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Abstract

We present Atacama Large Millimeter/submillimeter Array [C1I] 158 ym line and underlying far-infrared (FIR)
continuum emission observations (0770 x 0756 resolution) toward HSC J124353.934-010038.5 (J1243+-0100) at
z="17.07, the only low-luminosity (M;450 > —25 mag) quasar currently known at z > 7. The FIR continuum is bnght
(1.52mly) and resolved with a total luminosity of Lgr =3.5 % 10'?L.. The spatially extended component 1s
responsible for ~40% of the emission. The area-integrated [C 11] spectrurn shows a broad Wlng (FWHM =997 kms™,
Lcm=12x 10° L), as well as a bright core (FWHM = 235kms ! , Lecm=1.9 x 10° L). This wing is the first
detection of a galactic-scale quasar-driven outflow (atomic outflow rate >447 M, yr ') at z > 7. The estimated large
mass-loading factor of the total outflow (e.g., 29 relative to the [C1I]-based star formation rate) suggests that this
outflow will soon quench the star formation of the host. The core gas dynamics are governed by rotation, with a rotation
curve suggestive of a compact bulge (~3.3 x 10'° M..), although it is not yet spatially resolved. Finally, we found that
J1243+0100 has a black hole mass—to—dynamical mass (and —to—bulge mass) ratio of ~0.4% (~1%), consistent with
the local value within the uncertainties. Our results therefore suggest that the black hole—host coevolution relation is
already in place at z ~ 7 for this object.

Unified Astronomy Thesaurus concepts: Quasars (1319); AGN host galaxies (2017); Active galaxies (17);
Interstellar medium (847); Submillimeter astronomy (1647); High-redshift galaxies (734); Galaxy evolution (594)

1. Introduction enormous luminosity observed as an active galactic nucleus
(AGN). In the local universe, SMBHs have been identified at
the centers of massive galaxies, and there is a tight correlation
between Mgy and the properties of the host galaxy, such as
bulge mass and stellar velocity dispersion (e.g., Magorrian
27 NAOJ Fellow. et al. 1998; Ferrarese & Merritt 2000; Marconi & Hunt 2003;

The mass accretion onto a supermassive black hole (SMBH;
with a mass of Mgy > 10° °M.) is invoked to explain the
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Kormendy & Ho 2013; Reines & Volonteri 2015). These
relations strongly suggest that the formation and growth of
SMBHs and host galaxies are intimately linked, a coevolution
of these two components of galaxies. Although the detailed
mechanisms by which the correlation arises remain unclear,
some theoretical models suggest that strong negative AGN
feedback on star formation, which is connected to the merger
histories of galaxies, plays a key role in driving the coevolution
(Sanders et al. 1988; Silk & Rees 1998; Di Matteo et al. 2005;
Hopkins et al. 2006). Detections of galaxy-scale AGN-driven
outflows in multiphase gas (e.g., Nesvadba et al. 2008; Aalto
et al. 2012; Greene et al. 2012; Maiolino et al. 2012; Liu et al.
2013; Cicone et al. 2014; Carniani et al. 2016; Toba et al.
2017), a higher AGN fraction in interacting/merging systems
(e.g., Ellison et al. 2011; Silverman et al. 2011; Goulding et al.
2018), and the global similarity in star formation and SMBH
accretion histories over cosmic time (Madau & Dickinson 2014,
for a review) support this view.

As theoretical models, in principle, make specific predictions
for the time evolution of galaxy properties, observations of
high-redshift SMBHs and their host galaxies play a crucial role
in testing and refining our understanding of the coevolution
process (Gallerani et al. 2017; Valiante et al. 2017; Inayoshi
et al. 2020). Massive quiescent galaxies already exist in
significant numbers at z~2-3 (e.g., Straatman et al. 2014;
Estrada-Carpenter et al. 2020), suggesting that AGN feedback
is important at even higher redshifts. Thus, z > 6 quasars, seen
when the universe was less than a billion years old, are a
unique beacon to study SMBH and galaxy formation. To date,
more than 200 quasars with rest-frame ultraviolet (UV)
magnitude M 450 S —22 mag are known at z > 5.7 (Inayoshi
et al. 2020), most of which were discovered by wide-field
optical and near-infrared surveys (e.g., Bafiados et al. 2016;
Fan et al. 2001, 2003; Jiang et al. 2016; Matsuoka et al.
2016, 2018a, 2018b, 2019a; Willott et al. 2007, 2010). The
sample includes eight quasars at z >7 (Mortlock et al. 2011;
Bafiados et al. 2018; Wang et al. 2018, 2021; Yang et al.
2019, 2020; Matsuoka et al. 2019a, 2019b). They have SMBH
masses of Mgy ~ 10° M., challenging models for the forma-
tion and initial growth of SMBHs at high redshift. It is
noteworthy that, already at z>7, some quasars show fast
nuclear winds, as evidenced by broad absorption line (BAL)
features and blueshifted ionized line emission (Wang et al.
2018, 2021; Onoue et al. 2020; Schindler et al. 2020).

Submillimeter /millimeter observations of the rest-frame far-
infrared (FIR) continuum and C 2P, /2H2P1 2 15774 ym
([C1] 158 pm; one of the prime coolants of the cold interstellar
medium, ISM) line emission have revealed that high-redshift
quasar host galaxies possess copious amounts of cold gas
(~10" M) and dust (~108 M), with high star formation rates
(SFRs) of >100-1000 M., yr ' (e.g., Wang et al. 2010, 2013;
Venemans et al. 2016, 2017a, 2020). Maiolino et al. (2012)
discovered a massive AGN-driven [CII] outflow (with an
estimated neutral outflow rate >1400 M, yr™') in the z = 6.42
quasar J1148+5251 that extends over r > 10 kpc (Cicone et al.
2015). However, this remains the only individual z > 6 quasar
in which [C1I] outflow has been seen. Bischetti et al. (2019)
stacked [C II] data cubes of 48 quasars at z > 4.5 and claimed to
detect a broad (FWHM ~1700 km s ") component, which they
interpreted as a modest AGN-driven outflow (~100 M, yr ")
in the average object. However, Novak et al. (2020) did a
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similar stacking analysis of 27 z 2> 6 quasars and found no
evidence for outflows.

High-resolution interferometric observations predominantly
performed by the Atacama Large Millimeter/submillimeter
Array (ALMA) have allowed studies of cold gas dynamics in
quasar host galaxies (Wang et al. 2013; Venemans et al. 2016;
Decarli et al. 2018; Pensabene et al. 2020). These studies
revealed that z 2> 6 optically luminous (My4s0 S —26 mag)
quasars have, on average, ~10x more massive SMBHs than
the local coevolution relations for a given velocity dispersion
and/or dynamical mass of the host, suggesting that SMBHs
were formed significantly earlier than their host galaxies. This
result is in tension with hydrodynamic simulations of quasars
(e.g., Hopkins et al. 2006; Lupi et al. 2019; Marshall et al.
2020). However, our understanding of z = 6 quasars has been
biased to the most luminous (and presumably most massive)
SMBH population (Lauer et al. 2007; Volonteri & Stark 2011;
Schulze & Wisotzki 2014). Indeed, ALMA observations of
low-luminosity quasars (M50 2>, —25mag) find that their
SFRs are lower (<100 M., yr ') and their SMBH-to-host mass
ratios are roughly consistent with the local value (Willott et al.
2013, 2015, 2017; Izumi et al. 2018, 2019). Therefore,
sensitive observations of lower-luminosity objects, even at
z>77, are necessary to gain a less biased picture of early
SMBH/galaxy evolution.

1.1. Our Target: J1243+0100

The wide-field optical deep imaging survey data (the Hyper
Suprime-Cam Subaru Strategic Program, HSC-SSP; Aihara
et al. 2018) obtained with the HSC (Miyazaki et al. 2012, 2018)
mounted on the 8.2 m Subaru telescope have yielded a large
number of low-luminosity quasars at redshifts above 6. We
have established a multiwavelength follow-up consortium for
726 HSC quasars, the Subaru High-z Exploration of Low-
Luminosity Quasars (SHELLQs). SHELLQs (e.g., Matsuoka
et al. 2016, 2018a, 2018b) has so far discovered >90 low-
luminosity quasars down to My4s50 ~ —22 mag at 7 2 6.

Our target in this work, HSC J124353.934-010038.5 (hereafter
J12434-0100), is the only low-luminosity quasar known at z > 7,
discovered by Matsuoka et al. (2019b). Optical-to—near-infrared
spectroscopy allowed determination of the redshift (zye = 7.07 &=
0.01), UV absolute magnitude (Myys0= —24.13 £0.08 mag),
bolometric luminosity (Lo = (1.4 £0.1) x 10% erg s_l), Mg II-
based single-epoch black hole mass (Mgy= (3.3 £2.0) x 108
M_..)), and the corresponding Eddington ratio (Aggq = 0.34 # 0.20).
The luminosity of J12434-0100 is an order of magnitude lower than
the other z>7 quasars known to date (Mortlock et al. 2011;
Bafiados et al. 2018; Wang et al. 2018, 2021; Yang et al
2019, 2020). Tts M145 is close to the knee/characteristic magnitude
(M) of the quasar luminosity function (QLF) at z ~ 6 (Matsuoka
et al. 2018c). Thus, if the QLF does not evolve significantly from
z~7 to 6, we can regard J12434-0100 as the first example of a
representative quasar at z > 7. In addition, J12434-0100 has a CIV
1549 emission line blueshifted by —2400 km s~ relative to Mg IT
2800, as well as BAL features indicative of fast nuclear outflows.

In this paper, we present ALMA observations of the [CII]
158 ym line and the underlying rest-frame FIR continuum
emission of J1243+0100. This is the 13th in a series of
publications presenting the results of SHELLQs. Throughout
this work, we adopt the concordant lambda cold dark matter
(ACDM) cosmology with Hy=70kms ' Mpc™', Qy=0.3,
and 2, = 0.7. At the redshift of the source (z =7.07), the age
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Table 1

Journal of ALMA Observations
Date Antenna Baseline Integration Calibrator
uT) Number (m) (minutes) Bandpass Flux Phase
1) (@) 3 @ ® © @)
2019 Oct 16 41 15.1-740.4 38.5 J1058+0133 J1058+0133 J1232-0224
2019 Oct 22 43 15.1-783.5 385 J1058+0133 J1058+0133 J1232-0224
2019 Oct 22 43 15.1-783.5 385 J1427—-4206 J1427-4206 J1232-0224

Note. (1) Our observations were taken in three sessions on the UT dates listed. (2) Number of antennas used in the observation. (3) Minimum and maximum baseline
lengths in meters. (4) Net on-source integration time in minutes. (5)—(7) Calibrators used in the observation.

Table 2
Properties of the Host Galaxy of J1243+0100

Area-integrated [C IT] 158 pym Line Emission

Single Gaussian

Double Gaussian (Fit to the Spectrum)

Core Wing
Zie 1 7.0749 4 0.0001 7.0749 4 0.0001 Fixed to the core
FWHMc  (km s~ ') 280 + 12 235+ 17 997 + 227
Sic mAV (Jy kms™) 2.11 +0.08 1.59 +0.17 1.03 +0.21
Lic my (10° Ly) 252 +0.10 1.90 + 0.20 1.23 +0.25
SFR(c 1y (M, yr ') 220+ 8 165 + 17 107 + 22°

Continuum Emission (T, = 47 K, 8= 1.6, ) = 0.77(850 pim/ )’ cm?® g 1)

Total (imfit)

Extended (uv-plot)° Point Source (uv-plot)

fi.3mm (mJy) 1.52 £ 0.03
Lrwr (107 L) 35+0.1
L (10" L) 5.0+0.1
Mdusl (108 M;A;) 25+0.1
SFRyr (Mo yr) 742 + 16

0.63 + 0.04 0.85 + 0.04
15+0.1 20+0.1
2.140.1 2.8 +0.1
1.0£0.1 1.4+0.1
307 +20¢ 414 £ 20°

Notes.
@ Based on the calibration for local H II/starburst galaxies (De Looze et al. 2014).

® This SFR(c 1y is valid only if the broad wing is due to emission from companion galaxies.

¢ We decomposed the continuum emission to a spatially extended component and a point source based on the uv-plane analysis.

4 The extended component must be powered by star formation, so the inferred rate for this component represents our conservative estimate for SFRg.
© This SFRyyR is appropriate if this emission is due to star formation, but the dust may be heated by the quasar itself.

of the universe is 0.74 Gyr, and an angular size of 1”
corresponds to 5.2 kpc.

2. ALMA Observations

We observed the redshifted [C1I] line and FIR continuum
emission of J12434+-0100 in ALMA Band 6 (A, = 1.3 mm) on
2019 October 16 and 22 (ID =2019.1.00074.S; PI: T. Izumi)
as a Cycle 7 program. Our observations were conducted in a
single pointing with an ~24” diameter field of view (FoV) with
41-43 antennas. Three spectral windows (each ~1.875 GHz
wide) were placed on one sideband to maximize the contiguous
frequency coverage. We set the phase-tracking center of this
pointing to (ccrs, dicrs) = (12"43™533930, +01°00'38”50),
which corresponds to the optical quasar position tied to the
Gaia astrometry. The baseline length ranged from 15.1 to 740.4
or 783.5 m, resulting in a maximum recoverable scale of ~6".
The objects J1058+0133 and J1427—4206 were observed as
flux and bandpass calibrators, and J1232—0224 was monitored
to calibrate the complex gain variation. The total on-source
time was 115 minutes. Table 1 summarizes these observations.

The data were processed using CASA (McMullin et al. 2007)
version 5.6. All images were reconstructed with the tclean task

using natural weighting to maximize the sensitivity. For the [C IT]
cube, we averaged several channels to obtain a velocity resolution
of 75km s_l, which resulted in a 1o channel sensitivity of
0.10mJy beam™' (beam size =0770 x 0756, P.A.=—58%4).
Note that we first deconvolved the line cube including the
continuum emission down to the 30 level to determine the line
position and identify the channels free of line emission. These
line-free channels were integrated to generate a continuum map
(0770 x 0756, P.A.=—68°.1, 1o=13.6 uJy beam™ "), which
we subtracted in the uv-plane using the task uvcontsub (with a
first-order polynomial function), before making the line cube. In
this paper, we show only statistical errors unless mentioned
otherwise. The absolute flux uncertainty is ~10% (ALMA Cycle
7 Proposer’s Guide). We also used the MIRIAD software (Sault
et al. 1995) for some of the analyses in this paper.

3. Results

Both the FIR continuum and the [CII] line emission are
clearly detected. We detail their properties in the following and
summarize the results in Table 2. The derived properties are
compared with those of other z > 6 quasars in Section 4.
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Figure 1. (a) Spatial distribution of the rest-FIR continuum emission of J1243+0100. The image is 4” on a side. Contours start at +2¢ (1o = 13.6 zJy beam ') and
increase by factors of V2. (b) Spatial distribution of the velocity-integrated intensity of [C 1] 158 um. Contours start at +20 (1o = 0.037 Jy beam™' km s~ ') and
increase by factors of V2. In each panel, the synthesized beam is shown in the bottom left corner, and no significant negative emission is found. The central black plus

sign denotes the FIR continuum peak position.

3.1. Continuum Properties

Figure 1(a) shows the spatial distribution of the rest-FIR
continuum emission. It is very bright, with a peak flux density
of 1.15 mJy beam ' detected at ~850 (1o = 13.6 pJy beam™ ).
This high signal-to-noise ratio (S/N) is well above the
threshold of 10 required to make a robust size measurement
(Decarli et al. 2018; Venemans et al. 2018). We measured the
properties of the source with CASA task imfit, which fits a 2D
Gaussian to the observed map in the image plane. The emission
peaks at (aICRs, 6ICRS) = (12h43m53q932’ +01000/38”49),
consistent with the optical quasar position (Section 2). Thus,
we adopt this FIR continuum peak position as the quasar
position. The observed size of the emitting region is
(0”779 £0”701) x (0767 +0"01). After deconvolving by the
beam, we obtain an intrinsic size of (0738 £0703) x
(0”36 £0704) or (2.0 £ 0.2) kpc x (1.8 +0.2) kpc at z="7.07
(Table 3). This lies within the range of FIR sizes (~1-6 kpc)
of previously observed z =6 quasars (Izumi et al. 2019;
Venemans et al. 2020).

The area-integrated (= total) flux density of this component
is 1.52+0.03 mJy. With this, we first determine the area-
integrated FIR luminosity (Lgr; 42.5-122.5 pm) and the total
IR luminosity (Ltr; 8—1000 pum) assuming an optically thin
modified blackbody spectrum. Following previous studies of
z> 6 quasars, we assume an intrinsic dust temperature (7yys)
of 47 K and a dust spectral emissivity index of 3= 1.6, values
that are characteristic of high-redshift optically luminous
quasars (Beelen et al. 2006; Leipski et al. 2013). We also
correct for the contrast (x1/fcyp) and the additional heating
effects of the cosmic microwave background (CMB) radiation
(da Cunha et al. 2013),

fCMB =1- BI/I-ES‘(TCMB,Z)/BVIES[(HUSLZ)’ (1)

Tasee = (Tt + T ol + 277 — 1Des, ()

where Tevp,, =2.73(1 +2)=22.0 K at z="7.07, and ey 1S
the [C 11] rest frequency (1900.54 GHz). With these corrections,
we find Lgg = 3.5+ 0.1) x 10'? L., and Lyg = (5.0 £ 0.1) x
10'% L.. We also find a dust mass of My =(2.5+0.1) x
10® M, by adopting a rest-frame mass absorption coefficient of
Ky =0.77(850 um/ )’ cm? g~ (Dunne et al. 2000). Note that
these results are sensitive to the assumed values of Ty, and 3,
which are known to be different in different sources (Leipski
et al. 2013; Venemans et al. 2018; Liang et al. 2019). For
example, varying T4, over the range 35-60 K (e.g., Leipski
et al. 2013; Hwang et al. 2010; Dudzeviciaté et al. 2020)
with 3= 1.6 results in Lpg = (1.7-6.1) x 10'? L. Continuum
measurements over a range of wavelengths are needed to
constrain Ty, In what follows, we do not include the
systematic uncertainty due to the assumed dust temperature.

If we further assume that this IR continuum emission is
entirely due to star formation (e.g., Schweitzer et al. 2006;
Leipski et al. 2014), we can derive its SFR. We use the
conversion SFRyjg =1.49 x 107 '° Lyr/L. (Murphy et al.
2011) and obtain SFRg = (742 £+ 16) M, yrfl. This conver-
sion is based on the Kroupa initial mass function (IMF;
Kroupa 2001) but in accord with other studies (e.g.,
Kennicutt 1998) after accounting for the differing IMFs
assumed therein. If the dust is partially heated by the quasar
itself, the true SFR would be lower, so this value is an upper
limit (e.g., Symeonidis et al. 2016).

To further explore this possibility, we fit the observed
visibilities to a model of an unresolved point source and an
extended circular Gaussian (Figure 2). Doing this fit in the uv-
plane avoids uncertainties in the deconvolution process (e.g.,
Ikarashi et al. 2015, 2017; Fujimoto et al. 2019, 2020). Annular
averages of the uv data set were created in 20 k\ bins by using
the MIRIAD task uvamp after shifting the phase center to the
exact FIR continuum peak position. The results are
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Figure 2. Real part of the continuum visibilities as a function of the uv
distance. We modeled this distribution with a combination of a circular
Gaussian (FWHM = 0”66 £ 0/06) and a point-source function. The visibi-
lities are binned in steps of 20 k.

Table 3
Continuum Spatial Extent (FWHM)

Domain Size

(0738 £0703) x (0736 £ 0704)
or (2.0 +0.2) x (1.8 + 0.2) kpc?

Image plane
(deconvolved)

0766 + 0”06
or 3.4 + 0.3 kpc

uv-plane

Note. The uv-plane fit also includes a point-source component (see Figure 2).

summarized in Table 3. The Gaussian component has an
FWHM of 0766 + 0706 (3.4 £ 0.3 kpc), likely tracing the star-
forming region of this galaxy. The flux density of this
component is 0.63 £0.04 mJy, which is equivalent to
SFRyr =307 £ 20 M, yr ' (Tguq =47 K, 3= 1.6). The point
source has a higher flux density (0.85 4 0.04 mJy) than the
Gaussian component, resulting in an SFRyg of 414 £+ 20 M,
yr—'. However, given that it is unresolved, it may be heated by
the quasar itself. Note that Venemans et al. (2018) did not find
a significant correlation between L, and Lgr (see also
Venemans et al. 2020) in optically luminous quasars. On the
other hand, Izumi et al. (2021) did find that correlation after
expanding the range of Lg,, which may be suggestive of a
certain level of quasar contribution to Lggr. Hence, a
conservative estimate of SFRrr (=SFR{JR) is that obtained
from the Gaussian component alone.

3.2. [C 1] Line Properties
3.2.1. Global Gas Distribution

Figure 1(b) shows the velocity-integrated [C II] moment-zero
map of J1243+0100. We integrate over 900 kms ™' relative
to the systemic redshift given the broad wing component in the
area-integrated spectrum (Section 3.2.2). Hence, this choice of
the velocity range is the result of an iterative process. Note that,
however, the high-velocity component is weak, below 3¢ in the
(native resolution) velocity channel maps (Figure 3). The [C1I]
spatial distribution is clearly extended and complex.
We applied the CASA task imfit to this moment-zero map,
which gave a beam-deconvolved size of (0769 +0709) x
(0767 £0”10) or (3.6 £ 0.5) kpc x (3.5 £ 0.5) kpc. The [C11]
flux peak position and the spatial extent are identical within the
uncertainties to those of the spatially extended component of
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Figure 3. Velocity channel maps of the [C 1I] line emission of J1243+4-0100.
Each channel is labeled with its central velocity in kilometers per second. The
central plus sign in each panel denotes the FIR continuum peak position
(Section 3.1). Contours are drawn at —30, —20, 20, 30, 50, 70, 100, 150, 200,
250, and 300, where 10 = 0.10 mJy beam™'. The synthesized beam is shown
in the bottom left corner.

the FIR continuum emission (Table 3). We will perform further
detailed size measurements in Section 3.2.4.

3.2.2. Line Spectrum

We extract the [C II] line spectrum (Figure 4) by integrating
the signal within the 20 contours around the center of the
moment-zero map. We hereafter refer to this as the area-
integrated spectrum. This method gives lower noise than
measurement within a circular aperture, particularly when the
source is resolved and complex (see detailed discussion in
Béthermin et al. 2020). The corresponding 1o noise level is
0.31 mJy, which was measured from spectral windows above
and below the window containing the line emission.

The [CII] spectrum peaks at a flux density of ~7 mJy. This
is much brighter than the other HSC quasars observed by
ALMA (their peaks are mostly <2mly; Izumi et al
2018, 2019). The line spectrum shows a broad component that
extends over £900 km s~ !. As we describe in Section 3.2.1, we
integrated over this full velocity range to create Figure 1(b)
after finding this broad component. Given this broad comp-
onent, the spectrum is poorly fit with a single Gaussian
(Figure 4(a), Table 2) with a returned x*/d.o.f=350.1/27
(estimated over +1000kms™'). A double Gaussian fit
(Figure 4(b), Table 2), both centered on the same frequency,
gives much better results: x*/d.o.f. = 16.5/25. We will discuss
the nature of this broad component in Section 4.2.

The narrow core component is likely due to the host galaxy
of J1243+0100. The line center redshift is zjc = 7.0749 =
0.0001. We hereafter regard this as the systemic redshift of this
quasar; note that it is consistent with the Mg II-based redshift
of 7.07 +0.01 (Matsuoka et al. 2019b). With this, we also
confirm the large blueshift (~—2400kms™ ") of the CIV
emission line (Matsuoka et al. 2019b), indicating the presence
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Figure 4. Area-integrated [C 1I] line spectrum of J12434-0100 measured over a
region of [C IT] integrated intensity > 20 N r < 2. The sensitivity is 0.31 mJy
channel™. Shown are the (a) single and (b) double Gaussian fits to the observed
spectrum. The resultant parameters are listed in Table 2. The fit in panel (b)
shows a much lower x* than that in panel (a). The inset of panel (a) shows a
wider-frequency view, which illustrates the reliability of our continuum
subtraction.

of a fast quasar wind. The line width (FWHM®™® = 235 4+ 17
km sfl) is on the small end of the values found for z >6
quasars of all luminosities (e.g., Decarli et al. 2018; Izumi et al.
2019). As we describe in Section 3.2.4, this is likely due to
rotation of a disk at a small inclination angle. The [CII] line
luminosity of this component, following Solomon & Vanden
Bout (2005), is L&y = (1.90 £ 0.20) x 10° L.

By further assuming that the [C1I] line is excited primarily
by star formation, we can estimate the SFR using the De Looze
et al. (2014) calibration based on local HII/starburst galaxies:
]Og(SFR[C]]]/M@y yrfl) =—-7.06 + 1.0 x lOg(L[C H]/L&))’ with
a factor of 2 calibration uncertainty. We obtain
SFR{¢y; = 165 £ 17 M, yr!, which is consistent within the
calibration uncertainty with the result we found from the
spatially extended continuum component SFRJ’. This relation
is applicable to high-redshift (z ~ 4-8) star-forming galaxies, as
recently demonstrated by Schaerer et al. (2020) and Le Fevre
et al. (2020). If some of the [C 1I] excitation is in fact due to the
quasar, our derived SFR is again an upper limit.

With this core line luminosity and the area-integrated Lgr
(i.e., imfit-based value) derived in Section 3.1, we obtain
log(Licm /Lrir) = —3.27. This value is comparable to those of
optically luminous z 26 quasars (e.g., Wang et al. 2013;
Venemans et al. 2016) and ~6x smaller than the canonical
Milky Way value (~3 x 1072; Carilli & Walter 2013). Thus,
this quasar follows the so-called [C II]-deficit trend found in
ULIRG-class objects (e.g., Malhotra et al. 1997; Stacey
et al. 2010; Diaz-Santos et al. 2013) and z > 6 quasars (e.g.,
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Izumi et al. 2019; Venemans et al. 2020). This deficit is likely
correlated with a high-FIR surface density (see discussion in,
e.g., Decarli et al. 2018; Izumi et al. 2019; Venemans et al.
2020). However, if we use the extended component of the FIR
continuum emission (i.e., excluding the point source; Table 3)
alone, we obtain log(Lcij/Lrr) = —2.89, which is now close
to the Milky Way value. This suggests that the quasar itself
contributes to the unresolved component of Lgr, which causes
the Lic m/Lrr ratio to be lower in quasars than in starbursts.

We previously emphasized the uncertainty in Lgr due to our
lack of knowledge of Ty, which eventually affects our
interpretation of Lic imj/Lrr. To circumvent this issue, we also
measure the [C II] equivalent widths. If we use the imfit-based
total continuum flux density, we obtain EWc j; = 0.55 +0.06
pm, a value only a factor of ~2 smaller than the median
EW/|c 1 of local starburst galaxies (~1.0 um; Sargsyan et al.
2014). If we instead use the decomposed extended flux density,
we find EW|c ;= 1.33 £0.17 pm, fully consistent with local
starbursts. This implies that the ISM physical conditions are not
very different between J12434-0100 and the local starbursts. If
that is the case, our inferred value of Lz and the canonical
value of Ty, =47 K may be overestimates. However, without
multiband FIR data, we will continue to use this canonical dust
temperature in what follows. )

The broad wing component has FWHM™"& =997 +
227kms~ !, with a brightness of 65% 4+ 15% of the core
component. The positive and negative velocity wings have
identical shapes within the errors, as was seen in the [CII]
outflow profile found in J1148+5251 (Maiolino et al. 2012).
We will argue in Section 4.2 that these wings are indeed due to
cold outflowing gas.

3.2.3. Global Gas Dynamics

We made an intensity-weighted mean velocity map and a
velocity dispersion map (Figure 5) using the CASA task
immoments with a conservative 5o clipping to avoid noisy
pixels. Thus, these maps do not reflect the contribution from
the broad wing component. Although the data are convolved
with the beam, Figure 5(a) shows a large-scale velocity
gradient across the galaxy. This gradient is also apparent in the
channel maps (Figure 3) as the peak positions of the [CII]
emission move from west to east as a function of channel
velocity. We highlight this motion by considering the blue and
red sides of the line spectrum; Figure 6 is made by separately
integrating the second and third row channels of Figure 3. We
found a clear spatial offset of ~0”2 (1 kpc) along the east—west
direction between the blue and red peaks. Similar velocity
gradients over this spatial scale have been observed in some
optically luminous quasars (e.g., Wang et al. 2013; Venemans
et al. 2016; Shao et al. 2017; Decarli et al. 2018), but some
other quasars, including J1342+0928 at z=7.54 and J1120
40641 at z=7.09,are dispersion-dominated systems
(Venemans et al. 2017b; Wang et al. 2019; Bafiados et al.
2019). The velocity dispersion in Figure 5(b) peaks at
~100kms~' at a position slightly offset from the quasar
nucleus. Note that beam-smearing and the strong rotation
gradient near the nucleus artificially boost the apparent
dispersion. Indeed, our dynamical modeling (Section 4.4)
suggests that this galaxy is rotation-dominated.
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Figure 5. (a) Intensity-weighted [C 1I] mean velocity map of the central 3” region of J1243+-0100. The contours indicate the velocity relative to the systemic redshift,
ranging from —60 to +60 km s~ in steps of 20 km s~ . (b) Intensity-weighted velocity dispersion map of the same region. Here the contours indicate 25, 50, 75, and
100 km s~ '. These maps were made with a conservative 5o clipping. In each panel, the bottom left ellipse corresponds to our synthesized beam. The central black plus
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Figure 6. The [C 1I] intensity distributions integrated over the blue (—253 to
—26kms~'; blue contours) and red (+50 to +277 kms™'; red contours)
channels separately. The blue contours indicate 50, 100, ..., 350, 360, ..., and
390, whereas the red ones indicate 50, 100, ..., 300, 310, 320, and 330, where

1o =0.015 Jy beam 'kms'. The central plus sign denotes the quasar
position.

3.2.4. Decomposed [C 1i] Spatial Extent

Table 4 lists our measurements of the spatial extent of the
narrow core and broad wing components of the [CII] line
emission. For this analysis, we regard the core component as the
line emission within the 235kms~' FWHM range determined
by our double Gaussian fit (Table 2) and the wing as the line
emission outside of that range and within £(250-900) km s L

Table 4
[C 1] Spatial Extent (FWHM)

Core
Moment zero (0766 4 0704) x (0”58 +£0”03)
(deconvolved) or (34+02) x (3.0£0.2) kpc2
Model 1 0”81 4+ 0”04 or 4.2 +£ 0.2 kpc

Wing
Model 2 0729 + 0”17 or 1.5 £ 0.9 kpc

30 limit < 0752 or < 2.7 kpc

Note. Model N indicates a direct circular Gaussian fit result for the visibilities.
In model 1, we fit a single Gaussian function and a point source. In model 2, we
only fit a single Gaussian, due to the low S/N of the data in the wing
component.

First, we constructed moment-zero maps of these compo-
nents by separately integrating relevant velocity channels
(Figure 7). It is evident that the core component is spatially
resolved. While most of the flux lies within 1” of the center,
there is also a larger (~2") and fainter structure (Figure 7(a)).
We first used imfit to perform a 2D elliptical Gaussian fit to
this image that returned its beam-deconvolved size (FWHM) of
(3.44+0.2) x (3.0+£0.2) kpc2 (Table 4). This is consistent with
the measured [C IT]-emitting region sizes of other z = 6 quasars
(e.g., Decarli et al. 2018; Izumi et al. 2019).

We also modeled the observed visibilities following the analysis
in Section 3.1. Figure 8(a) shows the uv-plot of the core component
(averaged over the range 235.270-235.455GHz=235kms '
FWHM range around the line center). A decline of the visibilities
from zero to ~200 kA indicates the existence of an extended
(resolved) component, while the contribution from a compact
(unresolved) source is apparent at 2250 k. The solid line indicates
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Figure 7. Velocity-integrated [C II] intensity map of the (a) core and (b) wing
components. These are made by integrating the —102 to 4126 km s~ ' channels
for panel (a) and —934 to —253 km s plus 4277 to 4882 km s~ ' channels
for panel (b) (see also Figures 3 and 4). The central plus sign indicates the
quasar location. The contours indicate 30, 100, 300, 500, and 700 of the FIR
continuum emission (see also Figure 1a). The 1o sensitivity is 0.015 and 0.033
Jy beam™' km s~ for panels (a) and (b), respectively.
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Figure 8. Real part of the [C II] visibilities as a function of the uv distance. (a)
Our best-fit model to the core component, consisting of a circular Gaussian
(FWHM = 0”781 + 0”04) and an unresolved point source. (b) Best-fit model
for the wing component (FWHM = 0”29 4 0”17). The extent of the source is
less than 30 from zero. In panel (a), the observed visibilities are binned in steps
of 20 k), whereas in panel (b), we binned in steps of 50 kA given the faintness
of the wing component.

our best-fit model of a point source and a single circular Gaussian
distribution (model 1), as has been used in previous works on z > 6
quasars (Maiolino et al. 2012; Cicone et al. 2015). The resultant
FWHM (0781 +0704) is ~20% larger than the imfit result
(Table 4), as we now explicitly model the point source, reducing the
central concentration of the Gaussian component.

We also measured the spatial extent of the wing component.
While the moment-zero map (Figure 7(b)) is noisy, it suggests
that the bulk of the high-velocity flux originates from the central
r< 0”5 (i.e., inside the FIR continuum-emitting region). Hence,
J1243+0100 itself, rather than companion objects, is likely to be
the source of this [CII] wing (Section 4.2). We modeled the
visibilities in the wing in 50 kA bins over the ranges
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234.970-235.166 and 235.559-235.756 GHz, corresponding to
+(250-500) kms ' (bright part of the wing) with a single
circular Gaussian fit over <300 k). We inferred a spatial extent
of FWHM = 0729 4+ 0”17 or 1.5 £ 0.9 kpc. This extent is only
1.70 from zero, so Table 4 also lists the 30 limit of the extent
(2.7 kpe).

3.2.5. Dynamical Mass

With the size of the core component determined from the
moment-zero analysis (imfit; Table 4) and the line FWHM
(Table 2), we can estimate the host galaxy dynamical mass
(Mgyr). We fit to the data in the image plane, as is standard in
z 2, 6 quasar studies (e.g., Wang et al. 2013; Willott et al. 2015;
Venemans et al. 2016; Izumi et al. 2019). We assume that the
line emission originates in a thin rotating disk; the rotation-
dominated line-of-sight velocity distribution (Figure 5 and
Section 4.4) favors this assumption. The inclination angle of
the disk (i = 20°.5, where 0° is face-on) is determined from the
axis ratio of the deconvolved size. The circular velocity is
given by v = 0.75FWHM/ sini (i.e., half-width at 20% line
maximum). The disk diameter is given by D= 1.5 X amaj,
where ap,; is the deconvolved size of the spatial Gaussian
major axis, and the factor 1.5 accounts for spatially extended
low-level emission (Wang et al. 2013); we indeed see such an
extended component (Figures 1 and 7). The Mgy, within D is

then
Mayn OV
M 116 x 105(ﬂ) D 3)
M kms—') \ kpc

With the values determined above, we find My, =
(7.6 +£0.9) x 10" M. The quoted error does not include the
uncertainties of the inclination angle or the geometry of the
line-emitting region. The inferred dynamical mass is similar to
that found for other z 2> 6 quasar host galaxies of both high and
low nuclear luminosity (e.g., Wang et al. 2013; Willott et al.
2015; Venemans et al. 2016; Izumi et al. 2019). Note that the
two other z>7 quasars (J1343+0928 and J11204-0641)
observed with ALMA are dispersion-dominated systems with
Mayn S (3—4) x 10" M, (Venemans et al. 2017b, 2017c),
masses 2>2-3x smaller than we have found for the host galaxy
of J1243+0100.

3.3. Continuum Sources in the FoV?

ALMA observations have discovered star-forming compa-
nion/merging galaxies to some z > 5 quasars (e.g., Decarli et al.
2017; Trakhtenbrot et al. 2017; Willott et al. 2017; Neeleman
et al. 2019), in accord with the hierarchical galaxy evolution
scenario in which quasar activity is driven by mergers (Sanders
et al. 1988; Hopkins et al. 2006). We thus searched for
companion continuum emitters in our FoV (~0.13 arcmin?)
using an S/N map of the region (Figure 9). We found one
emission candidate at 4.50 (i.e., below our 50 detection
threShOld), at (aICRSs 6ICRS) = (12h43m53q463, +01000/
39747), which is 7”1 (or ~37kpc in projection) from the
quasar. No significant line emission is found at this location over
our spectral coverage, and no optical counterpart is identified in
our HSC maps (g, r, i, z, and y bands). No other source was
detected in the field. Given the field number count of sources at
1.2 mm (e.g., Fujimoto et al. 2016), we would predict ~one to
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Figure 9. Large-scale S/N map of the rest-FIR continuum emission around
J1243+40100. No primary beam correction has been made. Other than the
quasar host galaxy itself, no source is detected at >50 (lo = 13.6 uly
beam ). One apparent object at 4.5¢ (i.e., below our detection threshold) is
indicated with a plus sign; it lies 7”1 (~37 kpc) from the quasar in projection.
The color scale has units of millijanskys per beam.

three emitters in our FoV; given small number statistics and the
cosmic variance, our nondetection is consistent with this result.

Similarly, within the data cube created in Section 2, we did
not find any [C II] line emitter”® within our FoV and a velocity
range of +1000 kms ™' relative to the quasar. We will present
an analysis using [C IT] cubes with different velocity resolutions
in a future paper.

4. Discussion
4.1. Comparison of the Star-forming Nature

Under the assumptions made in Section 3, it is intriguing that
the SFRrr of J1243+0100 (including the decomposed
conservative value SFRTR) is as high as those of z>6
optically luminous quasars (e.g., Venemans et al. 2018, 2020),
despite the fact that its quasar nucleus is >10x fainter than
those of the latter. As a reference for future higher-redshift
observations, we summarize the observational properties of the
currently known z > 7 quasars in Table 5.

Seven intrinsically low-luminosity (M;450 > —25 mag) HSC
quasars have been observed with ALMA (Izumi et al.
2018, 2019). Six of them have an inferred SFR1r a factor of
3-10 lower than that of J1243+4-0100. The seventh, J2239
40207 at z=06.25, has an FIR Iuminosity, Lgg =2.2 X
10'? L., comparable to that of J124340100, but it has a close
companion galaxy (Izumi et al. 2019), which may have
triggered its starburst. Note that another HSC quasar, J1205
—0000 (z=16.72), also shows a comparably high Lgr (Izumi
et al. 2021), but this source is dust-reddened and indeed as
optically luminous as SDSS-class quasars when dust extinction
is taken into account (Kato et al. 2020). The luminosity of the

28 We define a line emitter as an object with a peak line flux density of >5¢
and at least two contiguous velocity channels with >3¢ emission.
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[C 1] line (spectral) core component of J1243+0100 is higher
than all other HSC quasars (Izumi et al. 2018, 2019), which all
have Lic i < 1.0 x 10° L., The quasar VIMOS 2911 (Willott
et al. 2017) is the only other optically low-luminosity quasar
known at z > 6 with an FIR luminosity comparable to J1243
+0100. Thus, optically faint but FIR-luminous quasars are a
rare population at z > 6-7.

We summarize these findings in Figure 10 in the context of
the star-forming main sequence (MS); the majority of normal
star-forming galaxies are found to populate a sequence on the
galaxy stellar mass M,—SFR plane (see z ~ 1-2 studies in, e.g.,
Daddi et al. 2007; Noeske et al. 2007). Galaxies lying above
(below) this MS are considered to be starburst (quiescent)
systems. The evolution of the MS over cosmic time has been
extensively studied up to z~ 5-6 (e.g., Speagle et al. 2014;
Steinhardt et al. 2014; Salmon et al. 2015). While the MS is not
well constrained at z 2 5, we compare the SFR of J124340100
and other HSC quasars (Izumi et al. 2018, 2019) and optically
luminous quasars at z 2 6 (Decarli et al. 2018) with the MS at
Z~ 6 (Salmon et al. 2015). Here we assume Mgy, = M,, as is
frequently done in z > 6 quasar studies (e.g., Wang et al. 2013;
Willott et al. 2015; Venemans et al. 2016; Pensabene et al.
2020). The dynamical masses of course have large uncertainties
and represent an upper limit to the stellar mass. Note that the
dynamical masses for the quasars from the literature are
computed in the same manner as described in Section 3.2.5.

As observational constraints on the MS at high redshifts
7> 5-6 are still limited, we also show the M,—SFR relation
predicted by a semianalytic model, the new numerical galaxy
catalog (+*GC; Makiya et al. 2016). In this model, the merging
histories of dark matter halos are based on large cosmological
N-body simulations (Ishiyama et al. 2015); we adopt the results
from the subset of the models with the largest volume (1.12 7"
comoving Gpc box) and the dark matter mass resolution of
2.20 x 10°h~ ' M., (8192° particles). The model prescriptions
for star formation, gas heating and cooling, supernova
feedback, SMBH growth, and AGN feedback are described
in, e.g., Makiya et al. (2016) and Shirakata et al. (2019). Here
we selected ~41,000 galaxies at z ~ 6 that host Mgy > 107 M.,
SMBHs. The simulation shows both an MS and a starburst
sequence; the gap between these two is artificial due to the
limited mass and time resolutions of the model (Shirakata
et al. 2019).

While in more quasars, the TIR-based SFR lies above the
[C1]-based value, the optically luminous quasars of Decarli
et al. (2018) are clearly located on or above the MS, whereas
the HSC quasars lie on or below the MS. Hence, these two
samples populate different regimes in this diagram, likely
representing different evolutionary stages. Some HSC quasars
seem to be ceasing their star formation already at z > 6, and
they may evolve into compact and massive quiescent galaxies
like those found at z ~ 3—4 (Straatman et al. 2014; Glazebrook
et al. 2017; Estrada-Carpenter et al. 2020). In contrast, J1243
40100 is clearly on the starburst sequence based either on
SFRrr or SFR{R; it is near the MS if we instead adopt
SFR|c iy In either case, J1243+0100 is forming stars at a
significant rate. This argument is conservative, as Mgy, is
actually the upper limit of M,.

One intriguing difference between J1243+4-0100 and opti-
cally luminous z 2 6-7 quasars would be their Eddington ratios
(Agaa)- A large fraction of 72 6-7 quasars have Agqq close
to 1 (e.g., Onoue et al. 2019), while Aggq=0.34 +0.20
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Table 5
Properties of z > 7 Quasars Known to Date
ObjCCt Redshift M1450 MBH LBO'/LEdd SFRTIR Md}’“ Ref.
(mag) M) M yrh) M)
J0313—1806 7.6423 + 0.0013 ([C 11]) —26.13 +0.05 (1.6 +£0.4) x 10® 0.67 +0.14 225 +25 — 1
J1342+0928 7.5413 £+ 0.0007 ([C 11]) —26.76 + 0.04 9.1114 x 108 1.1+0.2 150 £ 30 <32 % 10 2,3,4,5
J1007+2115 7.5149 + 0.0004 ([C 11]) —26.66 £ 0.07 (1.54+0.2) x 10° 1.1 £0.2 700 — 6
J1120+0461 7.0851 + 0.0005 ([C 11]) —26.6 0.1 (24 +02) x 10° 0.48 + 0.04 315+ 25 <4.3 x 10" 7,8,9
J1243+0100 7.0749 + 0.0001 ([C 11]) —24.13 £0.08 (3.3+2.0) x 10® 0.34 +0.20 307-742 (7.6 £ 0.9) x 10" 10, 11
JO038—1527 7.021 + 0.005 (SED) —27.10 £ 0.08 (1.33 £0.25) x 10° 1.25 +0.19 — — 12
J0252—-0503 7.02 (SED) —25.77 £ 0.09 — — — — 13
J2356+0017 7.01 (Lyo) —25.31+£0.04 — — — — 14

Note. The literature values of SFRr (or Ltjr) are computed in the same manner as described in Section 3.1. References: (1) Wang et al. (2021), (2) Banados et al.
(2018), (3) Onoue et al. (2020), (4) Venemans et al. (2017c), (5) Novak et al. (2019), (6) Yang et al. (2020), (7) Mortlock et al. (2011), (8) De Rosa et al. (2014), (9)
Venemans et al. (2017b), (10) Matsuoka et al. (2019b), (11) this work, (12) Wang et al. (2018), (13) Yang et al. (2019), (14) Matsuoka et al. (2019a).
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Figure 10. (a) TIR-based and (b) [C IT]-based SFRs as a function of Mgy, for
the HSC quasars (Izumi et al. 2018, 2019) and optically luminous z = 6 quasars
(Decarli et al. 2018). For the SFRr of J1243+0100, we plot both the imfit-
based total value and the uv-plot-based decomposed value for the extended
component (SFRR’). These quasars are color-coded by their M| 450. Assuming
that May, = M,, we also plot the total SFR and stellar mass for galaxies from
the 1”GC semianalytic model (Shirakata et al. 2019). Two sequences, namely
the starburst- and star-forming MSs, are visible in the model. The diagonal
dashed line indicates the observed MS suggested from rest-frame UV—to—near-
IR photometric observations (Salmon et al. 2015).

(Matsuoka et al. 2019b), a value ~three times smaller, is found
for J1243+4-0100. Kim & Im (2019) found a similarly high Lgg
(or SFRrr) in some z~6 quasars with Aggg < 0.2 and
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suggested that feedback was starting to quench the nuclear
activity of these objects. We suggest that J1243+0100 is
similar. We observe both accretion disk—scale feedback (in the
form of BAL winds) and galaxy-scale outflows (Section 4.2).
That is, we suggest that J1243+0100 has recently started to
clear out the (circum)nuclear gas via feedback, which may soon
cause the galaxy-scale star formation to cease (inside-out
feedback).

4.2. Nature of the Broad Wing Component

We here discuss the physical origin of the broad [C II] wing
seen in Figure 4. It could be due to (a) close companion/
merger galaxies or (b) fast [CII] outflows (Izumi et al. 2021).
However, we do not consider scenario (a) to be likely for a
number of reasons.

1. Companion. No companions are seen in the optical, FIR
continuum, or [CII] within 3” of the quasar. In the
optical, there are no detected companions in our deep
Subaru/HSC y-band map with a 50 limiting magnitude
of 24.65 mag (Matsuoka et al. 2019b).

2. Symmetric line profile. Even if there is a close [CII]
companion, its redshift is still (slightly) offset from J1243
-+0100, which will naturally result in an asymmetric line
profile. But the observed broad [CII] wing is almost
symmetric, like that seen in the fast [CII] outflow of
J1148+45251 (Maiolino et al. 2012). To make this
apparent broad symmetric component, we do need
multiple companions at a range of velocity offsets within
this small region, but would be surprising if the net effect
were a symmetric feature. Hence, this scenario would be
unlikely.

3. Size of the wing component. The estimated spatial extent
of the broad wing is small, < 0”52 (Table 4), and located
within the continuum-emitting region (Figure 5). Thus,
the mechanism responsible for this broad wing must lie
inside this galaxy.

4. Likely rotation-dominated host galaxy. We considered
whether violent shocks from a galaxy merger caused this
wing. However, this is unlikely; Figure 5(a) shows that
the gas motions appear to be dominated by rotation, as we
quantify in Section 4.4. A merger, on the other hand,
would likely show dispersion-dominant gas dynamics
(e.g., Bournaud et al. 2011; Diaz-Santos et al. 2016,
2018; Treister et al. 2020).
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We thus conclude that the broad [C IT] wing is due to a fast
neutral outflow. This is the second individual detection of a
[C1] outflow at z > 6 after J1148+5251 at z = 6.4 (Maiolino
et al. 2012; Cicone et al. 2015), and J1243+0100 is now the
highest-redshift galaxy yet known with large-scale outflows.
Both the peak flux density ratio and the velocity-integrated flux
ratio of the broad-to-narrow [C II] components of J1243+0100
are comparable to those of J1148+4-5251. We now estimate the
outflow properties in a similar way to previous analyses (e.g.,
Maiolino et al. 2012; Bischetti et al. 2019).

First, we define the neutral outflow rate by assuming a
constant flow (Lutz et al. 2020) as

Moul = Mout/Tout = MouVout /Rout» 4

where M, is the outflowing mass, 7, is the flow timescale,
Vour 18 the outflow velocity, and R, is the spatial extent
(radius) of the outflow. The wing is symmetric and centered on
the [CII] core component (indeed, we forced the two
components to have the same center in our fits). We thus adopt
Vouu=FWHM/2. From the values in Table 2, we find
Vout = 499 + 113 km s !. Here R, 1s defined as half of the
spatial FWHM of the wing component. We use the 30 upper
limit of the wing extent (Table 4), i.e., Ry, < 1.3 kpc, and do
not consider its uncertainty for simplicity. This provides a
lower limit of Myy. The outflow mass in neutral hydrogen gas
(Hailey-Dunsheath et al. 2010) is computed as

Moyt 077 0.7Licnybroad J[ 1.4 x 107%
M® Xc+

5 1+ 2¢7 9/ Tex + ncrit/n
2e91/Tex ’

©

&)

where X¢+ is the ratio of C* abundance to H, Ty, is the gas
excitation temperature in kelvins, n is the gas volume density
incm 3, and n.; is the critical density of the line,
~3 % 10’ cm™>. The factor of 0.7 in the first parenthesis is
the typical fraction of [CII] arising from photodissociation
regions (PDRs; Hollenbach & Tielens 1997). As we do not
know the actual gas density, we compute a lower limit on M,
by assuming the high-density limit (n > n;;). We also adopt a
typical abundance of X¢+ = 1.4 x 107* and T,, =200 K in
PDRs (Hollenbach & Tielens 1997) following previous studies
of [CII] outflows (e.g., Maiolino et al. 2012; Cicone et al.
2015; Ginolfi et al. 2020). The inferred value of M, is quite
insensitive to the assumed value of T.,. Using the measure-
ments in Table 2, we obtain M, = (1.2 +0.2) X 10° M., and
Moy > 447 + 137 M, yrfl, respectively. This M., is a strict
lower limit because of our treatments of R, and M.

The above M, refers to the neutral atomic component only.
However, Fluetsch et al. (2019) observationally studied
multiphase outflows in local star-forming galaxies and AGNs
and found that a large fraction of the outflowing mass is in the
molecular phase (see also Rupke 2018; Veilleux et al.
2005, 2020). Hydrodynamic simulations of a z=7.5 quasar
find the same trend, particularly at the central kiloparsec-scale
regions (Ni et al. 2018). Based on these results, we estimate
that the full outflow rate is roughly a factor of 3 larger than the
atomic-only value. This suggests that the total outflow rate for
1124340100 is My, > 1410 M, yr .

out ~v

11

Izumi et al.

The estimated Moy, (M;E:) is ~3x (or ~9x) larger than the
SFR(c y of the spectral core component. This Moy (Moy) is

also ~180x (or ~570x) greater than the mass accretion rate
onto the SMBH (~2.5 M., yr ").*’ As these outflow rates are
lower limits, the actual mass-loading factors (n = M(:Z: /SFR)
may be even larger. Observations of star-forming galaxies find
that 7 is typically ~1-3 over a wide range of SFR and redshift
(e.g., Bolatto et al. 2013; Cicone et al. 2014; Garcia-Burillo
et al. 2015; Gallerani et al. 2018; Fluetsch et al. 2019; Ginolfi
et al. 2020), while AGNs can reach > 5 (e.g., Cicone et al.
2014; Fiore et al. 2017; Fluetsch et al. 2019). Therefore, our
estimate of 7 is consistent with quasar-driven outflows.

This conclusion also holds if we adopt SFRyr instead of
SFR(c 1 (Table 2), as our Moy is merely a lower limit. For
instance, if we consider a moderate-density PDR with
n=10°cm >, we can already achieve n = M(:Ei /SFRrR ~ 5.
Furthermore, if we focus on the spatially extended decomposed
FIR continuum (i.e., use the conservative value of SFRTR’), we
find a high n > 5 for the high-density limit and 1~ 12 for the
case of n=10° cm_3, for example. It is also rare for starburst-
driven neutral outflows to reach velocities greater than
~500-600km s~ even for ULIRG-class objects (e.g., Martin
2005; Rupke et al. 2005; Gallerani et al. 2018; Ginolfi et al.
2020), whereas the observed [C1I] profile of J1243-+0100
extends to ~900 km s~ '. Thus, we conclude that the fast [C11]
outflow of J1243+0100 is quasar-driven.

As we pointed out above, this is only the second z > 6 quasar
known with a [C1I] outflow out of dozens of objects observed
at submillimeter. This may suggest that such outflows have a
small duty cycle, as as seen in simulations (<10 Myr; e.g.,
Costa et al. 2014, 2018a; Zubovas 2018). Very large-scale
(extended) outflows, such as the ~30kpc scale flow seen in
J11484-5251, may also be resolved out, particularly for the
case of high-resolution interferometric observations. Note that
the currently known highest-redshift (z=7.64) quasar, J0313
—1806 (Wang et al. 2021), for example, shows a smaller SFR
than J1243+4-0100, while its quasar nucleus is significantly
brighter (Table 5). As J0313—1806 also hosts nuclear fast
winds, it is intriguing to seek a galaxy-scale feedback that
might have quenched the star formation of the host at a further
earlier epoch. In any case, deep and homogeneous observations
toward a large number of quasars, with holding sensitivity to
extended emission, are necessary to faithfully study outflows.

4.3. Feedback on the Host Galaxy

In order to assess the impact of the outflow on the host
galaxy itself-and, in particular, any quenching of star
formation—we calculate the outflow kinetic power,

. 1. 5
Eout - _Moutvoup (6)

2
and the momentum load normalized by the radiative momen-
tum of the quasar as

Mout Vout
9
LBol /C

using the numbers calculated in Section 4.2 (Table 6). By
solely using the lower limits of the neutral outflow, we find

By /Paon = @)

2% We estimated this by using the bolometric luminosity (Section 1.1) and a
canonical radiative efficiency of 0.1.
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Table 6
Outflow Properties

Quantity Value
Vou (km s7") 499 + 113
Rout (kpc) <1.3
Tout (10° y1) <2606
Moy (10° M) >12402
Mow (M, yr ) 447 + 137
Eou (107 erg s™") >35+1.6
Eou /Lol >0.25%
‘out/(LBol/C) 230

Moy (Mo yr") >1410

Note. The above quantities refer to the neutral atomic outflow, except for Jﬁ:

which is estimated using the relation in Fluetsch et al. (2019).

Eou /Lo = 0.25% and B, /Pygx 2 3.0. Again assuming that
the total outflow rate is ~0.5 dex higher than the atomic-only
value, as well as that all phase outflows have comparable
velocities, Eout /Lgo and P Om /PAGN approach ~1% and ~10,
respectively.

It is intriguing that J1243+0100 hosts fast winds on the scale
of the accretion disk, as evidenced by significantly blueshifted
CIV emission and SilV and CIV BALs (Matsuoka et al.
2019b). One class of AGN feedback models indeed relies on a
coupling between the nuclear wind and the galaxy-scale ISM
(e.g., King 2003; King & Pounds 2015). The existence of both
the nuclear winds and the large-scale [CII] outflow is a good
match to this class of model. The lower limits of E;ﬁ: /Lpo and

Out o /Pagn for 1124340100 are somewhat smaller than but on
the same order as the values expected in the energy-conserving®”
coupling mode (Epy/Lpoi ~ 5%, Poi/Bign ~ 20). Such a
flow is sufficiently energetic to quench star formation inside the
host galaxy (e.g., Zubovas & King 2012; Costa et al. 2014;
King & Pounds 2015).

Another class of feedback models explains the large-scale
outflows as winds driven by direct AGN radiation pressure
onto dusty clouds (e.g., Murray et al. 2005; Ishibashi &
Fabian 2015, 2016; Costa et al. 2018a, 2018b), i.e., without
invoking intermediary winds. For example, Costa et al. (2018a)
performed hydrodynamic simulations of outflows driven by
multiscattered radiation pressure. Their simulation results for,
.-, Vours E;EI /Lgo1, and POut /Pygn are quite consistent with the
values we estimated for J12434-0100. The simulation also
predicts that (i) this mechanism is efficient when the quasar
nucleus is obscured, as radiation pressure requires a dense ISM
on which to act, and (ii) radiation pressure—driven wind is
short-lived (~10 Myr), as that process loses efficiency once the
ISM becomes extended and diffuse. In accord with these
predictions, the relatively compact size and short timescale of
the outflow of J12434-0100 (Table 6) suggest that this quasar
feedback has just begun. In a later phase of the evolution of the
outflow, the value of E t/LBOl will drop, as is seen in the
extended [C 1] outflow of J1148+5251 (Cicone et al. 2015).
The Costa et al. (2018a) simulations predlct that outflows could
be launched only in quasars with Lg, > 10% erg s ~! an order
of magnitude more luminous than J12434-0100. However, as
the outflow can clear out the circumnuclear gas that is the fuel
for SMBH accretion, the Lg, of J124340100 may have been

30 That is, the shocked wind flow preserves its thermal energy.
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Figure 11. (a) Modeled mean velocity field (moment 1) of J1243+0100. The
contours indicate velocities relative to the systemic in steps of £20 kms™". (b)
Residual velocity component after subtracting the model from the observed
moment-1 map (Figure 5). The residual amplitude is mostly <20 kms ™',

indicating that our fit is good.
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much higher at the time the outflow started (e.g., Ciotti et al.
2010; Hopkins & Quataert 2010).

We thus conclude that the outflow properties of J12434-0100
are reasonably consistent with both the energy-conserving wind
models and the radiation pressure—driven dusty wind models.
Further observational constraints, including outflow geometry,
observations of other phases of the outflow, and the stellar and
gas mass distributions, may be required for a better comparison
with the models. However, we observe a short flow time
(Table 6) and ongoing active star formation (Section 4.1),
suggesting that no matter what the underlying model, the
outflow of J124340100 has not yet considerably impacted the
star formation of the host galaxy, even though it may already
have affected the small-scale gas accretion leading to a relatively
small Eddington ratio. Given the high mass-loading factor, this
outflow should quench at least the central kiloparsec-scale
starburst in the near future.

4.4. Gas Dynamical Modeling

We saw in Section 3.2.3 that the [C II] emission shows what
seems to be ordered rotation. In this section, we model the
velocity field in detail to extract a rotation curve and velocity
dispersion profile. To this end, we fitted six concentrlc rings
with 0”1 width to the [C I1] data cube using the *°Barolo code
(Di Teodoro & Fraternali 2015), which has been applied to
galaxies at both low and high redshift (e.g., Fujimoto et al.
2020; Izumi et al. 2020). The parameters we fit to each ring are
Viots Taisp» and the radial velocity in the disk plane (V.q4). We
fixed the dynamical center to the quasar position and Vi to
Okms ' and constrained the inclination and position angle of
the rings to all be the same, with best-fit values of i = 25° and
P.A. =87°, respectively.

A conservative 50 clipping was applied to avoid noise
contamination; hence, our model is not sensitive to the faint
outflow. We set initial guesses of Vo= 120, og4;sp = 40, and
Viaa=0kms ™', respectively, for all rings. The fitting was
evaluated by minimizing the residual amplitude, i.e., |model
—observed data|. Figure 11 shows the modeled mean velocity
field and the residual map after subtracting the model
component from the observed one (Figure 5). The residuals
are mostly small, <20kms™' over the modeled regions,
indicating the goodness of our fit. We also found that V.4 is no
larger than £20 km s~ ! hence, we do not discuss it in further
detail hereafter.
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Figure 12. Radial profiles of rotation velocity (V,o; red circles) and velocity
dispersion (ogisp; blue diamonds) of J124340100. The velocities have been
corrected for projection due to the inclination of the galaxy. The best-fit
Plummer potential (red dashed line) gives a bulge mass of (3.3 £ 0.2) x 10'°
M, with a scale length of 0.36 & 0.03 kpc.

Figure 12 shows the derived Vo and oy, as a function of
radius. The radial velocity is three to five times larger than the
velocity dispersion in all bins, clearly indicating that the gas
dynamics of J1243+4-0100 is rotation-dominated. For compar-
ison, the ratio of rotation velocity to velocity dispersion is
considerably lower, of order unity, in the well-resolved z = 6.6
optically luminous quasar J0305—3150 (Venemans et al.
2019). Models for high-redshift starburst galaxies (without a
central AGN) predict a small V,o/0gi, due to turbulence
associated with galaxy mergers, inflows, and stellar feedback
(for example, Pillepich et al. 2019 predicted Vio/0qisp S 2 at
z~5). Even though V,y/04, is relatively high in J1243
40100, it is not quiescent, given its high SFR (Section 3).
Indeed, recent ALMA observations have found rotation-
dominated but modestly gravitationally unstable galaxies at
z>4 (Tadaki et al. 2018; Rizzo et al. 2020). High-resolution
molecular gas observations would allow us to properly assess
the gravitational stability of J1243+0100.

It is noteworthy that V. is highest near the center of the host
and drops off in the outer regions. A rotation curve that rises
into the central (sub)kiloparsec regions of galaxies is frequently
attributed to the existence of a massive galactic bulge (see
Sofue 2016, for a review). Indeed, hydrodynamic simulations
of 727 quasars found that their host galaxies are typically
bulge-dominant massive systems (Tenneti et al. 2019; Marshall
et al. 2020). We fit the observed velocity profile V,(r) with a
simple spherical Plummer potential (Plummer 1911),

(®)

where G is the gravitational constant and « is the characteristic
Plummer radius, which sets the scale length of the core.
This simple model fits the observed rotation curve well.
The best-fit parameters are My = (3.3 2= 0.2) x 10'° M., and
a=0.36+0.03kpc. Given the goodness of the fit, any
contributions to the dynamics from other components should
be minor at R < 3 kpc. Note that this My, is less than half of
the Mgy, derived in Section 3.2.5. A main cause of this
discrepancy may be the crude estimate of the disk circular
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velocity for calculating Mgy,. Indeed, the estimated v, in
Section 3.2.5 is ~500 km sfl, which is much higher than what
we see here in Figure 12. Because of our more detailed
modeling in this section, we would think the dynamically
modeled Mpyee is more robust. Our current data therefore
suggest that a massive bulge has already formed in this system
at z~ 7. However, our resolution is limited, and thus this
estimate of Myq. is tentative. Further higher-resolution and
higher-sensitivity observations of gas dynamics with ALMA,
as well as direct measurement of the stellar light distribution by
the James Webb Space Telescope, will conclusively determine
the structure of the host of J12434-0100.

As another aspect, if we crudely assume that the Vi, at the
scale length (~220kms™") is equivalent to the halo circular
velocity, we can roughly estimate the halo mass (My,) by using
Equation (25) of Barkana & Loeb (2001). This resulted in
My ~ 3 x 10" M., which is also consistent with the hydro-
dynamic simulation result of Marshall et al. (2020) for this
class of quasars.

4.5. Early Coevolution at z ~7

We first treat our measured Mgy, (Section 3.2.5) as a
surrogate for the bulge-scale stellar mass as usually assumed in
7 2 6 quasar studies (e.g., Wang et al. 2013; Venemans et al.
2016; Izumi et al. 2019), allowing us to investigate the black
hole—bulge mass relation at this early epoch of the universe.
We adopt this simple treatment because detailed rotation curves
(and the resultant My,,.) are not currently available in most of
the z > 6 quasars. Hence, to make a fair comparison with the
other z > 6 objects, we need to use the crudely estimated Mgyy,.

Figure 13 shows this relation for z = 6 quasars using data
compiled in Izumi et al. (2019). We computed their My, as we
did for J1243+4-0100 in Section 3.2.5. The two z > 7 quasars
(J13424-0928 and J11204-0641) are dispersion-dominated, and
for them, we applied the virial theorem (Venemans et al.
2017b, 2017¢c; Baifiados et al. 2019). The Mgy values of all
quasars were calculated with the common Vestergaard &
Osmer (2009) calibration for the Mg II-based single-epoch
method. Some quasars do not have Mgy measurements; for
them, we assumed Eddington-limited accretion to give the
lower mass limits. The low-luminosity objects (Mi4s02
—25 mag) in this plot were drawn from the HSC sample (Izumi
et al. 2018, 2019) and the CFHQS (Willott et al. 2013,
2015, 2017).

It is intriguing that J12434-0100 shows an Mgy /Mgy, ratio
in excellent accord with the local value (Kormendy &
Ho 2013). It is also in agreement with the cosmological
hydrodynamic simulation by Marshall et al. (2020), who
predicted an Mgy—Mpyge Telation at z~7 that is slightly
steeper than, but in reasonable agreement with, the local
relation (see dotted line in Figure 13). Note, however, that it is
possible that gas contributes significantly to Mgy, causing it to
be an overestimate of Mpyg.. Novak et al. (2019) estimated a
gas-to-dust mass ratio of the z=7.54 quasar J1342+0928
of <100. If we apply this number to the value of Mg,y of
J1243+0100 that we found in Section 3.1, we obtain
Mg, <2.5 X IOIOM@. Thus, a true (total) stellar mass of this
quasar host galaxy would be ~(5-7) x 10'® M, still in good
agreement with the expectation from the local relation.
Alternatively, if we instead use the direct My, estimate of
(3.3£0.2) x 10'° M, from Section 4.4, we still find that
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Figure 13. Black hole mass (Mgp) vs. host galaxy dynamical mass (Mgyn) for z 2 6 quasars, using data compiled from Izumi et al. (2019). The quasars are color-coded
by their M4s0. Two other z > 7 quasars with measured [C IT]-based Mgy, are highlighted; note that upper limits for their dynamical masses are available. The black
dashed line indicates the local Mgg—Myue. relation (Kormendy & Ho 2013), whereas the red dotted line indicates the simulated relation for z = 7 quasars (Marshall

et al. 2020).

within the uncertainties, Mpy/Myuge is consistent with the
local value. Our findings therefore suggest that for J1243
-+0100 at least, the Mpy—Mpyge relation was already in place
atz~7.

In contrast, the two other z >7 quasars with [C II]-based My,
estimates (J1342+0928 and J11204+0641) have overmassive
black holes relative to these relations by up to a factor of ~10.
This is also seen in the other luminous (M50 < —26 mag)
quasars at z =6, which may reflect a selection bias to more
massive black holes (Lauer et al. 2007; Schulze & Wisotzki 2014).
Relatively lower-mass SMBHs (Mgy; < 10%° M), most of which
are low-luminosity quasars, would not strongly suffer this bias
(Lauer et al. 2007; Marshall et al. 2020) and indeed show
comparable mass ratios to the local relation (Figure 13). Further
observations of galaxies hosting less massive SMBHs are
necessary to confirm this picture statistically. As the coevolution
relation is the end product of the complex growth of galaxies and
SMBHEs, a statistical measurement of this relation at the early
universe (see also, e.g., Suh et al. 2020; Setoguchi et al. 2021)
would help constrain the relative cosmological importance of
various feeding and feedback processes (Habouzit et al. 2021).
We also need high-resolution observations sensitive to detailed
dynamics, as well as wide-area deep observations sensitive to the
surrounding environments, to reveal the driving mechanism of the
rapid growth of galaxies and SMBHs in the early universe.

5. Summary

In this paper, we present ALMA observations of the [CII]
line and underlying rest-frame FIR continuum emission toward
J1243+0100 at z =7.07. This object is currently the only low-
luminosity quasar known at z > 7. We clearly detected both the
line and continuum, from which we determined the following
characteristics of this remarkable quasar and its host.

14

. The FIR continuum is bright, 1.5 mJy, resulting in a total
Lrr =(3.5£0.1) x 10'? L., assuming a dust temper-
ature of Ty, =47 K and an emissivity index of 5= 1.6.
The inferred area-integrated SFRyg is 742 + 16 M, yr '
if the heating source is entirely attributed to star
formation. We also estimate the dust mass as
25+0.1) x 10® M., This inferred SFR is as high as
that of optically luminous z > 6 quasars and >3-10x
higher than that of the low-luminosity HSC quasars
observed with ALMA.

2. However, we also decomposed this FIR continuum

emission to a point source and an extended Gaussian
component. If we regard the former as emission from the
quasar nucleus itself, our conservative estimate on
SFRtr should be that of the extended component, i.e.,
SFRES™ = 307 + 20 M, yr .

. The [C 11] emission is spatially resolved and very bright. We
found a broad wing component (L;c ;= (1.2 £0.3) 10°
L., FWHM =997 + 227kms™") in addition to a bright
core component (Lic ;= (1.9+£0.2) x 10° L., FWHM =
235+ 17kms™ ') in the area-integrated spectrum. The
inferred SFR|c m from this spectral core component is
165+ 17M, yr— .

4. We measured the spatial extents of the [C II] spectral core

and wing emission by directly modeling the visibilities
and found ~4.2 kpc for the core and <2.7 kpc (3¢ limit)
for the wing. Thus, the broad wing originates from a
relatively compact region inside this galaxy.

. The global gas dynamics is governed by rotation.
We estimate its dynamical mass as Mgy, = (7.6 = 0.9) X
10'° M. This is >2-3x larger than the other two z > 7
quasars (J13434-0928 and J11204-0641) with Mgy,
measurements.
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6. We did not find any significant (>50) companion
continuum emitter within our FoV. This nondetection
is, however, consistent with recent 1.2 mm number
counts in the field.

7. Using the Mgy, as a proxy for the host galaxy stellar mass
(M,), we found that J1243+40100 is located on or even
above the star-forming MS at z ~ 6. Considering its low
quasar luminosity and Eddington ratio, it is plausible that
J12434-0100 is in a transition phase; feedback may be in
the process of turning off the central quasar activity, but
that has not yet shut down the star formation in the host.

8. Various considerations have led us to conclude that the
broad [C II] wing is due to a fast neutral outflow, with a
rate Moy > 447 + 137 M, yr ' Including a molecular
component would make this value higher, leading to a
high mass-loading factor (e.g., 29 relative to SFRc ).
This high value suggests that this outflow is quasar-
driven. The outflow kinetic power and momentum load
are reasonably consistent with the predictions of both the
energy-conserving and the radiation pressure—driven
wind models. The high mass-loading factor indicates
that this outflow will quench the starburst of this galaxy
in the near future.

9. By modeling the observed velocity field, we found

that the host galaxy dynamics is dominated by rotation,

with Vio/04isp ~ 3-5. The rotation curve is highest
within 1 kpc, which we model as due to a compact

(radius ~0.36 kgc) stellar bulge with a mass of

(3.3+0.2) x 10" M. While this result is limited by

our resolution, we imply that massive bulge formation

has already occurred at z ~ 7, in accord with the recent
model prediction.

Using either the (total) dynamical mass or inferred bulge

mass from our rotation curve modeling, we find a bulge—

to—black hole mass ratio consistent with the local value.

Our result therefore suggests that the coevolution relation

was already in place at z ~ 7.

10.

We have suggested in this paper that a fraction of optically
low-luminosity but FIR-luminous quasars are in a key
transition phase, ceasing their nuclear activity due to feedback
from a powerful outflow. The nuclear fast winds seen in J1243
40100 indicate that this quasar provides an outstanding
laboratory to study quasar-driven feedback processes on scales
from the accretion disk to the host galaxy. Future ALMA
observations will allow us to continue the search for and study
of galaxy-scale feedback in these early universe systems.
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