M — o, relation while
fainter systems still follow the local M —o, relation (e.g.,
Banados et al. 2019; Wang et al. 2019b; Venemans et
al. 2019; Pensabene et al. 2020; Neeleman et al. 2021;
Farina et al. 2022), suggesting that we are witnessing
the establishment of the M — o, relation in the early
Universe. Thirdly, the existence of dust-rich companion
galaxies adjacent to some fraction of z 2 6 quasars in-
dicates that the earliest SMBHs grew in galaxy-rich en-
vironment, and that major mergers may be important
drivers for rapid SMBH and host galaxy growth (e.g.,
Decarli et al. 2017; Mazzucchelli et al. 2019; Venemans
et al. 2020; Meyer et al. 2022).

The majority of the discoveries mentioned above were
based on observations of z ~ 6 quasars, while obser-
vations of higher redshift (e.g., z > 6.5) systems are
still limited to only a dozen (e.g., Venemans et al. 2016;
Neeleman et al. 2021; Tzumi et al. 2021). On the other
hand, recent studies show that the spatial density of
quasars rises extraordinarily rapidly (by a factor of six)
from z ~ 7 to z ~ 6, significantly faster than that from
z ~ 6 toz~ 3 (Wang et al. 2019a), indicating a rapid
buildup of the earliest SMBHs in this short timescale.
In the last few years, the number of known 2z > 6.5
quasars has dramatically increased (e.g., Wang et al.
2017, 2018, 2019a, 2021a; Banados et al. 2018; Matsuoka
et al. 2018, 2019b; Reed et al. 2019; Yang et al. 2019a,
2020a,b, 2021). This motivated us to perform a compre-
hensive [C II] survey of quasar host galaxies at z ~ 7.
The main science goals of this survey are to characterize
star formation activities in the host galaxies of the earli-
est SMBHs, to constrain the dynamical masses of quasar
host galaxies and thus investigate the My — Maynamical
relation at z ~ 7, to perform a census of [C II] emitters
in quasar vicinities, and to probe cosmic reionization
history and black hole growth by combining the [C II]
redshift measurements with optical and infrared spec-
troscopy.

In this paper, we present an overview of our spatially
resolved [C II] survey of 31 luminous z ~ 7 quasars and
discuss the properties of quasar host galaxies based on
[C 1] and dust emission. In §2, we will describe the
quasar sample construction, ALMA and NOEMA ob-
servations, and data reduction. In §3, we will present
the [C II] line properties, continuum luminosity, SFR, as
well as the size measurements of quasar host galaxies.
In §4, we will highlight the diverse kinematic properties
of quasar host galaxies, present first-order constraints
on their dynamical masses, and discuss the M — o, re-
lation of these systems. Finally, we will conclude in
§5. Throughout the paper, we adapt a flat cosmology
model with Hy = 70.0 km s~! Mpc™!, Qu = 0.3, and
Qx =0.7.

2. OBSERVATIONS AND DATA REDUCTION

The parent sample of our [C II] survey was built to
include all 56 z > 6.5 quasars with Mis50 < —25.0
known at the time of designing this program. The red-
shift and M50 distributions of these quasars and all
other known quasars at z > 6.5 are shown in Figure
1. In the literature, 13 quasars had either ALMA or
NOEMA observations at the time of designing this pro-
gram and thus were not targeted by this survey. An
additional two quasars, J0244—5008 and J0020—3653
(Reed et al. 2019), were proposed to ALMA in Cy-
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Table 1. The basic information and observing log of 31 z > 6.5 quasars studied here.

PApeamn RMS (30 km/s) Ref.0

Name RA DEC ZMgll Mi450 Obs. Program ID Exposure Beam
J2000 J2000 [min] =" [deg] [mJy/beam]

1) (2) (3) 4) (5) (6) (7N (8) (9) (10) (11) (12)
J0038—1527 00:38:36.10 —15:27:23.6 6.999+0.001 —27.13 ALMA 2018.1.01188.S 12.6 0.60 x 0.54 —88.06 0.38 1/2
J0213—0626 02:13:16.94 —06:26:15.2 6.720’ —25.24 ALMA 2018.1.01188.S 12.6 0.61 x 0.52 83.80 0.32 3/3
J02184-0007 02:18:47.04 +00:07:15.2 6.766+£0.004 —25.55 ALMA 2018.1.01188.S 26.2 0.38 x 0.36 70.84 0.3 4/2
J0224—4711 02:24:26.54 —47:11:29.4 6.527+0.001 —26.67 ALMA 2018.1.01188.S 13.61 0.57 x 0.56 36.54 0.35 5/6
J0229—-0808 02:29:35.25 —08:08:23.0 6.727 —25.68 ALMA 2018.1.01188.S 12.6 0.39 x 0.34 53.03 0.38 kokd
J0246—5219 02:46:55.90 —52:19:49.9 6.857+0.019 —25.36 ALMA 2018.1.01188.S 40.32 0.38 X 0.35 10.58 0.27 8/2
J0252—0503 02:52:16.64 —05:03:31.8 6.990+£0.017 —26.63 ALMA 2018.1.01188.S 13.1 0.49 x 0.38 65.91 0.4 8/2

NOEMA WI18EJ 150 1.76 x 0.77 27.24 0.82
J0313—1806 03:13:43.84 —18:06:36.4 7.611+£0.004 —26.13 ALMA 2019.A.00017.S 57.46 0.60 x 0.43 —74.53 0.29 9/2
J0319—1008 03:19:41.66 —10:08:46.0 6.816+0.004 —25.36 ALMA 2019.1.01025.S 13.1 0.39 x 0.33 53.49 0.44 8/2
J0411—-0907 04:11:28.63 —09:07:49.7 6.827+0.006 —26.58 ALMA 2018.1.01188.S 13.1 0.69 x 0.55 74.83 0.37 10/2
J0430—1445 04:30:43.66 —14:45:41.2 6.718 —25.82 ALMA 2019.1.01025.8 12.6 0.37 x 0.33 —75.80 0.43 T)7
J0439+41634 04:39:47.10 +16:34:15.8 6.519+0.003 —29.59 ALMA 2018.1.01188.S 15.12 0.87 x 0.49 —47.07 0.5 11/2
J0525—2406 05:25:59.68 —24:06:23.0 6.543+0.002 —25.47 ALMA 2019.1.01025.S 12.6 0.37 x 0.33 —76.26 0.36 4/2
J07064-2921 07:06:26.38 +29:21:05.5 6.593+0.000 —27.44 ALMA 2018.1.01188.S 28.22 0.90 x 0.63 —11.47 0.4 10/2
J0829+44117 08:29:31.98 +41:17:40.9 6.773£0.007 —26.07 NOEMA WI18EJ 150 0.99 x 0.59 8.23 0.76 10/2
J083744929 08:37:37.83 +49:29:00.6 6.702+0.001 —26.33 NOEMA WI18EJ 138 1.15 x 0.61 —19.47 0.67 10/2
J0839+4-3900 08:39:46.88 +39:00:11.4 6.9054+0.000 —26.36 NOEMA WI18EJ 150 1.00 x 0.57 12.29 0.74 10/2
J09104-1656 09:10:13.65 +16:56:30.2 6.719+£0.005 —25.34 ALMA 2018.1.01188.S 15.12 0.68 x 0.56 —4.87 0.31 10/2
J0910—0414 09:10:54.54 —04:14:06.9 6.610£0.003 —26.61 ALMA 2018.1.01188.S 19.15 0.62 x 0.55 69.15 0.27 10/2
J09214-0007 09:21:20.56 +00:07:22.9 6.565+£0.000 —25.19 ALMA 2018.1.01188.S 13.1 0.60 x 0.55 58.55 0.31 4/2
J09234-0402 09:23:47.12 +04:02:54.6 6.612+0.002 —26.68 ALMA 2018.1.01188.S 13.61 0.61 x 0.57 38.77 0.33 10/2
J09234-0753 09:23:58.99 +07:53:48.7 6.682+0.002 —25.50 ALMA 2019.1.01025.S 29.24  0.40 x 0.34 37.87 0.26 4/2
J100742115 10:07:58.26 +21:15:29.2 7.4764+0.013 —26.73 ALMA 2019.1.01025.S 15.12 0.48 x 0.36 —4.71 0.41 12/2
J10584-2930 10:58:07.72 +29:30:41.7 6.585+£0.005 —25.68 ALMA 2019.1.01025.S 14.62 0.53 x 0.35 17.00 0.59 4/2
J11044-2134 11:04:21.58 +21:34:28.9 6.766+0.005 —26.63 ALMA 2018.1.01188.S 16.13 0.70 x 0.59 8.46 0.37 10/2
J11294-1846 11:29:25.37 +18:46:24.3 6.824+0.001 —26.04 ALMA 2019.1.01025.S 16.13 0.43 x 0.34 8.86 0.35 13/2
J11354-5011 11:35:08.92 +50:11:32.6 6.5794+0.001 —26.16 NOEMA WI18EJ 177 0.90 x 0.77 —40.45 0.58 10/2
J12164-4519 12:16:27.58 +45:19:10.7 6.648+0.003 —25.57 NOEMA WI18EJ 148 1.21 x 0.66 96.55 0.93 10/2
J2002—3013 20:02:41.59 —30:13:21.7 6.673+0.001 —26.90 ALMA 2019.1.01025.S 12.6 0.38 x 0.33 88.60 0.47 4/2
J2102—1458 21:02:19.23 —14:58:53.9 6.652+£0.003 —25.53 ALMA 2018.1.01188.S 13.1 0.59 x 0.50 —67.68 0.37 10/2
J2211-6320 22:11:00.60 —63:20:55.9 6.8324+0.015 —25.38 ALMA 2019.1.01025.S 32.26 0.54 x 0.45 —18.86 0.36 8/2
Notes: (1) Quasar name, (2-3) R.A. and decl. (J2000), (4) redshift from Mg 11 line, (5) absolute magnitude at rest-frame 1450 A, (6)

observatory, (7) program ID, (8) on-source exposure time, (9) beam size, (10) position angle of the beam, (11) rms noise per 30 km/s bin,
(12) reference for quasar discovery, zmgrr and Mi450 measurements, see below.

@ There is no infrared spectroscopic observation for this object; the redshift was measured from the Lya line by Matsuoka et al. (2018).

b References for the quasar discovery (first number) and for zygrr and Miss0 measurements (second number). References: 1: Wang et al.
(2018); 2: Yang et al. (2021); 3: Matsuoka et al. (2018); 4: Yang et al. in prep; 5: Reed et al. (2017); 6: Wang et al. (2021b); 7: Bahados
et al. in prep; 8: Yang et al. (2019a); 9: Wang et al. (2021a); 10: Wang et al. (2019a); 11: Fan et al. (2019); 12: Yang et al. (2020a); 13:

Banados et al. (2021).

cle 5 by the quasar discovery team and were also ex-
cluded from this survey. We observed the remaining 31
z > 6.5 quasars with M450 < —25.0 with ALMA and
NOEMA: 26 quasars with Decl. < 30° were targeted
with ALMA and the other 5 quasars with Decl. > 30°
were observed with NOEMA. One quasar in our sample,
J0252-0503, was observed by both ALMA and NOEMA.
The NOEMA observation of the gravitationally lensed
quasar J043941634 at z = 6.52 was published in Yang
et al. (2019b) and the high-resolution (C43-5) ALMA
observation of this object was published in Yue et al.
(2021). In this paper, we present the ALMA C43-3 ob-
servation of J0439+1634 obtained from this program.

Although the ALMA observations of J100742115 and
J0313-1806 were reported in Yang et al. (2020a) and
Wang et al. (2021a), respectively, we include the obser-
vations of these two quasars in this paper for complete-
ness. The basic information of these 31 quasars as well
as the observation details are listed in Table 1. In the
following sections, we only reports the measurements for
objects targeted by this survey but includes objects from
literature for statistically analyses.

2.1. ALMA observation and data reduction

Our ALMA observations span two cycles with one
Cycle 6 program (program ID: 2018.1.01188.S, PI:
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Figure 1. The redshift and M50 distribution of quasars
known at z > 6.5. This [C II] survey aims to observe
all z > 6.5 quasars with Mo < —25.0 (black dotted
line). The quasars J0244—5008 (z = 6.724) and J0020—3653
(# = 6.834) were proposed in ALMA Cycle 5 by the dis-
covery team (Reed et al. 2019) and were excluded from this
survey. Another quasar J2356+0017 at z = 7.01 was dis-
covered (Matsuoka et al. 2019b) after our survey begins.
The ALMA observation of the gravitationally lensed quasar,
J0439+1634, is also reported in this work.

F. Wang) and two Cycle 7 programs (program IDs:
2019.1.01025.S and 2019.A.00017.S, PI: F. Wang).
These observations were designed to reach a flux sen-
sitivity of ~0.3 mJy/beam per 100 km s~! and a resolu-
tion of 040”7, in order to detect the [C II] emission of
nearly all quasars and marginally resolve the most ex-
tended quasar host galaxies. We tuned two spectral win-
dows (SPW, 0 and 1) centered at the expected frequency
of [CII] and the other two SPWs (2 and 3) centered at
about 15 GHz away from the expected [C II] line for ob-
serving the continuum emission. Observations were car-
ried out between 2018 December and 2020 March with
42-50 12m antennas. The on-source exposure time for
each target was designed to be ~ 15 minutes and targets
were observed with either the C43-3 or C43-4 configu-
ration, with the final on-source time depends on the ob-
serving conditions. The detailed ALMA observational
information is listed in Table 1.

All the ALMA data were processed using the CASA
(McMullin et al. 2007) pipeline for ALMA using the de-
fault calibration procedure. The Cycle 6 data were cal-
ibrated with CASA version 5.4.0 and the Cycle 7 data
were calibrated with CASA version 5.6.1. All the data
were then analyzed using CASA version 5.6.1. We im-
aged the data cubes using Briggs cleaning via the CASA
task tclean with robustness parameter r = 2.0, corre-
sponding to natural weighting, to maximize the signal-

to-noise ratio (S/N) of our observations. Since we will
compare our results with those of lower redshift (z ~ 6)
quasars from Decarli et al. (2018), the imaging process
was designed to closely follow that used by Decarli et
al. (2018). The imaging process includes the following
steps:

(1) We generate a dirty continuum + line map for each
target by collapsing the data in SPWs 0&1 with tclean.
This map is used for identifying the positions of detected
sources, creating box masks for detected sources and
estimating the sensitivity of the observations.

(2) We then create data cubes for SPWs 0&1 and 2&3
with tclean. During this step, we use the object mask
regions generated from last step and re-bin the data cube
to 23.4 MHz (~ 30 km s~! at the quasar redshifts).

(3) We extract a 1D spectrum of each object with
an aperture diameter of 1”75. Note that Decarli et al.
(2018) extracted 1D spectra on a single-pixel basis be-
cause their data have a lower resolution.

(4) The spectra extracted from the SPWs 0&1 data
cubes are then fitted with a flat continuum and a Gaus-
sian function. The continuum flux, line flux, line peak
and line width are listed in Table 2.

(5) We then subtract the continuum for the data cube
from SPWs 0&1 using the uvcontsub task in the UV
plane.

(6) The [C 1I] line map is collapsed from the data cube
in the frequency range set by the line peak +1.40ypne
from the 1D spectral fitting generated in Step 4. For
a Gaussian line profile, this integration corresponds to
recovering ~83% of the total line flux. For the object
(J112941846) without a successful Gaussian fitting from
the 1D spectra, we assume the line has the same red-
shift as that derived from the Mg II line and a width of
FWHM = 300 km s!.

(7) The continuum maps are generated by collapsing
the entire line-free channels in SPWs 0&1&2&3.

The [C II] line maps and the continuum contours are
shown in Figure 2 and the extracted 1D spectra are
shown in Figure 3.

2.2. NOEMA observation and data reduction

Our NOEMA observations were obtained in the W18
cycle (program ID: W18EJ, PIs: B. Venemans and J.
Yang). All quasars were observed using 10 antennas
with the C array configuration during winter 2018. We
used the wideband correlator PolyFiX, which delivers
two ~7.7 GHz wide sidebands. The expected frequency
of the [C II] line of each quasar was tuned at the cen-
ter of the inner baseband of the upper sideband. The
total telescope time was designed to be ~ 4 hours (on-
source ~ 2.5 hours) per target in order to reach ~0.7
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Figure 2. ALMA (top 26 panels) and NOEMA (bottom 6 panels) thumbnails of z > 6.5 quasars showing the continuum-
subtracted [C TI] line maps in color and the continuum in contours. Each panel is 5 x 5" wide. North is up and east to the left.
The solid black crosses on the [C II] undetected objects mark the expected emission position. The solid black contours mark
the +3, 4, 5, 6, 7, 8, 9 isophotes for those objects with continuum peak detected at < 100, or 30%, 40%, 50%, 60%, 70%, 80%,

90% of the continuum peak emission for those objects with > 100 peak detections. The synthesized beam of the observations
is shown in the bottom-left corner of each panel.
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Figure 3. ALMA spectra of [C II] and the underlying continuum of the quasars in our sample (black lines). The blue lines are
1o error vectors. The best-fit Gaussian line+flat continuum models are shown as solid red lines. Dotted lines indicate the best
fits in those cases where no significant line emission is detected.
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Figure 3. Continued. The bottom six spectra are NOEMA observations while the rest are ALMA observations.
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Figure 4. The [C II] luminosity as a function of redshift for
the quasars from our survey (orange points) and all other
quasars with [C II] detections at z > 5.7 (blue circles). Our
ALMA and NOEMA surveys detect the [C II] emission of
26 z > 6.5 quasars, representing 67% of all quasars at z >
6.5 with [C II] detections. Note that the brightest object is
the lensed quasar J0439+4-1634 without correcting the lensing
magnification.

mJy/beam per 100 km s~!. The detailed NOEMA ob-
servational information is also listed in Table 1.

The NOEMA data were analyzed using the mapping
software from the GILDAS! suite. We use natural
weighting and resampled the spectral axis in 50 km s~*
wide channels. We extract the [C II] 1D spectra from
the peak positions for those [C II] detected targets and
extract the spectra from the optical positions for the
[C II] undetected targets. The extracted 1D spectra are
shown in Figure 3. Similar to the ALMA data reduc-
tion, the [C II] line intensity map is collapsed from the
data cube in the frequency range of +1.40y, from the
line peak frequency (using values derived from Mg II
redshifts for [C II] undetected sources). The continuum
maps are generated by collapsing all the line-free chan-
nels. The [C II] line maps and the continuum contours
of the NOEMA targets are also shown in Figure 2.

3. MEASUREMENTS AND CORRELATIONS
3.1. [C1I] and Infrared Luminosity Measurements

As described in §2, the extracted spectra are shown
in Figure 3. We fit the spectra by assuming a flat
dust continuum emission and a Gaussian profile for the
[C 1I] emission line. The derived line peak frequency,
full width at half maximum (FWHM), and the line flux
as well as their associated 1o uncertainties are listed in

! http://www.iram.fr/IRAMFR/GILDAS

Table 2. We consider a line detection to be significant if
its integrated line flux is > 30 and marginal if its inte-
grated line flux is between 20 and 3o. Out of 31 targeted
objects, only four quasars (J0829+4117, J0839+3900,
J1129+41846, and J1216+4519) are undetected in [C II
and two quasars have marginal line detections at a
2.60 level (J0213—0626) and a 2.10 level (JO837+4929),
respectively. Three (J0829+4117, J0839+3900, and
J1216+44519) out of the four [C II]-undetected quasars
are from the NOEMA observations, which have a depth
that is two times shallower than that of the ALMA ob-
servations. The FIR continuum flux and flux uncer-
tainty measured from the 1D spectral fitting are also
listed in Table 2. All objects observed with ALMA, ex-
cept for J1129+41846, are detected in the dust continuum
at high significance. Similar to the [C II] results, the FIR
continua of J0829+44117, J0839+3900, and J1216+4519
are not detected by NOEMA. J1129+41846, the only
known radio-loud quasar in our sample, is intrinsically
faint in both [C II] and FIR (see also Khusanova et al.
2022).

We also derived the line flux and the size of the [C II]
emitting region for the ALMA-detected objects by fit-
ting the [C II] line maps shown in Figure 2. The fit is
performed with the imfit task within CASA by assum-
ing a 2D Gaussian profile with the centroid, integrated
flux, major and minor axes, and the position angle as
free parameters. We successfully fit all the detected
[C II] emission except for J0213—0626 because of the
low significance of its detection. Since the [C II] maps
are created by integrating over +1.40y;,, which encloses
~ 83% of the total line flux for a Gaussian profile, we
take this factor into account when computing the total
line flux (see also Decarli et al. 2018). The line flux and
the uncertainty measured from the 2D fitting are also
listed in Table 2. For J0213-0626, we use the line flux
calculated from the intensity map with a 175 diameter
aperture after correcting for the missing flux. We note
that the line fluxes measured from the 2D map could
be different from those measured in 1D spectra in some
cases, especially when the galaxy is very extended (e.g.,
J0411-0907). This is mainly because the 1D spectral ex-
traction could not enclose all flux from the quasar host
galaxies. Therefore, we use the 2D line fluxes in the fol-
lowing analyses (see also Decarli et al. 2018). For the
NOEMA-detected objects, we calculate the [C II] flux
from the intensity map with a 3”0 diameter aperture af-
ter correcting for the missing flux. The 30 upper limits
are reported in Table 2 for the [C II]-undetected targets.
We then measure the line luminosity following

L F . ( Dp\’
1 _ {04 x 10-3 [CTI]  Vobs L (1)
Lo Jykms—! GHz \ Mpc
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Table 2. The measured frequency, flux and width of the [C II] line and the flux of underlying continuum.

Name Vobs Eitelsy FWHM oiciyao  Flem,ip  Fu, cont,ip Flem,ep  Fiem,2p,corr Fu, cont,2D Uproj/20int
[GHz] [km s7'] [km s™'] [Jy km s™1] [mJy] [Jy km s™'] [Jy km s™'] [mJy]

) @) 3 @ (©) (1) (8) ©) (10) (11)
J0038—1527 236.562+0.008 7.0340+0.0003 339+25 215416 1.814+0.14 0.98+0.07 2.22+0.18 2.71£0.22  0.90+0.06 0.44£0.12
J0213—0626 246.140+0.038 6.7214+0.0012 2914+112 180+69 0.23+0.09 0.2440.04 0.25:|:0.06a 0.30:|:0.07a 0.3140.04 -
J02184-0007 244.599+0.040 6.7700+£0.0013 5484120 379483 1.354+0.30 1.2140.13 1.29+0.28 1.53+0.33 1.05+0.06 0.28+0.09
J0224—4711 252.656+£0.004 6.5222+0.0001 334415 21149 4.4940.20 2.36+0.09 4.2440.12 5.11+0.14 2.124+0.06 0.41+0.10
J0229—-0808 246.028+0.005 6.7249+0.0002 269+19 164412 4.524+0.32 6.41+0.14 3.75+0.15 4.33+0.17  5.09£0.06 0.5540.15
J0246—5219 240.951+£0.009 6.8876+£0.0003 400+29 261+19 2.87+0.21 2.5940.09 2.26+0.13 2.72+0.16 1.4140.04 0.3840.13
J0252—0503 237.549+0.028 7.0006£0.0009 393+96 255462 1.3840.34 1.224+0.13 1.88+0.35 2.30£0.43  0.9940.07 0.29£0.10
J0313—1806 219.914+0.016 7.6422+0.0006 235456 141+34 0.37+0.09 0.414+0.04 0.38+0.08 0.45+0.09 0.484+0.04 0.284+0.13
J0319—1008 242.801+0.066 6.8275+0.0021 7274205 5344150 1.784+0.51 0.064+0.02 1.80+£0.51 2.18+0.62 0.37£0.06
J0411—-0907 242.848+0.022 6.8260+£0.0007 371467 238+43 0.584+0.11 0.314+0.05 1.52+0.34 1.834+0.41 0.2240.06 0.394+0.13
J0430—1445 246.368+0.018 6.7142+0.0006 367+£58 235437 2.66+0.42 0.94+0.18 2.05+0.22 2.394£0.26  0.67+0.09 0.32+£0.10
J043941634 252.759+0.001 6.519240.0001 283+4 174+2 12.154+0.16 16.5240.08 13.16+£0.17 15.77+£0.20 16.6240.11 0.454+0.18
J0525—2406 252.071+£0.004 6.5397+0.0001 259+16 157410 5.114+0.32 4.314+0.14 4.29+0.15 5.144+0.18  3.26+0.06 0.59£0.16
J07064-2921 249.950+0.012 6.6037+£0.0003 413+36 271+24 1.2440.11 0.664+0.06 1.70+0.22 2.06+£0.27  0.784+0.05 0.46+0.17
J091041656 245.900+0.016 6.7289+0.0005 379+£50 245432 0.934+0.12 0.23£0.05 1.42+0.21 1.68+0.25 0.2340.05 0.32+0.09
J0910—0414 248.883+0.011 6.6363£0.0003 783+40 584+30 3.17+0.16 3.664+0.06 3.21+0.17 3.83+£0.20 3.384+0.04 0.33%+0.14
J09214-0007 251.242+0.010 6.5646+0.0003 224+36 1334+21 0.724+0.12 0.224+0.05 0.91+£0.11 1.124+0.14  0.2740.08 0.37+0.13
J09234-0402 248.988+0.009 6.6330+£0.0003 350436 223+23 1.30+0.13 0.2940.05 1.58+0.18 1.87+0.21 0.47+£0.11 0.29+£0.10
J09234-0753 247.412+0.015 6.6817+£0.0005 289+41 178425 1.154+0.16 0.5240.10 1.27+0.21 1.5240.25 0.354£0.08 0.4440.10
J10074-2115 223.191+0.014 7.5153+0.0005 349456 222436 2.2240.36 3.044+0.12 1.78+0.15 2.1440.18 1.9140.07 0.354+0.11
J10584-2930 250.579+0.016 6.5846+0.0005 336+£46 212429 2.084+0.29 0.35+0.10 2.18+0.39 2.54+0.45 0.44+£0.08 0.4340.10
J11044-2134 244.718+0.029 6.7662+0.0009 664+95 478+68 1.084+0.16 2.164+0.06 1.35+0.21 1.6240.25 1.9940.04 0.204+0.07
J11294-1846 < 0.12b < 0.14b 0.18:|:0.OSC
J2002—3013 247.223+0.013 6.6876+£0.0004 308436 192422 2.07+0.25 3.2240.15 1.68+0.17 1.9940.20 1.884+0.05 0.424+0.11
J2102—1458 247.967+0.008 6.6645+0.0002 219+29 130£17 1.18+0.16 1.20£0.08 1.20+0.11 1.3840.13  0.95£0.06 0.3740.11
J2211-6320 242.265+0.010 6.8449+0.0003 321431 201+19 1.9440.19 2.42+0.08 1.66+0.12 1.9940.14 1.674+0.04 0.3940.08
702520503 237.557+0.012 7.0003£0.0004 275435 168421 0.97+0.12 0.374005 1.3520.11¢ 16320137 0.660.04 -
J0829+4-4117 - - - - - - < O.33b < O.40b < 0.14b -
J0837+44929 248.591+0.032 6.6452+0.0010 2254109 134465 0.254+0.12 0.10£0.03 0.58i().()8d 0.70:|:O.10d 0.1840.03 —
J0839+3900 - - - - - - < 0.30b < 0.36b < 0.15b
J11354-5011 250.563+0.027 6.5851+£0.0008 425+75 280+49 0.644+0.11 0.2440.04 1.46i0.11d 1476i0.13d 0.3340.03 -
J1216+4519 - - < 0.300 <0360 <o12b

Notes: (1) quasar name, (2) observed [C 11] central frequency, (3) redshift from [C 11] line, (4) FWHM of the [C 11] lines derived from 1D
Gaussian fitting, (5) [C 11] line o derived following Ho (2007) by correcting the turbulent broadening and the inclination factor, (6) [C 11] line
flux measured from 1D Gaussian fitting, (7) continuum flux measured by fitting the 1D spectra, (8) [C 11] line flux measured from the 2D
maps, (9) [C 11] line flux measured from the 2D maps after correcting the missing flux from the wings of the line that are not included in the
2D maps, (10) continuum flux measured from the 2D continuum maps, (11) ratio of half the projected velocity gradient (without correcting

inclination) to the source-integrated velocity dispersion (see §4.1).

@ Flux was estimated from a circle centered at the quasar position with a diameter of 17'5.

b 30 upper limit.

€ Flux was estimated from the taper image with a beam size of 1”0.

dFlux was estimated from a circle centered at the quasar position with a diameter of 370.

where Ficry is the total line flux, vops is the observed
frequency of the [C II] line, and Dy, is the luminosity dis-
tance. The [C I1] line luminosities, Licy, of all detected
quasar host galaxies in our sample are listed in Table 3
and they span a range of Licy = (0.3 — 5.5) x 107 Lg
with the majority of them having Licry > 10° L.

To compare with observations available in the litera-
ture, we collected the properties of both [C II] and FIR
continua of z > 5.7 quasars. There are 65 z > 5.7

quasars with [C II] and FIR continuum observations in
the literature at the time of doing our analyses. Among
them, 58 systems are detected in the [C II] line, with
13 at z > 6.5. Since most of the non-detections are
caused by shallower observations, we only include the
[C II]-detected sources in the following analyses. Figure
4 shows the Ljcy distribution of quasar hosts detected
from this survey and all other known z > 5.7 quasars
with published Ljcr measurements. Our [C II] survey
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Table 3. The luminosity, SFR and mass measurements

T

Name LFIR,graybody LTIR,graybody LTIR,Haro11  Licii]  SFRgraybody SFRuaro11  SFRcy Maust M+ Mdyna Mayn,N21
(10'? Lo] (10'* Lp]  [10"* Lg] [10° Lol Mg yr '] [Me yr '] Mg yr '] [10° Mg] [10° Me]  [10' Mg] [10'! Mg)]
(€] () (3) 4 (5) (6) ) (®) ) (10) (1) a2)
J0038—1527  2.4940.17  3.5240.23  5.1340.34 3.2140.26 522434 981465  199-1246 1.6040.11 9.584+0.78 2.00721>  0.8970-9°
J0213-0626  0.79+0.10 1.1240.14  1.65+0.21 0.334£0.08  165+21 316+40 13-86  0.51£0.07 0.99+0.23 - -
J021840007  2.71£0.15  3.8240.22  5.654+0.32 1.71+£0.37  567£32  1081£61  95-594 1.7440.10 5.1241.11 - -

J0224—4711  5.09£0.14
J0229—-0808 13.04+£0.15

7.174+0.20 10.75+£0.30 5.43+£0.15 1065+30
18.394+0.22  27.24+0.32 4.81+0.19 2730+£32

2057458  370-2316 3.2640.09 16.20+0.46 2.091391  0.937(31

5212461  321-2006 8.3540.10 14.3440.57 1.00709%  0.4570:5°

J0246—5219  3.75+0.11 5.2040.15  7.774£0.22 3.13£0.18  785£22 1487442 193-1210 2.404£0.07 9.34+0.54 1.65707%55  0.73107%
J0252-0503  2.73+0.19  3.85+0.27  5.6240.40 2.71+£0.50 571440  1075£76 163-1020 1.7540.12 8.09+1.51 - -
J0313—1806  1.30£0.11 1.83£0.15  2.66£0.22 0.60+0.13 272422 508+42  27-171  0.78£0.09 2.38£0.65 - -
J0319—1008 0.974+0.16  1.3740.22  2.0240.33 2.47+0.70  203+33 386+62  146-916 0.62+0.10 7.38+2.09 - -
J0411-0907 0.58+0.16  0.814+0.22  1.2040.33 2.08+0.46  120+32 229462  119-745 0.37£0.10 6.20£1.39 - -
J0430—1445 1.7140.23  2.4140.32  3.5840.48 2.65+0.28  358+48 684491  159-994 1.1040.15 7.9140.85 - -

J0525—2406 7.89+0.15  11.13+0.20 16.66+0.31 5.4840.19 1653+30  3188+58  374-2343 5.06+0.09 16.35+£0.57 0.337092  0.1410-01

JO7064+2921  1.91£0.12  2.70£0.17  4.03£0.26 2.23£0.29  400+25 770449  120-808 1.23+£0.08 6.64+£0.86 2.17732%  0.9677 10
J0829+4117  <0.33 <0.47 <0.71 <0.45 <170 <135  <19-122  <0.21 <1.34 - -
JO837+4929  0.42+0.07  0.59+0.10  0.88+0.15 0.76£0.11  87+14 168+28  36-229  0.274+0.04 2.28+0.33 - -
J0839+3900  <0.37 <0.52 <0.78 <0.42 <77 <148 <17-111  <0.24 <1.24 - -
J0910+1656  0.59+0.13  0.83+0.18  1.234£0.27 1.87+£0.28  123£26  234£51  105-658 0.38+0.08 5.58:0.82 - -

J0910—0414 8.43+0.10  11.8940.14 17.70+0.21 4.1740.22 1766+20 3387440 271-1697 5.40+0.06 12.44+0.66 16.78T121,%8 7.46753%.95

—10.2

J09214-0007  0.66+0.20 0.9340.28 1.39+0.41 1.20£0.14 138+40 26678 62-389  0.42£0.13 3.58+0.43 - -
J09234-0402  1.16+0.27 1.6440.38 2.44+0.57 2.0440.23 243457 467+£109 116-729 0.7440.17 6.08+0.69 - -
J09234-0753  0.88+0.20 1.24+0.28 1.85+0.42 1.67£0.28 184+42 353480 92-577  0.56£0.13 4.9940.83 - -

J10074-2115  5.05+0.19
J10584-2930  1.0840.20
J11044-2134  5.10£0.10

7.12£0.26  10.39+0.38 2.79+0.23 1057+38  1988+72 168-1055 3.23+0.12 8.32+0.70 - -
1.5240.28  2.2740.41 2.74£0.49 226441 435+79  165-1031 0.69+0.13 8.16+£1.46 1.837337  0.817 38
7.20£0.14  10.65£0.21 1.82+0.28 1069+21  2039+40  102-638 3.27+0.07 5.43£0.85 - -
J1129+1846  0.44+0.19  0.61£0.27  0.92+0.41  <0.16 91:£40 175£78  <5-35  0.30£0.13  <0.50 - -
J113545011  0.75£0.07  1.06£0.10  1.60£0.15 1.90£0.14 157414  3054£27  107-669 0.4820.04 5.6610.42 - -
J1216+4519  <0.28 <0.39 <0.59 <0.39 <58 <112 <16-104  <0.18 <1.17 - -

J2002—3013  4.73+0.13 6.67£0.18  9.91+0.26 2.20£0.22  9904£26 1897450  127-796 3.03+£0.08 6.56+£0.66 0.5770'55  0.257031
J2102—1458  2.38+0.15  3.35+0.21  4.984+0.31 1.51£0.14  497+31 953460  81-511  1.52+40.10 4.50+0.41 - -
J2211-6320  4.4440.11  6.26£0.15  9.2140.22 2.2740.16 929422  1761+42  132-828 2.8440.07 6.77£0.49 - -

Notes: (1) quasar name, (2) far-infrared luminosity estimated from graybody fitting, (2) total infrared luminosity estimated from graybody fitting, (4)
total infrared luminosity estimated from Haroll template, (5) [C 11] line luminosity, (6) star formation rate estimated from Lrir,graybody; (7) star
formation rate estimated from LR Haro11, (8) star formation rate estimated from [C 11], (9) dust mass, (10) the mass of singly ionized carbon.

@ Dynamical mass measured from Equation 7.

b Dynamical mass measured from Equation 8.

significantly increases the number of [C II] detections in
quasar host galaxies at z > 5.7 and more than doubles
the number of [C II] detections in quasar host galaxies at
z > 6.5. This program provides a complete coverage in
[C 1] of the most luminous quasars (i.e., Mi450 < —25.0)
known at z > 6.5. In the left panel of Figure 5, we show
the scatter plot between Licry and Liolometric for both
our sample and the literature sample. In order to ex-
amine whether these two qualities correlate with each
other, we did a Spearman test on measurements from
both this work and literature. The Spearman test gives
a correlation coefficient of p = 0.43 and a chance prob-
ability of p = 1.7 x 1074, indicating a moderate correla-
tion between these two quantities though a large scatter
is present. This is consistent with what has been found
with a smaller quasar sample at z ~ 6 (e.g. Decarli et al.

2018; Tzumi et al. 2019). This suggests that more lumi-
nous quasars in general hosted by galaxies with brighter
[C 1I] emission, however, the correlation could be bi-
ased since the [C II] observation were only performed
for UV luminous quasars (i.e., UV faint quasars with
bright [C II] emission is missed by current surveys).
Since most of the ALMA-observed targets are
marginally resolved (i.e., emission extent is =2 1.5x the
beam size), we fit their continuum maps with imfit to
derive the continuum flux and size. The measured dust
continuum fluxes are listed in Table 2. J1129+41846 is
only marginally detected in the 2D continuum map and
we estimate the continuum flux from a taper image (with
a 170 beam) without measuring the size. The continua
of the quasar host galaxies observed by NOEMA are
not spatially resolved, therefore we use the peak values
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Figure 5. The relations between quasar bolometric luminosity and the [C II] luminosity (left) as well as the far-infrared

luminosity (right) at z > 5.7, respectively. The Spearman test gives a correlation coefficient of p =

0.43 and a chance

probability of p = 1.7 x 10~ for the Licin) — Loolometric relation, and p = 0.48, p = 7.4 x 1078 for the Lrir — Liolometric relation,
respectively. A moderate correlation exits for both relations, though both relations have significant scatter.

from the 2D continuum maps as their continuum fluxes.
The FIR rest-frame 42.5-122.5 pym luminosities, Lgig,
and the total infrared (TIR, rest-frame 8-1000 pm) lu-
minosities, Ltir, are then estimated from the 2D con-
tinuum flux measurements. In order to infer the FIR
and TIR luminosities, we used two different models: a
galaxy template from Haro 11 which has a relatively
low metallicity and is thought to be a good analogue
of high-redshift galaxies (e.g. Lyu et al. 2016), and a
modified blackbody in the optically thin regime, i.e., as-
suming the dust optical depth 7qust < 1 (e.g. Beelen
et al. 2006; Venemans et al. 2018). For the case of the
Haro 11 template, we simply scale the template to the
measured continuum flux of each target and then de-
rive Lyr and Lrig by integrating the galaxy template
from 42.5 to 122.5 ym and from 8 to 1000 pm, respec-
tively. For the case of the graybody model, we assume
a dust temperature of Tyust = 47 K and an emissivity
index of = 1.6 (Beelen et al. 2006). Since the cosmic
microwave background reduces the flux densities that
we can measure from sources at high redshift, we also
take the CMB effect into account, following da Cunha
et al. (2013) when fitting the graybody. The measured
infrared luminosities for both cases are listed in Table
3. The Ltir measured using the galaxy template from
Haro 11 is in general 1.5 times higher than that was
measured from the graybody fitting. Since the modified
graybody has been more broadly used in the literature,
we only use the luminosities derived from the graybody
fitting in the following analyses. There is no precise
magnification measurement in FIR of the gravitation-
ally lensed quasar, J0439+1634, thus we only report the
flux measurements of this source and discard the lumi-

nosity and size measurements in the following analyses.
We refer the readers to Yang et al. (2019b) and Yue
et al. (2021) for a detailed characterization of the host
galaxy of this quasar.

The Lyr (measured from the graybody fitting) of our
targets has a broad range between ~ 5 x 10' Ly and
~ 1.3 x 10*® Lg), similar to what has been found for
slightly lower redshift quasar host galaxies (e.g. Vene-
mans et al. 2020) but significantly brighter than z > 6
optically-selected star-forming galaxies (e.g. Smit et al.
2018; Bouwens et al. 2022). In the right panel of Figure
5, we show the scatter plot between Lyir and Lpolometric-
The Spearman test gives a correlation coefficient of
p = 0.48 and a chance probability of p = 7.4 x 1076,
This indicates a mild positive correlation exists between
Ler and Lpolometric @lthough with significant scatter.
This is also consistent with similar studies at slightly
lower redshifts by Izumi et al. (2018). We note that
Venemans et al. (2020) claimed a weaker or even no re-
lationships between Lyir and Lyolometric, DUt that could
be caused by the lack of low-luminosity objects in their
sample. The Lpolometric 1S & proxy for ongoing black
hole growth while the Lrir and Lcy are good tracers
of star formation in the quasar host galaxies. The mild
pOSitiVe LFIR - Lbolometric and L[CII] - Lbolometric cor-
relations of these quasars indicate that the more active
SMBHs in the early Universe generally resides in galax-
ies with more active star forming activities. However,
the large scatters in both relations could be caused by a
variety of effects, including different timescales for black
hole accretion and star formation. However, we noted
that these correlations could be biased since current ob-
servations were targeted for UV luminous quasars and
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a population of UV faint quasars with strong activate
star formation activities could be missed by our survey.

3.2. [C ] and FIR Continuum Size Measurements

As described above, we fit the 2D maps of both [C II]
and continuum emission with imfit for the sources de-
tected with ALMA. The derived sizes are listed in Table
4. The ratio between the [C II] major axis size and
the beam major axis size ranges from ~1.3 to ~3.0 (see
the column S/Bjcry of Table 4), suggesting that the
[C II] emission regions of all quasars detected by ALMA
are marginally resolved. The deconvolved sizes of the
[C IT] range from 0744 x 0”34 (or 2.20 kpc x 1.70 kpc) to
1785x1”41 (or 9.82 kpc x 7.48 kpc) with a median ma-
jor axis FWHM of 0//7 or 3.5 kpc. The ratio between the
continuum emitting region size and the beam size ranges
from ~1.1 to ~2.4 (see the column S/Bgoyt of Table 4).
The deconvolved major axis size of the continuum emit-
ting region ranging from 0720x0”16 (or 1.06 kpc x 0.85
kpc) to 1734x0779 (or 7.23 kpc x 4.26 kpc) with a me-
dian major axis FWHM of 0”4 or 2.1 kpc. In Figure
6, we show the comparison of the [C II] effective sizes
and continuum effective sizes, where the effective sizes
were derived with \/ FWHM 0 FWHM iy In this plot,
we also include all effective size measurements collected
from the literature. In general, the continuum emission
is more concentrated than the [C II] emission, consis-
tent with previous studies of both quasar host galaxies
(e.g. Venemans et al. 2020; Novak et al. 2020; Walter
et al. 2022) and high-redshift star-forming galaxies (e.g.
Capak et al. 2015; Fujimoto et al. 2020). This could
be caused by the fact that the radiation in the central
region closer to the quasar is more intense which yields
a lower Licry/Lrir (i-e., the so-called [C II] deficit). In
§3.5, we will discuss the [C II] deficit in more detail.

Studies of the dynamical mass of quasar host galax-
ies with low-resolution [C II] observations usually as-
sume an inclination angle (e.g. i ~ 55° Willott et al.
2015; Decarli et al. 2018) and a disk size for the hosts
(e.g. D ~ 4.5 kpc; Wang et al. 2016). These values
are derived from the early ALMA observations of five
quasar host galaxies at z ~ 6 (Wang et al. 2013). Using
the spatially resolved observations from ALMA, we can
update the median size and inclination angle of quasar
host galaxies based on a much larger quasar sample (23
quasars from this work and 49 quasars from the litera-
ture). Following previous work (e.g., Wang et al. 2013;
Willott et al. 2015), we estimate the galaxy diameter D
to be 1.5x the FWHM major axis from the [C II] inten-
sity map (i.e., full width at 20% of the peak intensity
for a Gaussian profile), and we estimate the inclination
angle i from the ratio of minor (amin) and major (amaj)

[o.g)
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T

Deconvolved [CII] size [kpc]

o Literature
®' This work (Wang+2023)
L N N 1 N L 1 N L
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Deconvolved continuum size [kpc]

Figure 6. Comparison of the sizes of the continuum and
[C II] emissions. The sizes are measured after deconvolution
with the beam. The black dashed line denotes the one-to-
one relation. In general, the continuum emission is more
compact than the [C II] emission.

axes according to i = cos™!(amin /@maj). The median
values are D = 5.0 kpc and i = 46°, slightly different
from but still consistent with the typical values assumed
in previous works (e.g., Wang et al. 2013; Willott et
al. 2015). Note that when creating the moment zero
maps of the [C II] emission (as described in §2), we
only collapsed the data cube within the frequency range
of +1.40y;n.. To assess whether this choice might miss
any extended gas emission with higher velocities in the
quasar host galaxies, we also measured the effective sizes
of the [C II] emitting regions by collapsing the data cube
within the frequency range of +3.00i,e. From this ex-
periment, we discovered that the ratio of the effective
size derived from the wider cube width to that of the
size derived from 41.40y;,, falls within the range of 0.86
to 1.27, with a median of 1.04 4+ 0.10. This indicates
the robustness of our size measurement. However, we
acknowledge the possibility that we may have missed
fainter emission at the outskirts of the galaxies due to
limited data quality.

3.3. Star Formation Rates

One of the main goals of this program is to measure
the SFR of the targeted quasar host galaxies, which is
important to our understanding of how the growth of the
central SMBHs is related to the assembly of their host
galaxies. In this work, we infer the SFR of quasar host
galaxies using both [C II] and dust continuum emissions.

The [C 1I] line is one of the primary fine-structure
cooling lines and has been suggested as a good SFR
tracer (e.g., De Looze et al. 2014; Herrera-Camus et al.
2015). We use the empirical relation calibrated by De
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Figure 7. The relation between the [C II] luminosity and
the far-infrared luminosity. The star formation rates esti-
mated from the [C II] luminosity (De Looze et al. 2014) and
from the far-infrared luminosity (Murphy et al. 2011) are
also shown. The black dashed line is the one-to-one case for
the SFRcy and the SFRFir.

Looze et al. (2014) for high-redshift galaxies to estimate
the SFR of these [C II] detected quasar host galaxies:

log SFR(cmj[Me yr~'] = —8.52 4 1.18 x log Licy [Lo)-
(2)

For the dust continuum-based SFR, we use two dif-
ferent templates as discussed above when measuring the
Lpir: a modified graybody and the Haroll galaxy tem-
plate. In the case of the graybody in the optically
regime, we assume a dust temperature of Tyust = 47 K
and an emissivity index of 8 = 1.6 (Beelen et al. 2006)
and use the relation calibrated by Murphy et al. (2011):

SFRgraybody M y1 7] = 3.88x10™* LR graybody [erg s 1]

3)
We use the star formation law calibrated by Lyu et al.
(2016) for the Haro 11 template:

SFRHaro11[Ma yr~'] = 5.0 x 10~** Lig aror1 [erg s
(4)

The SFRs derived from all three estimators are listed
in Table 3. In Figure 7, we show the relation be-
tween the SFR derived from the [C II] lines and the
dust continuum-based SFR inferred from the graybody
model. The SFRs derived from these two methods are
broadly consistent with each other, with a range of
SFR ~ 100 — 3000 Mg yr~! and both are about two
times lower than the SFR derived from the Haro 11
template. However, the [C II] based SFR at the high-
luminosity end is systematically lower than that derived
from the FIR-based SFR. This is likely due to the fact
that the empirical relation from De Looze et al. (2014)

was calibrated to star-forming galaxies, while the FIR-
luminous galaxies have a significant [C II] deficit effect at
the high-luminosity end. We will discuss this in §3.5 in
more detail. Since the SFRgaybody is more broadly used
in the literature and more consistent with the SFRcryj,
we will only use the SFRgrayboay and SFRcry in the
following analyses. We note that the SFRs derived
from all three methods have large uncertainties given
that we have no knowledge about the metallicity and
dust temperature of the quasar host galaxies. In par-
ticular, the scaling relations were derived from nominal
star-forming galaxies (L[cn] and LR, graybody) OF local
galaxies (Haro 11) which have not been validated as ac-
curate templates for high-redshift quasar host galaxies.
Such uncertainties can be better understood with fu-
ture ALMA band 8/9/10 and JCMT/SCUBA-2 high
frequency observations and JWST mid-infrared obser-
vations by capturing the peak of the dust continuum
emission and improving our understanding of the AGN
contribution to dust heating, respectively. The inferred
SFR surface densities (i.e., the graybody-based SFR di-
vided by our estimates of the continuum emitting size)
are in the range of ~1-800 My yr—! kpc™!, below the
star formation Eddington limit (~ 1000 Mg yr=! kpe™1;
Walter et al. 2009, 2022).

3.4. Dust and Gas Mass

The dust masses of quasar host galaxies can be esti-
mated from the observed FIR flux density with an as-
sumption of the dust temperature, emissivity index with
an optically thin case at the observed wavelength using
the following equation:

F,D?
(1 + Z)KV(B)[BV(V’ T) - BV(Va TCMB)] ,

where F), is the continuum flux density measured from
the 2D continuum map as listed in Table 2, Dy, is the
luminosity distance, k,(8) is the dust mass opacity co-
efficient, and B, is the Planck function. Following Ven-
emans et al. (2018), the opacity coefficient is set by
k,(B) = 0.77 (v/352 GHz)? cm? g~!. To be consistent
with our measurements of Lyg and the reports from
most of the literature, we assume T'= 47 K and 8 = 1.6
in Eq. 5, and take the CMB effect, B, (v, Tcus), into
account when estimating the dust mass. The estimated
dust masses of these continuum-detected quasar host
galaxies range from ~ 3 x 107 Mg to ~ 8 x 108 Mg
and are listed in Table 3. The dust contents of these
quasar host galaxies are similar to those found in z ~ 6
quasar host galaxies (e.g. Izumi et al. 2018; Venemans et
al. 2018). By assuming a dust-to-gas ratio of 100 and a
molecular-to-total gas mass fraction of 0.75 (e.g. Neele-
man et al. 2021), we can roughly estimate the gas mass

Mdust - (5)
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Table 4. Sizes of the [C II] and continuum emission regions measured from 2D Gaussian fitting of ALMA data.

Name

Ric

Afct), obs.

A[CII], Dec.

Afct1), Phy.

S/Bic

Reont

Acont, Obs.

Acont, Dec. Acont, Phy.

S/BCOYI(’v

[kpc]

[//X//

[//X//

[kpc x kpc]

[kpc]

[// N

[kpc x kpc]

J0038—1527
J0213-0626
J0218+-0007
J0224—-4711
J0229—-0808
J0246—-5219
J0252—-0503
J0313—-1806
J0319—-1008
J0411-0907
J0430—1445
J0525—-2406
J0706+-2921
J0910+-1656
J0910—-0414
J09214-0007
J0923+-0402
J09234-0753
J1007+2115
J1058+-2930
J1104+-2134
J11294-1846
J2002—-3013
J2102—-1458
J2211-6320

2.4540.23

1.95+0.48
1.4240.08
1.20+0.08
1.35£0.11
3.454+0.71
1.36£0.55
2.5240.77
4.91+£1.19
1.74+0.21
1.71£0.05
2.984+0.62
3.24+0.54
1.48+0.19
3.09+0.43
2.4610.32
3.04+0.54
1.10+£0.20
2.71+0.68
2.134+0.37

1.21+0.19
1.80+0.27
1.25+0.16

1.12x0.97
0.83x0.68
0.76x0.75
0.60x0.53
0.64x0.56
1.39x0.82
0.78x0.60
1.03x0.79
1.95x1.53
0.74%0.56
0.72x0.50
1.40x1.06
1.34x1.12
0.81x0.78
1.29x0.89
1.07x1.05
1.19x0.91
0.62x0.53
1.08x0.95
0.99x0.97
0.57x0.49
0.88x0.68
0.71x0.51

0.94x0.80
0.73x0.58
0.52x0.48
0.45x0.41
0.51x0.44
1.32x0.69
0.55x0.40
0.95x0.72
1.85x1.41
0.65x0.46
0.63x0.35
1.10x0.81
1.21x0.89
0.55x0.52
1.14x0.70
0.91x0.87
1.13x0.82
0.44x0.34
1.00x0.82
0.80x0.68
0.45x%0.35
0.67x0.45
0.47x0.26

4.90x4.17
3.89x3.09
2.83x2.62
2.41x2.19
2.69x2.32
6.90x3.61
2.73x1.98
5.04x3.82
9.82x7.48
3.48x2.46
3.43x1.90
5.95x4.38
6.48x4.76
2.97x2.81
6.19x3.80
4.91x4.70
6.07x4.41
2.20x1.70
5.42x4.44
4.27x3.63
2.42x1.88
3.61x2.42
2.49x1.38

1.87£0.12

2.1840.39
1.33£0.04
1.54£0.05
1.68+0.08
2.9040.50
1.324£0.22
2.6440.69
2.87+0.59
2.0040.19
2.00+0.06
1.56£0.17
1.97+0.24
1.31£0.05
2.15+0.23
1.78+0.17
3.05+0.46
1.32+0.09
2.08+0.33
1.41+0.16

1.50+0.11
1.49+0.10
1.37+0.08

1.56+0.18
1.15+0.34
0.83+0.11
1.01£0.05
0.621+0.03
0.74+£0.05
1.07+£0.16
1.1240.22
0.531+0.29
1.6540.74
1.4240.27
0.84+0.03
1.79+0.30
1.61+0.91
0.6240.05
3.77+1.30
3.6210.92
2.15+0.51
1.08+0.08
1.44+0.51
0.53+0.13

0.484+0.05
1.13+0.22
0.5840.08

0.86x0.68
0.74x0.59
0.50x0.47
0.69x0.68
0.46x0.41
0.48x0.44
0.64x0.50
0.72x0.53
0.44x0.38
0.95x0.66
0.64x0.48
0.47x0.41
1.12x0.74
0.88x0.70
0.68x0.61
1.51x0.79
1.47x0.98
0.89x0.56
0.62x0.48
0.75x0.37
0.75x0.63
0.41x0.35
0.72x0.64
0.59x0.51

0.60x0.38
0.44x0.15
0.31x0.29
0.37x0.36
0.23x0.20
0.28x0.25
0.41x0.30
0.45x0.28
0.20x0.16
0.62x0.34
0.53x0.34
0.31x0.20
0.66x0.31
0.60x0.31
0.23x0.23
1.39x0.51
1.34x0.79
0.80x0.44
0.43x0.32
0.53x0.14
0.20x0.16
0.18x0.07
0.42x0.35
0.22x0.16

3.13x1.98
2.29x0.78
1.65x1.55
2.02x1.96
1.23x1.07
1.48x1.32
2.14x1.57
2.23x1.39
1.06x0.85
3.29x1.80
2.84x1.82
1.69x1.09
3.57x1.68
3.21x1.66
1.24x1.24
7.55%x2.77
7.23x4.26
4.30%2.36
2.15x1.60
2.87x0.76
1.07x0.85
0.97x0.38
2.26x1.88
1.17x0.85

1.39+0.06
1.3940.06
1.28+0.05
1.1940.02
1.15+0.00
1.2340.03
1.28+0.06
1.2440.09
1.10+£0.10
1.3240.26
1.68+0.18
1.2740.03
1.2240.07
1.26£0.21
1.06£0.00
2.4440.68
2.414+0.49
2.2340.43
1.35+0.04
1.42+0.23
1.04+£0.01

1.08+0.03
1.18+0.05
1.05+0.02
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Figure 8. The [C II]-to-FIR luminosity ratio as a function of FIR luminosity (left) and the FIR luminosity surface density, Xrir
(right). The [C II]-to-FIR luminosity ratios of these high redshift quasars span a wide range (nearly two orders of magnitude). In
the right panel, we also plot the best fits found by Lutz et al. (2016) and Diaz-Santos et al. (2017) from local-infrared luminous
galaxies. The [C II] deficit is clearly seen in these plots but the relations have substantial scatter.
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Figure 9. The [C II] based SFR is consistent with FIR
based SFR after considering the FIR surface brightness of
the quasar host galaxies. The x-axis in this plot is the SFR
estimated from the Lrir, same as Figure 4. The y-axis is the
SFR estimated from Lcy) using the relations from Herrera-
Camus et al. (2018) after considering the FIR surface bright-
ness of the quasar host galaxies.

in these galaxies to be in the range of 4 x 10° M, to
1 x 101 M), suggesting that these quasar host galax-
ies are among the most massive and gas-rich galaxies
in the early universe. However, we note that the dust
mass inferred from a single continuum measurement has
large uncertainties and could increase by a factor of two
if we assume a lower dust temperature (i.e. T = 35
K). Future high-frequency FIR continuum observations
and CO line observations are needed to improve the con-
straints on the dust and gas masses.

The mass of singly ionized carbon can be derived from
the strength of the [C II] emission line. Following Ven-
emans et al. (2017b), we calculate this quantity using
the following equation by assuming that the emission is
optically thin Weif} et al. (2005).

1
Me+ = 2.92 X 107Q(Tex) 7 #/ ™ Ligyy,  (6)

where Toy is the excitation temperature, and Q(Tex) =
244e~91:2/Tex is the [C 11] partition function. By assum-
ing T,x = 100 K (e.g. Meijerink et al. 2007), we derive
the mass of singly ionized carbon from the measured
[C 11] luminosity, Ljqyy (in units of K km s~! pc?). The
measured Mc+ has a broad range between 8 x 10° Mg
and 1.6 x 107 M. The Mg+ values for [C II]-detected
galaxies are also given in Table 3.

3.5. [C 1I] Deficit

The ratio between Licr and Lpjr is an indicator of
the contribution of the [C II] line to the cooling of the

interstellar medium. The Licy/Lrr was found to be
~ 1072 for Milky Way-like star-forming galaxies, while it
is about an order of magnitude smaller in FIR-luminous
systems like ULIRGs (see Hodge & da Cunha 2020, for a
recent review). Although the underlying physical causes
of the observed ‘[C 1II] deficit’ are still debated, sub-
sequent studies have expanded the investigation of the
[C 1I] deficit to high-redshift galaxies and to sub-kpc
scales, indicating that the physical scale of [C II] deficits
must be sub-kpc (e.g. Lamarche et al. 2018) and could
be caused by a locally intense radiation field (e.g. Rybak
et al. 2019).

In Figure 8, we show Licrj/Lrir as a function of
both Lgig and the FIR luminosity surface density, Y pg-
We compute Ypir = Lrir/(27R2g con) based on the
2D Gaussian fit of the continuum map as detailed in
§327 where Reff,cont = \/Rmaj,contRmin,cont- Follow-
ing Decarli et al. (2018), we include a factor 2 in the
denominator when computing Ypr to account for the
fact that Ref cons roughly encompasses half of the to-
tal light. The Lcr)/Lrir ratios of these high-redshift
quasar host galaxies span nearly two orders of magni-
tude. In the right panel of Figure 8, we also show the
[C 11] deficit relations found from local infrared-luminous
galaxies. The relation between Licy /Lyir and Ygg in
quasar host galaxies is similar to that of local infrared-
luminous galaxies, indicating that the [C II] deficit is
not strongly affected by the presence of luminous AGN
(see also Venemans et al. 2020). However, we need to
acknowledge that the current dataset does not allow us
to understand the physical origins of the [C II] deficit.
In this work, we assumed T = 47 K for all quasar host
galaxies which could introduce significant uncertainties
on the Lpir measurements. In addition, the current ob-
servations only marginally resolve the quasar host galax-
ies and do not allow us to study Ygir as a function of
location. Furthermore, we do not have metallicity con-
straints on these quasar host galaxies. Future multiple-
frequency continuum observations, high-resolution ob-
servations of both dust continuum and [C II] and multi-
line diagnostics are necessary to constrain the physical
origins of the [C II] deficit.

As discussed in §3.3, the [C IIJ-based SFR derived
from De Looze et al. (2014) is systematically lower than
that derived from Lgig at the high-luminosity end. To
test whether the underestimated [C II]-based SFR is
caused by using the nominal star-forming galaxy em-
pirical relation, we computed the [C II]-based SFR
using the relations from Herrera-Camus et al. (2018)
for sources with Ygpr measurements. Herrera-Camus
et al. (2018) studied the [C II]-SFR scaling relations
in different types of galaxies and found that the ra-
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Figure 10. High-resolution ALMA moment 0 (left), 1 (middle), and 2 (right) maps of 12 objects with clear [C II] velocity
gradients. Each panel is 15 x 15 kpc? wide. North is up and east to the left. In the moment 0 map, the solid black contours mark
the +3, 4, 5, 6 isophotes for those objects with continuum peak at < 7o, or the 50%, 60%, 70%, 80%, 90% of the continuum peak
emission for those objects with > 7o peak detections. The synthesized beam of the observations is shown in the bottom-left
corner of each panel. The solid contours and dashed contours in the moment 1 maps mark the positive velocities and negative

velocities, respectively. The contour levels for both positive velocities and negative velocities are in steps of 20 km s

tio of Licry/SFR is different for galaxies with different
Ysrr, consistent with the [C II] deficit observed in these
galaxies: logio(Liciy/SFR) = 7.03 £ 0.21 for galaxies
with Ygpr in the range of 10 — 1012 L kpc=2 and
logio(Ljcry/SFR) = 6.53 £ 0.30 for galaxies with Yspr
in the range of 102 — 102 Ly kpc=2. The compari-
son of these measurements with the Lgig based SFR is
shown in Figure 9. This figure indicates that the [C IIJ-
based SFR after considering the Ygpg is more consistent
with the Lgpir-based SFR when compared with Figure 7.
This test suggests that the [C II] deficit in quasar host
galaxies is broadly consistent with star-forming galaxies
at lower redshifts (see also Figure 8) and it is necessary
to consider the FIR radiation field intensities when esti-
mating the SFR of quasar host galaxies using the [C II]
line.

4. KINEMATICS AND DYNAMICAL MASS

—1

4.1. Kinematics and Morphology

Neeleman et al. (2021) presented kinematic analyses of
27 quasar host galaxies at z ~ 6 with ALMA at ~0"1-
0”725 resolution. They found that about one-third of
the z ~ 6 quasar host galaxies (10 out of 27) show a
smooth velocity gradient, one-third (9 out of 27) of the
quasar host galaxies have disturbed [C II] emission pro-
files, and the remaining one-third (8 out of 27) show a
velocity profile without a clear velocity gradient, which
is consistent with the emission arising from a dispersion-
dominated system. They also found that all galaxies
have intrinsically large velocity dispersions despite dif-
ferent kinematics.

To investigate the kinematics of the quasar host galax-
ies from our z ~ 7 quasar sample, we re-image the
ALMA [C 1I] data cube using the tclean task with ro-
bust parameter r = 0.5 to obtain images with slightly
higher spatial resolution (~072-0”5). Three objects
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Figure 11. Same as Figure 10, but for 11 galaxies without clear velocity gradients.

observed with ALMA (J0213-0626, J0319-1008, and
J1129+1846) have relatively low significance detections,
hence we only focus on the 23 objects observed with
ALMA. The [C T1I] intensity map is collapsed from
—1.401ine to +1.40)50e Of the emission-line data cube.
We then create a mask image by selecting all pixels
with S/N> 3 in the intensity map. We finally create
a velocity map (moment 1) and a velocity dispersion
map (moment 2) of each target using the mask im-
age created from previous step and selecting frequen-
cies between —2.001i and +2.001;, with the immoments
task within CASA package. The moment maps are

shown in Figure 10 and Figure 11. Similar to what
has been found by Neeleman et al. (2021), all galax-
ies show large velocity dispersions as indicated by the
moment 2 maps, although the marginally resolved maps
are affected by beam smearing and by the uncertainty
of the inclination angles. Forster Schreiber et al. (2009)
proposed a general method for distinguishing rotation-
dominated galaxies from dispersion-dominated systems
by using the ratio of the projected velocity gradient
(Uproj, observed difference between the maximum and
minimum relative velocities without correcting for incli-
nation) and the integrated line width (oj,;, measured
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In all panels, the orange circles and orange squares denote

our measurements of z > 6.5 quasars with rotation-dominated kinematics and dispersion-dominated kinematics or disturbed
galaxies, respectively. The open blue points represent data of z ~ 6 quasars collected from literature, and the gray points are
the measurements of local galaxies from Kormendy & Ho (2013). The best fits for the local Mpu — o and Mpu — Mpuige relations
derived by Kormendy & Ho (2013) are shown as a red dashed line with the shaded regions denoting the 1o scatter of Mgy and
0/Mpuige. The error bars of Mgy in this plot include the uncertainty from the Mg II black hole mass scaling relation, which is
~ 0.5 dex (Vestergaard & Osmer 2009). Left: Black hole mass versus o derived from FWHM|cry. Middle: The black hole mass
versus o derived using the method proposed by Ho (2007) which corrects for the effects of inclination and gas turbulence. The
uncertainties of oo includes both measurement uncertainty and the relation uncertainty in Ho (2007). Right: The black hole

mass versus dynamical mass estimated from Equation 7.

from 1D line profile) for marginally resolved observa-
tions. Based on simulations of disk galaxies, they found
that galaxies with vproj/20ine > 0.4 can be classified
as rotation-dominated systems. Such method has been
successfully used in ALMA observations of high-redshift
galaxies (Smit et al. 2018). We measure vpyoj from the
velocity map shown in Figure 10 and Figure 11 and
Oint from the measured line widths in Table 2. The
measured Vproj/20ine for the 23 quasar host galaxies
are listed in Table 2. Nine of the 23 galaxies have
Uproj/20int > 0.4, however, J0923+0753 shows obvi-
ous distorted morphology. Further more, two galaxies
have Uproj/20in < 0.4 but with clear velocity gradient
(J0246-5219 and J0910-0414). We therefore conclude
to classify J0038-1527, J0224-4711, J0229-0808, J0246—
5219, J0439+1634, J0525-2406, JO706+2921, J0910-
0414, J1058+2930, and J2002-3013 (43%) as rotation-
dominated galaxies (Fig. 10). The remaining galax-
ies (57%) are classified are likely either dispersion-
dominated galaxies or disturbed by galaxy mergers.
Such fraction is similar to that found in the z ~ 6
quasar host galaxies in Neeleman et al. (2021) if we
also separate their galaxies into dispersion-dominated
kinematics (13 out of 27) and galaxies showing clear ve-
locity gradients (14 out of 27) solely based on velocity
maps. We note that such method could cause some mis-
classification limited by the low-resolution of the data
used in this work and future high-resolution observa-
tions are needed to improve our classifications.

4.2. Dynamical Mass

In the following, we estimate the dynamical mass for
those rotation-dominated galaxies (except for the lensed
galaxy J0439+41634) by assuming that the [C II] emis-
sion is originating from a thin rotating disk. As men-
tioned in §3.2, the disk size, D, is given by 1.5x the
FWHM major axis from the [C II] intensity map, and
the factor 1.5 is used to account for spatially extended
low-level emission (e.g. Wang et al. 2016). The inclina-
tion angle, i, is given by the ratio of minor (am;,) and
major (amaj) axes, i = cosfl(amm/amaj). The circular
velocity is expressed as veire = 0.75 X FWHM|cy /sin i.
The dynamical mass within D can then be estimated
by:

Ucirc 2 D

We use the size and the inclination angle measured in
§3.2. The dynamical masses of these galaxies estimated
using Equation 7 are listed in Table 3.

Neeleman et al. (2021) note that the dynamical mass
measured from Equation 7 using marginally resolved ob-
servations could be overestimated because of the pres-
ence of high velocity dispersion. They suggested an em-
pirical relation based on their high-resolution [C II] ob-
servations:

FWHM/sin i\* / R
_ 4
Mayn [Mg)] = 5.8 x 10 <k = ) <kpc). (8)

The dynamical masses measured using Equation 8,
which are ~ 2.3 times lower than those estimated from
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Figure 13. Same as the right panel of Figure 12, but for
the dynamical mass estimated from Equation 8. Most of the
galaxies fall above the locally derived Mpu—Mpuige correla-
tion (e.g. Kormendy & Ho 2013) with the black holes being
over-massive by a factor of ~ 10, although with substantial
scatter.

Equation 7, are also listed in Table 3. The dynamical
mass spans a broad range of ~ (0.1—7.5) x 10* M. We
emphasize that the Mgy, estimated from both equations
have large uncertainties, we will improve the Mgy, mea-
surements based on kinematic modeling of future high-
resolution ALMA observations (Yang et al. in prep).

4.3. SMBH-host Co-evolution

The recent measurement of the spatial density of the
brightest quasars suggests an extraordinary rapid rise
of the bright quasar population from z ~ 6.7 to z ~ 6,
indicating a rapid buildup of SMBHs in a short time
(~120 Myr) from z > 6.5 to z ~ 6 (Wang et al. 2019a).
Therefore, investigating the co-evolution between these
earliest SMBHs and their host galaxies is crucial for un-
derstanding the assembly of early massive galaxies. Such
investigation has been extensively explored in the past
few years at z ~ 6 (e.g. Wang et al. 2013; Willott et al.
2015; Izumi et al. 2019; Neeleman et al. 2021), but lim-
ited to a small sample of quasars at z > 6.5 (e.g. Vene-
mans et al. 2017a; Neeleman et al. 2021). In this section,
we investigate the early co-evolution of SMBHs and their
host galaxies with both the Mgy — 0 and Mgy — Mdyn
relations by combining the sample of z > 6.5 quasars
studied in this work with data collected from the litera-
ture for z ~ 6 quasars.

The BH masses of all z > 6.5 quasars studied in this
work, except for J0213-0626, J0229-0808, and J0430—
1445, are measured from the Mg IT emission line and are
collected from the literature (Bafiados et al. 2021; Wang
et al. 2021b; Yang et al. 2021). We also collected the BH

masses for other [C II]-detected quasars where available
(e.g. Onoue et al. 2019; Shen et al. 2019; Schindler et
al. 2020; Wang et al. 2021b; Farina et al. 2022). To
be consistent, all Mpy values are calculated using the
single-epoch black hole mass estimator (Vestergaard &
Osmer 2009) and under the same cosmological model
used in this work.

Since detecting the stellar light of these quasar
host galaxies is challenging (e.g. Marshall et al.
2020), o and/or Mgy, are usually estimated from the
[C II] observations. First, we simply assume o =
FWHM/(2 /2 In(2)) following most of the literature
(e.g. Venemans et al. 2017a). Secondly, Ho (2007) sug-
gests that one can relate molecular or atomic gas in a
disk to stellar bulges using the line width measured at
20% of the peak intensity after correcting for the incli-
nation and other effects. Following Willott et al. (2015),
we set the [C 1I] line full-width at 20% equal to 1.5 times
the FWHM since the lines are approximately Gaussian.
We then estimate o following Ho (2007) by correcting
the turbulent broadening and the inclination factor (as-
suming a median inclination angle of 45°).

In Figure 12, we show the Mgy — o and Mgy — Myyn
relations for all z > 5.7 quasars with both [C II] detec-
tions and Mg II-based black hole mass measurements as
well as the measurements and derived relations from lo-
cal galaxies (Kormendy & Ho 2013). Overall the newly
available measurements of z > 6.5 quasars from this
work occupy the same regions as those of z ~ 6 quasars
collected from the literature in all the plots. In the
left panel of Figure 12 we show the o derived from
FWHM/(2 /2 In(2)) versus Mpy. Similar to previous
findings (e.g. Wang et al. 2010, 2016; Venemans et al.
2017a; Wang et al. 2019b), most of the SMBHs are sig-
nificantly over-massive compared to the local Mgy — o
relation. On the other hand, the deviation is smaller
if we use the o derived following Ho (2007) as shown
in the middle panel of Figure 12. The reason is that
the method proposed by Ho (2007) corrects for the in-
clination effect and thus has a larger ¢ than the simple
estimate from FWHM|cpy) (see also Wang et al. 2010;
Willott et al. 2015). Nevertheless, we caution that both
methods have large uncertainties given the high tur-
bulent velocities and unclear kinematics of the [C 1I]
emitting gas, and the large uncertainty on the incli-
nation angle estimates. In the right panel of Figure
12, we show the Mpy — Mgayn relation, where Mgy, of
rotation-dominated quasar host galaxies are estimated
using Equation 7. The majority of z 2 6 SMBHs are
slightly over-massive compared with expectations from
the local M — Mpulge relation, although some of them
still follow the local trend.
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Again as noted by Neeleman et al. (2021), the dynam-
ical mass estimated from Equation 7 could be overesti-
mated by a factor of ~ 2.3. We show the Mgy — Mgyn
relation after correcting for this factor using Equation
8 in Figure 13. In Figure 13, we present the corrected
Mgyn values for galaxies classified as rotation-dominated
systems, encompassing both literature sources and our
observations. Most of the quasars studied in this work,
with the exception of J0910-0414, exhibit overmassive
SMBHs when compared to local relations. The ratio
Mgw/Mayn is approximately three times higher than the
local relation on average, spanning a broad range of 1.2—
14.5. The literature sample, comprising ten rotation-
dominated quasar host galaxies, shows an even more
pronounced BH mass excess on average (around 20 times
higher). We observe that the disparities between these
two samples arise from differences in the [C II] emis-
sion sizes, as depicted in Figure 6, and the slightly more
rounded morphology of the quasar host galaxies studied
in our work compared to those in the literature (e.g.,
Venemans et al. 2020; Neeleman et al. 2021). These
differences can be attributed to the slightly higher res-
olution of literature observations, although with simi-
lar depth, leading to smaller [C II] sizes due to missing
extended emission and more complicated and resolved
structures. Considering both samples jointly, the devi-
ation of the Mpy — Mgyn relationship for these high-
redshift quasar host galaxies from local relations could
be a factor of approximately 10 (indicating black holes
being overmassive by a factor of 10), with a broad range
spanning from approximately 0.6 to 60. We acknowledge
that the current Mgy, measurements for both the liter-
ature sample and our work are subject to considerable
uncertainties. Thus, we conclude that distant luminous
quasars may indeed host overmassive black holes, but
with substantial scatter and uncertainty in Mgy, mea-
surements. We further note that the Mgy — Mayn corre-
lation could be affected by the Lauer bias (Lauer et al.
2007), since overmassive objects are tend to be brighter
and thus would be overrepresented in the selected sam-
ple (see Zhang et al. 2023, for a detailed discussion).

5. SUMMARY

In this work, we present a spatially resolved [C II]
survey of 31 z ~ 7 galaxies hosting luminous quasars
with ALMA and NOEMA. The purpose of this paper is
to describe the program design and to present the data
and analyses of [C II] properties, continuum luminosity,
star formation rate (SFR), the size and morphology of
quasar host galaxies, as well as the first-order constraints
on dynamical masses of the quasar host galaxies. We
summarize our main findings below.

e We detect the [C II] emission of 26 quasar host
galaxies with a [C II] luminosity range of Loy =
(0.3—5.5)x10° L), and detect the dust continuum
of 27 quasar host galaxies with a far-infrared lumi-
nosity range of Lrir = (0.5—13.0) x 1012 L. The
SFR of these quasar host galaxies are in the range
of 100-3000 Mg, yr—! with a fiducial assumption of
a graybody model with T'= 47 K and 5 = —1.6.

e Both Ljcr and Lyir are correlated (p ~ 0.4) with
the quasar bolometric luminosity but with sub-
stantial scatter.

e The [C IIJ/FIR luminosity ratio ranges from ~
10~ to ~ 10~2 and anti-correlates with the FIR
luminosity (Lpr) or the FIR luminosity surface
density (Xpir). This so-called ‘[C II] deficit’ is
consistent with that found in lower redshift quasar
host galaxies and infrared luminous galaxies.

e The majority of our quasar host galaxies are
clearly resolved with a median diameter of ~5 kpc,
and the [C II] emission is usually less concentrated
than the dust emission.

e The quasar host galaxies show diverse kinematics
and morphologies, with ~ 40% of them showing
a clear velocity gradient, consistent with a rotat-
ing gas disk, while the rest of them show either
dispersion-dominated compact morphology or dis-
turbed kinematics.

e Qur first-order estimates of the dynamical masses
of the rotation-dominated quasar host galaxies
give Mgy, = (0.1 — 7.5) x 10" M. Considering
our findings alongside those of literature studies,
we conclude that the majority of black holes at the
centers of distant luminous quasars are overmas-
sive compared to the local Mgy — Mgy, relation
but with significant scatter, with the ratio between
Mgy and Mgyy ranging from approximately 0.6 to
60 times that of local relations, and large uncer-
tainties.

In the next steps, we will perform kinematic model-
ing of [C II] emissions to better constrain the dynami-
cal mass of host galaxies. We will also stack the [C II]
emissions to detect the low surface brightness emissions
and search for outflow signatures which has been sug-
gested to be strong in these luminous quasars by the
strong blueshift of high-ionization UV broad emission
lines and the high broad absorption line quasar fraction
(Yang et al. 2021), as well as the presence of blueshifted
[O 1] lines (Yang et al. 2023). Furthermore, most
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of these quasars will be observed by ALMA mosaic
observations from the ALMA Cycle 9 Large Program
(2022.1.01077.L) which will enable us to characterize the
Mpc-scale environment of these quasars. The majority
of these quasars will also be observed by JWST which
will allow us to detect the stellar light of these quasar
host galaxies. Finally, combining the [C II] systemic red-
shifts with the quasar optical-to-infrared spectroscopy
(Yang et al. 2020b, 2021) will allow us to constrain the
cosmic reionization and quasar life time by measuring
the quasar proximity zone sizes and modeling damping
wing profiles.
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