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

MBH/Mbulge ~ 1/1000-1/100

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

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

• When, where, and how the relation 
has arisen?  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Trace (i) SMBH growth and (ii) galaxy 
growth over the cosmic time
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Massive, quiescent, and old galaxies

An atlas of quiescent galaxies in JWST fields 13

have already been found in overdensities at z & 3 (Mc-
Conachie et al. 2022; Kalita et al. 2021; Kubo et al. 2021)
or in close pairs with other massive objects (“Jekyll &
Hyde” at z = 3.717, Glazebrook et al. 2017; Schreiber
et al. 2018a, of which a pair of quiescent objects would
be a natural descendant). Two of these pairs or small
collections of red galaxies at similar redshifts and close
in projection are in our list – not surprisingly, especially
in the loosest UV J-selected sample.

4.4. A look at lower masses

Figures 3 and 4 show the number densities at lower
stellar masses (109.5  M? < 1010.6 M�), now safely ac-
cessible with JWST also at such high redshifts. In fact,
the low-mass end of the M? distributions starts declin-
ing at thresholds as low as ⇠ 108 M� at 3 < z < 6.5
(excluding SPT2147, Figure C.6 in Appendix C). The
lower limit of M? = 109.5 M� chosen for the calculation
is similar to that fixed in some of the works listed in Ta-
ble 4. Thus, it allows us to derive a relatively straightfor-
ward comparison, discounting some of the systematics
mentioned above. At 3 < z < 4, we estimate mod-
estly higher (⇠ 1.2�1.6⇥) number densities than in the
most massive bin, but in agreement within the uncer-
tainties. The di↵erence with previous works is similar
in each bin, when available. This is consistent with the
expected shape of the stellar mass function of red quies-
cent galaxies, roughly peaking and flattening or turning
over at ⇠ 1010.6 M� at these redshifts (Weaver et al.
2022b) and revealing a steady build up of lower-mass
QGs (Santini et al. 2022). Promising low-mass QGs have
been already confirmed with JWST/NIRISS at z ⇠ 2.5
in the GLASS field (Marchesini et al. 2023). We defer to
future work a comprehensive analysis of the stellar mass
functions of quiescent populations at these redshifts.

4.5. High-redshift candidates

We can now look at galaxies at 4 < z < 5. As in
the 3 < z < 4 interval, when considering the com-
bined fields, we estimate number densities that are
⇠ 2.5�4.5⇥ smaller in above and belowM? = 1010.6 M�
than those in CEERS by Carnall et al. (2022b), who also
perform a selection starting from JWST images. The
di↵erence shrinks to a factor of ⇠ 2.5�1⇥ when we con-
sider only the same field and the “robust” sample in their
work. This seems to suggest that cosmic variance and
early overdense environments are e↵ective in producing
substantial field-to-field variations also at z > 4 (Section
4.3). For reference, our number density estimates in the
same massive bin (M? � 1010.6 M�) are consistent with
those in the COSMOS field by Weaver et al. (2022b),
but 1.8⇥ larger than what retrieved in the same field

Figure 6. Robust z > 4.5 quiescent candidates. Left col-

umn: spectral energy distributions. Black squares and blue
filled circles indicate the observed and best-fit photometry of
each source. Lighter gray squares mark observed flux densi-
ties with SNR < 3. Blue solid lines and shaded areas show
the best-fit eazy-py models and their uncertainties. Cen-

tral column: probability distribution functions of photomet-
ric redshifts zphot with eazy-py. The value of PQ, 50% is
reported. Right column: SW and LW three color images of
the candidates. The cutouts have sizes of 500 ⇥ 500.
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Figure 2. Observed SEDs of UVJ selected quiescent galaxies. Red datapoints correspond to the FourStar medium-bandwidth filters. The solid curve is the fitted
model from FAST. Downward pointing arrows are 1σ upper limits. Bottom row, middle panel: rest-frame SED of the 15 far-IR undetected galaxies (open symbols),
normalized at rest-frame 4500 Å, with gray symbols corresponding to 1σ upper limits. The solid curve is the median of the best-fit template SEDs. Dashed lines
mark the interquartile range. Bottom row, right panel: four model SEDs with constant star formation or a single stellar population (SSP) and ages from 200 Myr to
1 Gyr. The observed SEDs are characterized by pronounced Balmer/4000 Å breaks, similar to the old post-starburst model.
(A color version of this figure is available in the online journal.)

galaxies exhibit a second break at bluer wavelengths, which is
likely the Lyman break.

As it is difficult to separate the contribution of the Balmer
break and the 4000 Å break from photometry alone, we quantify
the size of the total combined break (Dtot) by estimating the
flux (Fν) ratio at 4000–4100 Å and 3500–3650 Å on the best-fit
models of each galaxy individually, extending the definition of
D4000n (Balogh et al. 1999) to cover the Balmer break as well.
We find the median Dtot = 2.8 ± 0.1, which is in the range
of post-starburst galaxies with suppressed star formation (e.g.,
a τ = 10 Myr model produces Dtot = 3.1 at 500 Myr). In
contrast, unobscured constant star-forming (CSF) models only
reach Dtot = 1.8 at 1 Gyr. Heavily obscured star-forming models
(e.g., 1 Gyr, CSF, Av = 2.5) can also reach quite red Dtot = 2.5,

but are ruled out as they predict very red Ks − [4.5 µm] = 2.0,
whereas the observed SED slopes are bluer.

4.2. Stellar Population Fits

Models with exponentially declining SFRs fit the data well,
with a median χ2

red = 1.3. The median best-fit age of the galaxies
is 0.8 Gyr, the median star formation timescale (τ ) 0.1 Gyr, the
average stellar mass 0.8 × 1011 M#, and the median specific
SFR (SSFR) 2.9 ± 1.8 × 10−11 yr−1.

To test if models with ongoing star formation provide accept-
able fits to the sample, we force τ = 250 Myr, τ = 1 Gyr, or
CSF and refitted the data, finding a median χ2

red,250 Myr = 2.1,
χ2

red,1 Gyr = 6.6, and χ2
red,CSF = 6.6. This shows that models
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Valentino et al. 2023

• These quiescent galaxies will require rapid star formation, 
also likely rapid BH growth, and then associated 
feedback, at even higher redshift.  
→ now JWST routinely discover this kind of objects. 


• Strong motivation for us to explore z > 6 universe!  
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Massive, quiescent, and old galaxies already at z = 7.3

to simultaneously fit the PRISM spectrum as well as the
NIRCam and MIRI photometry.

3.1. Prospector Setup

We largely follow the same methodology described in detail
in A. de Graaff et al. (2025). Briefly, we use the stellar
population synthesis models from the Flexible Stellar Popula-
tion Synthesis package (C. Conroy et al. 2009; C. Conroy &
J. E. Gunn 2010), with the MILES spectral library (P. Sánch-
ez-Blázquez et al. 2006), MIST isochrones (J. Choi et al. 2016;
A. Dotter 2016), and assuming the initial mass function (IMF)
of G. Chabrier (2003). We allow the redshift to vary within
±0.1 around the best-fit redshift of z = 7.288 measured with
msaexp. Due to the comparatively lower SNR of the spectrum
(relative to the massive quiescent galaxy in A. de Graaff et al.
2025), we also opt to use a lower-order (n= 2) polynomial in
order to flux calibrate the spectrum to the photometry using the
ProspectorPolySpecFit procedure. However, our
inferred SFHs are insensitive to the particular choice of
calibration order.

We fit a nonparametric SFH that utilizes the continuity prior
of Prospector described in J. Leja et al. (2019). Due to the
higher redshift (and younger age of the Universe at the time of
observation) for our source, we adopt a different binning
scheme than the one described in A. de Graaff et al. (2025). We
divide the most recent 100Myr of cosmic time into three bins
of 10, 40, and 50 Myr, respectively, and fill the remaining
earlier cosmic time with five linearly spaced bins with widths

of ∼125 Myr, for a total of eight bins of star formation. We
assume a two-parameter M. Kriek & C. Conroy (2013) dust
law, with attenuation around old (t > 10Myr) stars fit in the
range τ ä [0, 2.5] and a free dust index δ ä [−1, 0.4] that
allows for deviations from the D. Calzetti et al. (2000) dust law
and includes a UV bump that depends on the slope
parameterized as in S. Noll et al. (2009). We fix the attenuation
around young (t < 10 Myr) stars to be twice that of the older
populations. We fit the stellar metallicity as a free parameter
with a logarithmically sampled uniform prior in the range
log(Z/Ze) ä [−1, 0.19]. We mask all wavelengths shorter than
rest frame 1200Å to avoid contributions from intergalactic
medium (IGM) absorption. For better visual comparison to the
observational data in Figures 1 and 2, we apply IGM
attenuation to the best-fitting SED using the model from
A. K. Inoue et al. (2014). Before fitting, all models are
convolved with a line-spread function that is a factor of 1.3
narrower than the resolution curves available on the JWST
User Documentation, following, e.g., E. Curtis-Lake et al.
(2023) and A. de Graaff et al. (2025), to account for the better
resolution of compact sources. We additionally allow for free
velocity dispersion parameters that smooth both the stellar
continuum and ionized gas emission, which we allow to vary in
the range [0, 500] km s−1, to marginalize over the uncertainty
in the line-spread function in addition to the intrinsic dispersion
of the galaxy.
Our initial best-fitting model favors a low metallicity of

= -
+Z Z0.11low 0.01
0.02 , which is close to the edge of the prior at

0.1 Ze. However, we argue that even lower metallicities are not

Figure 1. NIRSpec/PRISM spectrum of RUBIES-UDS-QG-z7. Top: 2D SNR spectrum. Bottom: 1D spectrum of RUBIES-UDS-QG-z7 in red, with 1σ uncertainties
in gray. The NIRCam photometry is shown as orange dots and the best-fitting SED from Prospector is shown in blue (see Section 3). The 1D PRISM spectrum has
been scaled by the calibration vector inferred by Prospector to account for slit loss. A zoom-in on the region around λrest ∼ 0.4 μm is shown in the inset panel,
where we highlight the positions of various absorption features. Note also that the best-fitting SED latches onto the Balmer absorption lines.
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plausible, given the high stellar mass of RUBIES-UDS-QG-z7
and considering the observed stellar-mass–metallicity relation
at these redshifts (e.g., K. Nakajima et al. 2023; M. Curti et al.
2024) or the metallicities of similar-mass and more massive
quiescent galaxies at lower redshift (e.g., A. G. Beverage et al.
2024a; J. Choi et al. 2014). Since we cannot entirely rule out an
even lower metallicity, we discuss this possibility in
Section 5.3. Further, due to the low resolution and SNR of
the PRISM spectrum, the metallicity is only measured
indirectly and is sensitive to the detailed shape of the

continuum. Instead, the low metallicity may indicate a
systematic mismatch between the stellar population synthesis
libraries and the observed SED, due to the abundance patterns
of stars formed in a rapid burst being α-enhanced, as observed
in z = 1–3 quiescent systems (A. G. Beverage et al. 2024b). α-
enhancement can affect the UV continuum shape at the 20%–
40% level (e.g., A. Vazdekis et al. 2015; J. Choi et al. 2019).
Recently, M. Park et al. (2024) have published novel α-
enhanced isochrone and spectral libraries and found similar
effects of α-enhancement on the continuum. Implementing

Figure 2. Top: NIRCam and MIRI imaging cutouts of RUBIES-UDS-QG-z7. Middle: the posterior median SED from Prospector along with the NIRCam +
MIRI photometry, which constrain the fit over the rest-frame optical to NIR. We further plot the MSA slit position on an inset showing a  ´ 2 .04 2 .04 RGB cutout
around the source. Bottom: fitted nonparametric SFHs for the low-metallicity fit (Z = 0.11 Ze) in red and the high-metallicity fit (Z = 1.19 Ze) in khaki. This shows a
rising SFH for RUBIES-UDS-QG-z7, which peaks at z ∼ 8–9, followed by a rapid decline in the SFR at z ∼ 8 and little to no star formation in the past 50 Myr. For
comparison, we overplot bright sources at z  8 with their SFR values as published in H. B. Akins et al. (2023; COS-z8M1), A. J. Bunker et al. (2023; GN-z11),
M. Castellano et al. (2024; GHZ2/GLASS-z12), and S. Carniani et al. (2024; JADES-GS-z14-0), as well as three samples of UV-bright objects at z > 7.7 plotted with
their published values of MUV, converted to SFR with the relation from R. C. J. Kennicutt (1998), assuming no dust. Gray: photometrically selected targets for follow-
up with ALMA through REBELS from R. J. Bouwens et al. (2022b); light blue: a compilation of NIRSpec observations by G. Roberts-Borsani et al. (2024a); and light
green: objects from the JWST BoRG survey (G. Roberts-Borsani et al. 2024b). This illustrates that plausible progenitors of RUBIES-UDS-QG-z7 at z ∼ 8–9, and
perhaps at even higher redshifts, are either dust-obscured or have yet to be discovered or at least spectroscopically confirmed.
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log (Mstar/Msun) ~ 10.2, SFR ~ 1 Msun/yr

RUBIES-UDS-QG-z7

• Star formation history modeling suggests 
a rapid quenching at z~9. 


• Hydrodynamic simulation supports the 
presence of AGN feedback, which 
overwhelms mass accretion (Turner et al. 
2025). 
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• @z > 6, sub/mm obs are vital

• ULIRG/SMG-class star formation

• Rapid and vigorous galaxy 

evolution coeval with SMBH 
growth 
→ How MBH-Mstar relation looks 
like in these most active 
systems?

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

HST images (Mechtley et al. 2012)
Image PSF Residual

Previous Sub/mm Observations at High-z (Lum. quasars)

lo
g 
M

•/M

log M*,bulge/M

z = 0.1–1.0 AGNs
z = 1.0–2.0 QSOs
z = 2.0–4.0 QSOs
z = 4.0–7.0 QSOs
z ≈ 2 RGs
z ≈ 2 SMGs

Häring & Rix 2004
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distribution
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SHELLQs
Subaru High-z Exploration of Low-Luminosity Quasars

• Subaru Hyper Suprime-
Cam (HSC)


• First 1000 deg2 class 
survey with an 8m class 
telescope


• g,r,i,z,y bands

• >~2 mag deeper than 

previous surveys (e.g., 
rAB < 27.1 mag in the 
Deep 27 deg2 layer)
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ALMA Observations: [CII]158µm + FIR cont.

[CII] 158μm

rg i

z y

J2216-0016

Color: [CII], Contour = FIR continuum

Izumi et al. 2018, PASJ, 70, 36

What we’re doing:

• Study HSC quasars 
(LLQSOs) to: 


• Characterize basic star 
formation (SFR) 


• Constrain the host galaxy 
mass (Mdyn) 


• Discuss less-biased early 
BH-host mass relation 


• Search for the key physical 
processes of co-evolution 
(merger, outflow, 
environment, etc?)

z = 6.10
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1. Shape of the Early Mgal-MBH relation



within the uncertainties, MBH/Mbulge is consistent with the
local value. Our findings therefore suggest that for J1243
+0100 at least, the MBH–Mbulge relation was already in place
at z∼ 7.

In contrast, the two other z> 7 quasars with [C II]-based Mdyn
estimates (J1342+0928 and J1120+0641) have overmassive
black holes relative to these relations by up to a factor of ∼10.
This is also seen in the other luminous (M1450 −26mag)
quasars at z 6, which may reflect a selection bias to more
massive black holes (Lauer et al. 2007; Schulze &Wisotzki 2014).
Relatively lower-mass SMBHs (MBH 108.5Me), most of which
are low-luminosity quasars, would not strongly suffer this bias
(Lauer et al. 2007; Marshall et al. 2020) and indeed show
comparable mass ratios to the local relation (Figure 13). Further
observations of galaxies hosting less massive SMBHs are
necessary to confirm this picture statistically. As the coevolution
relation is the end product of the complex growth of galaxies and
SMBHs, a statistical measurement of this relation at the early
universe (see also, e.g., Suh et al. 2020; Setoguchi et al. 2021)
would help constrain the relative cosmological importance of
various feeding and feedback processes (Habouzit et al. 2021).
We also need high-resolution observations sensitive to detailed
dynamics, as well as wide-area deep observations sensitive to the
surrounding environments, to reveal the driving mechanism of the
rapid growth of galaxies and SMBHs in the early universe.

5. Summary

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

1. The FIR continuum is bright, 1.5 mJy, resulting in a total
LFIR= (3.5± 0.1)× 1012 Le, assuming a dust temper-
ature of Tdust= 47 K and an emissivity index of β= 1.6.
The inferred area-integrated SFRTIR is 742± 16Me yr−1

if the heating source is entirely attributed to star
formation. We also estimate the dust mass as
(2.5± 0.1)× 108 Me. This inferred SFR is as high as
that of optically luminous z> 6 quasars and >3–10×
higher than that of the low-luminosity HSC quasars
observed with ALMA.

2. However, we also decomposed this FIR continuum
emission to a point source and an extended Gaussian
component. If we regard the former as emission from the
quasar nucleus itself, our conservative estimate on
SFRTIR should be that of the extended component, i.e.,

=  MSFR 307 20TIR
cons

 yr−1.
3. The [C II] emission is spatially resolved and very bright. We

found a broad wing component (L[C II]= (1.2± 0.3)× 109

Le, FWHM= 997± 227 km s−1) in addition to a bright
core component (L[C II]= (1.9± 0.2)× 109 Le, FWHM=
235± 17 km s−1) in the area-integrated spectrum. The
inferred SFR[C II] from this spectral core component is
165± 17Me yr−1.

4. We measured the spatial extents of the [C II] spectral core
and wing emission by directly modeling the visibilities
and found ∼4.2 kpc for the core and<2.7 kpc (3σ limit)
for the wing. Thus, the broad wing originates from a
relatively compact region inside this galaxy.

5. The global gas dynamics is governed by rotation.
We estimate its dynamical mass as Mdyn= (7.6± 0.9)×
1010 Me. This is 2–3× larger than the other two z> 7
quasars (J1343+0928 and J1120+0641) with Mdyn

measurements.

Figure 13. Black hole mass (MBH) vs. host galaxy dynamical mass (Mdyn) for z  6 quasars, using data compiled from Izumi et al. (2019). The quasars are color-coded
by their M1450. Two other z > 7 quasars with measured [C II]-based Mdyn are highlighted; note that upper limits for their dynamical masses are available. The black
dashed line indicates the local MBH–Mbulge relation (Kormendy & Ho 2013), whereas the red dotted line indicates the simulated relation for z = 7 quasars (Marshall
et al. 2020).
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9ALMA’s dynamical mass measurement

Izumi et al. 2021b

3832 M. A. Marshall et al.

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

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

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

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

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

6.2 Properties of nearby neighbours

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

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

Fig. 19 shows various properties of the nearest neighbours: their
distance, UV magnitude (both with and without dust attenuation),
stellar mass and black hole mass, and the differences between the
properties of the neighbour and those of the black hole host. Most
of the nearest neighbours lie within 100 kpc or 20 arcsec of the
black hole host galaxy. The vast majority of these neighbours are
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• Observed image = Host galaxy + QSO (PSF). In total 12 LLQSOs have been observed.  

• F150W + F356W straddles the 4000Å break, allowing us to estimate the stellar mass. 

• Together with ALMA (SFR, gas), we can measure sSFR, SFE, etc (in relation with the quasar property). 

JWST/NIRCam host galaxy decomposition
Decomposition study of z >6 quasar host galaxies 7

Figure 2. Quasar-host decomposition of NIRCam/F356W images for all twelve targets. The rows are as follows from top to
bottom: (1) original science image (data), (2) data minus quasar model, i.e., the host galaxy and neighbors, (3) best-fit host
Sérsic model(s), and (4) Signal-to-noise maps of the host significance; the noise is a combination of that from the data and the
scatter of the corresponding top-five PSFs. In Row (4), we show the elliptical apertures, within which we calculate the host
signal-to-noise ratio (SNR), as reported in Table 2. When drawing these apertures, we use solid lines to highlight those with
confirmed host detections. The inferred host-to-total flux ratios from the best fit are also indicated in the bottom panels. Our
simulation results indicate that even in challenging cases, such as J0844→0132, we are able to accurately recover the host galaxy
properties, as demonstrated in Figure 9.

Figure 3. Same as Figure 2 for the F150W filter. Note that for non-significant detections (i.e., those indicated by dashed-line
apertures), the inferred host properties have larger uncertainties. In these cases, the direction of the inferred host shape in
F150W can even be inconsistent with that in F356W.

We conduct two-dimensional modeling of images us-
ing our 2D profile fitting software galight3. This is an
open-source Python package designed for astronomi-
cal data processing, which utilizes the image modeling
capabilities in lenstronomy (Birrer & Amara 2018;
Birrer et al. 2021), a multi-purpose software package
to model strong gravitational lenses. lenstronomy’s
flexibility enables galight to turn o! the lensing chan-

3 The performance of galight has been verified through simu-
lations and comparisons with fitting by galfit by Ding et al.
(2023).

nel and focus on the AGN and host decomposition en-
hancing the user interface for automated fitting abil-
ity. Our modeling process involves the preparation of
essential ingredients using galight, including (1) im-
age cutouts covering su”cient quasar light emission. We
set the cutout size as 81→81 pixels (i.e., 2.→→4→ 2.→→4) for
F356W and 71→71 pixels (i.e., 1.→→1 → 1.→→1) for F150W,
respectively. (2) a noise level map representing pixel
value uncertainty, and (3) a PSF model to describe the
point source shape and for image convolution. The noise
level encompasses both Poisson and random background
noise components. The Poisson noise is estimated by
calculating the e!ective exposure time based on weight

F356W map (X. Ding et al. 2025; see also Ding et al. 2023)
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• Selection bias (preferring luminous objects) + observational 
errors → We only pick-up most massive BHs. 


• Once the above items are accounted for, we don’t see a redshift 
evolution of the Mgal-MBH relation toward high-z. 


• Same argument for the SHELLQs quasars at z~6 (w/ JWST). 
But the dispersion (~0.8 dex) is higher than the local (~0.4 dex).  
→ Growth in tandem + cosmic averaging with mergers.  

Selection bias (no redshift evolution)? 

as the A. S. Eddington (1913) bias, is caused by the substantial
stellar mass uncertainties and the bottom-heavy SMF. To
elaborate, consider a stellar mass bin at / Mlog 8.5~ .
Due to the abundance of small BHs hosted by low-mass
galaxies with / Mlog 8.5< , the added uncertainties on
the stellar mass cause numerous low-mass BHs to scatter
rightward into the / Mlog 8.5~ bin. This effect out-
weighs the leftward scattering of the rarer high-mass BHs with

/ Mlog 8.5> into the same stellar mass bin. Conse-
quently, the mean observed BH mass at / Mlog 8.5~ is
biased low.

Finally, we apply the /Llog erg s 44.1bol
1 >- and

FWHM > 1000 km s−1 criteria to the mock AGNs in
Figure 2(c). This gives rise to the observed BH- relation
that incorporates both realistic mass uncertainties and the
selection function. As shown in Figure 2(d), it appears
noticeably flatter than the KH13 relation, with a significant
positive offset at the low- end and a negative offset at the
high- end, due to the combined effects of the Lauer bias
and the Eddington bias. The comparison between Figures 2(b)
and 2(d) demonstrates that substantial mass uncertainties
further amplify the observed offset in / BH at the low-
 end (up to ∼1.5 dex), rather than simply broadening the
distribution.

Our analyses underscore the necessity of accounting for the
overall transformation in the observed BH- distribution
(i.e., deviation, broadening, and flattening relative to the
intrinsic mass relation) caused by selection effects and
measurement uncertainties, even in deep JWST surveys like
JADES and CEERS.

5.2. JWST-observed Overmassive AGNs

Similar to the analyses in Figure 2, we apply the selection
function and the average measurement uncertainties of each
observed sample to the local KH13 and G20 relations. This
allows us to predict the  BH- relation expected at the
effective detection limit of each survey using Equation (7),
assuming SMBHs at z ∼ 5 intrinsically follow the local
relations. As shown in Figure 3, the predicted  BH-

relations above the luminosity limit deviate significantly from
the local relations and generally align with the data points
within the observed stellar mass ranges, confirming earlier
results based on ALMA (A. Schulze & L. Wisotzki 2014; J. Li
et al. 2022). Notably, although the G20 relation has a lower
average / BH compared to the KH13 relation, its
predicted observed / BH could be even higher due to
its larger scatter, leading to more observable overmassive BHs.
Note that the scatter of the G20 relation might be mass
dependent and decrease at the massive end, although this was
not considered in their fitting.
These results suggest that even if the underlying z ∼ 5 BH

population follows the local relation on average, we would only
observe its upper envelope, namely, overmassive AGNs, due to
the finite detection limit of JWST or specific sample selection
criteria. Our analysis highlights the importance of properly
accounting for the dispersion of the mass relation when
studying its evolution, rather than simply comparing averages
across cosmic times. Figure 3 also exemplifies that one should
avoid plotting a data set against an intrinsic correlation without
transforming the latter to match the data set's selection and
measurement uncertainties. Failing to do so can easily lead to
misinterpretations.
It should be noted that the predicted BH- relation only

represents an idealized scenario for an infinitely large survey,
as the survey volume, BL AGN fraction, and normalization of
the SMF in Equation (4) cancel out in Equation (7). In practice,
only BHs within the survey's accessible stellar mass range
(determined by its area and depth) can be observed. Conse-
quently, specific parameter spaces in [α, β, σ, pac,,BH]
are unobservable in small-area surveys, meaning the expected
number of AGNs above the detection limit may be less than
one. In other words, the observed number of AGNs in a survey
imposes additional constraints on the underlying intrinsic
 BH- relation and other distribution functions. While
fully utilizing this constraint in modeling the underlying
relations is beyond the scope of this work, we use this
argument as a sanity check on the validity of the proposition

Figure 3. The predicted “observed” BH- relations (solid curves) for detectable AGNs at z ∼ 5 in the three surveys, assuming that the underlying BH population
intrinsically follows the local KH13 and G20 relations (dashed curves with the same colors). The intrinsic scatter at 1σ, 2σ, and 3σ levels for each local relation is
shown as shaded regions. Only BHs in the upper envelope of the assumed intrinsic mass relations can be detected as luminous AGNs. Their positions are further
biased upward by the substantial mass uncertainties (Figure 2), resulting in a significantly elevated / BH compared to the intrinsic ratio.
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Figure 3. Model comparison to the observed sample. (a)
Bi-variate mass distribution (1ω to 3ω contours). Red curve
and blue triangles shows the mean mass relation of the ob-
served model distribution and the observed data for the nine
SHELLQs quasars. The recovered intrinsic mass relation is
shown by the dashed line. (b) Observed distribution in the
MBH vs. Eddington ratio plane with the model prediction
(1ω to 3ω contours).

tions, described in Section 3, using emcee (Foreman-
Mackey et al. 2013) to determine the most likely MBH–
M→ relation, primarily the normalization (ω) and scat-
ter (ε) from Equation 1. Given the limited size and
dynamic range in mass of the SHELLQs-JWST sample,

we fixed the slope (ϑ) to 1.61 – the value of the local
relation reported in Greene et al. (2020)– since the slope
is unconstrained in our fitting and tends to hit the upper
limit when left free.
In the bottom panel of Figure 2, the results are pre-

sented from the forward modeling of the MBH–M→ rela-
tion. The likelihood distributions of each parameter are
reported from left to right along the bottom axis: (1)
normalization (ω) of the linear relation, (2) dispersion
(ε) in the mass ratio and (3) the fraction of galaxies
(pactive) hosting UV-unobscured broad-line AGN.
Based on the fixed slope, the best-fit intrinsic MBH–

M→ relation at z > 6 is shown by the black line and
shaded area in Fig. 2 (top panel) which has a normal-
ization (ω) of 7.38+0.79

↑0.58 at M→,0 = 3 → 1010 M↓. This
is consistent with the local relation of Greene et al.
(2020)1, based on all galaxy types, while falling below
the MBH–Mbulge relation of massive bulge-dominated
galaxies from Kormendy & Ho (2013). This result is
inconsistent with the intrinsically overmassive relation
of Pacucci et al. (2023), shown by the dashed purple
line, which is based on less massive galaxies having
7.5 ↭ logM→/M↓ ↭ 10 and 6.5 ↭ logMBH/M↓ ↭ 8.
We note that adopting a flatter slope in the fitting,
such as the value from the Kormendy & Ho (2013) re-
lation (ϑ = 1.17), does not a!ect our main conclusion,
although it results in a significantly poorer fit.
Our model constrains the intrinsic scatter of theMBH–

M→ relation to be 0.80+0.23
↑0.28 dex. If we increase the un-

certainties to 0.45 dex on average to our mass measure-
ments, the best-fit scatter increases to 0.85 dex. We
compare the dispersion at high-z with that of early-
type galaxies at low-z which are likely the decendents
of the high-z quasars. The scatter at z > 6 is sig-
nificantly higher than local massive early-type galaxies
(0.3–0.4 dex; Gültekin et al. 2009; Kormendy & Ho 2013;
Bennert et al. 2021) and low-redshift AGNs, considering
spheroid (Bennert et al. 2021) or total stellar (Bentz &
Manne-Nicholas 2018; Reines & Volonteri 2015) masses.
We note that Greene et al. (2020) report an intrinsic
scatter of 0.79 ± 0.05, similar to our value at z > 6,
which warrants further investigation on the appropriate
local scatter for comparison to high-z estimates which
is beyond the scope of this work.
As a consistency check on the model of our best-

fit mass relation for an assumed ERDF, we success-
fully reproduce the distribution of the observed sam-

1 We consider the Greene et al. (2020) relation the appropriate for
comparison since many of the hosts at z > 6 resemble disk-like
galaxies (Ding et al. 2025) which are included in the Greene et al.
(2020) sample.

Silverman et al. 2025

w/ JWST data
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• Deep spectroscopy of massive “galaxies” 
revealed the presence of broad Balmer lines 
originating from AGN’s BLR. 


• Fully consistent MBH/Mgal ratio with the local 
value (~0.1%). 


• Need a more statistical survey toward a 
complete sample.  
→ “Measure” the shape of the relation. 


• Note: we also need to consider how to 
make the overmassive BHs. 

Search for BHs in “galaxies”
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modeling of these processes lead to different M!–MBH relations (Fig.2). Hence, proper observational
determination of the relation at high-z, combined with models, can provide strong constraints on the
underlying physics of galaxy evolution. However, existing z ! 6 samples are biased toward the most
luminous (BH-massive) quasars with UV magnitude of M1450 " −26 mag, due to limited survey depths.
On the other hand, the comparison of different hydrodynamical simulations (Habouzit+22) has shown
that the exploration of low-luminosity quasars (LLQSOs3; a fraction of which are powered by smaller
BH) is far more discriminatory of different models (Fig.2). Thus, observations of LLQSOs are
needed to obtain an unbiased census of the early co-evolution of galaxies and SMBHs.

(M1450 ! −25)(M1450 ! −22) (−22 ! M1450 ! −25)
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Normal AGN LLQSOs
Similar to the normal AGN distribution  
→ LLQSO reflects the bulk distribution

(bulk of the SMBH 
population)

Luminous 
QSOs

Don’t reflect the bulk 
BH mass distribution

Fig.2. Mean MBH offset relative to the local M!–MBH relation in different hydrodynamic simulations
(Habouzit+22). The trend with redshift is highly dependent on the feeding and feedback recipes; some
predict overmassive SMBHs at z ∼ 6, whereas others predict the opposite. Left, middle, and right
panels indicate the cases for Seyfert-class AGNs that represent the bulk of the SMBH population (faint
to efficiently detect at z ∼ 6), LLQSOs, and luminous quasars, respectively. Error bars indicate the
scatter of each simulation. It is clear that, independent of the trend, LLQSOs are more discriminatory
of the different models than the luminous quasars.

For example, recent ALMA studies of LLQSOs (e.g., Willott+17; Izumi+19) show MBH/Mdyn values
comparable to, or smaller than, the local values (Fig.1), implying that the bulk of the SMBH population
has comparable or undermassive MBH relative to the local relation. However, there are only ∼ 20
LLQSOs with [CII] observations to date (e.g., Willott+15, 17; Izumi+18, 19, 21, #2019.1.00074.S).
Considering the typical uncertainties of MBH (∼ 0.5 − 0.6 dex; Vestergaard & Osmer 2009) and Mdyn

(∼ 0.3 dex; Pensabene+20), as well as the intrinsic scatter of the simulated scaling relation itself
(∼ 0.2 − 0.4 dex, Fig.2), a total uncertainty on MBH/Mdyn at z > 6 is as large as ∼ 0.7− 0.8 dex per
quasar. Thus, to detect a mean offset of > 0.3 dex relative to the z = 0 relation (typical for the LLQSO
models in Fig. 2) at the > 99.9% confidence level, we do need a large LLQSO sample of N ! 70.

(III) How prevalent is large-scale AGN feedback? Massive AGN-driven outflows (Ṁout ! 100–
1000 M! yr−1) are thought to be a key driver of the co-evolution and quenching of star formation (e.g.,
Hopkins+08). However, little is known about cool outflows (that would carry the bulk of the wind mass;
Fiore+17) in z > 6 quasars due to the faintness of the outflows: only two individual detections of cool
outflows have been claimed at z > 6 (Maiolino+12; Izumi+21, with the former debated in Meyer+22).
To overcome this sensitivity issue, Bischetti+19 stacked [CII] cubes of 48 quasars at 4.5 < z < 7.1, and
claimed to detect broad wings of quasar-driven outflows (Ṁout ∼ 100M! yr−1 on average). On the other
hand, Novak+20 stacked [CII] data of another sample of 27 z ! 6 quasars, and found no evidence for
outflows. Hence no firm conclusion about the occurrence and impact of AGN feedback at z ∼ 6 has been
reached. However, while Bischetti+ and Novak+ achieved the same sensitivity per beam (0.06 mJy),
their beam sizes are very different (0′′.68× 0′′.52 in Bischetti+ vs 0′′.20× 0′′.18 in Novak+), so their
surface brightness sensitivities are a factor of 10 different (0.15 vs 1.5 mJy arcsec−2). Outflows
tend to be very extended (Veilleux+20 for a review) as indeed found by Bischetti+19 in their stacked
cube. It is therefore possible that Novak+ did not detect outflows simply because they did not have

3Those with M1450 > −25 mag, i.e., fainter than the L∗ of the z ∼ 6 quasar luminosity function (Matsuoka+18).

2

From TI’s ALMA Cycle 12 proposal

• Less-luminous, less-biased population is the key to reveal the genuine shape of the co-evolution. 
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2. AGN Feedback (Outflow) 
+ Levels of star-formation
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Figure 6. The [C II] intensity distributions integrated

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

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

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

plus sign denotes the quasar position.

Jy beam−1 km s−1 Jy beam−1 km s−1

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

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

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

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

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

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

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

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

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

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

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

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

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

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

no optical counterpart is identified in our HSC maps
(g, r, i, z, y bands). No other source was detected in the
field. Given the field number count of sources at 1.2 mm
(e.g., Fujimoto et al. 2016), we would predict ∼ 1 − 3
emitters in our FoV; given small number statistics and
the cosmic variance; our non-detection is consistent with
this result.
Similarly, within the data cube created in § 2, we did

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

4. DISCUSSION

4.1. Comparison of the star-forming nature

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

1 We define a line emitter as an object with a peak line flux density
of > 5σ and with at least two contiguous velocity channels with
> 3σ emission.
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The Highest-z Low-luminosity Quasar (z = 7.07) w/ [CII] outflow

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


• MBH = 3.3 × 108 Msun (Eddington ratio = 0.3) 


• With a CIV BAL(?) → Fast (~2400 km/s) nuclear outflow  
→ Intriguing target to study host-galaxy scale feedback. 

theoretical models (e.g., Volonteri 2012; Ferrara et al. 2014;
Madau et al. 2014). Measurements of quasar host galaxies and
surrounding environments tell us about the earliest mass
assembly, possibly happening in the highest-density peaks of
the underlying dark matter distribution (e.g., Goto et al. 2009;
Decarli et al. 2017; Izumi et al. 2018).

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

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

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

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

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

2. Observations

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

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

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

Table 1
Coordinatesa and Brightness

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

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

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

27 http://legacysurvey.org/decamls
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Figure 3. Velocity channel maps of the [C II] line emis-

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

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

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

the bottom left corner.

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

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

[CII] = 165±17 M!

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

TIR . This relation is
applicable to high redshift (z ∼ 4−8) star-forming galax-
ies as recently demonstrated by Schaerer et al. (2020);
Le Fèvre et al. (2020). If some of the [C II] excitation is
in fact due to the quasar, our derived SFR is again an
upper limit.
With this core line luminosity and the area-integrated

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

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

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

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

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

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

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

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

class objects (e.g., Malhotra et al. 1997; Stacey et al.
2010; Dı́az-Santos et al. 2013), and in z ! 6 quasars
(e.g., Izumi et al. 2019; Venemans et al. 2020). This
deficit is likely correlated with a high FIR surface density
(see discussion in, e.g., Decarli et al. 2018; Izumi et al.
2019; Venemans et al. 2020). However, if we use the ex-
tended component of the FIR continuum emission (i.e.,
excluding the point source, Table 3) alone, we obtain
log(L[CII]/LFIR) = −2.89, which is now close to the
Milky Way value. This suggests that the quasar itself
contributes to the unresolved component of LFIR, which
causes the L[CII]/LFIR ratio to be lower in quasars than
in starbursts.
We previously emphasized the uncertainty in LFIR due

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

Izumi et al. 2021b

[CII] spectrum

• Wing is very compact: < 2.7 kpc,  
which is even inside the host galaxy. 


• Fast outflow (>450 Msun/yr).  
→ Total outflow rate (incl. mol) > 1400 Msun/yr ??


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

5 kpc
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Figure 6. The [C II] intensity distributions integrated

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

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

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

plus sign denotes the quasar position.

Jy beam−1 km s−1 Jy beam−1 km s−1

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

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

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

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

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

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

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

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

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

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

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

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

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

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

no optical counterpart is identified in our HSC maps
(g, r, i, z, y bands). No other source was detected in the
field. Given the field number count of sources at 1.2 mm
(e.g., Fujimoto et al. 2016), we would predict ∼ 1 − 3
emitters in our FoV; given small number statistics and
the cosmic variance; our non-detection is consistent with
this result.
Similarly, within the data cube created in § 2, we did

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

4. DISCUSSION

4.1. Comparison of the star-forming nature

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

1 We define a line emitter as an object with a peak line flux density
of > 5σ and with at least two contiguous velocity channels with
> 3σ emission.
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The Highest-z Low-luminosity Quasar (z = 7.07) w/ [CII] outflow

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


• MBH = 3.3 × 108 Msun (Eddington ratio = 0.3) 


• With a CIV BAL(?) → Fast (~2400 km/s) nuclear outflow  
→ Intriguing target to study host-galaxy scale feedback. 

theoretical models (e.g., Volonteri 2012; Ferrara et al. 2014;
Madau et al. 2014). Measurements of quasar host galaxies and
surrounding environments tell us about the earliest mass
assembly, possibly happening in the highest-density peaks of
the underlying dark matter distribution (e.g., Goto et al. 2009;
Decarli et al. 2017; Izumi et al. 2018).

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

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

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

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

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

2. Observations

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

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

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

Table 1
Coordinatesa and Brightness

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

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

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

27 http://legacysurvey.org/decamls
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Figure 3. Velocity channel maps of the [C II] line emis-

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

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

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

the bottom left corner.

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

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

[CII] = 165±17 M!

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

TIR . This relation is
applicable to high redshift (z ∼ 4−8) star-forming galax-
ies as recently demonstrated by Schaerer et al. (2020);
Le Fèvre et al. (2020). If some of the [C II] excitation is
in fact due to the quasar, our derived SFR is again an
upper limit.
With this core line luminosity and the area-integrated

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

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

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

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

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

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

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

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

class objects (e.g., Malhotra et al. 1997; Stacey et al.
2010; Dı́az-Santos et al. 2013), and in z ! 6 quasars
(e.g., Izumi et al. 2019; Venemans et al. 2020). This
deficit is likely correlated with a high FIR surface density
(see discussion in, e.g., Decarli et al. 2018; Izumi et al.
2019; Venemans et al. 2020). However, if we use the ex-
tended component of the FIR continuum emission (i.e.,
excluding the point source, Table 3) alone, we obtain
log(L[CII]/LFIR) = −2.89, which is now close to the
Milky Way value. This suggests that the quasar itself
contributes to the unresolved component of LFIR, which
causes the L[CII]/LFIR ratio to be lower in quasars than
in starbursts.
We previously emphasized the uncertainty in LFIR due

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

Izumi et al. 2021b

[CII] spectrum

• Wing is very compact: < 2.7 kpc,  
which is even inside the host galaxy. 


• Fast outflow (>450 Msun/yr).  
→ Total outflow rate (incl. mol) > 1400 Msun/yr ??


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

5 kpc
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Are quasar-driven “cool” outflows prevalent?? 

• Some works claim the detections of 
[CII] outflows, whereas others do not. 


• Maybe due to surface sensitivity issue 
(for the case of luminous quasars)…??  
→ Extended outflow?


• Our “detected” [CII] outflow in the HSC 
quasar is indeed compact (< 3 kpc)

No wing component (moment 0)

0.2”

|V| ! 450 km/s

L[CII] 

(1E8 Lsun)

Δ 
ar

cs
ec

0.8”

|V| > 400 km/s

Velocity [km/s]

Bischetti+ 

2019

FWHM~1700 km/s
1σ = 0.06 mJy

[CII] Outflow (Stack): YES!

Novak+2020

[CII] Outflow (Stack): NO!

But per totally different beams!

1σ = 0.06 mJy

Same 

Sensitivity

Fig.2. (Left) The [CII] stacking analysis of Bischetti+19. A broad wing is clearly detected with the
stacked 1σ sensitivity of 0.06 mJy (dV = 30 km s−1). An estimated neutral outflow rate is ∼ 100 M"

yr−1. The wing is spatially extended as shown in the bottom. (Right) Another stacking analysis (1σ
= 0.06 mJy, dV = 30 km s−1) by Novak+20. Contrary to Bischetti+, no clear [CII] outflow was
detected. However, note that the spatial resolutions are totally different (left = 0′′.8 vs right = 0′′.2).

luminosity function (QLF; Matsuoka+18, Fig.4). This sample consists of 110 quasars at 5.7 ≤ z ≤ 6.5
and M1450 = −21.5 to −29.0 mag, selected from three surveys, the Subaru High-z Exploration of Low-
luminosity Quasars (SHELLQs), the Sloan Digital Sky Survey (SDSS), and the Canada-France-Hawaii
Quasar Survey (CFHQS), all of which have well-defined selection functions. This QLF is complete
within a cosmic volume of 215 Gpc3, hence we can obtain a statistical census of their host galaxies
at z ∼ 6 for the first time, ensuring the legacy value of this first ALMA-LP toward quasars.
From the QLF sample, we set the following selection criteria for this program: (i) decl. < +30◦

to avoid severe shadowing (all objects are at > −18◦), (ii) z > 5.93 so that [CII] is shifted in Band
6 (good atmospheric transmission), (iii) without duplication about depth and resolution (28 objects
were then removed). These finally leave 43 quasars at 5.93 < z < 6.40 (M1450 = −22.0 to −27.5), of
which 26 are LLQSOs. Justifications of our survey parameters are as follows.
• Angular resolution (0′′.7 ∼ 4 kpc): this allows us to probe the global gas distribution and

constrain Mdyn as evidenced in previous studies of z ! 6 quasars (e.g., Venemans+16; Pensabene+20;
Izumi+21; see Fig.5). As demonstrated in the mock observations (Fig.3), this moderate resolution
also allows us to recover, at the same time, extended low surface brightness emission in a reasonable
on-source time, which would be unfeasible at higher resolution (e.g., 0′′.2, Fig.3). We can also resolve
possible companions down to a projected distance of ∼ 4 kpc.
• Depth (0.15 mJy): recent ALMA observations of some LLQSOs have shown only moderate SFR

(∼ 30–100 M" yr−1; e.g., Izumi+19). Thus we need high sensitivity to ensure high detection rates of
the [CII] line and continuum emission. We found that Izumi+18,+19,+21 detected all of their eight
target LLQSOs at [CII] roughly with this depth (when rescaled to θ = 0′′.7 and dV = 75 km s−1; see
one example in Fig.5), at S/N of ∼ 5–25 for flux, and successfully measured their, e.g., Mdyn. For
starburst systems that typically host luminous quasars, we will obtain higher S/N like ! 30. Thus, this
proposed depth ensures the success of our program. We propose to keep this sensitivity for all quasars
as there are wide spreads in [CII] and FIR continuum luminosities (L[CII] and LFIR) even in luminous
quasars (e.g., Venemans+20). This sensitivity is also necessary to obtain a very high rms (∼ 0.05 mJy;

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

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

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

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

the bottom left corner.

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

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

[CII] = 165±17 M!

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

TIR . This relation is
applicable to high redshift (z ∼ 4−8) star-forming galax-
ies as recently demonstrated by Schaerer et al. (2020);
Le Fèvre et al. (2020). If some of the [C II] excitation is
in fact due to the quasar, our derived SFR is again an
upper limit.
With this core line luminosity and the area-integrated

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

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

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

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

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

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

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

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

class objects (e.g., Malhotra et al. 1997; Stacey et al.
2010; Dı́az-Santos et al. 2013), and in z ! 6 quasars
(e.g., Izumi et al. 2019; Venemans et al. 2020). This
deficit is likely correlated with a high FIR surface density
(see discussion in, e.g., Decarli et al. 2018; Izumi et al.
2019; Venemans et al. 2020). However, if we use the ex-
tended component of the FIR continuum emission (i.e.,
excluding the point source, Table 3) alone, we obtain
log(L[CII]/LFIR) = −2.89, which is now close to the
Milky Way value. This suggests that the quasar itself
contributes to the unresolved component of LFIR, which
causes the L[CII]/LFIR ratio to be lower in quasars than
in starbursts.
We previously emphasized the uncertainty in LFIR due

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

Izumi et al. 2021b

[CII] spectrum
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Quasar-driven “dense” molecular outflow

• Blue-shifted OH 119 μm absorption in ~70% quasars → Outflow

• Positive correlation of AGN luminosity vs Outflow Velocity  
→ Suggestive of being AGN-driven?


• Outflow’s kinetic power is ~0.5% AGN power. (~30% of SNe power)  
→ AGN can easily drive this outflow. 

frequencies than the previous data by about 0.8 GHz
(≈800 km s−1). We noticed a large discrepancy in the flux
level between the previous data and our own, and so did not
combine these data with our own. We measure continuum flux
densities higher by 50% (P183+05) and 250% (J2310+1855)
than K. M. Butler et al. (2023b). We downloaded the previous
data from the ALMA archive and successfully reproduced the
K. M. Butler et al. (2023b) measurements to within the stated
uncertainties; the discrepancy appears to be in the data and not

in any analysis steps. The origin of the mismatched flux scale is
not clear, but is unlikely to be caused by differences in weather
conditions (assuming accurate flux calibration), array config-
uration (similar between data sets), or self-calibration (impact-
ing peak but not necessarily integrated fluxes). Between the
two discrepant measurements, we believe our new values to be
correct for two reasons. First, the ALMA sensitivity calculator
predictions agree with the noise levels we measure in our data
but predicts much higher noise than measured in the older data.

Figure 1. OH 119 μm spectra for our z > 6 quasar sample (navy) and spectral fits (peach) using one or two pairs of Gaussian profiles. The total OH line fit is shown as
a solid peach line, with individual line components shown as thin dotted profiles. The continuum level (black dashed lines) is constrained from a joint fit to both
sidebands of the ALMA data. For sources with OH absorption, we mark the outflow velocity metrics v50, v84, and vmax with vertical ticks. We show the [C II] spectra of
each source (with arbitrary offset and normalization) to indicate the systemic emission. The doublet OH components are separated by 520 km s−1, marked by vertical
dashed lines.
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• Note: the line critical density of [CII] 158 μm is low. It can be collisionally de-excited in dense gas. 

• We then performed deep [OI] 146 μm observation toward a luminous quasar at z~6. 

• But still we don’t see any wing feature… 

12

Table 4. Fitting Results for Resolved Emission and Absorption Components

Region vemi
cen [km s�1] vabscen [km s�1] FWHMemi [km s�1] FWHMabs [km s�1]

179,178 98± 19 �827± 147 202± 56 1000± 557

179,179 101± 15 �665± 108 295± 62 1368± 338

179,180 61± 16 �579± 83 278± 67 1057± 212

179,181 41± 19 �512± 148 282± 80 849± 350

180,178 75± 22 �814± 75 230± 64 842± 269

180,179 102± 15 �588± 85 327± 60 1224± 223

180,180 74± 19 �551± 89 330± 82 1095± 206

180,181 �11± 12 �785± 61 96± 31 1084± 243

181,178 44± 28 �778± 132 240± 93 963± 436

181,179 ... �747± 36 ... 933± 155

181,180 ... �559± 50, �1296± 75 ... 621± 125, 468± 134

Note—Regions are designated by image pixel numbers (x, y). Each pixel has area 0.001⇥ 0.001, which is approximately one half
of the synthesized beam. The spectrum at (181,180) could not be fitted with emission.

Figure 7. Spectra of OH 119 µm and [C II] 158 µm
extracted from the central 0.03400 pixel (peak intensity of
123 µm continuum). The [C II] intensity is scaled by ⇥0.2.
The vertical dashed lines show the OH doublet velocities.

By contrast, terminal velocities of outflows in AGN-
dominated systems are often found to & 1000 km s�1

and as large as 1500 km s�1 (e.g., Rupke et al. 2005;
Sturm et al. 2011; Spoon et al. 2013; Veilleux et al.
2013; Ginolfi et al. 2020). Theoretical studies also repro-
duce the velocities of & 1000 km s�1 and mass outflow
rates of ⇠ 103 M� yr�1 in AGN-driven outflows (e.g.,
Ishibashi et al. 2018; Costa et al. 2018). The results in-
dicate that the AGN feedback (radiation pressure) may
play a role in boosting the velocity in J2054-0005.
In Figure 8, we show the mean line-of-sight outflow ve-

locity plotted against the total IR luminosity (LIR) for
8 dusty star-forming galaxies (DSFGs) at z = 4�5 and

Figure 8. Mean outflow velocity vs. total IR luminosity for
quasars at z ⇡ 6 and dusty star-forming galaxies (DSFGs)
at z = 4�5, where OH outflows are detected (Spilker et al.
2020a; Butler et al. 2023). The star formation rate is calcu-
lated as SFR/M� yr�1 = 1.48⇥10�10LIR/L� (Venemans et
al. 2018), which is an upper limit for the quasars.

3 quasars at z > 6. Here, LIR is obtained by integrat-
ing the flux over �rest = 8�1000 µm (Hashimoto et al.
2019a; Spilker et al. 2020a), except P183+05, for which
LIR = 1.41LFIR (Venemans et al. 2020). The outflow
in J2310+1855 was also detected in OH+ (11  01) ab-
sorption (Shao et al. 2022) and the absorption velocity
is comparable to that of OH plotted here.
Generally, there is an increase in vout with LIR, though

the relation is not clear for the quasars. This may be
because the AGN contribution in driving the outflow in
J2054-0005 is larger than that in the other two quasars,

5

Figure 1. Left. The 123 µm continuum image. The solid rectangle indicates the position of J2054-0005; a close-up view is
shown in the right panel. The dashed rectangle indicates the position of a projected companion (see Figure 2). To guide the
eye, the contours are plotted at (5, 50)⇥�, where � = 1.28382⇥ 10�5 Jy beam�1. The image is corrected for the primary beam
attenuation, so the noise is increased at the edges. Right. Close-up view of the continuum in J2054-0005. The contours are
plotted at (�3, 3, 5, 10, 20, 40, 80, 160, 240)⇥ �. The beam size is shown at the bottom left as a filled ellipse.

Figure 2. Continuum image of the projected companion
(the dashed rectangle in Figure 1). The contours are plotted
at (�3, 3, 5, 8)⇥ �.

Although there are reasons to assume that OH is not
optically thin, e.g., if the gas distribution is clumpy and
the absorbing gas does not cover the continuum entirely,
the apparent optical depth at the line center, where ab-
sorption is maximum, is ⌧ ⇡ 0.36.
In the vicinity of the OH doublet, there are CH+

(J = 3�2) at the sky frequency of 355.364 GHz, and
18OH (J = 5/2�3/2) at 355.021 GHz, that may be re-
sponsible for the decrease in flux that appears at the
o↵set velocity v & 1000 km s�1. A similar feature at-
tributed to the 18OH line is found in Mrk 231, indicating
an enhanced [18OH]/[OH] abundance due to processing

by star formation (Fischer et al. 2010; González-Alfonso
et al. 2014). However, the lines are su�ciently separated
from OH and unlikely to significantly a↵ect the analysis
of the line profile described below.

3.3. OH line fitting

To investigate the kinematics of OH gas, we per-
formed a least-squares fitting of the line profile using
Python (scipy.optimize.curve fit). Since the line is
a doublet, and there may be multiple components (sys-
temic, outflow, or inflow), fitting was conducted using
two double-gaussian functions. Although the spectrum
is likely to be more complicated than this simple struc-
ture, we aimed at limiting the number of free parameters
while extracting key quantities related to the analysis of
outflows. The fitting constraints were the following: the
separation between the doublet lines of a double gaus-
sian is fixed to 521 km s�1, and their peak values and
FWHMs are set to be equal (e.g., Goicoechea & Cer-
nicharo 2002). The continuum intensity within the ve-
locity range covered by the two adjacent USB spectral
windows was assumed to be constant. On the other
hand, the line intensity, continuum intensity, and the
velocity separation of the double gaussians of di↵erent
components (e.g., systemic and outflow) were set as free
parameters.
The results of fitting are shown in Figure 3 and listed

in Table 2. We find OH emission, traced by a double
gaussian with an FWHM line width of 306± 55 km s�1

near the systemic velocity, and a broad absorption fea-
ture with FWHM = 1052 ± 234 km s�1 with the peak

Salak et al. 2024 (J2054-0005 at z = 6)

Is there AGN-driven cool and “dense” outflow?

2025/12/1 14

14[OI] 145μm emission line and FIR continuum 
[OI] 145um

CO(18-17)
(Izumi in prep)

3sigma start 3sigma start

[OI] 146 μm Sawamura, TI, et al. 
in prep.
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Prevalence of AGN-driven ionized outflows

Yang et al. 2023 (JWST spectroscopy)
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Madeline A. Marshall et al.: Black hole and host galaxy properties of two 𝐿 ! 6.8 quasars from the NIRSpec IFU

4h11m28.75s 28.65s 28.60s 28.55s

07�49��

50��

51��

RA

[OIII]�5007 GB Line Flux

4h11m28.75s 28.65s 28.60s 28.55s

RA

[OIII]�5007 Velocity (v50)

4h11m28.75s 28.65s 28.60s 28.55s

RA

[OIII]�5007 Line Width (w80)

�20.0

�19.5

�19.0

�18.5

�18.0

�17.5

�17.0

lo
g(
er
g
/s
/c
m

2
)

�600

�400

�200

0

200

400

600

k
m
/s

0

200

400

600

800

k
m
/s

Fig. 5. Flux and kinematic maps for DELS J0411−0907, after the subtraction of the quasar emission using the N&B subtraction technique. The top
panels show the flux of the narrow component of the [O iii] 𝑀5007, H𝑁, and H𝑂 lines (GN), as fit by a Gaussian with a 𝑃 constrained to be between
5–60Å. The bottom left panel shows the flux of the broader GB component of the [O iii] 𝑀5007 line, a second Gaussian with a 𝑃 constrained to
be between 30–150Å. The lower middle and right panels show our kinematic maps, showing the non-parametric central velocity of the line (𝑄50;
middle) and the line width (𝑅80; right). As these are non-parametric, this combines both the GN and GB components. We describe our method for
creating these maps in Section 2.3.4. The black ellipses in the lower middle panel depict the regions as in Figure 4.

From the integrated spectrum, this region has a relative ve-
locity shift of +371 km/s with respect to the quasar’s peak [O iii]
𝑀5007 emission at 𝐿 = 6.854. The GN H𝑁, [O iii] 𝑀𝑀4959, 5007,
and H𝑂 lines are all detected with a peak SNR > 5, with a line 𝑃
of 181 km/s. These lines are well-fit by a single Gaussian com-
ponent, with no GB flux detected. The properties of Region 1 are
relatively unaffected when considering instead the BLR quasar
subtracted cube; these are also given in Tables 3 and 4. This re-
gion is spatially offset from the quasar such that no significant
narrow flux from the central region contributes.

Region 2 is the host galaxy of the quasar. For reference, the
ellipse defining this region in Figure 6 has 𝑆 = 1.42′′ = 7.7
kpc, 𝑇 = 0.842′′ = 4.57 kpc and a PA of 0 degrees. By fitting
a 2D Gaussian to the spatial distribution of the [O iii] 𝑀5007
flux in this region, we find this can be best described with a
𝑃𝐿 = 0.11′′ = 0.58 kpc, an axis ratio of 0.86, and a PA of 7
degrees. The GN [O iii] 𝑀𝑀4959, 5007, and H𝑂 lines are detected
with a peak SNR ≥ 4. The model fits a GN H𝑁 component
with peak SNR of 3.4, however from Figure 6 it is clear that
this provides a poor fit to the integrated spectrum, so we do not
characterize this as a significant detection. The brighter [O iii]
𝑀𝑀4959, 5007 lines also exhibit a broader (GB) wing, detected
with peak SNR ≥ 1.3. The GN line is offset from the quasar
at 𝐿 = 6.854 by 23 km/s, with a line 𝑃 of 294 km/s, while the
broader wing is offset by −762 km/s with a large line 𝑃 of 1146
km/s.

As for the host region in DELS J0411−0907, the VDES
J0020−3653 line properties for Region 2 vary significantly when
considering the BLR quasar subtracted cube. The line properties

for the BLR subtracted cube are presented in Table 3, alongside
the N&B subtracted properties, and the integrated spectrum for
Region 2 for the BLR subtraction is also shown in Figure 6. As
for DELS J0411−0907, this central region is coincident with the
quasar, and so this BLR subtracted cube contains the unresolved
narrow line flux from the NLR surrounding the quasar, spread
across the image according to the PSF shape. This can also be
seen in the kinematic maps for this cube, presented in Figures 7
and B.1, which show the bright central emission.

Region 3 is likely a second companion galaxy to the North-
West of the quasar. The ellipse defining this region in Figure 6
is offset 0.77′′ = 4.17 kpc from the quasar centre-to-centre, with
𝑆 = 0.834′′ = 4.53 kpc, 𝑇 = 0.542′′ = 2.94 kpc and a PA of
11 degrees. By fitting a 2D Gaussian to the spatial distribution
of the [O iii] 𝑀5007 flux in this region, we find that this can be
best described with a 𝑃𝐿 = 0.38′′ = 2.06 kpc, an axis ratio of
0.65, and a PA of 12.5 degrees. In this region there are significant
detections of GN [O iii] 𝑀𝑀4959, 5007 and H𝑂 components, with
a marginal detection of H𝑁. The GN line component is offset
from the quasar at 𝐿 = 6.854 by +219 km/s, with a line 𝑃 of 279
km/s. No broader GB component is detected. As for Region 1, the
BLR subtracted cube has consistent results to the N&B quasar-
subtracted cube, as Region 3 is spatially offset enough that the
narrow-line flux from the quasar has negligible contribution.
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Outflow • Ionized outflows in almost all quasars. 


• Carry bulk wind mass???
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Levels of star formation

• [CII] and FIR cont → SFR estimator


• We can constrain the fractions of 
quasar hosts on, above, and below 
the z~6 main sequence. 


• Current cosmological simulations 
managed to produce a number 
galaxies with < 10^10.5 Msun.  
→ Low-luminosity QSOs will be a 
good comparison sample. 


• We can also estimate sSFR, and look 
at correlations with AGN power.  
→ negative correlation → AGN 
feedback?

(d) z = 5.5
(close to z~6)
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Fig.5. (a)(b)(c) Total intensity, velocity field, and the [CII] line spectrum of the z = 7.07 LLQSO
with a broad wing due to a quasar-driven outflow (Izumi+21). The bulk gas dynamics (hence Mdyn)
are constrained with this moderate resolution of 0′′.7. The broad [CII] wing is detected at a sensitivity
of 0.3 mJy (dV = 75 km/s). Hence we will be able to detect this level of outflow in single quasars with
our proposed sensitivity (0.2 mJy, dV = 75 km/s). (d) Example distribution of M! vs SFR for galaxies
(black dots) and quasars (color circles, with medians as blue (luminous) and magenta (LLQSO) lines)
in the SIMBA simulations at z = 5.5, close in cosmic time to our targets. The ALPINE galaxies
(mainly main sequence) are overlaid. (e) JWST F356W image of z ∼ 6.4 LLQSO (Ding+22). After
subtracting the PSF (quasar), the extended host galaxy becomes visible.

of quasar hosts on, above, and below the main sequence, and compare them with expectations
from cosmological simulations (e.g., Habouzit+22). Current cosmological simulations are too small
to make robust predictions of the most massive galaxies at high-z so far observed with ALMA, but
successfully produce large samples with M! ! 1010.5 M" (Fig.5d) that we can compare with our deep
observations. The existence of massive quiescent galaxies at z ∼ 4− 5 (e.g., Carnall+23) suggests that
star formation in some quasar hosts should have already ceased at z ∼ 6. Our 3σ limit on [CII]-based
SFR is ∼ 10 M" yr−1, which is sufficient to find objects well below the main sequence if their hosts are
relatively massive (Fig.5d). We will also derive sSFR = SFR/M! and look at correlations with
AGN power: a negative correlation would indicate that AGNs contribute to the quenching.

(3) Early co-evolution: With 75 LLQSOs (Fig.4) with Mdyn measurement, we will be able to detect
a > 0.3 dex offset of MBH/Mdyn from the canonical z = 0 value with > 99.9% confidence (see § 2-II).
We will determine, for the first time in a statistical manner, whether SMBHs grew in lockstep
with their host galaxies (is the co-evolution relation already in place at cosmic dawn?),
or if one grew significantly faster than the other. As we will also be able to differentiate
among several model predictions (Fig.2) with these statistics, our observational result will be the base
reference in years ahead for testing galaxy/SMBH (co-)evolution models and the underlying physics
(e.g., Marshall+20; Habouzit+22). We will start our analysis using Mdyn directly, but will also try
to estimate M! as Mdyn − MH2. For those quasars which will have JWST data, we can use M! (e.g.,
Ding+22) to directly test this estimate. Black hole masses are already available for 27/37 luminous
quasars and for 32/75 LLQSOs (e.g., Shen+19; Onoue+19; approved JWST programs) in our sample.
The success of this ALMA-LP will define an ideal sample for further NIR spectroscopy (Subaru, VLT,
JWST, etc.) to intensively measure MBH for the remaining objects. Note that some JWST studies find
MBH/M! values of LLQSOs above the local relation (e.g., Übler+23, Harikane+23). It is also intriguing
to assess whether there is a systematically different trend even in LLQSOs, when exploring the MBH/M!

(JWST) and MBH/Mdyn (ALMA). As M! and Mdyn probe different aspects of the host galaxies (past
star-formation history vs gravitational potential) that affect the co-evolution differently, our statistical
measurements of MBH/Mdyn will provide tight constraints on different models in this context as well.

(4) [CII] outflows: We will be sensitive to outflows both in individual objects and in stacking, allowing
us to infer the associated Ṁout (e.g., Veilleux+20). Stacking in bins of M1450 and LFIR (or SFR) will be

5

from TI’s ALMA Cycle 12 proposal
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Wide spread in Star Formation Activity

• Very wide (×100) variation in SFR 
among our HSC quasars. 


• Some are starburst, some are 
MS, and some are going to 
quiescent, already at z~6.


• Progenitor of cQGs at z~4-5??

The Astrophysical Journal Letters, 783:L14 (7pp), 2014 March 1 Straatman et al.
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Figure 2. Observed SEDs of UVJ selected quiescent galaxies. Red datapoints correspond to the FourStar medium-bandwidth filters. The solid curve is the fitted
model from FAST. Downward pointing arrows are 1σ upper limits. Bottom row, middle panel: rest-frame SED of the 15 far-IR undetected galaxies (open symbols),
normalized at rest-frame 4500 Å, with gray symbols corresponding to 1σ upper limits. The solid curve is the median of the best-fit template SEDs. Dashed lines
mark the interquartile range. Bottom row, right panel: four model SEDs with constant star formation or a single stellar population (SSP) and ages from 200 Myr to
1 Gyr. The observed SEDs are characterized by pronounced Balmer/4000 Å breaks, similar to the old post-starburst model.
(A color version of this figure is available in the online journal.)

galaxies exhibit a second break at bluer wavelengths, which is
likely the Lyman break.

As it is difficult to separate the contribution of the Balmer
break and the 4000 Å break from photometry alone, we quantify
the size of the total combined break (Dtot) by estimating the
flux (Fν) ratio at 4000–4100 Å and 3500–3650 Å on the best-fit
models of each galaxy individually, extending the definition of
D4000n (Balogh et al. 1999) to cover the Balmer break as well.
We find the median Dtot = 2.8 ± 0.1, which is in the range
of post-starburst galaxies with suppressed star formation (e.g.,
a τ = 10 Myr model produces Dtot = 3.1 at 500 Myr). In
contrast, unobscured constant star-forming (CSF) models only
reach Dtot = 1.8 at 1 Gyr. Heavily obscured star-forming models
(e.g., 1 Gyr, CSF, Av = 2.5) can also reach quite red Dtot = 2.5,

but are ruled out as they predict very red Ks − [4.5 µm] = 2.0,
whereas the observed SED slopes are bluer.

4.2. Stellar Population Fits

Models with exponentially declining SFRs fit the data well,
with a median χ2

red = 1.3. The median best-fit age of the galaxies
is 0.8 Gyr, the median star formation timescale (τ ) 0.1 Gyr, the
average stellar mass 0.8 × 1011 M#, and the median specific
SFR (SSFR) 2.9 ± 1.8 × 10−11 yr−1.

To test if models with ongoing star formation provide accept-
able fits to the sample, we force τ = 250 Myr, τ = 1 Gyr, or
CSF and refitted the data, finding a median χ2

red,250 Myr = 2.1,
χ2

red,1 Gyr = 6.6, and χ2
red,CSF = 6.6. This shows that models

4

Straatman et al. 2014

or Dynamical mass
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Sawamura et al. in prep
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Wide spread in Star Formation Activity (incl. JWST)

• J2236+0032 (example): log Mstar = 10.6, with little 
star formation (at most a few Msun/yr). 


• [CII] is barely detected (3σ), continuum is not 
detected → Quiescent host galaxy at z~6. 

Onoue et al. 2025

Nature | Vol 621 | 7 September 2023 | 53

Figure 4 shows the two z ≅ 6.4 quasars in the black hole mass– 
stellar mass plane (left panel), as well as the inferred underlying relation 
compared to the local relation (right panel). As is observed in the local 
Universe, the quasar hosting the more massive black hole is hosted by 
the more massive galaxy. To evaluate their location in the black hole 
mass–stellar mass (MBH–M*) plane relative to the local mass relation, 
we carry out a simulation, following ref. 17, that takes into account the 
selection effects for these two quasars in the HSC survey. For this pur-
pose, we combine the quasar flux limits, the estimated black hole mass 
and accretion rate functions at z ≅ 6, as well as uncertainty in our stel-
lar mass estimates to predict the expected MBH for these two quasars, 

under the baseline assumption that the MBH–M* relation does not evolve 
between z = 6.4 and the present. In the left panel, the orange contours 
show the resulting bivariate probability distribution for the location 
of these two quasars, with the measured values overplotted in red. 
Our two z > 6 quasars fall within the probability distribution (orange 
contours) of this simulated z ≅ 6.4 sample and are thus consistent with 
no evolution of the MBH–M* relation from z ≅ 6.4 to z = 0, as shown for 
the inferred underlying relation in the right panel of Fig. 4. With just 
two quasars, the probability distribution of the nominal evolution 
strength is broad as suggested by the width of these uncertainties 
(see also Extended Data Fig. 6 in the Methods). However, continuing 

0

20

40

60

80

F3
56

W

0.5″

Data Model Data: point source Normalized residualNormalized residual

J2236+0032

10–4 10–3 10–2 10–1 –5 0 5

0

20

40

60

80

F1
50

W

0.5″

0

20

40

60

F3
56

W

0.5″

J2255+0251

0

20

40

60

80

F1
50

W

0.5″

Data Model Data: point source Normalized residualNormalized residual

Data Model Data: point source Normalized residualNormalized residual

Data Model Data: point source Normalized residualNormalized residual

10–4 10–3 10–2 10–1 10–4 10–3 10–2 10–1

10–4 10–3 10–2 10–1 –5 0 510–4 10–3 10–2 10–1 10–4 10–3 10–2 10–1

10–4 10–3 10–2 10–1 –5 0 510–4 10–3 10–2 10–1 10–4 10–3 10–2 10–1

10–4 10–3 10–2 10–1 –5 0 510–4 10–3 10–2 10–1 10–4 10–3 10–2 10–1

Fig. 2 | 2D decomposition into quasar and host-galaxy emission. Panels are 
as follows from left to right: quasar image (data), best-fit model (quasar + host 
galaxy), host galaxy only (data − model quasar point-source component)  
and normalized residual image: that is, (data − model)/σ, where σ is the flux 

uncertainty of each pixel. The target name is above each row of panels and  
the filter is indicated on the left. The alignment of the NIRSpec slit (0.2 × 0.6″)  
is shown in the left panel of the F356W image for each target. Pixel units are 
megajansky per steradian. A scale bar of 0.5″ corresponds to 2.8 kpc at z ≅ 6.4.

Ding et al. 2023
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3. Mergers of galaxies
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HSC Discovery of a z = 6.05 Pair System (very faint!)

4 Matsuoka et al.

Figure 1. Top: three-color (HSC r, i, and z-band) composite image around the AGN pair (the two reddest sources at the
center). The dashed box represents the FOCAS slit used for spectroscopy. The image size is approximately 90′′× 25′′. North
is up and East to the left. Bottom: two-dimensional FOCAS spectrum around the AGN pair.

Figure 2. Extracted FOCAS spectra of the West (top) and
East (middle) galaxies, along with a sky spectrum, as a guide
to the expected noise (bottom). Reconsider slit-loss correc-
tion of comp-B!

fied following Kurk et al. (2007)), and Gaussian profiles
to represent the C IV λ1549, C III] λ1909, and Mg II

λ2800 emission lines. Each emission line was modeled
with a single Gaussian, given the limited signal-to-noise
ratio (S/N) of the spectrum. The fitting was performed
in the rest-frame wavelength range from λrest = 1450 Å
to 3000 Å, which contains the three emission lines listed
above2. All model components were fitted simultane-
ously to the data via χ2 minimization, which provided

2 We did not include in the fitting the spectral region around Si IV
λ1400, which is affected by the low atmospheric transmission and
possibly by broad absorption lines (BALs; see below).

Figure 3. Zoom-up FOCAS spectra of the the West (black)
and East (blue) galaxies around Ly α and N V λ1240.

Figure 4. FOCAS z-band (left) and y-band (right) images
around the two galaxies. North is up and East to the left.
The scale bar at the bottom left corner of each panel repre-
sents 1′′.

HSC r, i, z-band composite

~2”

• We discovered a pair system (separation ~ 2”) by using the Subaru/HSC-SSP survey data. 
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• Highest-z quasar-quasar pair known to 
date. 


• The Lyα line is bright and broad 
(indicator of AGN) in both A and B. We 
also see a hint of NV line.   

• Very faint (M1450 = -23.1 and -22.7 mag).  
 → ~100× fainter than SDSS quasars

A

B

4 Matsuoka et al.

Figure 1. Top: three-color (HSC r, i, and z-band) composite image around the AGN pair (the two reddest sources at the
center). The dashed box represents the FOCAS slit used for spectroscopy. The image size is approximately 90′′× 25′′. North
is up and East to the left. Bottom: two-dimensional FOCAS spectrum around the AGN pair.

Figure 2. Extracted FOCAS spectra of the West (top) and
East (middle) galaxies, along with a sky spectrum, as a guide
to the expected noise (bottom). Reconsider slit-loss correc-
tion of comp-B!

fied following Kurk et al. (2007)), and Gaussian profiles
to represent the C IV λ1549, C III] λ1909, and Mg II

λ2800 emission lines. Each emission line was modeled
with a single Gaussian, given the limited signal-to-noise
ratio (S/N) of the spectrum. The fitting was performed
in the rest-frame wavelength range from λrest = 1450 Å
to 3000 Å, which contains the three emission lines listed
above2. All model components were fitted simultane-
ously to the data via χ2 minimization, which provided

2 We did not include in the fitting the spectral region around Si IV
λ1400, which is affected by the low atmospheric transmission and
possibly by broad absorption lines (BALs; see below).

Figure 3. Zoom-up FOCAS spectra of the the West (black)
and East (blue) galaxies around Ly α and N V λ1240.

Figure 4. FOCAS z-band (left) and y-band (right) images
around the two galaxies. North is up and East to the left.
The scale bar at the bottom left corner of each panel repre-
sents 1′′.

interaction
FOCAS slit

A
B
~2”~12 kpc

z-band

Subaru/FOCAS

C1C2

C2

C1

Matsuoka et al. 2024

HSC Discovery of a z = 6.05 Pair System (very faint!)

It is clear from Figure 2 (upper panels) that the Lyα profile
has a relatively broad component in both sources, with a narrow
core component seen only in C1. We fit two Gaussians and one
Gaussian to the C1 and C2 spectra redward of the line peak,
respectively, as displayed in Figure 2 (lower panels). The local
continuum emission was estimated at λobs= 8694–8738Å,
where strong lines from the targets and the sky are absent, and

was subtracted before the model fitting. We found that the broad
Lyα components of the two sources have similar widths,
vFWHM= 1450± 170 km s−1 (C1) and 1290± 60 km s−1 (C2).
Luminosity and other line properties from the best-fit models are
reported in Table 1.
While the redshift was fixed to zLyα= 6.053 during the

model fitting, adopting alternative values does not change our

Figure 2. Upper panels: FOCAS spectra of C1 (top) and C2 (middle) created by stacking all available data, along with a sky spectrum as a guide to the expected noise
(bottom). The dotted lines represent the expected positions of Lyα and N V λ1240 emission lines, as well as interstellar absorption lines of Si II λ1260, Si II λ1304,
and C II λ1335, given the redshift of zLyα = 6.053. An unidentified line at λobs = 9082 Å in C1 (see the main text) is marked by an arrow. Lower panels: continuum
subtracted spectra of C1 (left) and C2 (right) around Lyα. The thick red lines represent the best-fit models, while the thin red lines (only in C1) represent their broad
and narrow components. The spectral window used for the fitting (λobs = 8576–8615 Å) is shown by the vertical dashed lines. The gray shaded area marks the
wavelength range affected by strong sky emission. The spectra in both upper and lower panels were smoothed using inverse-variance-weighted means over 3 pixels,
for display purposes.
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[CII] on the HSC z-band map
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ALMA follow-up ([CII] + FIR cont.)

(c) C1 Bridge C2

Hopkins et al. 2008

• Very clear interaction. 

• Spatial/velocity offset between C2 

and the local [CII] maximum  
→ Offset-AGN (kicked-out)? 


• One of the [CII]-brightest galaxies  
 (L[CII] ~6 × 10^9 Lsun) at z > 6  
→ MH2 ~ 10^11 Msun (!) 


• Will be a super-bright quasar!

[CII] + Lyα PVD
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High resolution, deep, multi-wavelength observation is the key

• Carefully considered observations are necessary to probe 
the prevalence of mergers in high-z quasars. 


• …and for a proper comparison with normal galaxies! 
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[OIII]�5007 Flux Map

Fig. 6. Top: The [O ���] _5007 flux map for VDES J0020�3653 after N&B quasar subtraction, with three regions of interest marked. Bottom: The
integrated spectrum for the three regions (coloured lines), along with our best fit model in black. The middle panel, for Region 2, also shows the
integrated spectra from the BLR quasar subtraction, in cyan, with the best fit model in grey. This region is the host of the quasar (position marked
as a cyan cross in the top panel), and so the residual spectrum in this region depends heavily on the type of quasar subtraction. In Regions 1 and 3,
the spectral lines can be described by a single narrow Gaussian (GN), whereas in Region 2 there is also a broader component which we fit with a
second Gaussian (GB); these separate components can be seen as the dashed black lines for the N&B quasar subtraction, and dotted grey lines for
the BLR quasar subtraction.

3.2.2. Limits on Star Formation Rates and Excitation

Mechanisms

Using our integrated spectrum for each region, we estimate the
SFR using the GN HU line flux. Assuming no extinction, a solar
abundance, and a Salpeter IMF, the SFR can be estimated as:

SFR = 7.9 ⇥ 10�42 !HU

(erg/s)M�/yr (6)

(Kennicutt 1998). We use this equation to calculate the SFR for
each of the regions in which HU is detected. The resulting SFRs
for DELS J0411�0907 and VDES J0020�3653 are given in Table
4.

This equation assumes that all of the HU emission is from
star formation; for our host galaxies, however, we note that even
for our N&B quasar subtracted cubes we expect some AGN-
photoionized narrow line flux to contribute. The N&B quasar
subtraction removes all of the GN component that is emitted from

the central unresolved region surrounding the quasar, although
spatially resolved GN flux from both the NLR and star-formation
remains. Thus, while the N&B quasar subtracted cubes provide
the most accurate measurement of the SFRs of our emission-line
regions, in comparison to the BLR subtracted cubes, for our host
components these are upper limits. For comparison, we also in-
clude the SFRs calculated using the BLR quasar subtracted cube
in Table 4, which includes all quasar NLR emission, showing
the significant improvement that the narrow-line quasar subtrac-
tion has on being able to measure host galaxy properties. For
DELS J0411�0907, the host SFR measured from the N&B sub-
traction is < 39.3M�/yr, whereas the BLR subtraction can only
constrain the SFR to < 380M�/yr, a much larger upper limit.
The host galaxy of VDES J0020�3653 has SFR constraints of
< 205M�/yr from the N&B subtraction and < 226M�/yr from
the BLR subtraction.
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Summary

Exploration of lower-luminosity, less-biased quasars is on-going. 


No redshift-evolution of the co-evolution relation is suggested (although there are some non-
trivial assumptions). 


AGN-driven outflows are NOT so frequently detected in cold gas emission, except for OH 
absorption. But ionized outflows are prevalent. More advanced assessment of physical 
properties will be required. 


There is a wide spread in SFR. Some are starburst, some are normal, and some are 
quiescent already at z > 6. 


Mergers of galaxies are re-assessed. We need careful design of observations. Statistical 
comparison with normal galaxies will be a next step. 


Other topic: dust obscured, earlier phase AGN should be studied in detail. 


