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2Co-evolution of SMBH and galaxy

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

• Favoured scenario: Merger-induced 
starburst & AGN, and subsequent 
“AGN feedback” to regulate the star 
formation (e.g., Hopkins et al. 2008; Fabian 2012, 
ARA&A, 50, 455)


• When, how, and where the relation 
has arisen?  Kormendy & Ho 2013, ARA&A, 51, 511

MBH/Mbulge ~ 1/1000-1/100
Reveal (i) SMBH feeding/

feedback and (ii) galaxy growth 
over the cosmic time

Di Matteo et al. 2005
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Figure 1. Plateau de Bure Interferometer spectrum of J1120+0641 of the red-
shifted [C ii] 158 µm line. The channels have a width of 20 MHz (∼25 km s−1).
The noise per bin is 1.09 mJy beam−1 and is shown in the upper-left corner.
The published redshift of z = 7.085 (derived from rest-frame UV lines of the
quasar; Mortlock et al. 2011) has been taken as the zero point of the velocity
scale. The red, solid curve is a Gaussian fit to the spectrum and shows that faint
continuum emission is also detected in the quasar host. The residuals of the fit
are plotted below the spectrum. The dotted lines represent +σ and −σ , with σ
the noise per bin of 1.09 mJy beam−1.
(A color version of this figure is available in the online journal.)

source at z = 7.085 of DL = 70.0 Gpc, a spatial scale of
5.2 kpc arcsec−1. The age of the universe at z = 7.085 is
740 Myr.

2. OBSERVATIONS

Observations of the [C ii] 157.74 µm (νrest = 1900.54 GHz)
line in J1120+0641 at a redshift z = 7.085 (observed frequency
of 235.07 GHz, or 1.276 mm) were carried out between 2011
March and 2012 January with the WideX correlator using the
PdBI. The quasar was observed on 2011 March 9 for 2.9 hr with
five antennas in C configuration, and on 2011 December 13
and 15 and 2012 January 12 and 18 for a total of 6.3 hr with

six antennas in D configuration. For the phase calibration the
source J1055+018 was observed every 30 minutes. Absolute flux
calibration was obtained by observing 3C273 and MWC349
before and after each track. The WideX correlator provides
an instantaneous bandwidth of 3.6 GHz in dual polarization,
which corresponds to ∼4400 km s−1 at 235 GHz. With the
goal to have a better measurement of the continuum level, the
frequency setup was shifted by +1000 km s−1 after the 2011
March observations. The total on-source integration time was
8.25 hr (six antenna equivalent).

The data were reduced using the Grenoble Image and Line
Data Analysis System (GILDAS) software.9 The data were
rebinned to a resolution of 20 MHz (25.5 km s−1). The final
resolution of the image where both frequency setups overlap is
2.′′02 × 1.′′71 at a position angle of 23◦. The rms of the final
image is ∼1.09 mJy beam−1 per 20 MHz bin.

3. RESULTS

The final spectrum of the [C ii] emission line and the un-
derlying continuum towards J1120+0641 is shown in Figure 1
(top panel). The [C ii] emission is clearly detected at a red-
shift of z = 7.0842 ± 0.0004. This is slightly blueshifted
(by −30 ± 14 km s−1) but consistent with the redshift of
z = 7.085 (Mortlock et al. 2011), which was derived by fit-
ting the template of Hewett & Wild (2010) to the rest-frame UV
emission lines. The [C ii] emission line has a peak flux density
of fP = 4.12 ± 0.51 mJy beam−1. In addition, the underly-
ing (rest-frame) far-infrared continuum is also detected, albeit
at lower significance. Fitting the line with a Gaussian gives a
dispersion of σV = 99.9 ± 14.7 km s−1, corresponding to a
FWHM of 235 ± 35 km s−1.

Figure 2 shows an image of the [C ii] line and the underlying
continuum emission. The map in the [C ii] emission line (which
was averaged from −153 km s−1 to +102 km s−1) results in
a 9.4σ detection at the near-infrared location of the quasar.
The integrated flux of the line is 1.03 ± 0.14 Jy km s−1

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

Figure 2. Left: image showing the a map constructed from the averaged emission between −153 and +102 km s−1. The contours are −3.5σ , −2.5σ (blue, dotted lines),
2.5σ , 3.5σ (black, solid lines), 4.5σ , 5.5σ , 6.5σ , 7.5σ , and 8.5σ (white, solid lines), with σ the rms noise of 0.43 mJy beam−1. The cross indicates the near-infrared
location of the quasar. The beam (2.02 × 1.71 arcsec2) is overplotted at the bottom left corner of the image – the emission is unresolved at this resolution. Right: map
of the underlying rest-frame FIR continuum based on the line-free channels with the same spacing in sigma. The rms noise in this map is 0.16 mJy beam−1.
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3Host galaxy properties of high-z quasars

• Luminous quasars at z >~ 6  
(LBol > 1e14 Lsun)


• ULIRG/SMG-class star formation!

• Rapid, vigorous, and coeval SMBH 

and galaxy growths  
(SF time scale < 100 Myr)

The Astrophysical Journal, 773:44 (10pp), 2013 August 10 Wang et al.

Figure 2. The dust continuum map (left), [C ii] line velocity-integrated map (middle), and line velocity maps (right) of the five new [C ii] detections. We calculate the line
intensity-weighted velocity map using pixels detected at !4σ in each case. The black crosses show the position of the optical quasar from the discovery paper (X. Fan
et al. 2013, in preparation; Mortlock et al. 2009; Jiang et al. 2008, 2009; Fan et al. 2000). The sizes of the synthesized beams are plotted in the bottom-left of each panel.
J2310+1855—the continuum contours are [−2, 2, 4, 8, 32, 64] × 0.1 mJy beam−1, and the line contours are [−2, 2, 4, 8, 16, 32] × 0.15 Jy beam−1 km s−1. The velocity
contours are [−1, 0, 1, 2, 3] × 40 km s−1. The 1σ rms noise is 0.06 mJy beam−1 for the continuum map and 0.14 Jy km s−1 beam−1 for the line map. J1319+0950—the
contours are [−2, 2, 4, 8, 16, 32] × 0.1 mJy beam−1 for the continuum, [−2, 2, 4, 6, 8, 10, 12] × 0.18 Jy beam−1 km s−1 for the line, and [−2, −1, 0, 1, 2, 3] × 75 km s−1

for the velocity map. The 1σ rms noise values are 0.08 mJy beam−1 and 0.18 Jy km s−1 beam−1 for the continuum and line maps, respectively. J2054−0005—the
continuum contours are [−2, 2, 4, 8, 16, 32, 64] × 0.04 mJy beam−1, the line contours are [−2, 2, 2.83, 4, 5.66, 8, 11.31, 16, 22.63] × 0.10 Jy beam−1 km s−1, and
the contours in the velocity map are [0, 1, 2] × 40 km s−1. The 1σ rms noise is 0.04 mJy beam−1 for the continuum map and 0.08 Jy km s−1 beam−1 for the line map.
J0129−0035—the contours are [−2, 2, 4, 8, 16, 32] × 0.1 mJy beam−1 for the continuum, [−2, 2, 4, 8, 16, 32] × 0.075 Jy beam−1 km s−1 for the line, and [−3, −2,
−1, 0] × 20 km s−1 for the velocity map. The 1σ rms noise is 0.05 mJy beam−1 for the continuum map and 0.08 Jy km s−1 beam−1 for the line map. J1044−0125—the
contours are [−2, 2, 4, 8, 16] × 0.08 mJy beam−1 for the continuum and [−2, 2, 4, 6, 8] × 0.14 Jy beam−1 km s−1 for the line. The 1σ rms noise is 0.09 mJy beam−1

for the continuum map and 0.14 Jy km s−1 beam−1 for the line map. The zero velocity in the velocity maps corresponds to the CO redshifts listed in Table 1.
(A color version of this figure is available in the online journal.)
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Dust [CII] Vel. field

Wang et al. 2013, ApJ, 773, 44 w/ ALMA

Typical value
SFR ~100 - 1000 Msun/yr
Mgas ~a few  E10 Msun

Mdust ~a few  E8 Msun

MBH ~a few  E9 Msun

e.g., Wang et al. 2010, ApJ, 714, 699

Venemans et al. 2012, ApJ, 751, L25

[CII] 158 μm ULAS J1120+0641

z = 7.084
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Figure 1. Plateau de Bure Interferometer spectrum of J1120+0641 of the red-
shifted [C ii] 158 µm line. The channels have a width of 20 MHz (∼25 km s−1).
The noise per bin is 1.09 mJy beam−1 and is shown in the upper-left corner.
The published redshift of z = 7.085 (derived from rest-frame UV lines of the
quasar; Mortlock et al. 2011) has been taken as the zero point of the velocity
scale. The red, solid curve is a Gaussian fit to the spectrum and shows that faint
continuum emission is also detected in the quasar host. The residuals of the fit
are plotted below the spectrum. The dotted lines represent +σ and −σ , with σ
the noise per bin of 1.09 mJy beam−1.
(A color version of this figure is available in the online journal.)

source at z = 7.085 of DL = 70.0 Gpc, a spatial scale of
5.2 kpc arcsec−1. The age of the universe at z = 7.085 is
740 Myr.

2. OBSERVATIONS

Observations of the [C ii] 157.74 µm (νrest = 1900.54 GHz)
line in J1120+0641 at a redshift z = 7.085 (observed frequency
of 235.07 GHz, or 1.276 mm) were carried out between 2011
March and 2012 January with the WideX correlator using the
PdBI. The quasar was observed on 2011 March 9 for 2.9 hr with
five antennas in C configuration, and on 2011 December 13
and 15 and 2012 January 12 and 18 for a total of 6.3 hr with

six antennas in D configuration. For the phase calibration the
source J1055+018 was observed every 30 minutes. Absolute flux
calibration was obtained by observing 3C273 and MWC349
before and after each track. The WideX correlator provides
an instantaneous bandwidth of 3.6 GHz in dual polarization,
which corresponds to ∼4400 km s−1 at 235 GHz. With the
goal to have a better measurement of the continuum level, the
frequency setup was shifted by +1000 km s−1 after the 2011
March observations. The total on-source integration time was
8.25 hr (six antenna equivalent).

The data were reduced using the Grenoble Image and Line
Data Analysis System (GILDAS) software.9 The data were
rebinned to a resolution of 20 MHz (25.5 km s−1). The final
resolution of the image where both frequency setups overlap is
2.′′02 × 1.′′71 at a position angle of 23◦. The rms of the final
image is ∼1.09 mJy beam−1 per 20 MHz bin.

3. RESULTS

The final spectrum of the [C ii] emission line and the un-
derlying continuum towards J1120+0641 is shown in Figure 1
(top panel). The [C ii] emission is clearly detected at a red-
shift of z = 7.0842 ± 0.0004. This is slightly blueshifted
(by −30 ± 14 km s−1) but consistent with the redshift of
z = 7.085 (Mortlock et al. 2011), which was derived by fit-
ting the template of Hewett & Wild (2010) to the rest-frame UV
emission lines. The [C ii] emission line has a peak flux density
of fP = 4.12 ± 0.51 mJy beam−1. In addition, the underly-
ing (rest-frame) far-infrared continuum is also detected, albeit
at lower significance. Fitting the line with a Gaussian gives a
dispersion of σV = 99.9 ± 14.7 km s−1, corresponding to a
FWHM of 235 ± 35 km s−1.

Figure 2 shows an image of the [C ii] line and the underlying
continuum emission. The map in the [C ii] emission line (which
was averaged from −153 km s−1 to +102 km s−1) results in
a 9.4σ detection at the near-infrared location of the quasar.
The integrated flux of the line is 1.03 ± 0.14 Jy km s−1

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

Figure 2. Left: image showing the a map constructed from the averaged emission between −153 and +102 km s−1. The contours are −3.5σ , −2.5σ (blue, dotted lines),
2.5σ , 3.5σ (black, solid lines), 4.5σ , 5.5σ , 6.5σ , 7.5σ , and 8.5σ (white, solid lines), with σ the rms noise of 0.43 mJy beam−1. The cross indicates the near-infrared
location of the quasar. The beam (2.02 × 1.71 arcsec2) is overplotted at the bottom left corner of the image – the emission is unresolved at this resolution. Right: map
of the underlying rest-frame FIR continuum based on the line-free channels with the same spacing in sigma. The rms noise in this map is 0.16 mJy beam−1.
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3Host galaxy properties of high-z quasars

• Luminous quasars at z >~ 6  
(LBol > 1e14 Lsun)


• ULIRG/SMG-class star formation!

• Rapid, vigorous, and coeval SMBH 

and galaxy growths  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Figure 2. The dust continuum map (left), [C ii] line velocity-integrated map (middle), and line velocity maps (right) of the five new [C ii] detections. We calculate the line
intensity-weighted velocity map using pixels detected at !4σ in each case. The black crosses show the position of the optical quasar from the discovery paper (X. Fan
et al. 2013, in preparation; Mortlock et al. 2009; Jiang et al. 2008, 2009; Fan et al. 2000). The sizes of the synthesized beams are plotted in the bottom-left of each panel.
J2310+1855—the continuum contours are [−2, 2, 4, 8, 32, 64] × 0.1 mJy beam−1, and the line contours are [−2, 2, 4, 8, 16, 32] × 0.15 Jy beam−1 km s−1. The velocity
contours are [−1, 0, 1, 2, 3] × 40 km s−1. The 1σ rms noise is 0.06 mJy beam−1 for the continuum map and 0.14 Jy km s−1 beam−1 for the line map. J1319+0950—the
contours are [−2, 2, 4, 8, 16, 32] × 0.1 mJy beam−1 for the continuum, [−2, 2, 4, 6, 8, 10, 12] × 0.18 Jy beam−1 km s−1 for the line, and [−2, −1, 0, 1, 2, 3] × 75 km s−1

for the velocity map. The 1σ rms noise values are 0.08 mJy beam−1 and 0.18 Jy km s−1 beam−1 for the continuum and line maps, respectively. J2054−0005—the
continuum contours are [−2, 2, 4, 8, 16, 32, 64] × 0.04 mJy beam−1, the line contours are [−2, 2, 2.83, 4, 5.66, 8, 11.31, 16, 22.63] × 0.10 Jy beam−1 km s−1, and
the contours in the velocity map are [0, 1, 2] × 40 km s−1. The 1σ rms noise is 0.04 mJy beam−1 for the continuum map and 0.08 Jy km s−1 beam−1 for the line map.
J0129−0035—the contours are [−2, 2, 4, 8, 16, 32] × 0.1 mJy beam−1 for the continuum, [−2, 2, 4, 8, 16, 32] × 0.075 Jy beam−1 km s−1 for the line, and [−3, −2,
−1, 0] × 20 km s−1 for the velocity map. The 1σ rms noise is 0.05 mJy beam−1 for the continuum map and 0.08 Jy km s−1 beam−1 for the line map. J1044−0125—the
contours are [−2, 2, 4, 8, 16] × 0.08 mJy beam−1 for the continuum and [−2, 2, 4, 6, 8] × 0.14 Jy beam−1 km s−1 for the line. The 1σ rms noise is 0.09 mJy beam−1

for the continuum map and 0.14 Jy km s−1 beam−1 for the line map. The zero velocity in the velocity maps corresponds to the CO redshifts listed in Table 1.
(A color version of this figure is available in the online journal.)
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Typical value
SFR ~100 - 1000 Msun/yr
Mgas ~a few  E10 Msun

Mdust ~a few  E8 Msun

MBH ~a few  E9 Msun

e.g., Wang et al. 2010, ApJ, 714, 699

Venemans et al. 2012, ApJ, 751, L25

[CII] 158 μm ULAS J1120+0641

z = 7.084

Hopkins et al. 2008, ApJS, 175, 356



4Early co-evolution: likely a biased one

• MBH of some optically-luminous 
z > 6 quasars are over-massive 
→ SMBH earlier, galaxies later?


• But we should care about a 
selection bias to prefer 

luminous (~ massive) objects

710 WANG ET AL. Vol. 714

Figure 7. Derived ratios between the black hole and the bulge stellar masses
vs. the inclination angles of the molecular disk. The bulge dynamical masses
(Mdyn sin2 i) are derived using the CO FWHMs from single-Gaussian spectral
fitting, and the bulge stellar masses (Mbulge) are estimated with Mdyn−Mgas. The
plot shows how MBH/Mbulge compares to present-day value of 0.0014 (dashed
line) with different assumptions of inclination angles.

luminous quasars, i.e., the central AGNs can be directly seen
over an inclination angel range of i from 0◦ to probably !60◦

(Elitzur 2008). Thus, though we cannot rule out small inclination
angle values for individual objects, it is highly unlikely that more
than half of these CO detected z ∼ 6 quasars are viewed in the
extreme inclination angle range of i < 15◦. The CO estimated
bulge dynamical masses probably reflect intrinsically smaller
MBH/Mbulge for these z ∼ 6 quasars compared to that of the
local mature galaxies.

We emphasize that accurate calculations of the bulge dy-
namical and stellar masses still require high-resolution mea-
surements of the disk size and geometry for each object. To
roughly constrain the average black hole–bulge mass ratio of
these FIR and CO luminous z ∼ 6 quasars here, we simply
adopt an average inclination angle of 40◦ based on the assump-
tion of uniformly distributed i between 0◦ and 60◦. This results
in a median MBH/Mbulge ratio of 0.022 for our sample, which
is about 15 times higher than the present-day value of 0.0014.
This is in good agreement with the picture suggested by other
high-z MBH–Mbulge studies (e.g., Walter et al. 2004; Coppin
et al. 2008a; Riechers et al. 2008a, 2008b; Peng et al. 2006a,
2006b), i.e., that the SMBH accumulates most its mass before
the formation of the stellar bulge.

For further consideration, if these z ∼ 6 quasars will
finally evolve into systems with black hole–bulge relationships
identical to that in the local universe, the final bulge stellar mass
should be around 1012 M⊙ with black hole masses on the order of
109 M⊙. The MBH/Mbulge ratio we derived above suggests that
only "10% of the stellar component has been formed in these
FIR and CO bright z ∼ 6 quasars on the average. On the other
hand, the detected molecular gas mass of ∼1010 M⊙ in these
objects can only account for < 3% of the mature bulge mass if
the gas will all be converted to stars. Thus, large amounts of gas
supplied from external sources is required to form the 1012 M⊙
stellar bulge by z = 0.

5.2.2. MBH–σ Relationship

We investigate the black hole mass–bulge velocity dispersion
relation with the eight CO-detected z ∼ 6 quasars in Figure 8.
The SMBH mass (MBH) and bulge velocity dispersion (σ )

Figure 8. Black hole masses of the z ∼ 6 quasars vs. their bulge velocity
dispersion (σ ). The dashed line denotes the local MBH–σ relationship of
log (MBH/M⊙) = 8.13 + 4.02 log(σ/200 km s−1) (Tremaine et al. 2002). The
filled circles represent the local galaxies from Tremaine et al. (2002). The
filled squares and open diamonds are for the z ∼ 6 and 1.4 ! z ! 5 quasar
samples, respectively, with σ derived from the observed CO line width using
σ ≈ FWHM/2.35. The open squares show the σ values derived with the method
described in Ho (2007a) assuming an average inclination angle of 40◦ for the
z ∼ 6 quasars.

in local galaxies follow a relationship of log (MBH/M⊙) =
8.13 + 4.02 log(σ/200 km s−1) (Tremaine et al. 2002). We first
roughly estimate σ for the eight z ∼ 6 quasars with the CO
line widths, using the empirical relation σ ≈ FWHM/2.35
(Shields et al. 2006; Nelson 2000). The results are plotted in
Figure 8, together with the local active and inactive galaxies
from Tremaine et al. (2002) and CO-detected 1.4 # z # 5
quasars that have available SMBH mass measurements (Shields
et al. 2006; Coppin et al. 2008a). Most of the high-z CO-detected
quasars, especially the objects with MBH ! 109 M⊙, are above
the local MBH–σ relationship with offsets of more than 1 order
of magnitude in black hole mass, as was found in Shields et al.
(2006). The median value of the ratios between MBH and the
expected black hole masses from the local MBH–σ relation
(MBH,σ ) for our z ∼ 6 sample is ⟨MBH/MBH,σ ⟩median ∼ 40.

This is consistent with the high MBH/Mbulge ratios and the idea
of prior SMBH formations we discussed in the previous section
(Section 5.2.1). However, the systemic offset between the high-z
objects and the local MBH−σ relation (i.e., ⟨MBH/MBH,σ ⟩median)
can be reduced if we include assumptions of inclination angles
in our estimations of σ , following the empirical correlations
between σ and inclination angle-corrected CO line width from
the literature (e.g., Ho 2007a, 2007b; Wu 2007). In particular,
if we consider the possible gas disk inclination angle range for
these z ∼ 6 quasars and adopt an average value of i = 40◦ (as
was discussed in Section 5.2.1), the derived ⟨MBH/MBH,σ ⟩median
will reduce to ∼26 and 4 following the methods described in
Wu (2007) and Ho (2007a), respectively.

We also note that our sample exhibits significant scatter on
the MBH–σ plot with derived MBH/MBH,σ values over 3 orders
of magnitude. This is mainly due to the intrinsic scatter and
offset between the real bulge velocity dispersions and the CO
estimated values based on the empirical relationships of low-z
samples. Indeed, how the observed CO line widths trace the

σ (km/s)

M
BH

 (M
su

n)

Wang et al. 2010, ApJ, 714, 699

※ Gas-σ is used instead of stellar σ in quasars
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Subaru/Hyper Suprime-Cam ALMA

Probing-down low luminosity objects
→ Depict less-biased mass distribution!
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with color and extendedness cuts (see Section 3.2). Although
this may not be the case for LBGs at z  6, we do not model
this population at present because (i) they are hard to
distinguish from high-z quasars by colors alone and (ii) their
surface density at <24 mag is still poorly understood (see
Figures 1 and 2).

For a detected source with the observed quantities d, the
Bayesian probability PQ

B of being a quasar is given by:

( ) ( )
( ) ( )

( )=
+

d
d

d d
P

W

W W
1Q

B Q

Q D

and

( ) ( ) ( ∣ ) ( ∣ ) ( )ò=d p p d p pW S Pr Pr ddet 2Q D/

where the subscripts Q and D denote a quasar and a brown
dwarf, respectively. The vector d represents the magnitudes in
all the available bands in the present case, while p represents
the intrinsic source properties (i.e., luminosity and redshift for a
quasar and luminosity and spectral type for a brown dwarf).
The functions ( )pS , ( ∣ )pPr det , and ( ∣ )d pPr represent the
surface number density, the probability that the source is
detected (“det”), and the probability that the source has the
observed quantities d, respectively, each as a function of p.

We compute ( )pS with the quasar luminosity function of
Willott et al. (2010b) and the Galactic brown dwarf model of
Caballero et al. (2008). The former is well determined at
M1450<−24 mag, while we extrapolate it to
M1450=−20 mag as shown in Figure 2 to match the HSC
observations. The brown dwarf model takes into account the
spatial density distributions and luminosities of late-M, L, and
T dwarfs, and allows one to compute number counts for each
spectral type at a given Galactic coordinate. At our quasar
selection limit of =z 24.5AB mag (see below), L–T dwarfs
within ∼1 kpc of the Sun are bright enough to enter our sample.

The validity of these quasar and brown dwarf models will be
evaluated with the results of our and other surveys in
future work.
Since the HSC-SSP survey depth has not been fully analyzed

yet (Section 2), we arbitrarily set ( ∣ ) =pPr det 1 for zAB<26.0
or yAB<25.0 mag and 0 otherwise. The SED models required
for ( ∣ )d pPr are created as follows. The quasar model spectrum
at z=0 is first created by stacking the SDSS spectra of 340
bright quasars at z ; 3, where the quasar selection is fairly
complete (Richards et al. 2002; Willott et al. 2005), after
correcting for the foreground IGM absorption. The IGM H I
opacity data are taken from Songaila (2004). This spectrum is
then placed at various redshifts with the appropriate IGM
absorption taken into account, and convolved with the filter
transmission functions to compute colors. Because the model
spectra redshifted to z>6 do not extend beyond the J-band,
we take the J−H and H− K colors from Hewett et al. (2006).
The dwarf colors are computed with a set of observed spectra
compiled in the SpeX prism library23 and the CGS4 library.24

Because of the discrete sampling of the brown-dwarf templates
grouped into individual spectral types, the integration in
Equation (2) is treated as a summation for spectral types.
Finally, the flux errors are taken from the outputs of the HSC
image processing pipeline, and are assumed to follow a
Gaussian probability density distribution in fluxes.

3.2. Selection Flow

The present work is based on the HSC-SSP Wide-layer data
included in the S15A internal data release, which happened in
2015 September. Forced photometry (see Section 2) on the

Figure 2. Luminosity functions of quasars and LBGs at z∼6 (left) and z∼7 (right), taken from Kashikawa et al. (2015, dark blue; their case 2), Willott et al. (2010b,
light blue), Bouwens et al. (2015, light green), and Bowler et al. (2015, dark green). The corresponding apparent magnitudes for quasars in the HSC z- or y-band are
indicated on the upper axis. Although the luminosity functions are poorly constrained in the ranges marked by the dashed lines, LBGs likely outnumber quasars at
apparent magnitudes fainter than ∼24 mag.

23 This research has benefited from the SpeX Prism Spectral Libraries,
maintained by Adam Burgasser at http://pono.ucsd.edu/~adam/
browndwarfs/spexprism.
24 The L and T dwarf archive is maintained by Sandy Leggett at http://staff.
gemini.edu/~sleggett/LTdata.html.
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?

7
ALMA Cycle 4 observations

Quasar zopt M1450
LBol 

(Lsun) BAL θ ([CII]) 1σ (mJy/b), 
dV=50 km/s

1σ (μJy/b): 
cont.

J0859+0022 6.39 -23.56 3.9E+12 N 0.64” x 0.47” 0.12 9.5

J1152+0055 6.37 -24.91 1.4E+13 N 0.52” x 0.47” 0.24 20.7

J2216-0016 6.10 -23.56 3.9E+12 Y 0.54” x 0.43” 0.18 13.2

J1202-0057 5.93 -22.44 1.4E+12 N 0.79” x 0.71” 0.12 8.8

• Four HSC quasars at z~6 (from Matsuoka+16)

• Aimed at detecting the [CII] and underlying 

rest-FIR continuum emission



8Band 6 full spectrum: J2216 (example)

~0.18 mJy @dV = 50 km/s

(on-source time ~ 1.7h)

[CII] 158μm

rg i

z y

HSC image

~0.18 mJy @dV = 50 km/s

(on-source time ~ 1.7h)



9Results: Spatial distribution

θ = 0.52” x 0.47”θ = 0.64” x 0.47”

J0859+0022 J1152+0055

θ = 0.54” x 0.43”

J2216-0016

θ = 0.79” x 0.71”

J1202-0057

Color = [CII] 
Contour = FIR continuum



10FIR properties of the HSC-quasars

• LIRG-class objects @ z > 6 ! 

• Moderate SFR (23-40 Msun/yr; LIR-based) 
- c.f., SFR ~ 100-1000 Msun/yr for optically luminous quasars @ z > 6

Mdust 
(1E7 Msun)

SFRIR 
(Msun/yr)

J0859 5.0 ± 0.7 28 ± 4

J1152 6.0 ± 1.0 34 ± 6

J2216 4.1 ± 0.8 23 ± 5

J1202 7.1 ± 0.3 40 ± 2



11Size of the emitting region

• FWHM ~ a few kpc

• Comparable to the sizes of optically-luminous quasars  

(SFR ~ 100-1000 Msun/yr; Mdust > 1e8 Msun) 
→ An order of mag. difference in ΣISM   
→ Key parameter of SMBH accretion (e.g., Hopkins & Quataert 2010)
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Fig. 1. Spatial distributions of the velocity-integrated [C II] line (i.e., 0th moment map; color scale in Jy beam−1 km s−1 unit) and rest-frame FIR continuum
(contours) emission of the HSC quasars, (a) J0859+0022, (b) J1152+0055, (c) J2216-0016, and (d) J1202-0057, visualized with the native resolutions. The
synthesized beams are in the bottom-left corners. The central stars and the squares mark the continuum peaks at the rest-frame FIR (this work) and the
rest-frame UV (Matsuoka et al. 2016), respectively, which coincide within the positional uncertainties in every case. Contours indicate: (a) 3, 5, 7, 10σ (1σ =
9.5 µJy beam−1), (b) 3, 4, 5σ (1σ = 20.7 µJy beam−1), (c) 3, 4, 5, 6, 7σ (1σ = 13.2 µJy beam−1), and (d) 3, 5, 10, 12, 15, 18, 21σ (1σ = 8.8 µJy beam−1).
The rms sensitivity of the velocity-integrated [C II] emission is, (a) 0.036, (b) 0.053, (c) 0.047, and (d) 0.027 Jy beam−1 km s−1, respectively. Pixels below
these 1σ levels were masked in the color maps.

this effect is beyond the scope of this paper.

To compute LFIR, we first adopted an optically thin gray
body spectrum model with dust temperature Td = 47 K and
emissivity index β = 1.6 (emissivity ∝ νβ) to be consistent with
previous z > 6 quasar studies (e.g., Wang et al. 2013; Willott
et al. 2015; Venemans et al. 2016). These fixed parameters are
based on the mean spectral energy distribution of high-redshift
optically/FIR-luminous quasars at 1.8 < z < 6.4 (Beelen et al.
2006, see also Leipski et al. 2014). However, it is uncertain
whether these values are applicable to the much less luminous
(at both the optical and FIR bands) HSC quasars, which should
be studied further with future multiwavelengths observations.
We also explore the consequence of lower Td below, which
would be more realistic.

We also considered the influence of the cosmic microwave
background (CMB) on the submm observations at high redshifts

(da Cunha et al. 2013), as the CMB provides additional source
of dust heating. However, as those effects are negligible as long
as we adopt Td

>∼ 35 K, we do not make any correction to the
observed submm fluxes in this study. Then, we should revise
our estimation on, e.g., LFIR, once accurate Td is obtained.

The resultant LFIR (Td = 47 K) listed in Table 2. They all
fall within a relatively narrow range, ≃ (3− 5)× 1011 L⊙, cor-
responding to the luminosity range of LIRGs. This is consistent
with the [C II]-based results, where we also found LIRG-like
line luminosities. The LFIR of our HSC quasars are then much
fainter than the z >∼ 6 optically luminous quasars by factors of
≃10−100 (e.g., Wang et al. 2007, 2008, 2011a). The SFR were
simply estimated by (i) extending the gray body spectrum to the
total-IR (TIR: 8–1000 µm, Table 2) range, (ii) assuming that
star-forming activity fully accounts for the TIR, and (iii) apply-
ing the conversion, SFR/M⊙ yr−1 = 1.49× 10−10LTIR/L⊙

Quasar Size ([CII] FWHM)

J0859+0022 (2.8±0.8) kpc x (1.8±1.0) kpc

J1152+0055 (3.0±1.1) kpc x (1.4±0.7) kpc

J2216-0016 (5.2±0.8) kpc x (2.5±0.7) kpc

J1202-0057 (2.6±0.7) kpc x (1.5±1.1) kpc



Discussion: 
Star-forming nature and early co-evolution 

in the HSC quasars

from ν2GC simulation (Ishiyama et al. 2015)

ν2GC simulation (SAM) 
Ishiyama et al. 2015, Shirakata et al. in prep. (P5-07)

Volume: 1.12 h-1 cGpc 
DM resolution: 2.2E8 Msun 
Particles: 81923
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Fig. 7. SFR as a function of M∗ for the HSC quasars (cyan stars) and the
z > 5.7 luminous (M1450

<∼ −26) quasars having 1010 ≤ Mdyn/M⊙ ≤
1011 (red diamonds). Those Mdyn are used as surrogates for M∗ in this
plot. Background circles show simulated z ∼ 6 galaxies hosting MBH ≥
107 M⊙ SMBHs from the ν2GC model. Two sequences, namely the SB-
sequence and the star-forming main-sequence (MS), are apparent. The lat-
ter is consistent with another semi-analytic prediction (Somerville et al. 2008,
black-dashed line). The blue-solid line represents the recently suggested MS
at z ∼ 6 from rest-frame UV-to-NIR photometric observations (Salmon et al.
2015).

lar velocity (vcirc) is calculated as vcirc = 0.75 FWHM[C II]/sin i
(Wang et al. 2010): the FWHM[C II] of the HSC quasars are
listed in Table 2. The disk size (D, diameter) is approximated as
D = 1.5 × amaj to account for the spatially extended component
(i.e., full width at 20% of the peak intensity for a Gaussian pro-
file) to keep consistency with the previous works shown above.
Then, the Mdyn enclosed within D is given by,

Mdyn/M⊙ = 1.16× 105
(

vcirc
km s−1

)2
(

D
kpc

)
(2)

The resultant values are listed in Table 4. Hereafter we use
the above Mdyn as a surrogate for M∗, which is a common
procedure in high-redshift quasar studies (e.g., Wang et al.
2010, 2013; Willott et al. 2015, 2017; Venemans et al. 2016).
Assuming a gas-to-dust mass ratio of, e.g., 100 (Draine et al.
2007), to our derived Mdust gives gas masses that are small
relative to Mdyn. The one exception is J1152+0055, whose in-
ferred gas mass is ∼ 50% of Mdyn, but this still has a limited
impact on our conclusions. The resultant M∗ clearly constitute
the massive end of z ∼ 6 galaxies (e.g., Grazian et al. 2015).

The relationship between M∗ and SFR of the HSC quasars
is plotted in Figure 7, along with z ∼ 6 results from the ν2GC
simulation: the simulated M∗ values are used here. We selected
≃ 41,000 galaxies hosting ≥ 107 M⊙ SMBHs from the sim-
ulated catalog (see also §4.4), all of which are indeed high-
M∗ galaxies. The simulated galaxies show two sequences, a
SB sequence (upper) and MS (lower): the gap between these

Table 4. Dynamical properties of the HSC quasars
Name Mdyn (1010 M⊙) MBH (108 M⊙)

J0859+0022 5.6 0.7+0.7
−0.3

J1152+0055 1.4 4.3+7.8
−2.8

J2216-0016 8.2 8.1+8.1
−4.0

J1202-0057 4.4 0.4+0.7
−0.3

Formal errors on Mdyn are not given due to multiple unconstrained
uncertainties including those of the inclination angles and the
geometry of the line emitting regions (see also Wang et al. 2013;
Willott et al. 2015). See details about the MBH measurement of
J0859+0022 and J2216-0016 with the Mg II-based calibrations
(Vestergaard & Osmer 2009) in M. Onoue et al. (in preparation).
For the remaining two quasars, Eddington-limited mass accretion is
assumed. A typical uncertainty is 0.3 dex for the Mg II-based MBH

(Shen et al. 2008), and 0.45 dex for the Eddington ratio-based
MBH (Willott et al. 2015), respectively.

two sequences is artificial due to the limited mass- and time-
resolution of the model (see details in H. Shirakata et al. in
preparation) 9. Keeping this in mind, the simulated galaxies are
used to infer the star-formation levels of the observed quasars.
The model-MS is consistent with other semi-analytic models
(e.g., Somerville et al. 2008), and roughly matches the recently
observed MS at z ∼ 6 (Salmon et al. 2015).

As seen in Figure 7, the HSC quasars studied here all re-
side on or even below the MS at z ∼ 6, both compared to the
ν2GC model and to the observed relationship (e.g., Salmon
et al. 2015). Therefore, we suggest that these HSC quasars
are now ceasing their star-forming activities, and are transform-
ing into the quiescent population, even compared to non-AGN
galaxies.

We also plot z > 5.7 optically luminous (M1450
<∼

−26) quasars with [C II] observations (Maiolino et al. 2005;
Venemans et al. 2012, 2016; Wang et al. 2013, 2016; Bañados
et al. 2015; Decarli et al. 2017; Mazzucchelli et al. 2017) in
the red diamonds in Figure 7. Here, we limit the sample to
have 1010 ≤ Mdyn/M⊙ ≤ 1011 for fair comparison with the
HSC quasars, after considering a recent argument that both the
SFR and mass accretion rate may depend on the M∗ of the host
galaxy (Yang et al. 2017). Again their Mdyn are used as surro-
gates for M∗. We found that these optically-luminous quasars
all reside on or even above the MS, i.e., their hosts are SB galax-
ies. Therefore, host galaxies of optically-luminous quasars and
less luminous HSC quasars constitute different populations in
terms of the evolutionary stages of star formation. The an or-
der of magnitude difference in Σgas could drive the difference
in both SFR and mass accretion rate (e.g., Hopkins & Quataert
2010).

It is also noteworthy that the spatial extents of the HSC
quasars are consistent with the typical size of the stellar com-
ponents of some compact quiescent galaxies (cQGs, e.g., van

9 We confirmed that this artificial effect has little impact on integrated quan-
tities such as Mdyn, M∗, and MBH in the model, which are used in §4.4.

13
Star formation levels
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Fig. 7. SFR as a function of M∗ for the HSC quasars (cyan stars) and the
z > 5.7 luminous (M1450

<∼ −26) quasars having 1010 ≤ Mdyn/M⊙ ≤
1011 (red diamonds). Those Mdyn are used as surrogates for M∗ in this
plot. Background circles show simulated z ∼ 6 galaxies hosting MBH ≥
107 M⊙ SMBHs from the ν2GC model. Two sequences, namely the SB-
sequence and the star-forming main-sequence (MS), are apparent. The lat-
ter is consistent with another semi-analytic prediction (Somerville et al. 2008,
black-dashed line). The blue-solid line represents the recently suggested MS
at z ∼ 6 from rest-frame UV-to-NIR photometric observations (Salmon et al.
2015).

lar velocity (vcirc) is calculated as vcirc = 0.75 FWHM[C II]/sin i
(Wang et al. 2010): the FWHM[C II] of the HSC quasars are
listed in Table 2. The disk size (D, diameter) is approximated as
D = 1.5 × amaj to account for the spatially extended component
(i.e., full width at 20% of the peak intensity for a Gaussian pro-
file) to keep consistency with the previous works shown above.
Then, the Mdyn enclosed within D is given by,

Mdyn/M⊙ = 1.16× 105
(

vcirc
km s−1

)2
(

D
kpc

)
(2)

The resultant values are listed in Table 4. Hereafter we use
the above Mdyn as a surrogate for M∗, which is a common
procedure in high-redshift quasar studies (e.g., Wang et al.
2010, 2013; Willott et al. 2015, 2017; Venemans et al. 2016).
Assuming a gas-to-dust mass ratio of, e.g., 100 (Draine et al.
2007), to our derived Mdust gives gas masses that are small
relative to Mdyn. The one exception is J1152+0055, whose in-
ferred gas mass is ∼ 50% of Mdyn, but this still has a limited
impact on our conclusions. The resultant M∗ clearly constitute
the massive end of z ∼ 6 galaxies (e.g., Grazian et al. 2015).

The relationship between M∗ and SFR of the HSC quasars
is plotted in Figure 7, along with z ∼ 6 results from the ν2GC
simulation: the simulated M∗ values are used here. We selected
≃ 41,000 galaxies hosting ≥ 107 M⊙ SMBHs from the sim-
ulated catalog (see also §4.4), all of which are indeed high-
M∗ galaxies. The simulated galaxies show two sequences, a
SB sequence (upper) and MS (lower): the gap between these

Table 4. Dynamical properties of the HSC quasars
Name Mdyn (1010 M⊙) MBH (108 M⊙)

J0859+0022 5.6 0.7+0.7
−0.3

J1152+0055 1.4 4.3+7.8
−2.8

J2216-0016 8.2 8.1+8.1
−4.0

J1202-0057 4.4 0.4+0.7
−0.3

Formal errors on Mdyn are not given due to multiple unconstrained
uncertainties including those of the inclination angles and the
geometry of the line emitting regions (see also Wang et al. 2013;
Willott et al. 2015). See details about the MBH measurement of
J0859+0022 and J2216-0016 with the Mg II-based calibrations
(Vestergaard & Osmer 2009) in M. Onoue et al. (in preparation).
For the remaining two quasars, Eddington-limited mass accretion is
assumed. A typical uncertainty is 0.3 dex for the Mg II-based MBH

(Shen et al. 2008), and 0.45 dex for the Eddington ratio-based
MBH (Willott et al. 2015), respectively.

two sequences is artificial due to the limited mass- and time-
resolution of the model (see details in H. Shirakata et al. in
preparation) 9. Keeping this in mind, the simulated galaxies are
used to infer the star-formation levels of the observed quasars.
The model-MS is consistent with other semi-analytic models
(e.g., Somerville et al. 2008), and roughly matches the recently
observed MS at z ∼ 6 (Salmon et al. 2015).

As seen in Figure 7, the HSC quasars studied here all re-
side on or even below the MS at z ∼ 6, both compared to the
ν2GC model and to the observed relationship (e.g., Salmon
et al. 2015). Therefore, we suggest that these HSC quasars
are now ceasing their star-forming activities, and are transform-
ing into the quiescent population, even compared to non-AGN
galaxies.

We also plot z > 5.7 optically luminous (M1450
<∼

−26) quasars with [C II] observations (Maiolino et al. 2005;
Venemans et al. 2012, 2016; Wang et al. 2013, 2016; Bañados
et al. 2015; Decarli et al. 2017; Mazzucchelli et al. 2017) in
the red diamonds in Figure 7. Here, we limit the sample to
have 1010 ≤ Mdyn/M⊙ ≤ 1011 for fair comparison with the
HSC quasars, after considering a recent argument that both the
SFR and mass accretion rate may depend on the M∗ of the host
galaxy (Yang et al. 2017). Again their Mdyn are used as surro-
gates for M∗. We found that these optically-luminous quasars
all reside on or even above the MS, i.e., their hosts are SB galax-
ies. Therefore, host galaxies of optically-luminous quasars and
less luminous HSC quasars constitute different populations in
terms of the evolutionary stages of star formation. The an or-
der of magnitude difference in Σgas could drive the difference
in both SFR and mass accretion rate (e.g., Hopkins & Quataert
2010).

It is also noteworthy that the spatial extents of the HSC
quasars are consistent with the typical size of the stellar com-
ponents of some compact quiescent galaxies (cQGs, e.g., van

9 We confirmed that this artificial effect has little impact on integrated quan-
tities such as Mdyn, M∗, and MBH in the model, which are used in §4.4.
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Star formation levels

These HSC quasars are on or below the MS@z~6:  
They are transforming to quiescent galaxies
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Hopkins et al. 2008, ApJS, 175, 356
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Fig. 8. MBH vs host galaxy Mdyn for z >∼ 6 quasars. The HSC quasars are shown as cyan stars along with ν2GC model predictions at z ∼ 6 (white circles).
The diagonal dashed line indicates the local MBH–Mbulge relationship with its intrinsic scatter in the shaded region (Kormendy & Ho 2013). We equate Mdyn

and Mbulge in this plot. Also shown are z >∼ optically luminous (M1450 < −25, mostly < −26) quasars (red diamonds) and less-luminous (M1450 > −25;
similar to the HSC quasars) ones (blue triangles). The less-luminous quasars, including the HSC ones, lie close to the local relation, whereas the luminous
quasars show departures particularly at Mdyn < 1011 M⊙. Among the four HSC quasars, Mg II-based MBH is available for J0859+0022 and J2216-0016,
whereas the Eddington-limited accretion is assumed for the rest (see Table 4). For these two, MBH with the Eddington ratio = 0.6 are also plotted for reference.

doubled the number of the less luminous quasars in this study.
Therefore, our study highlights the importance of probing lower
MBH (∼ 108 M⊙) SMBHs to understand the unbiased early co-
evolutionary relation reflecting the bulk of the AGN-host galax-
ies in this epoch.

Finally, we compare the observed distributions of z ∼ 6

quasars on the plane with simulated galaxies from the ν2GC
model, which are also plotted in Figure 8. Here, we selected
all galaxies containing MBH ≥ 107 M⊙ SMBHs at z ∼ 6 as we
focused on massive quasars. The simulation traces the SMBH
growth from the seed mass of 103 M⊙

10. The galaxy bulge and
the central SMBH gain masses, while maintaining the relation
(Makiya et al. 2016),

∆MBH = fBH∆M∗,burst, (3)

where ∆M∗,burst is the total mass of stars newly formed dur-
ing an SB episode in a bulge induced by galaxy mergers or disk
instabilities, ∆MBH is the total SMBH mass growth, and fBH

is a constant (= 0.01) selected to match the local MBH–Mbulge

10Changing the seed BH mass to 105 M⊙ does not affect the results at the
high MBH or high Mbulge regions, primarily because the ν2GC model
allows super-Eddington accretion (Shirakata et al. 2016)

relation. It is thus natural that the simulated galaxies follow the
local relation. Note that we use Mdyn returned by the model,
which indicates either (i) total mass within a half-mass radius
(bulge-dominated galaxy) or (ii) total mass within a disk effec-
tive radius (disk-dominated galaxy). The mass of the dark mat-
ter would not be important at these spatial scales (Genzel et al.
2017). Thus, our comparison with observed data is fair.

It is therefore remarkable that most of the low-luminosity
quasars (HSC + CFHQS) follow the local relation. This im-
plies, based on the ν2GC model, that these quasars could have
been formed through the standard, quasi-synchronized galaxy–
SMBH formation scenario (e.g., Di Matteo et al. 2005; Hopkins
et al. 2006), although we cannot exclude other evolutionary
scenarios. This argument still holds if we re-estimate the
MBH of the two HSC quasars without Mg II-based calibration
(J1152+0055 and J1202-0057) with an Eddington ratio of 0.6
(expected mean for z ∼ 6 quasars including lower-luminosity
ones as well, Willott et al. 2010a), which are also plotted in
Figure 8.

On the other hand, it is still quite challenging to form
massive-end galaxies (Mdyn

>∼ 5 × 1010 M⊙) that contain
MBH

>∼ 2.5×108 M⊙ SMBHs (i.e., values comparable to opti-

Luminous

Low-luminosity
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Fig. 8. MBH vs host galaxy Mdyn for z >∼ 6 quasars. The HSC quasars are shown as cyan stars along with ν2GC model predictions at z ∼ 6 (white circles).
The diagonal dashed line indicates the local MBH–Mbulge relationship with its intrinsic scatter in the shaded region (Kormendy & Ho 2013). We equate Mdyn

and Mbulge in this plot. Also shown are z >∼ optically luminous (M1450 < −25, mostly < −26) quasars (red diamonds) and less-luminous (M1450 > −25;
similar to the HSC quasars) ones (blue triangles). The less-luminous quasars, including the HSC ones, lie close to the local relation, whereas the luminous
quasars show departures particularly at Mdyn < 1011 M⊙. Among the four HSC quasars, Mg II-based MBH is available for J0859+0022 and J2216-0016,
whereas the Eddington-limited accretion is assumed for the rest (see Table 4). For these two, MBH with the Eddington ratio = 0.6 are also plotted for reference.

doubled the number of the less luminous quasars in this study.
Therefore, our study highlights the importance of probing lower
MBH (∼ 108 M⊙) SMBHs to understand the unbiased early co-
evolutionary relation reflecting the bulk of the AGN-host galax-
ies in this epoch.

Finally, we compare the observed distributions of z ∼ 6

quasars on the plane with simulated galaxies from the ν2GC
model, which are also plotted in Figure 8. Here, we selected
all galaxies containing MBH ≥ 107 M⊙ SMBHs at z ∼ 6 as we
focused on massive quasars. The simulation traces the SMBH
growth from the seed mass of 103 M⊙

10. The galaxy bulge and
the central SMBH gain masses, while maintaining the relation
(Makiya et al. 2016),

∆MBH = fBH∆M∗,burst, (3)

where ∆M∗,burst is the total mass of stars newly formed dur-
ing an SB episode in a bulge induced by galaxy mergers or disk
instabilities, ∆MBH is the total SMBH mass growth, and fBH

is a constant (= 0.01) selected to match the local MBH–Mbulge

10Changing the seed BH mass to 105 M⊙ does not affect the results at the
high MBH or high Mbulge regions, primarily because the ν2GC model
allows super-Eddington accretion (Shirakata et al. 2016)

relation. It is thus natural that the simulated galaxies follow the
local relation. Note that we use Mdyn returned by the model,
which indicates either (i) total mass within a half-mass radius
(bulge-dominated galaxy) or (ii) total mass within a disk effec-
tive radius (disk-dominated galaxy). The mass of the dark mat-
ter would not be important at these spatial scales (Genzel et al.
2017). Thus, our comparison with observed data is fair.

It is therefore remarkable that most of the low-luminosity
quasars (HSC + CFHQS) follow the local relation. This im-
plies, based on the ν2GC model, that these quasars could have
been formed through the standard, quasi-synchronized galaxy–
SMBH formation scenario (e.g., Di Matteo et al. 2005; Hopkins
et al. 2006), although we cannot exclude other evolutionary
scenarios. This argument still holds if we re-estimate the
MBH of the two HSC quasars without Mg II-based calibration
(J1152+0055 and J1202-0057) with an Eddington ratio of 0.6
(expected mean for z ∼ 6 quasars including lower-luminosity
ones as well, Willott et al. 2010a), which are also plotted in
Figure 8.

On the other hand, it is still quite challenging to form
massive-end galaxies (Mdyn

>∼ 5 × 1010 M⊙) that contain
MBH

>∼ 2.5×108 M⊙ SMBHs (i.e., values comparable to opti-

Merger-induced 
synchronized SMBH-galaxy 

formation (dMBH/dt = f × SFRbulge); 
ν2GC model
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Fig. 8. MBH vs host galaxy Mdyn for z >∼ 6 quasars. The HSC quasars are shown as cyan stars along with ν2GC model predictions at z ∼ 6 (white circles).
The diagonal dashed line indicates the local MBH–Mbulge relationship with its intrinsic scatter in the shaded region (Kormendy & Ho 2013). We equate Mdyn

and Mbulge in this plot. Also shown are z >∼ optically luminous (M1450 < −25, mostly < −26) quasars (red diamonds) and less-luminous (M1450 > −25;
similar to the HSC quasars) ones (blue triangles). The less-luminous quasars, including the HSC ones, lie close to the local relation, whereas the luminous
quasars show departures particularly at Mdyn < 1011 M⊙. Among the four HSC quasars, Mg II-based MBH is available for J0859+0022 and J2216-0016,
whereas the Eddington-limited accretion is assumed for the rest (see Table 4). For these two, MBH with the Eddington ratio = 0.6 are also plotted for reference.

doubled the number of the less luminous quasars in this study.
Therefore, our study highlights the importance of probing lower
MBH (∼ 108 M⊙) SMBHs to understand the unbiased early co-
evolutionary relation reflecting the bulk of the AGN-host galax-
ies in this epoch.

Finally, we compare the observed distributions of z ∼ 6

quasars on the plane with simulated galaxies from the ν2GC
model, which are also plotted in Figure 8. Here, we selected
all galaxies containing MBH ≥ 107 M⊙ SMBHs at z ∼ 6 as we
focused on massive quasars. The simulation traces the SMBH
growth from the seed mass of 103 M⊙

10. The galaxy bulge and
the central SMBH gain masses, while maintaining the relation
(Makiya et al. 2016),

∆MBH = fBH∆M∗,burst, (3)

where ∆M∗,burst is the total mass of stars newly formed dur-
ing an SB episode in a bulge induced by galaxy mergers or disk
instabilities, ∆MBH is the total SMBH mass growth, and fBH

is a constant (= 0.01) selected to match the local MBH–Mbulge

10Changing the seed BH mass to 105 M⊙ does not affect the results at the
high MBH or high Mbulge regions, primarily because the ν2GC model
allows super-Eddington accretion (Shirakata et al. 2016)

relation. It is thus natural that the simulated galaxies follow the
local relation. Note that we use Mdyn returned by the model,
which indicates either (i) total mass within a half-mass radius
(bulge-dominated galaxy) or (ii) total mass within a disk effec-
tive radius (disk-dominated galaxy). The mass of the dark mat-
ter would not be important at these spatial scales (Genzel et al.
2017). Thus, our comparison with observed data is fair.

It is therefore remarkable that most of the low-luminosity
quasars (HSC + CFHQS) follow the local relation. This im-
plies, based on the ν2GC model, that these quasars could have
been formed through the standard, quasi-synchronized galaxy–
SMBH formation scenario (e.g., Di Matteo et al. 2005; Hopkins
et al. 2006), although we cannot exclude other evolutionary
scenarios. This argument still holds if we re-estimate the
MBH of the two HSC quasars without Mg II-based calibration
(J1152+0055 and J1202-0057) with an Eddington ratio of 0.6
(expected mean for z ∼ 6 quasars including lower-luminosity
ones as well, Willott et al. 2010a), which are also plotted in
Figure 8.

On the other hand, it is still quite challenging to form
massive-end galaxies (Mdyn

>∼ 5 × 1010 M⊙) that contain
MBH

>∼ 2.5×108 M⊙ SMBHs (i.e., values comparable to opti-

Group-1
Group-2
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Early co-evolution in z ~6 quasars

• Roughly follow the local relation 
→  merger-induced, synchronised 
SMBH-galaxy evolution model may 
explain (although many of them 
must live in quite massive halos)

Group-1

Group-2

• Quite hard to reproduce with the 
ν2GC scheme; another scheme


• Appear as over-massive MBH at z 
~ 0 as well?

NGC 1277

8 kpc

~60% Mbulge

~10% Mbulge

Bulge Luminosity (LK,sun)

SM
BH

 m
as

s 
(M

su
n)

van den Bosch 
et al. 2012
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ALMA follow-up of four low-luminosity HSC quasars at z > 6.


LIRG-like FIR properties (LFIR, L[CII], Mdust) in their hosts.  
- SFR ~ 20-40 Msun/yr 
→ Clear contrasts to those of the previously discovered quasar-
hosts (~ULIRG/SMG-class star formation)


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


Low-luminosity quasars follow the local co-evolutionary relations


Adding lower-luminosity (lower-mass) quasars enhances the likely 
existence of two quasar populations,  
(i) those roughly following the local relation ← standard model :) 
(ii) those showing clear enhancement in MBH ← another scheme?


