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[CII] & FIR properties of z > 6 luminous QSOs

• ULIRG/SMG-class!! 


• Question: Do all (z > 6) quasars reside in 
such vigorously star forming monsters?  
- characterize their surrounding environ. 

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

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

Mdust ~a few x E8 Msun

MBH ~a few x E9 Msun

e.g., Wang et al. 2010, ApJ, 714, 699
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The Astrophysical Journal Letters, 751:L25 (5pp), 2012 June 1 Venemans et al.

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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ULAS J1120+0641

z = 7.084

[CII] 158 μm

Venemans et al. 2012, ApJ, 751, L25



Primordial co-evolution at z > 6 quasars?
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• MBH of luminous z > 6 quasars are overmassive 
→ SMBH earlier, galaxies later? No synchronisation with the hosts? 

近傍MBH-σ*関係

Probing the star forming nature and co-evolutionary
relations of low-luminosity quasars at z ! 6

PI: TAKUMA IZUMI

1. Introduction: biased view on the galaxy-SMBH co-evolution at high-z

The tight correlations between the mass of black holes (MBH) and galactic properties such as bulge
mass (Mbulge) and stellar velocity dispersion (σbulge) in the local universe strongly suggest that the
formation and growth of the central supermassive black holes (SMBHs) and their host galaxies are
closely linked (co-evolution; Kormendy & Ho 2013 for a recent review). The standard theoreti-
cal scenario explains the correlations by merger-induced star formation and active galactic nuclei
(AGNs), with radiative/kinetic negative feedback of AGNs such as massive outflows (e.g., Nesvadba
et al. 2008; Rupke & Veilleux 2011; Maiolino et al. 2012; Cicone et al. 2014) shutting off further
star formation and self-regulating the SMBH growth (e.g., Di Matteo et al. 2005; Hopkins et al.
2008). Interestingly, these galaxy formation models predict a time dependence for such co-evolution
by reflecting different mass accumulation histories for SMBHs and host galaxies. Hence, we can
achieve unique insights on their formation processes by directly observing properties of
both SMBHs and their hosts over cosmic time.
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Figure 1: MBH − σbulge relation for z ∼ 6 −
7 quasars with large MBH(∼ 109−10M⊙) compiled
from the literature. The shaded region denotes the
local version of this relation and its 1σ scatter (Kor-
mendy & Ho 2013). There is on average ∼10 times
enhancement in MBH for the high-z quasars shown
here than the local relation at a fixed σbulge.

Mm/submm observations of quasar host galaxies at
high-z can provide important constraints on the early
evolutions of galaxies and SMBHs. Previous works
have shown that such galaxies possess huge amount of
dust (∼108 M⊙) and gas (∼1010 M⊙) even at z ∼ 6−7
(e.g., Wang et al. 2010, 2013; Venemans et al. 2012,
2016; Willott et al. 2013, 2015; Bañados et al. 2015).
The star formation rates (SFRs) inferred from their
rest-frame far-infrared (FIR) continuum or line ob-
servations are on the order of 100−1000 M⊙ yr−1.
These results, as well as the huge MBH (∼109−10 M⊙)
of such quasars, indicate very rapid growth of galax-
ies and SMBHs even within 1 Gyr of the Big Bang.
However, we should note that the past samples were
clearly biased towards luminous (= massive MBH)
quasars especially at high-z i as they were essentially
selected by some measure of AGN brightness. Thus,
observations of galaxies with less-luminous (=
smaller MBH) quasars are very limited. Such in-
formation is crucial to obtain a comprehensive view of

galaxy/SMBH evolution from building blocks. For instance, as there seems to be a positive correla-
tion between quasar luminosity and SFR (e.g., Willott et al. 2013), we would expect smaller amount
of dust in galaxies with less-luminous nuclei than luminous ones due to insufficient dust production
by supernovae. Indeed, some smaller MBH (∼ 108M⊙) quasars at z ∼ 6 are not, or only marginally
detected in FIR continuum even with ALMA (Willott et al. 2013, 2015). Some are even free of warm
dust in their nuclei (Jiang et al. 2010). Those quasars would be in the initial evolutionary phase.
That bias is severe as well for studying the co-evolution at high-z: previous works found that

MBH is on average ∼10 times larger at high-z for a fixed σbulge than local galaxies (Fig.1). Here,
iThe MBH of high-z quasars are estimated by using broad line region dynamics, or, by simply assuming a typical

Eddington ratio. Note that previously found luminous z ∼ 6−7 quasars are known to radiate almost at the Eddington
limit (Willott et al. 2010). Hence, the more luminous a quasar is, typically the more massive it is.
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Selection bias to probe high-z objects?

• High-z quasars could be biased to luminous (= massive) objects 


• No evolution in co-evolutionary relations once we account for the bias?  
(e.g., Schulze et al. 2014; Lauer et al. 2007) 
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Figure 1. Compilation of results obtained from previous studies on the
apparent offset in black hole mass at a given galaxy mass from the local
relation from Häring & Rix (2004). Overall, an apparent trend of an increas-
ing M•/M∗ ratio is suggested. However, sample selection effects need to be
considered to reconstruct the intrinsic offset.

(e.g. McLure & Jarvis 2002; Vestergaard & Peterson 2006). The
main challenge for these studies is to determine the properties of the
AGN host galaxy, targeting either the velocity dispersion (Shields
et al. 2003; Salviander et al. 2007; Woo et al. 2008; Canalizo et al.
2012; Hiner et al. 2012; Salviander & Shields 2013), the galaxy lu-
minosity (Peng et al. 2006; Bennert et al. 2010; Decarli et al. 2010;
Targett, Dunlop & McLure 2012) or the stellar mass (McLure et al.
2006; Schramm, Wisotzki & Jahnke 2008; Jahnke et al. 2009a;
Merloni et al. 2010; Cisternas et al. 2011b; Nesvadba et al. 2011).
While early studies suggested a clear trend of positive evolution
in the M•–bulge relation, they preferentially focused on luminous
quasars and their hosts, sampling from the bright end of the AGN
luminosity function. More recent studies, using fainter AGN, tend to
find mild or no evolution (Jahnke et al. 2009a; Merloni et al. 2010;
Cisternas et al. 2011b; Salviander & Shields 2013; Schramm &
Silverman 2013). A compilation of current literature results is
shown in Fig. 1.

Indeed, sample selection is a particular important issue for these
studies, as selection effects are almost inevitable (Lauer et al. 2007;
Shen & Kelly 2010; Schulze & Wisotzki 2011, hereafter SW11;
Volonteri & Stark 2011; Portinari et al. 2012). In particular, Lauer
et al. (2007) argued that intrinsic scatter in the M•–bulge relation
and a steep exponential cut-off in the galaxy distribution function
will lead to biased apparent relations. This bias is exacerbated by
the effects of a bright flux limit in the employed AGN samples. In
SW11, we presented a common framework, based on the bivariate
distribution function of black hole mass and spheroid property,
to investigate and model the luminosity bias and other selection
biases on the M•–bulge relations. We additionally discussed an
active fraction bias, which is introduced if only active black holes
are selected and if the probability to be in an active stage depends
on black hole mass. It is possible to account for these effects if
(1) the selection function of the respective sample is well known,
and (2) the underlying distribution functions, such as the galaxy
distribution function, the active BHMF and the Eddington ratio
distribution function (ERDF), are known. However, in particular at
high redshift this is currently not the case.

Therefore, we are facing the problem that even if we are able to
obtain reasonably large AGN samples with individual black hole
mass estimates and host galaxy property measurements, the inter-
pretation of such results in terms of evolution or non-evolution is
challenging due to the sample selection effects. In this paper we
present a practical solution to this dilemma. We build on the frame-
work presented in SW11 and give a quantitative assessment of, and
a correction procedure for sample selection effects on observations
of the M•–bulge relations. We outline a maximum likelihood fitting
approach that directly incorporates information on the selection
function into the fitting. We also restrict prior knowledge of the un-
derlying distribution functions to a minimum. The method is able
to reconstruct the true unbiased M•–bulge relation for an observed
sample and thus largely overcomes the limitations imposed by the
sample selection.

The paper is organized as follows. In Section 2 we present the
general maximum likelihood fitting method and its application to
the M•–bulge relation for AGN. In Section 3 we verify the robust-
ness and uncertainties of the method via Monte Carlo simulations.
Section 4 illustrates the method by its application to representative
previous studies and discusses its ramifications for the evolution of
the M•–bulge relation. We conclude in Section 5.

2 TH E M E T H O D

2.1 Maximum likelihood fit in consideration
of a selection function

While the main goal of the method presented here is to study the M•–
bulge relation, it is also applicable to more general cases. Identifying
and characterizing correlations between two observables is a funda-
mental aspect of astrophysical research. Given a joint distribution
of two parameters with non-zero intrinsic scatter, this correlation
will often be affected by the specific sample selection. We therefore
first outline the general concept of the approach, before applying it
to the M•–bulge relation.

Let us assume that there exists a correlation between two obser-
vational parameters x and y for a class of objects. The space density
of these objects is given by a bivariate distribution function !(x, y).
Marginalizing !(x, y) over x gives the distribution function of the
variable y, and vice versa. In the case of the M•–bulge relation x is
for example the stellar velocity dispersion log σ ∗ and y is the black
hole mass log M•. Thus marginalizing their bivariate distribution
function over log σ ∗ gives the BHMF, while marginalizing over
log M• will provide the galaxy stellar velocity dispersion function
(SVDF).

We here assume the following parametrization for the bivariate
distribution

!(x, y) = g(y | x) #x(x) , (1)

where #x(x) is the distribution function in x, e.g. the galaxy SVDF,
and g(y | x) gives the probability of finding the value y given x. This
is the intrinsic correlation between x and y. We here specifically
assume a linear relation y = α + βx with log-normal intrinsic
scatter σ , i.e.

g(y | x) = 1√
2πσ

exp
!

− (y − α − βx)2

2σ 2

"
. (2)

The bivariate distribution function !(x, y) describes the intrinsic
joint distribution function of x and y in the universe. In practice,
this will not be equal to the observed bivariate distribution for a

MNRAS 438, 3422–3433 (2014)
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Figure 8. Redshift evolution of the inferred intrinsic M•–bulge relation
(filled symbols), compared to the apparent relation (open symbols). We here
studied the samples by Cisternas et al. (2011b) at ⟨z⟩ = 0.56 (blue diamond),
Merloni et al. (2010) at ⟨z⟩ = 1.5 (red circle), Targett et al. (2012) at ⟨z⟩ = 4.2
(green triangle) and Wang et al. (2010) at z ∼ 6 (magenta square). The error
bars indicate the statistical uncertainty of the best fit, including uncertainties
in the underlying distributions. The dashed dotted line indicates a evolution
model with γ = 0.5.

find an intrinsic offset that is fully consistent with a non-evolving
M•–bulge relation out to z ∼ 6. However, we note that at z > 2
the uncertainties on the M•–bulge relation are still substantial and
future work in particular in this redshift regime is necessary to obtain
robust results. For reference we also indicate the case of γ = 0.5,
predicted by some numerical simulations (Di Matteo et al. 2008;
Booth & Schaye 2011), by the dashed dotted line in Fig. 8. Current
data are not able to robustly distinguish between a γ = 0.5 scenario
and a non-evolving M•–bulge relation.

5 C O N C L U S I O N S

While the redshift evolution of the M•–bulge relation provides im-
portant constraints on black hole–galaxy co-evolution, its observa-
tional study is hampered by severe selection effects.

We presented a novel fitting method to the M•–bulge relations
and their evolution. This method corrects for the bias on the M•–
bulge relation caused by sample selection and is able to recover
the intrinsic relation in the fitting. It does so by incorporating the
selection function of the observational sample and the underlying
distribution function into the conditional probability distribution of
black hole mass at given bulge property or vice versa. This proba-
bility distribution is derived from the bivariate distribution function
of M• and bulge property. The intrinsic relation is reconstructed via
a maximum likelihood fit of this conditional probability distribution
to the data.

Since we are not modelling or fitting the full bivariate distribution
function but only the conditional probability distribution, we can
reduce the set of prior knowledge or assumptions to correct for the
selection bias, compared to our discussion in SW11. We presented
two routes to fit the conditional probability: (1) using the probability
of finding M• at a given bulge property (forward regression), and
(2) using the probability of finding a specific value for the bulge
property at a given M• (inverse regression). For the first case it is
essential to properly understand the selection of the sample and

have a fair estimate of the black hole mass dependence of the active
fraction. For the second case the bulge distribution function and
the intrinsic scatter of the M•–bulge relation need to be known.
When measurement errors on M• and the bulge property cannot be
ignored, all of these prior assumptions have to be known for a full
correction.

We extensively tested the fitting method on Monte Carlo simula-
tions and verified the reliability of the approach to recover evolution
in the normalization unbiased. We also illustrated the method by ap-
plying it to literature data from z ∼ 0.5 to z ∼ 6. The sample of
Merloni et al. (2010) at z ∼ 1.5 already puts significant constraints
on the redshift evolution of the M•–M∗ relation. Assuming the local
relation from Häring & Rix (2004), we can constrain the evolu-
tion in the M•–M∗ relation to γ < 0.9 out to redshift z ∼ 2 at 3σ

confidence. This is in general agreement with our conclusions in
SW11 and with recent results at lower redshifts (e.g. Cisternas et al.
2011b; Zhang et al. 2012; Salviander & Shields 2013; Schramm &
Silverman 2013). Taking these empirical clues together, it becomes
apparent that there is currently no evidence for significant positive
evolution in the M•–bulge relation out to z ∼ 2. Either black holes
and galaxies grow almost co-eval since z ∼ 2, or galaxies grow
faster and the black holes would have to catch up to end up at the
local relation at z = 0. The latter is also suggested by observations
of z ∼ 2 SMGs (Borys et al. 2005; Alexander et al. 2008; Carrera
et al. 2011). Within 0 < z < 2 most of the black hole growth is
governed by secular processes and not by major mergers (Cister-
nas et al. 2011a; Schawinski et al. 2011; Kocevski et al. 2012).
These processes probably grow the black hole at the same rate as
the spheroid component. This changes at z > 2, beyond the peak of
AGN activity, where major mergers likely become the dominating
black hole growth mechanism (Draper & Ballantyne 2012). There-
fore also a change in the evolution of the M•–M∗ relation could be
expected at z > 2. Currently, this redshift regime is still poorly cov-
ered by observations, and usually restricted to the most luminous,
and hence most biased, QSOs. We illustrated the poor constraints
that can be drawn from current observations, employing a z ∼ 6
QSO sample based on Wang et al. (2010). While the sample shows
a large apparent positive offset from the local relation, we find here
that there is no intrinsic offset, i.e. it is fully consistent with no or
even negative evolution when sample selection is taken into account.
We therefore conclude that even at z > 2 and in particular at z ∼ 6
we currently have no statistically significant evidence for evolution
in the M•–M∗ relation. We confirmed these results by additionally
studying the low-redshift sample from Cisternas et al. (2011b) and
the small z ∼ 4 sample from Targett et al. (2012).

Future studies will reduce the observational uncertainties and
increase the sample size and will allow a better assessment of the
M•–M∗ relation at these early cosmic epochs. We will discuss the
requirements on the design of these future studies of the M•–M∗
relation in this redshift regime in a companion paper.

While selection effects severely complicate the observational
study of the M•–bulge relation at high redshift, these can be in-
cluded in the analysis as we have demonstrated here. We anticipate
that the method presented here will contribute to an improved un-
derstanding of black hole–galaxy co-evolution. However, essential
prerequisites are (1) the use of a well-defined sample, i.e. the se-
lection function for the sample has to be under control, and (2)
knowledge of the underlying demographics of galaxies and active
black holes over the black hole mass and galaxy property range
covered by the observations. Given the expected future increase in
the size of well-defined samples and a better understanding of the
underlying black hole and galaxy demographics, we anticipate that

MNRAS 438, 3422–3433 (2014)
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Bias Correction

Schulze et al. 2014, MNRAS, 438, 3422

No offset of the mean?

We need high-z less-luminous quasars → HSC×ALMA!



Submm follow-up observations toward 
HSC-detected high-z quasars with ALMA
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Izumi et al. in prep. 
Based on: ALMA Cycle 4 (#2016.1.01423.S; Izumi+)



Targets@Cycle 4
Quasar zopt M1450

Deliver 
(JST) DL (Mpc) Scale 

(kpc/“) LBol (Lsun) BAL

J0859+0022 6.39 -23.56 Feb 15 62086.1 5.51 3.9E+12 N

J1152+0055 6.37 -24.91 Feb 14 61860.8 5.52 1.4E+13 N

J2216-0016 6.10 -23.56 Feb 11 58827.4 5.66 3.9E+12 Y

J1202-0057 5.93 -22.44 May 12 56925.2 5.75 1.4E+12 N

To detect [CII] and FIR continuum

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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FIR properties of the HSC-quasars

Td = 47 K, β = 1.6; integrated over FIR = 42.5 - 122.5 μm

SFR (Msun/yr) = 1.0E-7 * (L[CII]/Lsun)0.98; De Looze et al. (2011) for LFIR < 1E12 Lsun (Kroupa IMF)

S[CII] 
(Jy km/s)

L[CII] 
(1E8 Lsun)

B6 continuum 
(μJy)

LFIR 
(1E11 Lsun)

Mdust 
(1E7 Msun)

SFR[CII] 
(Msun/yr)

J0859 0.45 +/- 0.09 4.6 +/- 0.9 157 +/- 23 3.4 +/- 0.5 2.4 +/- 0.4 31

J1152 0.37 +/- 0.12 3.8 +/- 1.2 189 +/- 32 4.1 +/- 0.7 2.9 +/- 0.5 26

J2216 1.06 +/- 0.13 10.2 +/- 1.3 136 +/- 27 2.7 +/- 0.6 2.0 +/- 0.4 68

J1202 0.67 +/- 0.06 7.3 +/- 0.6 246 +/- 12 4.8 +/- 0.2 3.4 +/- 0.2 49

• LIRG to weak ULIRG-class objects even @ z > 6 ! 
- c.f., SFR = 100-1000 Msun/yr for luminous SDSS quasars @ z > 6


• These FIR values could be still upper limits (recall these are low-luminosity quasars)
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What kind of galaxies are they? (1/2)
L[C II]/LFIR ratios close to that of star-forming galaxies, log
(L[C II]/LFIR)=–3.

The newly detected quasar hosts presented in this paper
show a range of properties (Figure 5). While two of the
sources, J0305–3150 and J2348–3054, have ratios similar to
the quasars studied by Wang et al. (2013), J0109–3047 has a
ratio consistent with star-forming galaxies. The range of
characteristics of z>6.5 quasar hosts is quite similar to that
of z>2 (ultra-)luminous infrared galaxies, roughly following
the correlation between LFIR and L[C II]/LFIR discussed in
Willott et al. (2015). A possible explanation for the decreasing
L[C II]/LFIR ratio as a function of increasing LFIR could be that
in the z6 quasar hosts studied here and by, e.g., Wang et al.
(2013) and Willott et al. (2015), at least a fraction of the FIR
luminosity is due to dust heating by the central AGN.
Alternatively, the strong X-ray radiation from the central
source could affect the C+ abundance, reducing the [C II]
luminosity (e.g., Langer & Pineda 2015).

An issue with the [C II]-to-FIR luminosity ratio in the
z>5.7 quasar hosts is the unknown shape of the far-infrared
dust continuum, resulting in a highly uncertain estimate of the
FIR luminosity (see Section 3.1). By analyzing the spectral
energy distribution of FIR bright (fobs(1.2 mm)>1 mJy)
quasars at z>5, Leipski et al. (2013) found dust temperatures
in the range Td=40–60 K. In the literature, a dust temperature
of 47 K is regularly assumed, even for z∼6 quasar hosts with
relatively weak ( f 1.2 mm 0.2obs ( ) 1 mJy) far-infrared continua
(e.g., Willott et al. 2015). If the dust temperature varies
significantly among different quasar host galaxies (see
Section 4.4.3 for an example), the spread in L[C II]/LFIR ratio
could be larger than shown in Figure 5.

A more direct measurement of the relative strength of the
[C II] line with respect to the underlying continuum can be
obtained from our data by dividing the line flux by the
continuum flux density: the [C II] EW. The advantage of
calculating the [C II] EW over the L[C II]/LFIR ratio is that it does
not depend on the characteristics of the dust continuum
emission. For our quasar hosts, we obtained rest-frame [C II]
EWs between 0.43 and 1.9 μm (Figure 2). These values are
within a factor of ∼3 of the mean EW 1.27 mC II[ ] m= found for
local starburst galaxies (Figure 6; Díaz-Santos et al. 2013;
Sargsyan et al. 2014).

In the next section, we will compare the properties of the FIR
emission of the quasar hosts with those of their nuclear source.

4.2. Correlations Between UV and FIR Properties

In Figure 7 we compare the FIR properties (L[C II], LFIR, and
L[C II]/LFIR) of the z>5.7 quasar hosts with the redshift and
the characteristics of the accreting black hole (black hole mass
MBH and bolometric luminosity Lbol of the central source). The
bolometric luminosity Lbol of the central AGN was computed

by applying a bolometric correction to the monochromatic
luminosity at 1450Å in the rest frame. The monochromatic
luminosities were derived from published absolute magnitudes
(Venemans et al. 2013, 2015; Calura et al. 2014), which have
an assumed uncertainty of 15%. We derived the bolometric
correction by taking the data from Table 1 in Runnoe et al.

Table 3
Additional Continuum Sources in the Quasar Fields

Field R.A. (J2000) Decl. (J2000) Flux Density S/N JAB Ks, AB

J2348–3054 23h48m32 92 –30°54′06 52 0.65±0.06 10.6 >22.3a >21.5a

J0305–3150 03h05m16 37 –31°50′54 95 0.21±0.04 5.1 >22.1a >21.6a

J0305–3150 03h05m17 11 –31°50′52 10 0.20±0.04 4.9 >22.1a >21.6a

Note.
a 3σ magnitude limits.

Figure 5. Ratio of [C II] luminosity to FIR luminosity as a function of FIR
luminosity. Plotted are values for local star-forming and starburst galaxies
(open stars), local AGNs (open circles), and local composite galaxies (filled
triangles, all from Malhotra et al. 2001; Sargsyan et al. 2012, 2014; Díaz-
Santos et al. 2013). We further plot local ULIRGS (open squares, Farrah
et al. 2013), galaxies at 1<z<2 (open diamonds, Stacey et al. 2010; Brisbin
et al. 2015) and 2<z  6 galaxies (filled diamonds, Maiolino et al. 2009;
Ivison et al. 2010; Wagg et al. 2010; De Breuck et al. 2011; Cox et al. 2011;
Riechers et al. 2014; Gullberg et al. 2015). Data points from lensed objects
were corrected for the magnification. Quasar host galaxies at 5.7<z<6.5
(Maiolino et al. 2005; Walter et al. 2009; Wang et al. 2013; Willott et al. 2013,
2015) are indicated with filled circles and squares. Finally, the filled stars and
filled upside-down triangles present quasar hosts at z>6.5. The triangles
indicate the values found for P036+03 at z=6.541 (Bañados et al. 2015)
and J1120+0641 at z=7.084 (Venemans et al. 2012). The values for the
three VIKING quasars at 6.6<z<6.9 presented in this work are plotted as
green stars. The plotted values are calculated assuming that the dust has a
temperature of 47 K and an emissivity of β=1.6, as is typically assumed for
z∼6 quasar hosts (e.g., Wang et al. 2013; Willott et al. 2015). The big open
star indicates the [C II]-to-FIR luminosity ratio for J0305–3150 with a dust
temperature of Td∼30 K, which was measured by fitting the continuum slope
in the quasar host (see Section 4.5). The L[C II]/LFIR ratio found for z>6.5
quasars spans a range of values, similar to the 5.7<z<6.5 quasar hosts. The
error bars take into account both the uncertainties in the measurements and the
uncertainties in the properties of the dust (see Section 3.1), showing that the
unknown shape of the dust emission results in a highly uncertain [C II]-to-FIR
luminosity ratio in z>6.5 quasar host galaxies.
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L[C II]/LFIR ratios close to that of star-forming galaxies, log
(L[C II]/LFIR)=–3.

The newly detected quasar hosts presented in this paper
show a range of properties (Figure 5). While two of the
sources, J0305–3150 and J2348–3054, have ratios similar to
the quasars studied by Wang et al. (2013), J0109–3047 has a
ratio consistent with star-forming galaxies. The range of
characteristics of z>6.5 quasar hosts is quite similar to that
of z>2 (ultra-)luminous infrared galaxies, roughly following
the correlation between LFIR and L[C II]/LFIR discussed in
Willott et al. (2015). A possible explanation for the decreasing
L[C II]/LFIR ratio as a function of increasing LFIR could be that
in the z6 quasar hosts studied here and by, e.g., Wang et al.
(2013) and Willott et al. (2015), at least a fraction of the FIR
luminosity is due to dust heating by the central AGN.
Alternatively, the strong X-ray radiation from the central
source could affect the C+ abundance, reducing the [C II]
luminosity (e.g., Langer & Pineda 2015).

An issue with the [C II]-to-FIR luminosity ratio in the
z>5.7 quasar hosts is the unknown shape of the far-infrared
dust continuum, resulting in a highly uncertain estimate of the
FIR luminosity (see Section 3.1). By analyzing the spectral
energy distribution of FIR bright (fobs(1.2 mm)>1 mJy)
quasars at z>5, Leipski et al. (2013) found dust temperatures
in the range Td=40–60 K. In the literature, a dust temperature
of 47 K is regularly assumed, even for z∼6 quasar hosts with
relatively weak ( f 1.2 mm 0.2obs ( ) 1 mJy) far-infrared continua
(e.g., Willott et al. 2015). If the dust temperature varies
significantly among different quasar host galaxies (see
Section 4.4.3 for an example), the spread in L[C II]/LFIR ratio
could be larger than shown in Figure 5.

A more direct measurement of the relative strength of the
[C II] line with respect to the underlying continuum can be
obtained from our data by dividing the line flux by the
continuum flux density: the [C II] EW. The advantage of
calculating the [C II] EW over the L[C II]/LFIR ratio is that it does
not depend on the characteristics of the dust continuum
emission. For our quasar hosts, we obtained rest-frame [C II]
EWs between 0.43 and 1.9 μm (Figure 2). These values are
within a factor of ∼3 of the mean EW 1.27 mC II[ ] m= found for
local starburst galaxies (Figure 6; Díaz-Santos et al. 2013;
Sargsyan et al. 2014).

In the next section, we will compare the properties of the FIR
emission of the quasar hosts with those of their nuclear source.

4.2. Correlations Between UV and FIR Properties

In Figure 7 we compare the FIR properties (L[C II], LFIR, and
L[C II]/LFIR) of the z>5.7 quasar hosts with the redshift and
the characteristics of the accreting black hole (black hole mass
MBH and bolometric luminosity Lbol of the central source). The
bolometric luminosity Lbol of the central AGN was computed

by applying a bolometric correction to the monochromatic
luminosity at 1450Å in the rest frame. The monochromatic
luminosities were derived from published absolute magnitudes
(Venemans et al. 2013, 2015; Calura et al. 2014), which have
an assumed uncertainty of 15%. We derived the bolometric
correction by taking the data from Table 1 in Runnoe et al.
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luminosity. Plotted are values for local star-forming and starburst galaxies
(open stars), local AGNs (open circles), and local composite galaxies (filled
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Riechers et al. 2014; Gullberg et al. 2015). Data points from lensed objects
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(Maiolino et al. 2005; Walter et al. 2009; Wang et al. 2013; Willott et al. 2013,
2015) are indicated with filled circles and squares. Finally, the filled stars and
filled upside-down triangles present quasar hosts at z>6.5. The triangles
indicate the values found for P036+03 at z=6.541 (Bañados et al. 2015)
and J1120+0641 at z=7.084 (Venemans et al. 2012). The values for the
three VIKING quasars at 6.6<z<6.9 presented in this work are plotted as
green stars. The plotted values are calculated assuming that the dust has a
temperature of 47 K and an emissivity of β=1.6, as is typically assumed for
z∼6 quasar hosts (e.g., Wang et al. 2013; Willott et al. 2015). The big open
star indicates the [C II]-to-FIR luminosity ratio for J0305–3150 with a dust
temperature of Td∼30 K, which was measured by fitting the continuum slope
in the quasar host (see Section 4.5). The L[C II]/LFIR ratio found for z>6.5
quasars spans a range of values, similar to the 5.7<z<6.5 quasar hosts. The
error bars take into account both the uncertainties in the measurements and the
uncertainties in the properties of the dust (see Section 3.1), showing that the
unknown shape of the dust emission results in a highly uncertain [C II]-to-FIR
luminosity ratio in z>6.5 quasar host galaxies.
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What kind of galaxies are they? (1/2)
L[C II]/LFIR ratios close to that of star-forming galaxies, log
(L[C II]/LFIR)=–3.

The newly detected quasar hosts presented in this paper
show a range of properties (Figure 5). While two of the
sources, J0305–3150 and J2348–3054, have ratios similar to
the quasars studied by Wang et al. (2013), J0109–3047 has a
ratio consistent with star-forming galaxies. The range of
characteristics of z>6.5 quasar hosts is quite similar to that
of z>2 (ultra-)luminous infrared galaxies, roughly following
the correlation between LFIR and L[C II]/LFIR discussed in
Willott et al. (2015). A possible explanation for the decreasing
L[C II]/LFIR ratio as a function of increasing LFIR could be that
in the z6 quasar hosts studied here and by, e.g., Wang et al.
(2013) and Willott et al. (2015), at least a fraction of the FIR
luminosity is due to dust heating by the central AGN.
Alternatively, the strong X-ray radiation from the central
source could affect the C+ abundance, reducing the [C II]
luminosity (e.g., Langer & Pineda 2015).

An issue with the [C II]-to-FIR luminosity ratio in the
z>5.7 quasar hosts is the unknown shape of the far-infrared
dust continuum, resulting in a highly uncertain estimate of the
FIR luminosity (see Section 3.1). By analyzing the spectral
energy distribution of FIR bright (fobs(1.2 mm)>1 mJy)
quasars at z>5, Leipski et al. (2013) found dust temperatures
in the range Td=40–60 K. In the literature, a dust temperature
of 47 K is regularly assumed, even for z∼6 quasar hosts with
relatively weak ( f 1.2 mm 0.2obs ( ) 1 mJy) far-infrared continua
(e.g., Willott et al. 2015). If the dust temperature varies
significantly among different quasar host galaxies (see
Section 4.4.3 for an example), the spread in L[C II]/LFIR ratio
could be larger than shown in Figure 5.

A more direct measurement of the relative strength of the
[C II] line with respect to the underlying continuum can be
obtained from our data by dividing the line flux by the
continuum flux density: the [C II] EW. The advantage of
calculating the [C II] EW over the L[C II]/LFIR ratio is that it does
not depend on the characteristics of the dust continuum
emission. For our quasar hosts, we obtained rest-frame [C II]
EWs between 0.43 and 1.9 μm (Figure 2). These values are
within a factor of ∼3 of the mean EW 1.27 mC II[ ] m= found for
local starburst galaxies (Figure 6; Díaz-Santos et al. 2013;
Sargsyan et al. 2014).

In the next section, we will compare the properties of the FIR
emission of the quasar hosts with those of their nuclear source.

4.2. Correlations Between UV and FIR Properties

In Figure 7 we compare the FIR properties (L[C II], LFIR, and
L[C II]/LFIR) of the z>5.7 quasar hosts with the redshift and
the characteristics of the accreting black hole (black hole mass
MBH and bolometric luminosity Lbol of the central source). The
bolometric luminosity Lbol of the central AGN was computed

by applying a bolometric correction to the monochromatic
luminosity at 1450Å in the rest frame. The monochromatic
luminosities were derived from published absolute magnitudes
(Venemans et al. 2013, 2015; Calura et al. 2014), which have
an assumed uncertainty of 15%. We derived the bolometric
correction by taking the data from Table 1 in Runnoe et al.
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(open stars), local AGNs (open circles), and local composite galaxies (filled
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2015) are indicated with filled circles and squares. Finally, the filled stars and
filled upside-down triangles present quasar hosts at z>6.5. The triangles
indicate the values found for P036+03 at z=6.541 (Bañados et al. 2015)
and J1120+0641 at z=7.084 (Venemans et al. 2012). The values for the
three VIKING quasars at 6.6<z<6.9 presented in this work are plotted as
green stars. The plotted values are calculated assuming that the dust has a
temperature of 47 K and an emissivity of β=1.6, as is typically assumed for
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star indicates the [C II]-to-FIR luminosity ratio for J0305–3150 with a dust
temperature of Td∼30 K, which was measured by fitting the continuum slope
in the quasar host (see Section 4.5). The L[C II]/LFIR ratio found for z>6.5
quasars spans a range of values, similar to the 5.7<z<6.5 quasar hosts. The
error bars take into account both the uncertainties in the measurements and the
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What kind of galaxies are they? (1/2)
L[C II]/LFIR ratios close to that of star-forming galaxies, log
(L[C II]/LFIR)=–3.

The newly detected quasar hosts presented in this paper
show a range of properties (Figure 5). While two of the
sources, J0305–3150 and J2348–3054, have ratios similar to
the quasars studied by Wang et al. (2013), J0109–3047 has a
ratio consistent with star-forming galaxies. The range of
characteristics of z>6.5 quasar hosts is quite similar to that
of z>2 (ultra-)luminous infrared galaxies, roughly following
the correlation between LFIR and L[C II]/LFIR discussed in
Willott et al. (2015). A possible explanation for the decreasing
L[C II]/LFIR ratio as a function of increasing LFIR could be that
in the z6 quasar hosts studied here and by, e.g., Wang et al.
(2013) and Willott et al. (2015), at least a fraction of the FIR
luminosity is due to dust heating by the central AGN.
Alternatively, the strong X-ray radiation from the central
source could affect the C+ abundance, reducing the [C II]
luminosity (e.g., Langer & Pineda 2015).

An issue with the [C II]-to-FIR luminosity ratio in the
z>5.7 quasar hosts is the unknown shape of the far-infrared
dust continuum, resulting in a highly uncertain estimate of the
FIR luminosity (see Section 3.1). By analyzing the spectral
energy distribution of FIR bright (fobs(1.2 mm)>1 mJy)
quasars at z>5, Leipski et al. (2013) found dust temperatures
in the range Td=40–60 K. In the literature, a dust temperature
of 47 K is regularly assumed, even for z∼6 quasar hosts with
relatively weak ( f 1.2 mm 0.2obs ( ) 1 mJy) far-infrared continua
(e.g., Willott et al. 2015). If the dust temperature varies
significantly among different quasar host galaxies (see
Section 4.4.3 for an example), the spread in L[C II]/LFIR ratio
could be larger than shown in Figure 5.

A more direct measurement of the relative strength of the
[C II] line with respect to the underlying continuum can be
obtained from our data by dividing the line flux by the
continuum flux density: the [C II] EW. The advantage of
calculating the [C II] EW over the L[C II]/LFIR ratio is that it does
not depend on the characteristics of the dust continuum
emission. For our quasar hosts, we obtained rest-frame [C II]
EWs between 0.43 and 1.9 μm (Figure 2). These values are
within a factor of ∼3 of the mean EW 1.27 mC II[ ] m= found for
local starburst galaxies (Figure 6; Díaz-Santos et al. 2013;
Sargsyan et al. 2014).

In the next section, we will compare the properties of the FIR
emission of the quasar hosts with those of their nuclear source.

4.2. Correlations Between UV and FIR Properties

In Figure 7 we compare the FIR properties (L[C II], LFIR, and
L[C II]/LFIR) of the z>5.7 quasar hosts with the redshift and
the characteristics of the accreting black hole (black hole mass
MBH and bolometric luminosity Lbol of the central source). The
bolometric luminosity Lbol of the central AGN was computed

by applying a bolometric correction to the monochromatic
luminosity at 1450Å in the rest frame. The monochromatic
luminosities were derived from published absolute magnitudes
(Venemans et al. 2013, 2015; Calura et al. 2014), which have
an assumed uncertainty of 15%. We derived the bolometric
correction by taking the data from Table 1 in Runnoe et al.

Table 3
Additional Continuum Sources in the Quasar Fields

Field R.A. (J2000) Decl. (J2000) Flux Density S/N JAB Ks, AB

J2348–3054 23h48m32 92 –30°54′06 52 0.65±0.06 10.6 >22.3a >21.5a

J0305–3150 03h05m16 37 –31°50′54 95 0.21±0.04 5.1 >22.1a >21.6a

J0305–3150 03h05m17 11 –31°50′52 10 0.20±0.04 4.9 >22.1a >21.6a

Note.
a 3σ magnitude limits.

Figure 5. Ratio of [C II] luminosity to FIR luminosity as a function of FIR
luminosity. Plotted are values for local star-forming and starburst galaxies
(open stars), local AGNs (open circles), and local composite galaxies (filled
triangles, all from Malhotra et al. 2001; Sargsyan et al. 2012, 2014; Díaz-
Santos et al. 2013). We further plot local ULIRGS (open squares, Farrah
et al. 2013), galaxies at 1<z<2 (open diamonds, Stacey et al. 2010; Brisbin
et al. 2015) and 2<z  6 galaxies (filled diamonds, Maiolino et al. 2009;
Ivison et al. 2010; Wagg et al. 2010; De Breuck et al. 2011; Cox et al. 2011;
Riechers et al. 2014; Gullberg et al. 2015). Data points from lensed objects
were corrected for the magnification. Quasar host galaxies at 5.7<z<6.5
(Maiolino et al. 2005; Walter et al. 2009; Wang et al. 2013; Willott et al. 2013,
2015) are indicated with filled circles and squares. Finally, the filled stars and
filled upside-down triangles present quasar hosts at z>6.5. The triangles
indicate the values found for P036+03 at z=6.541 (Bañados et al. 2015)
and J1120+0641 at z=7.084 (Venemans et al. 2012). The values for the
three VIKING quasars at 6.6<z<6.9 presented in this work are plotted as
green stars. The plotted values are calculated assuming that the dust has a
temperature of 47 K and an emissivity of β=1.6, as is typically assumed for
z∼6 quasar hosts (e.g., Wang et al. 2013; Willott et al. 2015). The big open
star indicates the [C II]-to-FIR luminosity ratio for J0305–3150 with a dust
temperature of Td∼30 K, which was measured by fitting the continuum slope
in the quasar host (see Section 4.5). The L[C II]/LFIR ratio found for z>6.5
quasars spans a range of values, similar to the 5.7<z<6.5 quasar hosts. The
error bars take into account both the uncertainties in the measurements and the
uncertainties in the properties of the dust (see Section 3.1), showing that the
unknown shape of the dust emission results in a highly uncertain [C II]-to-FIR
luminosity ratio in z>6.5 quasar host galaxies.
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What kind of galaxies are they? (2/2)

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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Main sequence?

Not above the MS at z ~ 5: clear contrast to luminous quasars  
→ Almost “on” or “slightly below” the MS@z=5 

→ Interesting targets to study primordial co-evolution?
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Fig. 1. SFR–M⋆ relation for VUDS star-
forming galaxies. Points are colour-coded de-
pending on the spectroscopic redshift of each
galaxy as indicated in the inset. A clear evolu-
tion of the SFG main sequence is observed in
the VUDS sample up to the highest redshifts
z ≃ 5. This is confirmed to z ∼ 2 when compar-
ing VUDS data to the main sequence measured
from the SDSS at z ∼ 0.2 (Peng et al. 2010; full
line), the MS at z ∼ 1 by Elbaz et al. (2007;
dashed line), and the MS of Daddi et al. (2007;
dotted line) at z ∼ 2. At z > 2 the VUDS data
appear to lie significantly above the Daddi et al.
(2007) main sequence.

point is the dispersion in the relation between line strength and
SFR, and the evolution of this relation with redshift. While re-
cent studies have provided some complex means of taking into
account the main emission lines (e.g. de Barros et al. 2014), the
simple approach used by Le Phare significantly limits the sen-
sitivity of the derived stellar mass and SFR to the presence of
emission lines in the most important rest-frame bands.

4. The evolution of the SFR–M⋆ relation
4.1. The star-forming main sequence up to z ∼ 5

As a unique feature, the VUDS survey covers the whole red-
shift range from the local universe up to z = 5.5 using spec-
troscopically confirmed galaxies. The derivation of the SFR and
M⋆ parameters is performed following the same methods and
input data, making the relative comparison of the SFR–M⋆ rela-
tions at different redshifts less prone to systematics.

We plot the SFR–M⋆ relation for all VUDS galaxies in
Fig. 1, colour-coded as a function of redshift. It is immediately
visible that the distribution of VUDS galaxies over this large red-
shift range does not follow a single main-sequence relation. On
average, our sample galaxies are more than 1 dex above the local
main sequence (MS) of star-forming galaxies in the SDSS (Peng
et al. 2010) at any redshift considered in this study. A significant
fraction of our data also lie above the Daddi et al. (2007) MS at
z ∼ 2.

The evolution of the MS location with redshift is best seen
when plotting the SFR vs. M⋆ in several redshift bins as pre-
sented in Fig. 2 with single galaxy points as well as me-
dian values in stellar mass bins. In the lowest redshift bin of
our sample at z < 0.7 the galaxies with very small masses
down to M⋆ ∼ 107 M⊙ lie quite high in SFR, on the MS

of z ∼ 1 Elbaz et al. (2007), while intermediate mass galaxies
8.5 < log(M⋆) < 9.5 are in between the MS from SDSS
(Brinchmann et al. 2004; Peng et al. 2010) and the z ∼ 1 MS
of Elbaz et al. (2007) as expected in this redshift bin. At z ∼ 1
our data are slightly above in SFR (or less massive) than in the
Elbaz et al. (2007) relation. The difference between our data and
data in the literature is ∼0.1 dex and could be the result of differ-
ent systematics between our study and other studies in the liter-
ature. Going to higher redshifts where the bulk of VUDS galax-
ies are identified, we find that our galaxies are reaching strong
SFRs SFR > 100 M⊙/yr, with the sample still containing high-
mass galaxies up to a few 1011 M⊙, thanks to the large volume
covered. In the redshift bin z = [1.5, 2.5] VUDS galaxies with
log(M⋆) < 10.25 are above the z ∼ 2 MS relation of Schreiber
et al. (2015) likely due in part to the median redshift of our data
z = 2.37 (resulting from the photometric redshift selection of the
VUDS sample). For z = [2.5, 3.5] lower mass galaxies are also
above the Schreiber et al. (2015) relation, while at z > 3.5 the
VUDS data are quite well centred on this relation up to z ∼ 5.5.
Over the redshift range z = [1.5, 3.5] it can be clearly seen that a
significant fraction the most massive galaxies in our sample with
log(M⋆) > 10.25 are below the Schreiber et al. (2015) relation.
This is further discussed in the next section.

Prior to discussing the SFR–M⋆ relation it is important to
take into account that the VUDS selection function includes a
22.5 ≤ iAB ≤ 25 magnitude selection which implies a low SFR
limit, in effect a Malmquist bias evolving with redshift (see e.g.
Reddy et al. 2012). The high magnitude cutoff iAB = 22.5 limits
the detection of massive and star-forming galaxies at z <∼ 1,
but it is not expected to exclude any massive galaxies at higher
redshifts as was verified from the VVDS survey (Le Fèvre et al.
2013). We use the semi-analytic model of Wang et al. (2008)
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Early co-evolution for low-luminosity QSOs

To keep a consistency with previous works  (e.g., Wang et al. 2013; Venemans et al. 2016)

- Vcirc = 0.75 * FWHM / sin(i)    (Ho 2007, ApJ, 669, 821)

- Disk diameter = 1.5 * deconvolved diameter

- i = cos-1(amin/amaj)  

- MBH: Eddington limit (assumption for the lower limit → Onoue et al. in prep.)

- Mdyn/Msun = 230 * (r/pc) * (Vcirc/km/s)2

FWHM 
(km/s)

Vcirc 
(km/s)

Size 
(“, PA), (kpc)

inclination 
(°)

Mdyn 
(1010 Msun)

MBH 
(108 Msun)

J0859 345.9 +/- 45.1 354.7 +/- 46.2 (0.66 x 0.45, -6.0), 

(3.64 x 2.48) 47 4.3 +/- 0.8 1.2

J1152 192.1 +/- 45.4 173.8 +/- 41.1 (0.75 x 0.42, 66.8), 

(4.14 x 2.32) 56 1.1 +/- 0.3 4.3

J2216 355.6 +/- 32.8 302.1 +/- 27.9 (1.05 x 0.50, -14.7), 
(5.94 x 2.83) 62 4.3 +/- 0.6 1.2

J1202 335.1 +/- 24.0 296.4 +/- 21.1 (0.57 x 0.30, 64.4), 

(3.27 x 1.71) 58 2.4 +/- 0.2 0.43

MBH is unknown! (and really hard to meaure; Onoue-san’s talk) 
→ JWST!!!
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small fraction to the dynamical mass, the gas can provide a
significant fraction of the mass. If we take the local gas-to-dust
mass ratio of ∼100 (e.g., Draine et al. 2007), the derived dust
masses in our quasar hosts of Md=(1–24)×108Me imply
gas masses of Mg=(1–24)×1010Me. In some cases, this is a
significant fraction of the computed dynamical mass for these
objects. If we assume the extreme case that the dynamical mass
is all in the form of stars in a bulge, we get an upper limit on the
bulge mass in these quasar hosts. In Figure 12, we show MBH

as a function of Mdyn. We also plotted the values of the black
hole mass and bulge mass for local galaxies, which follow the
relation MBH/10

9Me M M0.49 100.05
0.06

bulge
11 1.17 0.08( )( )= -

+
:

(Kormendy & Ho 2013). All but one of the z6 quasar
hosts lie above the local relation. In other words, for a given
bulge (or dynamical) mass, the black holes in the high-redshift
quasar hosts are more massive than those of local galaxies.
Since the true stellar bulge masses in the quasar hosts are likely
lower than Mdyn, the offsets only get more extreme. Fixing the
slope of 1.17 in the black hole–bulge mass relation, we
computed the average ratio of MBH/Mdyn at a galaxy mass
of 1011Me for the quasar hosts at z6. We find a mean of
1.9% and a median of 1.3%, compared to the local value
of 0.49 0.05

0.06
-
+ %. This is a factor ∼3–4 higher, in agreement with

studies of the host of quasars at z2 (e.g., McLure et al. 2006;

Peng et al. 2006; Shields et al. 2006; Decarli et al. 2010;
Merloni et al. 2010; Targett et al. 2012). If we parameterize the
redshift evolution of the black hole–bulge mass relation as
M M M M z1zBH bulge BH bulge 0( ) ( )= ´ + b

= (e.g., McLure
et al. 2006; Merloni et al. 2010; Bennert et al. 2011; Targett
et al. 2012), then we find for the z6 quasar hosts a mean of
β=0.7 and a median of β=0.5, again in agreement with the
literature.
We also investigated the MBH–σ relation by computing the

velocity dispersion σ from the circular velocity:
vlog 0.84 0.09 log 0.55 0.19circ( ) ( ) ( ) ( )s= + (Ferrar-

ese 2002). However, it remains unclear whether this relation
between vcirc and σ can be applied here as Kormendy & Ho
(2013) argue that the tight correlation between these parameters
might be valid only for galaxies that contain an actual bulge
(which is unknown in these quasar hosts). Nevertheless, the
z6 data points are on average above the local MBH–σ
relation, similar to the points in Figure 12. If we calculate the
dispersion by simply converting the FWHM of the Gaussian
[C II] line to a σ (σ=FWHM/ 2 2 ln 2( ( ) )), the σ of the
quasar hosts are smaller than those computed from vcirc, and the
points are even further away from the local relation.
Finally, we can estimate in which directions the points in

Figure 12 are moving with cosmic time. This would address the
question whether, over time, the SFRs measured in the distant
quasar hosts will move the host galaxies on the local MBH–
Mbulge relation. From the bolometric luminosity of the quasar
(see Section 4.2 and Equation (1)), we can compute the growth

rate of the black hole: M
L
c

1
BH

bol
2

h
h

=
-� (Barnett et al. 2015),

with η the radiative efficiency (η≈0.07, Volonteri &
Rees 2005). For example, for the VIKING quasars we derive
black hole growth rates of 11, 10, and 14Me yr−1, for
J2348–3054, J0109–3047, and J0305–3150, respectively.
When compared to the SFRs of 270, 355, and 630Me yr−1

derived from the [C II] line (Section 3), the black hole is
growing at a rate of 2%–4% of the SFR. Since these quasar
hosts already have a higher ratio of black hole mass to bulge
mass than the local value of 0.49%, this high growth ratio
means that the quasar hosts will not move toward the local
relation over time (assuming that the accretion/growth rates do
not change). Similarly, if we assume that the galaxies are
growing with SFRs derived from LTIR (∼950, 270, and
540Me yr−1 for J2348–3054, J0109–3047, and J0305–3150,
respectively, see Sections 3.2, 3.3, and 4.5), the black holes are
growing at a rate of 1%–4% of the SFR.
In Figure 12, we show the direction of the relative growth of

black hole mass and galaxy mass in a time span of 50Myr for
the z6 quasar hosts with respect to the local black hole–
bulge mass relation. The black hole growth was computed
using the bolometric luminosity of the central AGN. The
galaxy growth was calculated using either SFR[C II] (solid lines)
or SFRTIR (dashed lines), with the assumptions that all the FIR
emission arises from star formation and that the material
forming the new stars is accreted onto the galaxy (i.e., that the
dynamical mass increases by that amount). If we assume that
the SFR is traced by the [C II] emission, then for the majority of
quasar hosts, especially the ones close to the local MBH–Mbulge
relation, the black hole is growing faster than the host galaxies:
on average, in 50Myr the black hole increases its mass by a
factor ∼2.2, while the host galaxy grows by a factor 1.35–1.55
in mass. The MBH/Mdyn ratio for the quasar hosts will therefore

Figure 12. Black hole mass plotted against the dynamical mass of z6 quasar
host galaxies and the bulge mass of local galaxies. The black diamonds are
values obtained for local galaxies (taken from Kormendy & Ho 2013). The
solid line and the shaded area shows the local MBH–Mbulge relation derived by
Kormendy & Ho (2013). Values for z6 quasar hosts are plotted in the same
colored symbols as in Figure 5. Following Willott et al. (2015), we added
0.3 dex in quadrature to the errors to include the systematic uncertainty in
deriving a black hole from local scaling relations. The values of the dynamical
mass for the z<6.5 quasar hosts are taken from Willott et al. (2015). The
green stars are the z>6.5 quasars presented in this work. For a given bulge
mass, the high-redshift quasars have a more massive black hole than local
galaxies. The arrows indicate the black hole mass and galaxy mass of the
quasar hosts if the measured black hole growth and SFR continue for the next
50 Myr. The solid lines show the growth in galaxy mass using the [C II]-
derived SFR, while the dashed lines use the LTIR SFR estimates.
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Early co-evolution for low-luminosity QSOs

• In stark contrast to the most 
massive/luminous quasars (e.g., 
SDSS), low-luminosity quasars 
lie close to the local relation!  
→ (quasi-)synchronized evolution?


• Demonstrate the importance of 
probing low-luminosity quasars to 
reduce the selection bias (e.g., 
Lauer et al. 2007) 

(believe your MBH)

15

• I support an idea that previously-
detected quasars are indeed 
biased to massive-end Venemans et al. 2016, ApJ, 816, 37
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?

?

Maybe the main path



Note: Nearby Overmassive SMBH…?

• Do we really need to believe that, ALL 
galaxies finally converge to the co-
evolutionary relations…??
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NGC 1277

8 kpc

~60% Mbulge

~10% Mbulge
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Summary

• ALMA follow-up of HSC-detected low-luminosity quasars at z > 6.

• FIR properties of the hosts are being studied.  

- Cold dust mass, dynamical mass, (and will gas mass?)

• SHELLQs quasars basically have LIRG-like FIR properties in their hosts.  

- LFIR, L[CII], Mdust  
- Level of [CII] deficit 
- Likely to be on/below a MS at z ~ 6 
- No companion within Rproj < 75 kpc…?


• These are clear contrasts to those of the previously discovered quasar-hosts 
(~ULIRG/SMG)


• Low-luminosity quasars lie roughly on the local MBH-Mdyn (Mbulge) relation!  
- Less-biased, low-mass SMBHs will synchronically evolve with their hosts? 
- This would be the reference for galaxy evolution


