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Co-evolution of SMBHs and Host Galaxies? 2

Kormendy & Ho 2013, ARA&A, 51, 511

MBH/Mbulge ~ 1/1000-1/100

• MBH is tightly correlated with Mbulge  
and σ* → Co-evolution(?) 

• Why do they know each other despite 
their orders of magnitude difference in 
spatial scale…? 

• When, where, and how the relation 
has arisen?  

50μas

EHT 2019

~7’

M87

Trace (i) SMBH growth and (ii) galaxy 
growth over the cosmic time



Hopkins et al. 2008, ApJS, 175, 356

SFR

BH accretion



4Galaxy mergers and outflows at high-z

泉撮影＠チリ

©NASA
Repeated many times, then have grown significantly. 

Star Gas



Mdyn~Mstar is usually assumed  
(until JWST’s operation)

AA51CH12-Kormendy ARI 24 July 2013 12:27
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Figure 38
Correlation between M• and host-galaxy stellar mass M∗ of active galactic nuclei (AGNs) from z ∼ 0.1 to 7.1, shown separately (a) for
the bulge only and (b) for the entire galaxy. The dashed line is the Häring & Rix (2004) correlation between M• and M !,bulge at z ∼ 0
for inactive galaxies, which is roughly consistent with the zeropoint calibration used here for AGN BH masses. Dark blue points denote
hosts that are known to be ellipticals or that contain classical bulges or that are massive enough so that they must be bulge-dominated
by z ∼ 0. They obey a moderately strong correlation. Dust-reddened quasars and other obscured AGNs appear to have preferentially
undermassive BHs, the most extreme being the submillimeter galaxies (SMGs). Less massive hosts are mostly disk-like, spiral galaxies at
z ! 2; they show a larger scatter in M•−M !,bulge like that of pseudobulges at z ∼ 0. (c) Offset of log M• with respect to the local
M•−M !,bulge relation derived by Häring & Rix (2004, dashed line) and here in Section 6.6 (solid line). The black points at z $ 0 are our
sample of (left to right) ellipticals, classical bulges, and pseudobulges with dynamically detected BHs (Tables 2 and 3; objects are slightly
offset from z = 0 for clarity). Adapted from Ho (2013).
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Kormendy & Ho 2013, ARA&A, 51, 511

• MBH of optically-luminous 
high-z quasars (e.g., SDSS) 
are over-massive.


• SMBHs have grown 
significantly earlier than their 
host galaxies…?

Previous Observations at High-z 5

?

Bulge Mass
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Local Galaxy



However…
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• There has been a selection bias preferring 
luminous (~massive) quasars! 


• They are typically hosted by active starburst 
galaxies.  

Previous works

True distribution

4.5. Double Power Law Fit to the z∼6 QLF

We now parametrize the double power law QLF
(Equation (3)) at _z 6. In order to constrain the slope α,
faint-end data points are required. However, only a small
number of _z 6 quasars discovered so far are fainter than

_ �M 241450 mag (e.g., Willott et al. 2010b; Kashikawa et al.
2015; Kim et al. 2015; Matsuoka et al. 2016). In our analysis,
we include two faint quasars from Willott et al. (2010b) and
Kashikawa et al. (2015). They are represented as the two
faintest data points in Figure 8. Their effective area coverage
and sample completeness were carefully derived in the above
papers, and have been incorporated into our calculation. We do
not include an object in Kashikawa et al. (2015) with a narrow
Lyα line. It is likely a Lyα-emitter, not a type 1 quasar or
active galactic nucleus (AGN).

The combined sample is still not sufficient to simultaneously
constrain all parameters in Equation (3), thus we choose to fix
some of the parameters. We assume that *M z( ) is constant over
our redshift range, i.e., * *�M z M( ) . The steep decline of the
quasar density at high redshift can be described as (e.g., Fan
et al. 2001b; McGreer et al. 2013),

* *' � ' � �z z 6 10 . 4k z 6( ) ( ) ( )( )

Here we assume � �k 0.7, derived from the density evolution
of luminous quasars from _z 5 to 6 (see details in Section 5).
Furthermore, we fix the value of β to be −2.8, as measured in
Section 4.4. We then estimate the faint-end slope α and the
characteristic magnitude M* by applying a maximum like-
lihood analysis to Equation (3). The results are B � � �

�1.90 0.44
0.58

and * � � �
�M 25.2 3.8

1.2 mag. The resultant *' �z 6( ) from the
best fit is 9.93 Gpc−3 mag−1. Thus the best-fit QLF at _z 6

can be written as,
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in units of Gpc−3 mag−1. Note that this is the observed QLF
and does not take into account quasar intrinsic properties such
as anisotropic emission and dust extinction (e.g., DiPompeo
et al. 2014).
We perform two-dimensional Kolmogorov–Smirnov (K–S)

tests to assess the derived QLF. We generate a large sample
(>10,000) of quasars drawn from the derived QLF
(Equation (5)), covering the full M1450-redshift space shown
in Figure 6. The sample is then convolved with each of the
three selection functions to produce three samples of simulated
objects. The resultant samples are compared with the three
observed quasar samples using the K–S test (e.g., Pea-
cock 1983; Fasano & Franceschini 1987). The probability
found in each of the three cases is greater than 0.2, which
means that the hypothesis that two data sets are not
significantly different is certainly correct. This indicates that
the maximum likelihood analysis that we did above is
reasonable.
The two free parameters α and M* are poorly constrained as

Figure 9 shows; the uncertainties are due to the small number
(two) of quasars at the faint end and the degeneracy between α
and M*. The real uncertainties are likely to be larger; by fixing
k and β we have not accounted for the uncertainties in those
parameters. At low redshift ( -z 3), the QLF has a very steep
bright-end slope -C �3 and a much flatter faint-end slope
B _ �1.5 (e.g., Richards et al. 2006; Croom et al. 2009; Ross
et al. 2013). The bright-end slope at .z 4 is found to be quite
steep ( -C �3) as well (e.g., McGreer et al. 2013; Yang
et al. 2016). The steep bright-end slope C � �2.8 at _z 6
does not evolve much from those at relatively lower redshifts.

Figure 8. QLF at _z 6 fitted by a double power law. The two faintest data
points represent the two quasars from Willott et al. (2010b) and Kashikawa
et al. (2015), respectively. The other data points are the binned SDSS
luminosity function from Figure 7. The solid line is the best double power law
(Equation (3)) fit using the maximum likelihood method. The dotted line
represents the QLF with a fixed slope B � �1.5 derived by Willott et al.
(2010b). It is consistent with our QLF at the bright end. The faint end of the
QLF is poorly constrained.

Figure 9. Contours for the variation of the likelihood function with α andM* in
the region of the minimum D2. The plus sign indicates the position of the best
fit. The contours represent the 68.3% (inner) and 95.4% (outer) confidence
regions. The two parameters are correlated.
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correlates with Hβ width well (e.g., Shen et al. 2008; Wang
et al. 2009), it is also reasonable to assume that Mg II is
relatively safe to use as a BH mass estimator. C IV can still be
used because on average it provides consistent BH masses with
those from Mg II or Hβ, albeit with a large intrinsic scatter.

For this work we adopt fiducial BH mass estimates based on
Mg II if available; otherwise we use C IV–based masses.
However, we have tested using alternative fiducial BH masses,
e.g., using C IV over Mg II masses or the average of the two
masses (as suggested by Vestergaard et al. 2011) and did not
find any significant changes in our results. We require an
additional criterion for BH mass estimation that the line must
have a measured REW at >1σ to avoid extremely noisy
measurements, which leaves one object, J0055+0146, without
a virial BH mass estimate.

Figure 9 (top panel) displays the distribution of quasars in
the BH mass versus bolometric luminosity plane. The gray and
cyan contours show the distributions for the entire SDSS DR7
quasar sample (Shen et al. 2011) and the control sample. Our
high-z sample is shown in red points, where filled symbols use
the Mg II–based BH masses and open symbols use the C IV–
based BH masses. The bottom panel compares the distribution
of the Eddington ratio, L LEdd bol EddM w , where L 1.3Edd � q

M M10 erg s38 1
BH

�
:( ) is the Eddington luminosity of the BH,

between the high-z sample and the luminosity-matched control
sample. Our high-z quasars have similar BH masses and
Eddington ratios as the control sample, based on the virial BH
mass estimates. The median Eddington ratio for the high-z
sample is log 0.5EddM _ � , and we estimate a logarithmic
dispersion of ∼0.3 dex by fitting a Gaussian function to the
distribution of logλEdd. There is one quasar (J0300−2232) with
apparent super-Eddington accretion, with the BH mass
estimated from C IV, which may be impacted by the absorption
features adjacent to C IV. Another object, J2356+0023, has a
noisy Mg II line, which resulted in a large uncertainty in the
Mg II–based BH mass (∼0.5 dex), and it appears as an apparent
outlier in Figure 9 (top panel). The Eddington ratio based on
C IV is log 1.2EddM _ – for this object.

We note that our Mg II–based virial BH mass recipe was
calibrated to agree with both Hβ and C IV–based masses on
average with the Vestergaard & Peterson (2006) recipe using
SDSS quasar samples that cover two lines at low and high
redshift (Shen et al. 2011). Our Mg II mass recipe is almost
identical to that derived by Trakhtenbrot & Netzer (2012); both
have the same slope on continuum luminosity as in McLure &
Dunlop (2004) and similar zero-points. Earlier work (e.g., Jiang
et al. 2007; Kurk et al. 2007; De Rosa et al. 2011) utilized the
Mg II recipe from McLure & Dunlop (2004), which has the
same luminosity slope but a smaller zero-point by 0.22 dex,
compared with our Mg II masses. We have checked the handful
of objects19 in our sample that have near-IR spectroscopy in
earlier work and found reasonably good agreement in line
width and continuum luminosity measurements considering
the different epochs and spectral fitting recipes. Therefore, the
apparent difference in the reported Eddington ratios for the
common objects is largely due to the difference in the adopted
Mg II mass estimators. On the other hand, Willott et al. (2010a)

reported Eddington ratios near unity for a sample of nine low-
luminosity quasars at z∼6. There is negligible overlap in the
Willott et al. (2010a) sample and our GNIRS sample. But the
distribution at the faint luminosity end in Figure 9 shows a few
quasars are closer to unity Eddington ratio than the rest of the
sample, which is more in line with the typical Eddington ratios
reported in Willott et al. (2010a) for low-luminosity high-z
quasars. Also, the Mg II BH masses in Willott et al. (2010a)

Figure 9. Top: the BH mass–luminosity plane. The gray contours show the
distribution for all SDSS DR7 quasars from the Shen et al. (2011) catalog, and
the cyan contours show the distribution for the control sample matched in
luminosity to our high-z sample. The red points show our high-z sample, with
the Mg II–based virial BH masses shown in filled circles and the less reliable
C IV–based virial BH masses shown in open circles. We caution that individual
virial BH masses could have a systematic uncertainty of ∼0.4 dex (e.g.,
Shen 2013), and individual bolometric luminosities could also be uncertain by
a factor of up to 2 (e.g., Richards et al. 2006). The one quasar with apparent
super-Eddington accretion (J0300−2232) has its virial BH mass estimated
from C IV, whose fit is likely impacted by the absorption features adjacent to
C IV. Another apparent outlier with the lowest Eddington ratio (J2356+0023)
is caused by a poor fit to the noisy Mg II line. Bottom: the distribution of
Eddington ratio L/LEdd for our high-z sample (red dashed line) and the
luminosity-matched control quasars at lower redshifts (black solid line). The
median values of the distributions are marked by the arrows. The black dotted
line shows the result for the control sample measurements randomly shuffled
by the uncertainty distribution of the high-z sample to compensate for the
different S/N in the two samples. A K-S test on the distributions for the high-z
sample and the shuffled control sample suggests an insignificant difference
between the two distributions with a null probability of ∼0.05.

19 There are three objects, J0836+0054, J1044−0125, and J1623+3112, in
common with Jiang et al. (2007); one object, J0836+0054, in common with
Kurk et al. (2007); and three objects, J0050+3445, J0055+0146, and J0221
−0802, in common with Willott et al. (2010a). However, our GNIRS spectra
for J0055+0146 and J0221−0802 are too noisy for a meaningful comparison
with Willott et al. (2010a).
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DUST EMISSION IN AN ACCRETION-RATE-LIMITED SAMPLE OF z ! 6 QUASARS 5

Figure 1. Continuum maps of the 27 quasars observed in our survey. The postage stamps are 10′′
×10′′ in size. The maps were created

by averaging the channels in the spectral windows in the lower sideband, away from the [C II] line, probing a rest-frame frequency around
1790 GHz. The optical position of the quasars are indicated with a red cross. The dashed contours are −3σ and −2σ and the solid contours are
+2σ, +3σ and [5, 10, 15, 20, 25, 30, 35]×σ.

Dust continuum  
(ALMA)

Venemans et al. 2018

Our understanding has been 
biased toward extreme objects.



Strategic Survey with the Subaru/HSC

• Subaru Hyper Suprime-Cam (HSC)


• First 1000 deg2 class survey (300 
nights) with an 8m class telescope


• g,r,i,z,y bands


• Wide/Deep/Ultra-deep layers


• >~2 mag deeper than previous 
surveys (e.g., rAB < 27.1 mag in the 
Deep 27 deg2 layer)

7
3.3 Survey fields

R.A.

DEC

HSC-D

HSC-D/UD

HSC-W

Galactic Extinction E(B-V)

Figure 3.3.: The location of the HSC-Wide, Deep, and Ultradeep fields on the sky in equatorial coordinates.
Footprints of various spectroscopic surveys and surveys in other wavelengths are also indicated. Color contours show
the Galactic extinction map (Schlegel et al. 1998). The gray-shaded regions show regions that are accessible from
the ACT/ACTPol with reasonably good observational conditions.

3.3. Survey fields

Table 3.3 and Figure 3.3 summarize the target fields for the HSC-Wide, Deep, and Ultradeep
layers. We employ the following requirements for the survey field selection:

• The HSC footprints should overlap the SDSS/BOSS footprint, because we use the SDSS for
photometric and astrometric calibration of the HSC data (Chapter 4). The BOSS data will
provide a huge spectroscopic sample of galaxies up to z ∼ 0.7, which will be used to calibrate
photometric redshifts and the cluster-finding algorithm, and can be used for cosmological
analyses.

• The fields should be well distributed over a wide range of RA, such that fields are reachable
at all times of the year.

• The fields should overlap other multi-wavelength data sets to maximize scientific outputs
when combined with the HSC data. The major data sets which offer unique synergy with HSC
data are the arcminute-resolution, high-sensitivity CMB survey by the Atacama Cosmology
Telescope (ACT) in Chile, and its polarization extension ACTPol, for which Princeton is
playing a major role; X-ray surveys from XMM and eROSITA; near-/mid-infrared imaging
surveys (e.g., VIKING/VIDEO and UKIDSS); and deep spectroscopic surveys (e.g., VIPERS,
GAMA, COSMOS, HectoMAP).

• The Ultradeep regions should be included in the Deep fields, and (with one exception, see
below) the Deep fields should be included in the Wide fields.

• The fields should be low in Galactic dust extinction.

The survey fields listed in Table 3.3 are selected based on these considerations.
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• Bayesian-based photometric 
selection + spec. follow-up with 
Subaru and GTC. 


• Many z > 6 quasars are being 
found!! (now 162)


• They are actually much fainter 
than previously-known quasars

e.g., Matsuoka et al. 2016, 2018a,b, 2019a,b, 2021

Matsuoka et al. 2021

HSC quasars

Quasar Discovery
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Press release from NAOJ/Subaru



NIR Spectroscopy → MBH Measurement
11

• NIR follow-up is 
being led by  
M.Onoue@KIAA

X-Shooter + GNIRS spectra

Onoue et al. 2019

MgII

MgII

1) Line width (e.g., MgII) → Velocity 

2) Continuum luminosity → Size of the ionized 

region (Broad line region around the SMBH) 

3) (1) & (2) → SMBH mass



NIR Spectroscopy → MBH Measurement
12

• There is a wide spread in MBH 
among the HSC quasars  
→ MBH ~1e8–9 Msun


• Corresponding Eddington ratio 
λEdd ~0.1–1 


• Low-luminosity quasars = 
Low-mass active BHs + High-
mass less-active BHs

Onoue et al. 2019

Observation limit  
(M1450 < -24)

0.5 dex systematic uncertainty of the virial mass measurements.
We also measure the C IV–based BH mass for three HSC
quasars (J0859+0022, J1152+0055, and J2239+0207), the
C IV emission lines of which are not severely affected by self-
absorption at the line centers. The results are also reported in
Table 4. Figure 9 compares the single-epoch mass measure-
ments based on Mg II and C IV. The C IV–based BH masses of
the three quasars are in agreement with the Mg II–based mass
within 1σ when the measurement and systematic uncertainties
are taken into account (Shen 2013). Therefore, the observed
SMBH activity of the three HSC quasars is robust to the choice
of the mass estimator.
In addition, we leverage an empirical correction of the C IV–

based mass (Coatman et al. 2017) using C IV blueshifts with
respect to systemic redshifts. This correction is calibrated with
luminous quasars at 1.5<z<4.0, which typically show
≈1000–5000 km s−1 C IV blueshifts. The corrected C IV–based
BH mass is also reported in Table 4 and Figure 9. This gives

Table 4
Black Hole Mass and Eddington Ratio

J1205−0000 J0859+0022 J1152+0055 J2239+0207 J1208−0200 J2216−0016

λL1350 (1045 erg s−1) L 1.63±0.09 10.0±0.1 6.45±0.20 L L
λL3000 (1045 erg s−1) 8.96±0.66 1.03±0.10 6.77±0.11 4.44±0.08 4.38±0.04 2.66±0.05
MBH(C IV) (108 Me) L �

�0.34 0.02
0.04

�
�14.1 1.4

1.4
�
�8.9 3.4

2.8 L L
MBH(C IV, cor) (108 Me) L �

�0.14 0.01
0.02

�
�11.8 1.2

0.9
�
�6.3 2.5

2.0 L L
MBH(Mg II) (108 Me) �

�22 6
2

�
�0.38 0.18

0.10
�
�6.3 1.2

0.8
�
�11 2

3
�
�7.1 5.2

2.4
�
�7.0 2.3

1.4

Lbol/LEdd �
�0.16 0.02

0.04
�
�1.1 0.3

0.5
�
�0.43 0.05

0.08
�
�0.17 0.05

0.04
�
�0.24 0.08

0.18
�
�0.24 0.01

0.06

Note.The black hole mass errors quoted in this table are measurement errors, while there is an additional systematic uncertainty of 0.5 dex in the single-epoch mass
measurement (Shen 2013). The Eddington ratio is based on the Mg II–based MBH (Vestergaard & Osmer 2009). Two C IV–based MBH measurements are quoted:
MBH(C IV) is the virial mass based on Vestergaard & Peterson (2006, Equation (5)), while MBH(C IV, cor) is the virial mass based on Coatman et al. (2017), which
takes into account the C IV blueshift with respect to the systemic redshift.

Figure 7. The SMBH mass–luminosity plane of z>5.8 quasars, the BH mass
MBH of which have been measured to date with Mg II. The symbols and colors
are the same as in Figure 6. The quoted virial masses are derived using the
scaling relation of Vestergaard & Osmer (2009). For non-HSC quasars, we
quote their Mg II line and continuum measurements to calculate MBH and
bolometric luminosity with the same relation and cosmology as those applied
for the HSC quasars (Equation (4)). The systematic uncertainty of the virial BH
mass measurement (0.5 dex; Shen 2013) is included in the error bars. Contours
show the distribution of the z∼2 SDSS DR7 quasars (Shen et al. 2011). The
diagonal lines show Eddington luminosities of Lbol/LEdd=1, 0.1, and 0.01
from top left to bottom right.

Figure 8. Histogram of the Eddington ratio for z>5.8 quasars based on the
Mg II–based scaling relation of Vestergaard & Osmer (2009, Equation (4)).
The bin step is 0.5 dex, which is the same as the systematic uncertainty
(Shen 2013). The HSC and CFHQS quasars at Lbol<1047 erg s−1 are shown
in red and green, respectively. The shaded histogram shows all of the z>5.8
quasars whose Mg II lines have been measured.

Figure 9. Comparison of the Mg II– and C IV–based BH masses for the HSC
quasars whose masses have been measured with both emission lines (J0859
+0022, J1152+0055, and J2239+0207). The Mg II–based mass shown in this
figure is based on the calibration of Vestergaard & Osmer (2009). We show the
C IV–based mass based on Vestergaard & Peterson (2006) with open symbols
and Coatman et al. (2017) with filled symbols. The latter calibration takes into
account the C IV blueshift with respect to the systemic redshift. The systematic
uncertainties of the mass measurements (0.5 dex) are shown by the black point
in the lower right corner.
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• [CII] + underlying continuum emission 

• θ ~ 0.5” ~ 3 kpc 

• Cycles 4 + 5 + 7 (total 19 quasars)

Submm follow-up with ALMA

• To characterize basic star 
formation properties 

• To measure dynamical mass  
→ study early co-evolution
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Example: J2216-0016

[CII] 158μm

rg i

z y

J2216-0016

Color = [CII], contour = FIR continuum

Izumi et al. 2018, PASJ, 70, 36を改変
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Gallery (Cycle 4 + 5) Color = [CII] 158 μm 
Contour = FIR continuum

J0859+0022 J1152+0055 J2216-0016 J1202-0057

J1208-0200 J2228+0152 J2239+0207

Fortunately, we have successfully detected [CII] emission so far…!

(color: Jy/beam km/s unit)



ALMA Cycle 7 Data
(Izumi et al. in prep.)
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“LIRG”-class Star Formation

• LIRG-class moderate SFR (~several ×10 Msun/yr) in most cases 
c.f., SFR ~ 100-1000 Msun/yr in optically-luminous quasars


• SMBH growth and Host galaxy growth are (quasi-?)synchronized.  
→ “differential” form of co-evolution 

Extended [C II] structure in the z = 6.72 red quasar J1205−0000 7

2016), there was once a growing obscured AGN phase in
J1205−0000 which was embedded in this starburst host
galaxy.
At the lower quasar luminosity regime, i.e., LBol <

1013 L!, there are only two quasars (out of twelve)
having comparable LFIR to J1205−0000, namely
J2239+0207 (Izumi et al. 2019) and VIMOS2911
(Willott et al. 2017). J2239+0207 is likely to have a
close [C II] companion galaxy, which may have triggered
its intense starburst (Izumi et al. 2019). VIMOS2911,
which was originally discovered by Kashikawa et al.
(2015), seems to be an outlier in this plane as no
companion was reported (Willott et al. 2017), as well
as its narrow [C II] line profile (FWHM = 264 km
s−1) indicates an absence of a merger-like active event.
The remaining low-luminosity quasars all show LFIR <
1012 L! (some show as low as < 1011 L!), which is
clearly not the case of the optically luminous quasars.
Indeed, we found a positive correlation between

logLBol and logLFIR, after excluding the objects with
upper limits on LFIR, as

log

(

LFIR

L!

)

= (0.64±0.03)×log

(

LBol

L!

)

+(3.55±0.45).

(1)
A Spearman correlation coefficient for this logLBol–
logLFIR data is 0.56 (p-value = 2.0 × 10−4). Although
it is still a marginal correlation, this implies that a black
hole and its host galaxy are actually co-evolving at this
high redshift. In addition, if we assume a common
star-formation efficiency over the whole quasars used
here, this correlation suggests that an optically luminous
quasar tends to form in a gas richer galaxy. Note that
Venemans et al. (2018) did not find a significant correla-
tion between these two luminosities, likely because they
only studied optically luminous quasars.

4. NATURE OF THE EXTENDED [C II] EMISSION

We now turn to the physical origin of the extended
[C II] structure, which also contributes to the [C II]
wing in the area-integrated spectrum. Major possibil-
ities include companion/merging galaxy and cold out-
flow. However, as detailed later, it is not possible to
distinguish these two scenarios with the current dataset.
Thus, we discuss both of these scenarios and provide rel-
evant properties, respectively in the following. Note that
other key properties including the early co-evolution of
this quasar will be discussed in our forthcoming paper,
along with those of the other HSC quasars observed in
our ALMA Cycle 7 program (T. Izumi et al. in prepa-
ration).

4.1. Companion/merging galaxies?

Major mergers of gas-rich galaxies has been con-
sidered to be a promising driver of quasar activ-
ity (e.g., Sanders et al. 1988; Di Matteo et al. 2005;
Hopkins et al. 2006). High resolution and/or high sen-

Figure 4. Quasar bolometric luminosity (LBol) vs FIR

continuum luminosity (LFIR) relationship for z ! 6 quasars.

The corresponding M1450 is also shown. Literature data
of some optically luminous quasars (Venemans et al. 2018),

as well as low-luminosity quasars (Willott et al. 2013, 2015,

2017) including our HSC quasars (Izumi et al. 2018, 2019),
are shown. J1205−0000 after (before) extinction correction

is indicated by the red filled (open) star. The diagonal line
shows our linear regression fit to these objects excluding

those with upper limits on LFIR.

sitivity observations at the low redshift universe in-
deed show an enhanced AGN fraction in major merger
systems (e.g., Ellison et al. 2011; Silverman et al. 2011;
Goulding et al. 2018; Koss et al. 2018). It is also
noteworthy that (intrinsically luminous) red quasars
tend to be hosted by major merger systems (e.g.,
Urrutia et al. 2008; Glikman et al. 2015). In this con-
text, it is intriguing that recent sensitive ALMA obser-
vations of rest-FIR continuum and/or [C II] emission
started to uncover star-forming companion galaxies to
some z ! 5 − 6 luminous quasars (e.g., Wang et al.
2011; Trakhtenbrot et al. 2017; Decarli et al. 2017;
Willott et al. 2017; Neeleman et al. 2019), with some of
these companions very close to, or even merging with,
the main quasar (Decarli et al. 2019; Venemans et al.
2019; Bañados et al. 2019; Venemans et al. 2020).
We found that the [C II] spatial distribution of

J1205−0000 including the channel maps (Figures 1 and
2) well resembles that of J1342+0928 at z = 7.54
(Bañados et al. 2019), which is considered to be an on-
going merger system. Therefore it is plausible that the
extended [C II] structure of J1205−0000 is due to very
close companion or merging galaxies. As the [C II] emis-
sion extends toward multiple directions, there could be
corresponding multiple mergers in J1205−0000. This
picture fits into an evolutionary scenario in which a red

Izumi et al. 2021a
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Fig. 5. Relationship of the quasar UV luminosity (λL1450) and [C II] line
luminosity (L[C II]) shown with a logarithmic scale. Literature data of
z ! 6 quasars are compiled (circle; Maiolino et al. 2005; Venemans et al.
2012, 2016, 2017c; Wang et al. 2013, 2016; Willott et al. 2013, 2015, 2017;
Bañados et al. 2015; Mazzucchelli et al. 2017; Decarli et al. 2018). Also
plotted are the HSC quasars (star). The dotted line (red) and the shaded
region indicate our best-fit linear regression line and its 1 σ scatter,
respectively. (Color online)

2014), one plausible and simple explanation for the above
correlation is that both the black hole accretion and the star
formation is driven by a common reservoir of gas.

The star formation rate (SFR) of these quasars can then
be estimated by attributing the [C II] emission heating solely
to young stars: SFR[C II]/M! yr−1 = 1.0 × 10−7(L[C II]/L!)0.98

(De Looze et al. 2011). This relation has an intrinsic scatter
of 0.3 dex and is based on the Kroupa initial mass function
(IMF; Kroupa 2001). The derived values range from 16 to
63 M! yr−1 (table 2), well within the SFR range of local
LIRG-class systems (e.g., Dı́az-Santos et al. 2013; Sargsyan
et al. 2014). Note that the De Looze et al. (2011) relation
was derived for objects with LFIR ! 1012 L!, and thus it may
not be appropriate to apply this for J2239+0207 (LFIR $
2 × 1012 L!).

We used the CASA task imfit to fit a two-dimensional
Gaussian profile to the [C II] integrated intensity (zeroth
moment) maps, and estimated their beam-deconvolved spa-
tial extents. The maps made with the original resolutions
(figure 1) were used for this purpose. This image-plane
fitting method has been widely used in previous submm
studies of z " 6 quasar host galaxies (e.g., Willott et al.
2015; Venemans et al. 2016), which enables a direct com-
parison with these earlier studies. The estimated values are
listed in table 3: their FWHM sizes are ∼2.1–4.0 kpc (major
axis). Although the associated uncertainties are admittedly
large, these sizes are comparable to those found in our pre-
vious work on the other four HSC quasars, as well as to
many optically luminous quasars (Izumi et al. 2018b).

3.2 FIR continuum properties

The observed 1.2 mm continuum flux densities ( f1.2 mm) are
used to determine their FIR luminosities (LFIR) integrated
over the rest-frame wavelengths of λrest = 42.5–122.5 µm
(Helou et al. 1988). Here, we assume a graybody spectrum
with dust temperature of Td = 47 K and emissivity index6

of β = 1.6 based on the mean spectral energy distribution
of high-redshift optically and FIR luminous quasars (Beelen
et al. 2006; Leipski et al. 2014), to be consistent with pre-
vious work (e.g., Wang et al. 2013; Willott et al. 2013;
Venemans et al. 2016). However, these values are likely to
vary significantly from source to source (Venemans et al.
2018; Liang et al. 2019). If our HSC quasars instead have
Td close to the value found for nearby LIRG-class systems
(∼35 K, U et al. 2012), the resultant inferred LFIR values
would be about three times lower. We hereafter only con-
sider the uncertainties of flux measurements, not that of
the Td, which should be constrained further with future
multi-wavelength observations. Note that the influence of
the cosmic microwave background (CMB) radiation on the
submm observations at high redshifts (da Cunha et al. 2013)
is not considered, as that effect is negligible as long as we
adopt Td = 47 K.

The f1.2 mm and LFIR measured with the common 1.′′0
aperture are listed in table 2. J1208−0200 was marginally
detected (∼4 σ ) with LFIR = (1.6 ± 0.4) × 1011 L!, which is
slightly smaller than those of the four Cycle 4 HSC quasars
[LFIR ∼ (3–5) × 1011 L!, Izumi et al. 2018b. J2228+0152
is undetected, with a 3 σ upper limit of f1.2 mm < 47 µJy
and LFIR < 9 × 1010 L! (i.e., below the luminosity range
of a LIRG), making it one of the lowest LFIR quasar host
galaxies ever studied at z " 6. The LFIR values of these HSC
quasars are thus smaller by factors of ∼10–100 than most
of the z " 6 optically luminous quasars studied thus far
(e.g., Wang et al. 2007, 2008). On the other hand, for
J2239+0207 we found LFIR $ 2 × 1012 L!, showing that
there is a broad distribution in LFIR even among HSC
quasars of comparable UV/optical luminosities. The rela-
tionship between quasar luminosity and LFIR is further dis-
cussed in sub-subsection 4.2.2.

We measured the size of the FIR continuum-emitting
region of J2239+0207 with the imfit task, finding a sig-
nificantly smaller size than that of the [C II]-emitting region
(table 3; see also figure 1). The [C II]-emitting region is often
larger than the continuum-emitting region in high-z quasars
(e.g., Wang et al. 2013; Venemans et al. 2016), although
the cause for this remains unclear.

The total infrared luminosity (LTIR) integrated over
the 8–1000 µm range is supposed to be powered by
star formation, and thus gives an independent estimate

6Emissivity ∝ νβ .
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Levels of Star Formation 

← Dynamical mass

These HSC quasar hosts are on or below the MS@z~6:  
(They are typical star-forming galaxies or galaxies 

transforming into a quiescent population)
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Early co-evolution relation at z ~6–7 ?

Izumi et al. 2021b

3832 M. A. Marshall et al.

Figure 15. Simulated face-on images of the median currently observable quasar in the JWST NIRCam wide-band filters red-ward of the z = 7 Lyman break.
The host galaxy emission is shown in the top panels, the emission from the quasar in the middle panels, with the combined quasar and host galaxy image shown
in the bottom panels. All images include dust extinction of both the quasar and the host galaxy. These images assume an exposure time of 10 ks, with 10σ

detection sensitivities as predicted by STSci (2017). The field of view is 12 × 12 kpc, or 2.′′23 × 2.′′23. Note that all panels are shown with the same intensity
scale.

Figure 16. The relation between black hole mass and stellar mass (left) and black hole mass and bulge mass (right) for BLUETIDES galaxies at z = 7 and their
best-fitting relations as given in equations (5) and (6). We plot a range of observations of 5 ! z ! 7 quasars from the literature (Willott et al. 2017; Izumi et al.
2018; Pensabene et al. 2020), assuming that their stellar mass is equal to their measured dynamical mass. We also plot the observed black hole–bulge mass
relation at z = 0 (Kormendy & Ho 2013). This relation is also shown in the left (stellar mass) panel for comparison, assuming that the hosts are pure elliptical
galaxies with M∗ = Mbulge.

will be able to detect the majority of companions, with less than
10 per cent of intrinsic companions missed due to dust attenuation.

Overall, our predictions expect that a large fraction (up to
75 per cent at mUV < 24.85) of quasar companions will be ‘missed’
in current rest-frame UV observations due to dust obscuration. These
dusty galaxies are likely to be observable in the sub-mm, and so our
predictions are consistent with expectations (e.g Willott et al. 2005).

6.2 Properties of nearby neighbours

We now restrict our investigation to the nearest neighbour to each
black hole, with distances less than 200 kpc.

We find that 90 per cent of the most massive black holes have
their nearest neighbour within 200 kpc, compared with 87 per cent
of SDSS quasars, 80 per cent of currently observable quasars, and
67 per cent of RST quasars. For comparison, 63 per cent of all black
holes with MBH > 106.5 M$ have their nearest neighbour within
200 kpc.

Fig. 19 shows various properties of the nearest neighbours: their
distance, UV magnitude (both with and without dust attenuation),
stellar mass and black hole mass, and the differences between the
properties of the neighbour and those of the black hole host. Most
of the nearest neighbours lie within 100 kpc or 20 arcsec of the
black hole host galaxy. The vast majority of these neighbours are

MNRAS 499, 3819–3836 (2020)
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J1243+0100: The Highest-z Low-luminosity Quasar

• Only one low-luminosity quasar (M1450 > -25 mag) known at z > 7 (zMgII = 7.07). 


• LBol = 1.4 × 1046 erg/s (~10% of the other z > 7 quasars!) 


• MBH = 3.3 × 108 Msun → Eddington ratio = 0.3 


• With a CIV broad absorption line → Fast (~2400 km/s) nuclear outflow  
→ An intriguing target to study host-galaxy scale feedback. 

spectral shape around Lyα, which is hard to do with the limited
S/N of the present data. The BAL features, if confirmed to be
present, may also complicate such analyses for J1243+0100.
But these will be interesting subjects of follow-up studies, with
deeper spectroscopy in the optical and near-IR. Finally, future
observations of this highest-z ordinary quasar with, e.g., the
Atacama Large Millimeter/submillimeter Array and the James
Webb Space Telescope, will allow us to investigate the gaseous
and stellar properties of the host galaxy, and will be key to
understanding the relationship between the quasar activity and
the host galaxy at an early stage of cosmic history.

4. Summary

This Letter is the seventh in a series of publications
presenting the results from the SHELLQs project, a search
for low-luminosity quasars at z6 based on the deep multi-
band imaging data produced by the HSC-SSP survey. We
presented the discovery of J1243+0100, a quasar at z=7.07.
It was selected as a quasar candidate from the HSC data, and its
optical to near-IR spectrum was obtained with FOCAS and
MOIRCS on Subaru, and GNIRS on Gemini. The quasar has

an order of magnitude lower luminosity than other known
quasars at z>7. The estimated black hole mass is
MBH=(3.3±2.0)×108Me, and the Eddington ratio is
λEdd=0.34±0.20. As such, this quasar may represent the
first example of an ordinary quasar beyond z=7. The large
blueshift of the C IV emission line and possible BAL features
suggest the presence of a fast gas outflow close to the quasar
nucleus.
The discovery of J1243+0100 demonstrates the power of the

HSC-SSP survey to explore SMBHs at z>7, with masses typical
of lower-z quasars. The quasar was selected from ∼900 deg2 of
the survey (including substantial area with partial survey depths),
and we are in the course of follow-up observations of the
remaining candidates. We expect to find a few more quasars at
z>7 by the completion of the survey, which is going to cover
1400 deg2 in the wide layer. Combined with luminous z>7
quasars discovered by other surveys, and also with lower-z
counterparts of ordinary quasars, those high-z low-luminosity
quasars will provide a significant insight into the formation and
evolution of SMBHs across cosmic history.

This work is based on data collected at the Subaru Telescope
and retrieved from the HSC data archive system, which is
operated by the Subaru Telescope and Astronomy Data Center at
National Astronomical Observatory of Japan (NAOJ). The data
analysis was in part carried out on the open use data analysis
computer system at the Astronomy Data Center of NAOJ.
This work is also based on observations obtained at the Gemini

Observatory and processed using the Gemini IRAF package. The
Observatory is operated by the Association of Universities for
Research in Astronomy, Inc., under a cooperative agreement with
the NSF on behalf of the Gemini partnership: the National
Science Foundation (United States), the National Research
Council (Canada), CONICYT (Chile), Ministerio de Ciencia,
Tecnología e Innovación Productiva (Argentina), and Ministério
da Ciência, Tecnologia e Inovação (Brazil).
Y.M. was supported by the Japan Society for the Promotion

of Science (JSPS) KAKENHI grant No. JP17H04830 and the
Mitsubishi Foundation grant No. 30140. N.K. acknowledges
supports from the JSPS grant 15H03645. K.I. acknowledges
support by the Spanish MINECO under grant No. AYA2016-
76012-C3-1-P and MDM-2014-0369 of ICCUB (Unidad de
Excelencia “María deMaeztu”).
The Hyper Suprime-Cam (HSC) collaboration includes the

astronomical communities of Japan and Taiwan, and Princeton
University. The HSC instrumentation and software were
developed by the National Astronomical Observatory of Japan
(NAOJ), the Kavli Institute for the Physics and Mathematics of
the Universe (Kavli IPMU), the University of Tokyo, the High

Table 2
Emission Line Measurements

Lyα + N V λ1240 C IV λ1549 C III] λ1909 Mg II λ2800

Redshift L L L 7.07±0.01
Velocity Offset (km s−1) L −2400±500 −800±400 L
Flux (erg s−1 cm−2) (9.6±0.4) × 10−17 (2.1±0.4) × 10−16 (1.6±0.5) × 10−16 (6.2±1.9) × 10−17

Rest-frame Equivalent Widths (Å) 16±1 48±10 51±15 35±11
FWHM (km s−1) L 5500±1300 4600±1500 3100±900
MBH (Me) L L L (3.3±2.0) × 108

λEdd L L L 0.34±0.20

Note. The velocity offsets were measured relative to Mg II λ2800. The FWHMs were corrected for the instrumental velocity resolution.

Figure 3. Compilation of black hole mass and bolometric luminosity
measurements in quasars. The contours (linearly spaced in surface density)
represent the distribution of quasars in the SDSS DR7 catalog (Shen et al.
2011), while the diamonds represent quasars at 5.7<z<7 (Jiang et al. 2007;
Kurk et al. 2007; Willott et al. 2010; De Rosa et al. 2011, 2014; Venemans
et al. 2015; Wu et al. 2015; Mazzucchelli et al. 2017; Eilers et al. 2018; Shen
et al. 2018). The filled triangle represents J1243+0100, the quasar presented in
this Letter, while the unfilled triangles represent other z>7 quasars reported
by Mortlock et al. (2011), Bañados et al. (2018), and Wang et al. (2018).
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theoretical models (e.g., Volonteri 2012; Ferrara et al. 2014;
Madau et al. 2014). Measurements of quasar host galaxies and
surrounding environments tell us about the earliest mass
assembly, possibly happening in the highest-density peaks of
the underlying dark matter distribution (e.g., Goto et al. 2009;
Decarli et al. 2017; Izumi et al. 2018).

Quasars at the highest redshifts are of particular interest, as
they exist in the shortest period of time after the Big Bang. The
current frontier for high-z quasar searches is z>7, where only
a few quasars have been found to date. Because radiation from
z>7 quasars is almost completely absorbed by the IGM at
observed wavelengths λ<9700Å and such objects are very
rare and faint, one needs wide-field deep imaging in near-
infrared (IR) bands or in the y-band with red-sensitive charge-
coupled devices (CCDs) to discover those quasars. The first
z>7 quasar was discovered by Mortlock et al. (2011) at
z=7.09, from the United Kingdom Infrared Telescope
Infrared Deep Sky Survey (UKIDSS; Lawrence et al. 2007)
data. The second one was discovered by Bañados et al. (2018)
at z=7.54, by combining data from the Wide-field Infrared
Survey Explorer (Wright et al. 2010), UKIDSS, and the Dark
Energy Camera Legacy Survey.27 In addition, two quasars,
both at z=7.02, were recently discovered (Wang et al. 2018;
Yang et al. 2018) by combining data sets from several wide-
field surveys, including the Dark Energy Survey (The Dark
Energy Survey Collaboration 2005), the Dark Energy Spectro-
scopic Instrument legacy imaging surveys (Dey et al. 2018),
and the Panoramic Survey Telescope & Rapid Response
System 1 (Pan-STARRS1; Chambers et al. 2016).

However, the above z>7 quasars are all very luminous (if
they are not strongly lensed; e.g., Fan et al. 2019; Pacucci &
Loeb 2019), due to the detection limits of the imaging survey
observations. These quasars harbor SMBHs with masses
of roughly a billion solar masses, shining at close to the
Eddington luminosity (however, the black hole mass of one
of the quasars at z=7.02 has not been measured; Yang et al.
2018). They likely represent the most extreme monsters,
which are very rare at all redshifts, especially at z>7. To
understand a wider picture of the formation and early
evolution of SMBHs, it is crucial to find z>7 quasars of
more typical luminosity, which would be direct counterparts
to low-z ordinary quasars.

This Letter presents the discovery of a quasar at z=7.07,
HSC J124353.93+010038.5 (hereafter “J1243+0100”), which
has an order of magnitude lower luminosity than do the other
known z>7 quasars. It harbors an SMBH with a mass of

� o q :( )M M3.3 2.0 10BH
8 and shining at an Eddington

ratio M � o0.34 0.20Edd . We describe the target selection and
spectroscopic observations in Section 2. The spectral properties
of the quasar are measured and discussed in Section 3. A
summary appears in Section 4. We adopt the cosmological
parameters H0=70 km s−1 Mpc−1, ΩM=0.3, and ΩΛ=0.7.
All magnitudes refer to point-spread function (PSF) magni-
tudes in the AB system (Oke & Gunn 1983), and are corrected
for Galactic extinction (Schlegel et al. 1998).

2. Observations

J1243+0100 was selected from the Hyper Suprime-Cam
(HSC) Subaru Strategic Program (SSP) survey (Aihara et al.
2018a) data, as a part of the Subaru High-z Exploration of

Low-Luminosity Quasars (SHELLQs) project (Matsuoka et al.
2016, 2018a, 2018b, 2018c). The coordinates and brightness are
summarized in Table 1. A three-color composite image around
the quasar is presented in Figure 1. This source has an FWHM
size of 0 7 on the y-band image, which is consistent with the PSF
size estimated at the corresponding image position. We used the
methods detailed in Matsuoka et al. (2018b) to select this source
as a high-z quasar candidate. The probability that this source was
a quasar, not a Galactic brown dwarf, was PQ=0.4, based on
our Bayesian probabilistic algorithm (Matsuoka et al. 2016) and
the HSC i-, z-, and y-band photometry. It is among ∼30 z-band
dropout objects in our quasar candidate list; we have so far
conducted follow-up observations of roughly half of these
candidates, and partly reported the results in the SHELLQs
papers mentioned above. The highest-z quasar we found and
published previously is at _z 6.9 (Matsuoka et al. 2018a).
We obtained a red-optical spectrum of the candidate using the

Faint Object Camera and Spectrograph (FOCAS; Kashikawa
et al. 2002) mounted on the Subaru telescope. The observations
were carried out on 2018 April 24 as a part of a Subaru intensive

Table 1
Coordinatesa and Brightness

R.A. 12h43m53 93
Decl. +01°00′38 5
gAB (mag) <26.7 (2σ)
rAB (mag) <26.5 (2σ)
iAB (mag) <26.7 (2σ)
zAB (mag) <25.8 (2σ)
yAB (mag) 23.57±0.08
m1450 (mag) 22.82±0.08
M1450 (mag) −24.13±0.08
Lbol (erg s−1) (1.4±0.1)×1046

Note.
a Coordinates are at J2000.0. The astrometric accuracy of the HSC-SSP data is
estimated to be 0 1 (Aihara et al. 2018b).

Figure 1. Three-color (HSC i-, z-, and y-band) composite image around J1243
+0100, marked with the cross-hair. The image size is 1 arcmin on a side. North
is up and east is to the left.

27 http://legacysurvey.org/decamls
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[CII] 158µm Line Emission

• [CII] is also extended. But the bulk emission comes from the central 1” region. 


• Image-plane 2D Gaussian fit: FWHM = 3.6 × 3.5 kpc2.  
→ Close to the face-on view (if the intrinsic gas distribution is circular). 


• [CII]-based SFR = 165 Msun/yr. 

ALMA observations of the z = 7.07 LLQSO J1243+0100 5

mJy beam−1 Jy beam−1 km s−1

Figure 1. (a) Spatial distribution of the rest-FIR continuum emission of J1243+0100. The image is 4′′ on a side. Contours
start at ±2σ (1σ = 13.6 µJy beam−1) and increase by factors

√
2. (b) Spatial distribution of the velocity-integrated intensity

of [C II] 158 µm. Contours start at ±2σ (1σ = 0.037 Jy beam−1 km s−1) and increase by factors of
√
2. In each panel, the

synthesized beam is shown in the bottom-left corner, and no significant negative emission is found. The central black plus

denotes the FIR continuum peak position.

has a FWHM of 0′′.66 ± 0′′.06 (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 SFRTIR = 307± 20 M" yr−1 (Tdust = 47
K, β = 1.6). The point source has a higher flux den-
sity (0.85 ± 0.04 mJy) than the Gaussian component,
resulting in SFRTIR of 414 ± 20 M" yr−1. 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 LBol and LFIR

(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 LBol, which
may be suggestive of a certain level of quasar contribu-
tion to LFIR. Hence a conservative estimate of SFRTIR

(≡ SFRcons
TIR ) is that obtained from the Gaussian compo-

nent alone.

3.2. [C II] line properties

3.2.1. Global gas distribution

Figure 1b shows the velocity-integrated [C II] moment
0 map of J1243+0100. We integrate over ±900 km s−1

relative to the systemic redshift given the broad wing
component in the area-integrated spectrum (§ 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 3σ in the (native resolution)
velocity channel maps (Figure 3). The [C II] spatial dis-

Figure 2. Real part of the continuum visibilities as a func-

tion 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 visibilities are binned in

steps of 20 kλ.

tribution is clearly extended and complex. We applied
the CASA task imfit to this moment-0 map, which gave
a beam-deconvolved size of (0′′.69 ± 0′′.09) × (0′′.67 ±
0′′.10) or (3.6 ± 0.5) kpc × (3.5 ± 0.5) kpc. The [C II]
flux peak position and the spatial extent are identical
within the uncertainties to those of the spatially ex-
tended component of the FIR continuum emission (Ta-
ble 3). We will perform further detailed size measure-
ments in § 3.2.4.

(Jy/beam*km/s unit)

Izumi et al. 2021b

Contours: -3, -2, 2, 3, 5, 7, 10, 15, 20, 25, and 30σ

Velocity channel maps
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Very Broad [CII] Line Spectrum!

ALMA observations of the z = 7.07 LLQSO J1243+0100 7

Figure 3. Velocity channel maps of the [C II] line emis-

sion of J1243+0100. Each channel is labeled with its central
velocity in km s−1. The central plus sign in each panel de-

notes the FIR continuum peak position (§ 3.1). Contours are

drawn at −3, −2, 2, 3, 5, 7, 10, 15, 20, 25, and 30σ, where
1σ = 0.10 mJy beam−1. The synthesized beam is shown in

the bottom left corner.

nation angle. The [C II] line luminosity of this com-
ponent, following Solomon & Vanden Bout (2005), is
Lcore
[CII] = (1.90± 0.20)× 109 L!.

By further assuming that the [C II] line is excited
primarily by star formation, we can estimate the SFR
using the De Looze et al. (2014) calibration based on
local H II/starburst galaxies: log(SFR[CII]/M! yr−1) =
−7.06 + 1.0 × log(L[CII]/L!), with a factor of two cali-
bration uncertainty. We obtain SFRcore

[CII] = 165±17 M!

yr−1, which is consistent within the calibration uncer-
tainty with the result we found from the spatially ex-
tended continuum component SFRcons

TIR . This relation is
applicable to high redshift (z ∼ 4−8) star-forming galax-
ies as recently demonstrated by Schaerer et al. (2020);
Le Fèvre et al. (2020). If some of the [C II] 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

LFIR (i.e., imfit-based value) derived in § 3.1, we ob-
tain log(L[CII]/LFIR) = −3.27. This value is compa-
rable to those of optically luminous z ! 6 quasars
(e.g., Wang et al. 2013; Venemans et al. 2016), and is
∼ 6× smaller than the canonical Milky Way value
(∼ 3 × 10−3, Carilli & Walter 2013). Thus this quasar
follows the so-called [C II]-deficit trend found in ULIRG-

(a)
χ2/d.o.f. = 50.1/27
Single Gaussian

(b) Double Gaussian
χ2/d.o.f. = 16.5/25

Figure 4. Area-integrated [C II] line spectrum of

J1243+0100 measured over a region of [C II] integrated in-
tensity > 2σ ∩ r < 2′′. The sensitivity is 0.31 mJy per

channel. (a) Single Gaussian fit and (b) Double Gaussian
fit to the observed spectrum. The resultant parameters are

listed in Table 2. The fit in (b) shows much lower χ2 than

that in (a). The inset of (a) shows a wider-frequency view,
which illustrates the reliability of our continuum subtraction.

class objects (e.g., Malhotra et al. 1997; Stacey et al.
2010; Dı́az-Santos et al. 2013), and in z ! 6 quasars
(e.g., 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 ex-
tended component of the FIR continuum emission (i.e.,
excluding the point source, Table 3) alone, we obtain
log(L[CII]/LFIR) = −2.89, which is now close to the
Milky Way value. This suggests that the quasar itself
contributes to the unresolved component of LFIR, which
causes the L[CII]/LFIR ratio to be lower in quasars than
in starbursts.
We previously emphasized the uncertainty in LFIR due

to our lack of knowledge of Tdust, which eventually af-
fects our interpretation of L[CII]/LFIR. To circumvent
this issue, we also measure the [C II] equivalent widths.
If we use the imfit-based total continuum flux density,
we obtain EW[CII] = 0.55 ± 0.06 µm, a value only a

Izumi et al. 2021b

[CII] spectrum

• Very broad symmetric wing (FWHM ~1000 km/s).


• Very compact size of the wing (3σ upper limit FWHM < 
0.52” = 2.7 kpc), which is even inside the host. 


• Global dynamics = Rotation (no merger)


• All of these support that this broad wing is due to a 
fast outflow (>450 Msun/yr).  
→ Total outflow rate (incl. mol) > 1400 Msun/yr ??


• Quasar-driven…? (∵Narrow [CII]-based SFR[CII] = 165 Msun/yr) 

10 T. Izumi et al.

Figure 6. The [C II] intensity distributions integrated

over the blue channels (−253 to −26 km s−1; blue contours)

and the red channels (+50 to +277 km s−1, red contours)
separately. The blue contours indicate 5, 10, ..., 35, 36, ...,

and 39σ, whereas the red ones indicate 5, 10, ..., 30, 31, 32,
and 33σ, where 1σ = 0.015 Jy beam−1 km s−1. The central

plus sign denotes the quasar position.

Jy beam−1 km s−1 Jy beam−1 km s−1

Figure 7. Velocity-integrated [C II] intensity map of (a)
the core component and (b) the wing component. These are

made by integrating the −102 to +126 km s−1 channels for

(a), and −934 to −253 km s−1 plus +277 to +882 km s−1

channels for (b), respectively (see also Figures 3 and 4). The

central plus sign indicates the quasar location. The contours
indicate 3, 10, 30, 50, and 70σ of the FIR continuum emission

(see also Figure 1a). The 1σ sensitivity is 0.015 and 0.033

Jy beam−1 km s−1 for (a) and (b), respectively.

one emission candidate at 4.5σ (i.e., below our 5σ de-
tection threshold), at (αICRS, δICRS) = (12h43m53s.463,
+01◦00′39′′.47), which is 7′′.1 (or ∼ 37 kpc in projec-
tion) from the quasar. No significant line emission is
found at this location over our spectral coverage, and

Figure 8. Real part of the [C II] visibilities as a func-

tion of the uv distance. (a) Our best-fit model to the core
component, consisting of a circular Gaussian (FWHM =

0′′.81 ± 0′′.04) and an unresolved point source. (b) Best-

fit model for the wing component (FWHM = 0′′.29±0′′ .17).
The extent of the source is less than 3σ from zero. In (a),

the observed visibilities are binned in steps of 20 kλ, whereas

in (b) we binned in steps of 50 kλ given the faintness of the
wing component.

no optical counterpart is identified in our HSC maps
(g, r, i, z, 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 ∼ 1 − 3
emitters in our FoV; given small number statistics and
the cosmic variance; our non-detection is consistent with
this result.
Similarly, within the data cube created in § 2, we did

not find any [C II] line emitter1 within our FoV, and
within a velocity range of ±1000 km s−1 relative to the
quasar. We will present an analysis using [C II] cubes
with different velocity resolutions in a future paper.

4. DISCUSSION

4.1. Comparison of the star-forming nature

Under the assumptions made in § 3, it is intriguing
that the SFRTIR of J1243+0100 (including the decom-

1 We define a line emitter as an object with a peak line flux density
of > 5σ and with at least two contiguous velocity channels with
> 3σ emission.

3.2.4. Decomposed [C II] Spatial Extent

Table 4 lists our measurements of the spatial extent of the
narrow core and broad wing components of the [C II] line
emission. For this analysis, we regard the core component as the
line emission within the 235 km s−1 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−1.

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
(3.4± 0.2)× (3.0± 0.2) kpc2 (Table 4). This is consistent with
the measured [C II]-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= 235 km s−1

FWHM range around the line center). A decline of the visibilities
from zero to ∼200 kλ indicates the existence of an extended
(resolved) component, while the contribution from a compact
(unresolved) source is apparent at250 kλ. The solid line indicates

Figure 5. (a) Intensity-weighted [C II] 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−1 in steps of 20 km s−1. (b) Intensity-weighted velocity dispersion map of the same region. Here the contours indicate 25, 50, 75, and
100 km s−1. These maps were made with a conservative 5σ clipping. In each panel, the bottom left ellipse corresponds to our synthesized beam. The central black plus
sign denotes the quasar position.

Figure 6. The [C II] intensity distributions integrated over the blue (−253 to
−26 km s−1; blue contours) and red (+50 to +277 km s−1; red contours)
channels separately. The blue contours indicate 5σ, 10σ, ..., 35σ, 36σ, ..., and
39σ, whereas the red ones indicate 5σ, 10σ, ..., 30σ, 31σ, 32σ, and 33σ, where
1σ = 0.015 Jy beam−1 km s−1. The central plus sign denotes the quasar
position.

Table 4
[C II] Spatial Extent (FWHM)

Core

Moment zero (0 66 ± 0 04) × (0 58 ± 0 03)
(deconvolved) or (3.4 ± 0.2) × (3.0 ± 0.2) kpc2

Model 1 0 81 ± 0 04 or 4.2 ± 0.2 kpc

Wing

Model 2 0 29 ± 0 17 or 1.5 ± 0.9 kpc
3σ limit < 0 52 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.
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2E L 0.25%out Bol� and 2P P 3.0out AGN� � . 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, E Lout

tot
Bol� and P Pout

tot
AGN� � 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
C IV emission and Si IV and C IV 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 [C II] outflow is a good
match to this class of model. The lower limits of E Lout

tot
Bol� and

P Pout
tot

AGN� � for J1243+0100 are somewhat smaller than but on
the same order as the values expected in the energy-conserving30

coupling mode ( _E L 5%out
tot

Bol� , _P P 20out
tot

AGN� � ). 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,
e.g., vout, E Lout

tot
Bol� , and P Pout

tot
AGN� � are quite consistent with the

values we estimated for J1243+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 J1243+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 Lout

tot
Bol� will drop, as is seen in the

extended [C II] outflow of J1148+5251 (Cicone et al. 2015).
The Costa et al. (2018a) simulations predict that outflows could
be launched only in quasars with LBol> 1047 erg s−1, an order
of magnitude more luminous than J1243+0100. However, as
the outflow can clear out the circumnuclear gas that is the fuel
for SMBH accretion, the LBol of J1243+0100 may have been

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 J1243+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 J1243+0100 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 concentric rings
with 0 1 width to the [C II] data cube using the 3DBarolo 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
Vrot, σdisp, and the radial velocity in the disk plane (Vrad). We
fixed the dynamical center to the quasar position and Vsys to
0 km s−1 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 5σ clipping was applied to avoid noise

contamination; hence, our model is not sensitive to the faint
outflow. We set initial guesses of Vrot= 120, σdisp= 40, and
Vrad= 0 km s−1, 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, <20 km s−1 over the modeled regions,
indicating the goodness of our fit. We also found that Vrad is no
larger than ±20 km s−1; hence, we do not discuss it in further
detail hereafter.

Table 6
Outflow Properties

Quantity Value

vout (km s−1) 499 ± 113
Rout (kpc) <1.3
τout (106 yr) <2.6 ± 0.6
Mout (109 Me) >1.2 ± 0.2
Mout� (Me yr−1) >447 ± 137
Eout� (1043 erg s−1) >3.5 ± 1.6
E Lout Bol� 0.25%
P L cout Bol( )� 3.0
Mout

tot� (Me yr−1) 1410

Note. The above quantities refer to the neutral atomic outflow, except for Mout
tot� ,

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

Figure 11. (a) Modeled mean velocity field (moment 1) of J1243+0100. The
contours indicate velocities relative to the systemic in steps of ±20 km s−1. (b)
Residual velocity component after subtracting the model from the observed
moment-1 map (Figure 5). The residual amplitude is mostly <20 km s−1,
indicating that our fit is good.

30 That is, the shocked wind flow preserves its thermal energy.
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24

Press release from NAOJ



25JWST Observation

• As HSC quasars are relatively “faint”, we have a good 
chance to directly see their host galaxies with JWST.  
→ JWST Cycle 1 program, approved!  
(PI: M.Onoue, co-PI: Y. Matsuoka, J. Silverman, X. Ding, T. Izumi)

F356W

F150W

z = 6.10 HSC quasar (zAB = 22.8, yAB = 22.9, M1450 = -23.8, MBH = 7e8 Msun)
NIRCam simulations



26

Summary: Synergy of Subaru and ALMA

Our low-luminosity (more general) quasar survey is on-going by using the 
Subaru Hyper Suprime-Cam (HSC) → now >160 quasars at z > 6. 


NIR follow-up to measure MBH is also on-going. 


Mostly LIRG-like FIR properties (LFIR, L[CII]).  
- SFR ~ several × 10 Msun/yr 
→ Clear contrasts to those of the previously discovered quasars  
(ULIRG/SMG-class star formation)


The HSC quasars are typically on or below the MS at z ~ 6 
→ Transition phase to quiescent galaxies? 


The co-evolution relation may have already arisen at z ~ 6–7…!?  
→ Quite rapid mechanism of galaxy evolution will be required. 


Fast [CII] outflow (neutral outflow rate > 450 Msun/yr) is identified in 
J1243+0100, indicating the early quasar feedback to the host. 
→ Subaru × ALMA is good to study early feedback??


Further observations incl. JWST are planned. 


