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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/established?  Kormendy & Ho 2013, ARA&A, 51, 511

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

and (ii) galaxy growth over the 
cosmic time
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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+10; Venemans+16

Venemans et al. 2012, ApJ, 751, L25

[CII] 158 μm ULAS J1120+0641

z = 7.084



4Early co-evolution: biased view?

• 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

※ Mdyn~Mstar is usually assumed in quasars

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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5Early co-evolution: likely a biased one

Subaru/Hyper Suprime-Cam ALMA

Probing-down low luminosity objects
→ Depict a less-biased mass distribution!



6Subaru Strategic Survey with the HSC

• First 1000deg2 class survey with 
an 8m class telescope  
- 300 nights: Feb. 2014 - Jan. 2019 
- g,r,i,z,y bands  
- ~2 mag deeper than previous 
surveys   
(e.g., rAB < 27.1 mag in the Deep 
27 deg2)

Subaru strategic program (SSP) with HSC

from the HSC-SSP proposal 14

From HSC-SSP proposal

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.

29

• Will discover many less-luminous 
quasars at z > 6 → less-biased picture 
of early SMBH evolution

PI: Miyazaki (NAOJ) 
Co-PI: Iwata (NAOJ) 
168 participants from 36 
institutes on the initial 
proposal
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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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?

8
ALMA Cycle 4 observations

Quasar zopt M1450
LBol 

(Lsun)
θ ([CII]) 1σ (mJy/b), 

dV=50 km/s
1σ (μJy/b): 

cont.

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

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

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

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

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

• Aimed at detecting the [CII] 158μm and 

underlying rest-FIR continuum emission 
→ characterize basic SF-properties



9

Results



10Spatial 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
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(a) J0859+0022 (b) J1152+0055

(c) J2216-0016 (d) J1202-0057

Fig. 2. The [C II] line spectrum of the four HSC quasars obtained with ALMA. The blue curves indicate the best fit single Gaussian profiles. The upper axis
in each panel is the velocity offset from the [C II] Gaussian peak. The expected [C II] frequencies from the Lyα-based redshifts are indicated by the vertical
dashed lines.

Fig. 3. FIR luminosity (LFIR) as a function of quasar UV absolute magni-
tude (M1450) for our HSC quasars (cyan stars) along with previously stud-
ied z >∼ 6 quasars (Maiolino et al. 2005; Venemans et al. 2012, 2016, 2017;
Wang et al. 2013, 2016; Willott et al. 2013, 2015, 2017; Bañados et al. 2015,
2017; Decarli et al. 2017; Mazzucchelli et al. 2017). LFIR is calculated with
the gray body model with Td = 47 K and β = 1.6. For the HSC quasars,
we also plot the cases with Td = 35 K. This figure enhances the fact that
we are probing lower-luminosity population in terms of both optical and FIR
luminosity at z >∼ with the HSC survey.

(see also Figure 1 and subsection 3.5). Interestingly, the spa-
tial extents of our HSC quasars (even including J2216-0016)
are comparable to those of the z >∼ 6 optically-luminous quasars
observed at submm, having Mdust ∼ several × 108 M⊙ (e.g.,

Wang et al. 2013; Venemans et al. 2016), within the uncertain-
ties. Thus, an order of magnitude difference in SFR (or Mdust)
between these populations could directly translate to a similar
level of difference in the SFR (or ISM mass under a certain
gas-to-dust mass ratio, e.g., Draine et al. 2007) surface den-
sity. Indeed, gas mass surface density around an AGN is a key
parameter for the black hole mass accretion, as it controls the
gravitational instability therein, which can transport gas inward
(e.g., Hopkins & Quataert 2010).

3.4 Other emitters within the fields

We searched for other emitters within the fields of view (FoV;
HPBW ≃ 25′′) of each source. The line cubes and the contin-
uum maps with the native angular resolutions were used here.

3.4.1 [C II] emitters adjacent to the quasars?
We first searched for [C II] emitters within the FoVs, partic-
ularly those associated with the central quasars. We applied
the procedure described in Yamaguchi et al. (2017) to our
continuum-subtracted cubes. To this end, spectral windows
(1.875 GHz width with ≃ 43 MHz binning) that contain the
quasar [C II] emission were surveyed. We used the CLUMPFIND

software (Williams et al. 1994) to search for line emitters other
than the HSC quasars themselves with a peak S/N ≥5. The rel-
evant parameters were ∆ S=1σ and Sstart =3σ, where ∆ S is
the contouring interval, and Sstart is the starting contour level.

11FIR properties of the HSC-quasars

• LIRG-class objects @ z > 6 !

• Moderate SFR (23-40 Msun/yr; LTIR-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

Td = 47K

Td = 35K



12Size 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)

6 Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0

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.

Scale: 1.12 h-1 cGpc 
DM resolution: 2.2E8 Msun 
Particles: 81923
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Star formation levels

← Dynamical mass
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Star formation levels

These HSC quasars are on or below the MS@z~6:  
They are transforming to quiescent galaxies

← Dynamical mass
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Hopkins et al. 2008, ApJS, 175, 356

??
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Early co-evolution in z ~6 quasars

Luminous

Low-luminosity
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Early co-evolution in z ~6 quasars

Merger-induced 
synchronized SMBH-galaxy 

formation (ΔMBH = f × ΔBulge); 
ν2GC model
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Early co-evolution in z ~6 quasars

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

Group-1

Group-2
• Quite hard to reproduce with the 
ν2GC scheme; another paths??


• Will appear as over-massive MBH 
at z ~ 0? (like NGC 1277)


• Or get closer to the local relation 
via dry mergers?

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

NGC 1277

~60% Mbulge

Bulge Luminosity (LK,sun)

SM
BH

 m
as

s 
(M

su
n)

van den Bosch et al. 2012, 
Nature, 491, 729

~10 kpc



Summary
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 
→ Reducing the selection bias toward luminous objects 


Adding lower-luminosity (lower-mass) quasars may enhance the 
likely existence of two quasar populations,  
(i) those roughly following the local relation ← reproducible!  
(ii) those showing clear enhancement in MBH ← hmm??


