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Abstract

We report the distribution of black hole (BH) masses and Eddingont ratios estimated for a sample of 131 low
luminosity quasars in the early cosmic epoch (5.6 < z < 7.0). Our work is based on the Subaru High-z Exploration
of Low-Luminosity Quasars (SHELLQs) project, which has constructed a low luminosity quasar sample down to
M 450 ~ — 21 mag, exploiting the survey data of Hyper Suprime-Cam installed on Subaru Telescope. The
discovery spectra of these quasars are limited to the rest-frame wavelengths of ~1200-1400 A, which contain no
emission lines that can be used as BH mass estimators. In order to overcome this problem, we made use of low-z
counterpart spectra from the Sloan Digital Sky Survey, which are spectrally matched to the high-z spectra in
overlapping wavelengths. We then combined the C IV emission line widths of the counterparts with the continuum
luminosity from the SHELLQs data to estimate BH masses. The resulting BH mass distribution has a range of

~10"7'°M., with most of the quasars having BH masses ~10*M_, with sub-Eddington accretion. The present study
prov1des not only a new insight into normal quasars in the reionization epoch, but also a new promising way to
estimate BH masses of high-z quasars without near-infrared spectroscopy.

Unified Astronomy Thesaurus concepts: Quasars (1319); Supermassive black holes (1663); Reionization (1383)

1. Introduction many quasars discovered in the early Universe, it is unclear
how such massive objects at the center of galaxies form and

. . . grow; the SMBHs in the most luminous high-z quasars have
to understanding the evolution of supermassive black holes 9 . : .

SMBH d their h laxi 1 h hani ¢ masses of Mgy > 10” M, in a short time (<1 Gyr) from the Big
( ) and their host galaxies, as well as the mechanism o Ban% For reference, the time needed for a BH with a mass of
mass accretion and quasar radiation in the early Universe. <10 Mq to build up an SMBH with 10°M_, is at least 1 Gyr
High-z quasar surveys have been carried out over the past two assuming Eddington-limited accretion (see a recent review by
degades with de;ep and wide-field observations, mainly in the Inayoshi et al. 2020). No theoretical models that can fully
optlgal to near-infrared (NIR) wavelengths. Now, the number explain this very early formation and growth have been
of high-z quasar samples has reached more than 300 (Fan et al. established yet, but there are a few candidates attracting support
2000, 2003, 2004; Willott et al. 2005; Fan et al. 2006; Willott (e.g., Volonteri 2012; Haiman 2013). The first one assumes that
et al. 2007; Jiang et al. 2008, 2009; Willott et al. the progenitors are the remnants of Population III stars with a
2009, 2010a, 2010b; Mortlock et al. 2011; Venemans et al. mass of a few 10-100 M,, which collapse into BH seeds and

Measuring BH masses of high-z (z 2 6) quasars is essential

2013; Bafiados et al. 2014; Jiang et al. 2015; Reed et al. 2015;
Venemans et al. 2015; Bafiados et al. 2016; Mazzucchelli et al.
2017; Reed et al. 2017; Wang et al. 2017, 2018; Reed et al.
2019; Wang et al. 2019; Yang et al. 2019; Fan et al. 2023)
including the most distant quasars known at z > 7.5 (Bafiados
et al. 2018; Yang et al. 2020; Wang et al. 2021). Despite the
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then grow very efficiently to Mgy~ 10° M., (e.g., Loeb &
Rasio 1994; Oh & Haiman 2002; Bromm & Loeb 2003;
Volonteri & Rees 2005; Begelman et al. 2006; Lodato &
Natarajan 2006; Inayoshi et al. 2014; Regan et al. 2014;
Becerra et al. 2015; Latif et al. 2016). The second one is the
dense star cluster scenario; a dense star cluster forms when
locally unstable gas flows toward the galaxy center, then the
stars merge into a very massive star and finally collapse to a
BH with a few thousand solar masses (e.g., Portegies Zwart
et al. 2004; Omukai et al. 2008; Devecchi & Volonteri 2009).
The third one is the direct collapse scenario, which starts from a
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supermassive star formed within the globally unstable galactic
gas disks and leaves heavy BH seeds with up to ~1 million
solar masses (e.g., Begelman et al. 2006; Agarwal et al. 2012).
Once formed, those seeds grow in mass via gas accretion and
mergers through the hierarchical structure formation and could
produce observed high-z quasars.

In order to disentangle the above different models, we first
need to obtain the distributions of BH mass and Eddington ratio
to quantify SMBH assembly in the early cosmic epoch. Shen
et al. (2019; S19) have reported the properties of 50 quasars at
z2>5.7 based on NIR spectra collected with the Gemini
telescope. The S19 sample has the BH mass range of
~10%"°[M_] with an average Eddington ratio of 0.3, and no
quasars have hypermassive SMBH (Mgy; > 10'° M) or super-
Eddington (Aggqq > 1) accretion. Their sample has similar UV
spectral properties to a low-z luminosity-matched sample, both
in the emission line profile and continuum. Yang et al. (2021;
Y21) have further studied the Myy distribution of 37 quasars at
6.30 < z<7.64. The spectra were obtained with the Keck,
Gemini, VLT, and Magellan telescopes. Most of their sample
host massive SMBHs, which span the mass range of
Mgy ~ (0.3-3.6) x 109M®, resulting in the predicted seeds
masses larger than 103_4M@ on the assumption of continuous
Eddington accretion since z=30. The FeII/MgII flux ratios
are comparable to low-z values and thus suggest a metal-rich
environment.

However, the previous high-z quasar studies are limited to
the most luminous quasars with bolometric luminosity (Lye)
>10% ergs~!. We are currently carrying out a quasar survey
project based on the Hyper Suprime-Cam (HSC) Subaru
Strategic Program (SSP), a deep and wide-field survey with
five broadband filters (g, r, i, z, y) plus narrowband filters
(Aihara et al. 2018; Miyazaki et al. 2018). The HSC-SSP
survey has three layers (Wide, Deep, and UltraDeep) with
different combinations of area and depth. The Wide layer
covers 1200 deg® while the UltraDeep layer has a depth of
rap ~ 28 mag. Based on this survey, our team, the Subaru
High-z Exploration of Low-Luminosity Quasars (SHELLQs)
project, has constructed a sample of 162 low-luminosity
quasars at z~ 6-7 (Matsuoka et al. 2016, 2018a, 2019a,
2019b, 2022) with the most distant object at z=7.07
(Matsuoka et al. 2019a). The luminosity range of the
SHELLQs sample reaches about 2 orders of magnitude down
the previous high-z quasars sample, i.e., Mi450 < — 21 mag.
This low-luminosity sample is expected to include low-mass
SMBHs at such high redshift. On the other hand, due to their
faintness, most of the SHELLQs quasars are not detected in
public near-IR surveys.

Onoue et al. (2019) present the measurements of Mg II-based
BH mass of six relatively luminous (M50 < —24 mag)
SHELLQs quasars (three quasars also have measurements of
C1v-based BH masses), based on NIR follow-up spectroscopy.
They found a wide black hole mass range of Mpy=
107'6_9'3M@ and the Eddington ratio (Agqq = Lpo1/LEqq, Where
Lgqq is Eddington luminosity) range of Aggq =0.1-1.0, but
most black holes have masses of ~10°M_, and accrete with
sub-Eddington ratios. It is difficult to reproduce the observed
BH masses by keeping the observed sub-Eddington growth, so
it implies much more active growth in the past. Thus, we may
be witnessing their activity transition phase, changing from the
active to quiescent mode. Izumi et al. (2018, 2019, 2021a,
2021b) carried out Atacama Large Millimeter/submillimeter
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Array (ALMA) observations of nine SHELLQs quasars and
detected [C IT] (158 pm) emission line and infrared continuum.
They show that the host galaxies of the SHELLQs sample are
close to the main sequence of coeval star-forming galaxies
when they used ALMA dynamical mass as a surrogate for
stellar mass, in contrast to more luminous high-z quasars. The
SMBH-host dynamical mass relation in the SHELLQs sample
is close to the local SMBH-stellar mass relation, which may
suggest that the coevolution is already in place at z ~ 6. This is
in clear contrast to luminous z ~ 6 quasars, whose BH masses
are above the local relation.

This is the 17th paper from the SHELLQs project and is the
first to present BH masses for a significant fraction of our
sample. In this work, we tried to estimate their BH masses by
comparing their spectra with a massive sample of low-z quasar
spectra. It also provides a new way to estimate the BH mass of
high-z quasars with reasonable accuracy, making it possible to
discuss the evolutionary stage of the high-z low-luminosity
quasars.

This paper is organized as follows. We describe the data and
the method to get “low-z spectral counterparts” in Section 2.
The main results are presented in Section 3. The growth history
of our sample and some other spectral properties are discussed
in Section 4. We adopt the cosmological parameters
Hy=70kms 'Mpc ', Q,,=0.3, and Q) =0.7. All magni-
tudes in the optical and NIR bands are presented in the AB
system (Oke & Gunn 1983).

2. Data and Analysis

We exploit a huge sample of low-z quasars and extract a
“counterpart” to each of the SHELLQs quasars with the
following two assumptions. First, we assume that there are
correlations between the spectral shape at A ~ 1200-1400 A,
where A\ is the rest-frame wavelength (observed by
SHELLQs project), and that at the longer wavelengths, which
contain BH mass tracers, such as C v, Mg 11, and HG emission
lines. The second assumption is that there exists one or more
quasars in the low-z Universe that share the spectral shapes
with the high-z quasars.

We analyze 139 type-1 quasars at 5.66 < z << 7.07 with rest-
ultraviolet (rest-UV) absolute magnitudes M 50~ —26t0
— 21 mag (median of —24 mag), constructed by the SHELLQs
project. Their spectra have been obtained by two instruments: Faint
Object Camera and Spectrograph (FOCAS; Kashikawa et al. 2002)
installed on the Subaru Telescope and the Optical System for
Imaging and low Intermediate Resolution Integrated Spectroscopy
(OSIRIS; Cepa et al. 2000) installed on the Gran Telescope
CANARIAS (GTC). The two spectrographs provide spectral
coverage of A\gps =0.75-1.05 um and 0.74—1.0 pum (where Aops iS
observed-frame wavelength), respectively. The spectral resolution
(R) ~1500and 1200, respectively. Our discovery spectra cover
only a small portion of the restUV wavelength at Ay~
1200-1400 A, and thus do not include emission lines to derive
black hole masses, e.g., CIV and Mgl lines.

We have used the Sloan Digital Sky Survey (SDSS) Data
Release 14 (DR14) quasar catalog (Paris et al. 2018) as a low-z
quasar sample to extract the counterpart spectra. The catalog
contains ~520,000 quasars discovered over a quarter of the all-
sky (~10000 deg?) observed through SDSS-I/II/II/IV with
various selections. For example, the targets of SDSS-IV were
selected by multiple selection algorithms using X-ray,
optical, infrared, and radio data. X-ray sources were observed
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in SDSS-IV/SPIDERS (SPectroscopic IDentification of ERo-
sita Sources). On the other hand, SDSS-IV/eBOSS selected
targets based on three imaging data: SDSS, Wide-field Infrared
Survey Explorer (WISE: Wright et al. 2010), and the Palomar
Transient Factory (PTF; Rau et al. 2009; Law et al. 2009).
Quasar candidates for the SDSS-IV/eBOSS CORE sample
were selected with morphological requirements and optical and
WISE color cuts based on the XDQSOz method (Bovy et al.
2012). At higher redshift (z >2.1), candidates were selected
using their PTF photometric variability. In addition, known
quasars that have low-quality spectra in SDSS-III/BOSS were
reobserved in SDSS-IV. SDSS-IV/eBOSS also selected
candidates from sources within 1” of a radio detection in the
FIRST point source catalog (Becker et al. 1995), and also
selected “time domain spectroscopic survey” targets in the g, r,
and i bands using the SDSS-DRY imaging data (Ahn et al.
2012) and the multiepoch Pan-STARRS (PS1) photometry
(Kaiser et al. 2002, 2010). The SDSS-IV targets were observed
by the eBOSS spectrographs, whose resolution varies from
~1300 at 0.36 pum to 2500 at 1.0 pm (Smee et al. 2013), in a
series of at least three 15 minute exposures. Since the
SHELLQs quasars are likely a mixture of radio-loud and quiet
quasars, we did not remove radio-loud quasars from the SDSS
sample when selecting counterparts. We also did not remove
BAL quasars from SDSS, since the SHELLQs sample clearly
includes BAL quasars (see below).

The redshift and rest-UV magnitude ranges of the SDSS
sample are 0 < z < 5 and M;[z=2] < —20.5 mag, where
M;[z = 2] represents i-band absolute magnitude at z=2. We
selected the sample with the flag “ZWARNING==0" and
removed quasars that have “LOG_LYA = —999.0.” 100,888
quasars at 2.5 <z < 5.0 remain with the above criteria as a
parent sample of counterparts in this work; the lower redshift
cut was incorporated to include Lyc, which is the only
characteristic emission line among the obtained spectra of the
SHELLQs sample. Most of these low-z quasars are at
7~ 2.5-3.0 and thus, we used their CIV lines to estimate the
BH mass of SHELLQs quasars.

2.1. Extraction of “Low-z Counterparts”

We performed spectral fitting in g ~ 1200—1400 A between a
SHELLQs quasar and the low-z sample via x* — fitting,

(fSHELLQs _ Af.SDSS)2

XZ — Zl i 02 i (1)

fSHELLQs fSDSS

where i represents the flux data points, and f; are
the SHELLQs flux density and the SDSS flux density,
respectively. A is a free parameter. The flux errors of the
low-z quasars are much smaller than those of the SHELLQs
quasars, and thus we considered only the errors of the latter
spectra as o; in Equation (1). Ideally, we should select a
counterpart with similar luminosity to each of the SHELLQs
quasars, but this is practically impossible since the SHELLQs
quasars are significantly less luminous than the SDSS quasars
at z > 2.5. We also tried to vary redshift as a free parameter, but
it does not improve the results, and the additional flexibility
sometimes leads to catastrophic fits. Redshifts are therefore
treated as the fixed values.

We extract the SDSS quasar with the most similar shape to
each SHELLQs quasar. We performed Y> — fitting at the
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redward of the Lya emission line since the bluer part is
severely affected by the intergalactic medium (IGM) absorption
for the hlgh -z quasars. Figure 1 shows examples of the fitting
results.'* The spectral shapes of the low-z counterparts are
indeed very similar to the features of the SHELLQs quasar
spectra, not only in emission but also in absorption features;
this is evident particularly in, e.g., J2216—0016, J1205—0000,
J12014-0133. As we will see below, the counterpart spectra
have proven to reproduce the actual spectra, even at the longer
wavelengths, for a limited number of objects whose NIR
spectra are already available. This means that the Lya and
other spectral features in 1200- 14OOA are indeed correlated
with the spectral shape at > 1400 A , which includes the BH
mass tracers.

2.2. How to Measure BH Masses

We estimate SMBH mass with a single-epoch method based
on the virial relation, using the calibration relation

= A + Blog _Ma

M@ 10%erg™!

FWHM !
km s

log

+ 2log )

where FWHM is of the COIV line, and AL, is the monochro-
matic luminosity at 1350 A, radiated from the accretion disk.
This equation is based on the tight relation between the radius
of the line-emitting region and the continuum luminosity seen
in the local Universe (e.g., Kaspi et al. 2005). We adopt (A, B)
=(0.66, 0.53) following Vestergaard & Peterson (2006, VP06).

We used the observed luminosity of each SHELLQs quasar
to calculate AL, calculated from M50 assuming a power-law
continuum slope of —1.5. The C IV line widths were measured
from the counterpart quasars, as follows. We first subtracted the
continuum emission estimated at both sides of the emission
line. Next, we masked broad absorption features identified
visually and removed outlying flux data points with sigma
clipping. Finally, we fitted C IV emission lines by varying the
scaling factor, central wavelength, and width of single or
two Gaussian profiles. The fitting wavelength range is
1450-1650 A. The line FWHMs were measured with those
best-fit models. The uncertainties were measured with 1000
mock spectra for each counterpart generated by adding random
noise to each spectral pixel based on the observed noise
vectors. Figure 2 shows examples of our fitting results. We
visually inspected all the fitted spectra and excluded eight
quasars with poor fits, likely due to large flux errors and/or
strong absorption features, from the BH mass estimates
presented below. Once we estimate BH mass, the Eddington
ratios are straightforward to measure. We derive the bolometric
luminosity (Lyo) With Lo =3.81 X L1350 (Richards et al.
2006), where L350 is a monochromatic luminosity at 1350 A.
In reality the bolometric correction varies from one object to
another, so we must keep in mind that this simple scaling from
L350 gives rise to additional uncertainty in the bolometric
luminosity and Eddington ratio.

We also tested obtaining 10 counterparts (with the smallest
reduced-x* values) and estimating BH mass as the median of
the 10 measurements for each SHELLQs quasar. The

14 Fitting results of all the 139 quasars are presented at https://cosmos.phys.
sci.ehime-u.ac.jp/ ~takahashi/figures /spec.pdf.
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Figure 1. Example of the spectral fitting between SHELLQs quasars (gray solid line) and their low-z counterparts from SDSS (red solid line). The dashed lines mark

the expected positions of Lya, NV, and C IV emission lines.

comparison between this 10 counterparts case with our default
case (one counterpart with the least reduced-y?) is shown in
Figure 3. Overall, the two sets of measurements are consistent
with each other. For simplicity and limited computing
resources, we use the one counterpart case in the following
analysis and discussions.

2.3. Uncertainty of C IV-based BH Measurement

C1V is one of the most prominent broad-line region emission
lines commonly used as BH mass estimators for z > 2 quasars.
However, it frequently has asymmetric profiles, broad absorp-
tions at the blue sides of their peaks, and /or blueshift in the
line centroid, which are in clear contrast to lower ionization
lines such as HG and Mgll (e.g., Gaskell 1982; Tytler &
Fan 1992; Sulentic et al. 2000; Richards et al. 2011; Brotherton
et al. 2015). Such features suggest that CIV is more severely
affected than other lines by nonvirial gas motion, which would
also depend on the viewing angle. The fiducial recipes of BH

mass estimates summarized in Shen et al. (2011) are known to
have substantial systematic uncertainty of ~0.4 dex, estimated
from the differences among different broad-line estimators,
such as CIV and MgIL. This systematic uncertainty is often
larger than the measurement uncertainty of spectral fits. In
contrast, Mg1I line widths are well correlated with those of
Hg, and these two low-ionization line estimators usually give
consistent virial masses (e.g., McLure & Dunlop 2004;
Salviander et al. 2007). Shen et al. (2008) compiled BH
masses of ~60,000 quasars in the redshift range 0.1 <z <4.5
based on the HB, Mgll, and CIV emission lines. Within their
sample, the Mgl and HG based BH masses are on average
consistent with the CIV estimates. However, they found a
systematic offset between the CIv and Mg Il BH masses. The
offset correlates with the blueshift of CIV relative to MgIl,
which suggests that the C IV line is more severely affected by a
disk wind. Particularly in high-luminosity quasars, CIV has
been presumed to be a non-ideal line to measure BH masses,
while it is the only line that can be used to estimate BH masses
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Figure 2. The best-fit models of continuum-subtracted spectra around the C 1V lines. Black solid lines show the observed flux data, and gray shaded areas represent the
masked region. The best-fit Gaussian profiles are in red, and FWHMs are in green. Black dashed lines represent the theoretical peak wavelength of 1549 A.

at high redshifts (e.g., Baskin & Laor 2005; Shen 2013;
Coatman et al. 2017). On the other hand, Onoue et al. (2019)
compared the Mg II- and C IV-based BH masses of three high-z
low-luminosity quasars and found that the two estimates show
good agreement with each other. This may indicate that the
C 1V emitting region of lower-luminosity quasars may be less
affected by gas outflows, which may be weaker. In what
follows, we assume that the BH mass distributions presented
below are not subject to strong systematic uncertainties while
keeping all the above facts in mind. We also tested the BH
mass calibration that takes into account and corrects for the
effect of C IV blueshift component, presented by Coatman et al.
(2017). This calibration was empirically established from
230 high-luminosity (Lpo ~ 10#5-7483 erg sh quasars at
1.5 <z<4.0, which covers both the hydrogen Balmer
emission lines and the CIV emission lines. We found little
change in the estimated BH masses, and thus confirmed that the
conclusions of this paper remain unchanged with this
alternative calibration.

2.4. Consistency of Our BH Mass Estimates with Direct
Measurements

Here, we compare our BH mass estimates with those based
on the direct spectral measurements provided by Onoue et al.
(2019, 0O19). O19 collected NIR spectra of six SHELLQs
quasars at 6.1 < z < 6.7 and with M 450 < — 24 mag, which is a
practical limit to obtain reasonable emission line measurements
with, say, less than 10 hr with an 8 m class telescope on the
ground. Specifically, O19 observed the six quasars with Very
Large Telescope/X-Shooter and Gemini-N/GNIRS, with the
spectral resolution of R~ 5000-7000 and R ~ 500-800,
respectively. The resultant Mgl (A\2798) based BH masses
are in the range of Mgy = 107%"M_, with the Eddington ratio
of Lyo1/Lgaa =0.16-1.1, while most of the quasars have
Mgy ~ 10°M_, with sub-Eddington accretion. Three quasars
in the O19 sample also have Mpy estimates based on CIV
emission lines. In addition, nine more quasars from the
SHELLQs sample have the observed NIR spectra to measure
BH masses (M. Onoue et al. 2023, in preparation).
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Figure 3. Comparison of BH masses measured from one counterpart that has
the smallest reduced—x2 (in the vertical axis) with those measured from 10
counterparts (in the horizontal axis). The horizontal error bars represent lo
scatter of the 10 counterparts.

Figure 4 shows comparisons of the continuum luminosities,
line widths (FWHM), and BH masses between the direct
spectral measurements (horizontal axis) and the present work
based on the low-z counterparts (vertical axis). In addition to
the CIV-based measurements, we include Mg II-based mea-
surements in this comparison; the counterparts for the latter
have been newly selected from SDSS in a limited redshift range
(2.1 < z<2.5) where both Lya and Mgl are covered by the
SDSS spectroscopy, and the BH masses have been estimated
from their Mg I in exactly the same way as we did based on
C1v. These comparisons suggest that our method of estimating
Mgy via low-z counterparts works well with reasonable
accuracy. While there are a modest amount of scatters in the
plotted quantities, the BH masses from the two methods are
consistent with each other within ~0.3 dex, which is
comparable to the typical systematic uncertainty expected in
the single-epoch mass estimates.

Figure 5 represents the spectral comparisons of the three
quasars and their counterparts with C IV-based Mgy (i.e., those
corresponding to the dots in Figure 4). While there is a good
overall agreement between the two sets of spectra, we observed
offsets in CIV peak wavelengths of J11524-0055 and J2239
40207 from the expected positions. This may be caused by
uncertainty in the redshift of the SHELLQs quasars, which
have been determined from the Ly line affected severely by
the IGM absorption.

Since [C II] redshifts are available for the above three quasars
from SHELLQs ALMA observations (Izumi et al. 2018, 2019),
we tested to use the more accurate redshift to convert observed
spectra into the rest frame and investigate how the redshift
uncertainly affects the accuracy of this counterpart method. The
counterparts and thus BH mass estimates of two out of the three
quasars have changed from the case with Ly« redshift, as
shown in Figure 6 (see Figure 7 for the updated spectral
comparison similar to Figure 5). We observe almost perfect
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agreement between the two sets of measurements in this case,
demonstrating the potential power of the present method.
However, counterparts with Lya redshifts (the only redshift
estimates available for the majority of the SHELLQs quasars)
still provide reasonable BH mass estimates with ~0.2 dex
difference from the [CII] redshift cases, and such a small
difference does not affect the conclusion of this paper. Having
said that, we stress that future follow-up observations of those
quasars to measure more accurate redshifts, with [CII], Mg I,
and/or other emission lines, will significantly enhance the
usefulness of this unique high-z quasar sample for various
topics.

As an additional test of the present method, we randomly
selected 100 quasars from z ~ 2 to 3 SDSS samples and cut out
their spectra in the range of Ay = 1200-1400 A, and then
obtained their counterparts from the remaining SDSS quasars
in exactly the same way as we did for the SHELLQs quasars.
Figure 8 compares BH masses based on direct measurements
from C 1V lines contained in the original 100 spectra and those
based on the counterpart method. We found a broad agreement
between the two measurements, with the systematic offset and
standard deviation of 0.09 dex and 0.23 dex, respectively; these
results show a good correlation even on the high-mass side.

We further tested our method with luminous quasars taken
from the XQ-100 sample. This sample was constructed based
on the European Southern Observatory Large Programme
(program code 189.A-0424) “Quasars and their absorption
lines: a legacy survey of the high-redshift Universe with Very
Large Telescope (VLT)/X-shooter.” The XQ-100 survey
produced high-resolution (R ~ 4000-7000) spectra of 100
quasars at redshift >~ 3.5-4.5 covering Lya and C 1V emission
lines (L6pez et al. 2016). The median absolute magnitude is
Mi450 = —29.6 £0.017 and the median bolometric luminosity
is Lpo = (8.0 £0.13) x 10erg s™'. We measured their BH
mass using C IV lines with the VP06 calibration and calculated
their uncertainties based on the Markov Chain Monte Carlo
(MCMC) method with 100 mock spectra. At the same time, we
estimated their BH mass with the counterpart method using the
SDSS spectra. The comparison between the two measurements
is shown in Figure 9. We found a reasonable agreement again,
with the systematic offset and standard deviation of 0.13 dex
and 0.22 dex, respectively. Overall, we found that our new
method provides a reasonable accuracy of BH mass estimates
for high-z quasars, whose near-IR spectra are not easy to
obtain, especially for those with low luminosities.

3. BH Mass Distribution of High-z Low-luminosity Quasars

We show the relationship between the BH masses and
bolometric luminosity of the SHELLQs sample in Figure 10.
Single-epoch estimates of BH masses for high-z quasars, based
on calibrations established at lower redshift, are known to have
large systematic uncertainties, whose typical value of 0.5 dex is
indicated at the lower right of the figure. Our high-z and other
samples positively correlate in this parameter space. The
estimated BH masses and the bolometric luminosities span a
wide range of Mgy ~ 10"'° M, and ~10***"Cergs™!, with
the median values of ~10%°M_ and ~10**'ergs™', respec-
tively. For comparison, we also plot the quasar sample at lower
redshift, SDSS DR14 quasars with BH masses estimated using
either C 1V, Mg 11, or H 3 depending on redshift in Rakshit et al.
(2020). The BH masses of the luminous S19 sample at z~ 6
are based on either CIV or MgIl and populate the range
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Figure 6. Same as Figure 4 (bottom), but for C IV-based BH mass estimates
with Ly« redshifts (open circles) and with [C 11] redshifts (dots).

between 10°7'° M., except for one quasar at >10'""M,, with
poor spectral fit. Our BH mass and Eddington ratio are lower
on average by ~1 dex and ~0.15, respectively, than those in
the S19 sample. On the other hand, Willott et al. (2010a; W10)
reported Mg II-based BH masses of nine high-z quasars with
relatively low luminosity (My450 < —24.3 mag). They have
Mgy ~ 1087'°M . with sub-Eddington to Eddington accretion.
The median BH masses of W10 are not so different from our
BH masses, but the median Eddington ratio is about seven
times higher than our sample. Sub-Eddington accreted quasars
dominate our sample, representing the unprecedented depth of
our survey. Figure 11 presents a histogram of Eddington
ratios in the three sample, clearly showing the dominance of
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Figure 8. Comparison of BH masses between direct measurements and
counterpart estimates for a randomly selected sample of 100 SDSS quasars
at z ~ 2-3.

sub-Eddington accretors in the SHELLQs quasars. This is
consistent with the prediction from a semianalytic model of
galaxy formation reported by Shirakata et al. (2019). They
calculated the Eddington ratio distributions of SMBHs with
varying sample selection at 0 < z < 6 and found that the
shallower luminosity cuts tend to miss active galactic nuclei
(AGNs) with lower Eddington ratios, and that such a trend is
more critical at higher redshift.

We found six quasars marginally exceeding the Eddington
limit. J0859+4-0022 has been observed by O19, who reported
the Eddington ratio of 1.1703. Figure 12 shows the spectrum of
one of the SHELLQs quasars with the highest estimated
Eddington ratios. Their spectra tend to have high equivalent
widths of Lya and C1v, the latter being observed in the
counterparts. Similarly, lower-mass (Mg < 10°M.,) quasars in
our sample tend to have high EW of the emission lines.
Figure 13 shows the spectrum of our lowest mass quasar along
with that of its counterpart. Its estimated BH mass is
107-0+92p7 - and the Eddington ratio is 0.8. The high EW
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Figure 9. Comparison of BH masses between direct measurements and
counterpart estimates for XQ-100 quasars z = 3.5-4.5.

of the emission lines in these quasars may indicate gas-rich
environments around the nuclei. Given the high Eddington
ratios and/or low BH masses, they may represent the early
stage of the assembly, accompanied by abundant inflowing gas.
Figure 10 suggests that there are few hypermassive SMBHs
(>1010M@) in the present and other samples. This is partly due
to the observing difficulties since broad emission lines become
extremely broad and weak compared to the continuum in such
objects. Alternatively, we could think of a possibility that the
AGN timescale at the high-mass end is so short that we cannot
find them in our surveys over limited portions of the sky. It is
also possible that the BH mass limit is actually determined by
the host galaxy masses.

4. Discussion
4.1. SMBH Growth History

The growth of an SMBH is exponential if it keeps a constant
Eddington ratio. The timescale for a seed black hole with mass
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where 7 is the e-folding timescale,

L —1
7= 0.45(L)(ﬂ) Gyr.
1 —n J\ Lgad

The radiation efficiency 7 is the factor describing how
efficiently the accreting mass is converted to radiation.
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Figure 13. Same as Figure 1, but for the lowest mass SHELLQs quasars with
log Mgy ~ 107°*°2)M_ and with a high Eddington ratio.

Banados et al. (2018) reported the possible growth history
of three luminous quasars at z=6.3-7.5. They found
10° < Myeou < 104M® at z=230, assuming that the quasars
had been accreting at the Eddington limit with a radiative
efficiency of 10%. This suggests that SMBHs in the early
Universe have large initial masses and/or sustained Eddington
limit (or episodically super-Eddington) accretion. The most
distant quasar currently known, J0313-1806 at z=7.642
(Wang et al. 2021), has the most massive black hole
Mgy ~ IOIOM@) at z> 7 and thus poses a powerful constraint
on the seed black hole mass. The estimated seed mass is
Meoeq ~ 104_5M@ with the assumptions of Eddington-limited
accretion with a 10% radiative efficiency and a duty cycle of
unity. The above results are contrary to the scenario assuming
the seeds of Population III star remnants.

Here, we trace back in time the BH masses of the 131
SHELLQs quasars we determined in this work. The formation
redshift is assumed to be z=30 when the first stars and
galaxies were thought to have formed (Bromm & Larson 2004;
Bromm & Yoshida 2011). The radiation efficiency of 1= 0.1
(i.e., a standard thin accretion disk; Shakura & Sunyaev 1976)
is assumed. We consider two cases. The first we assume is that
the SHELLQs quasars had grown at the Eddington limit, and
the second is that they had grown with a constant Eddington
ratio estimated at their observed redshift. Figure 14 displays the
first case; most of the seeds have the mass range of putative
Population III star remnants (Mgeq = 10-100 M) already at
z~ 20, in contrast to the cases of previously studied luminous
quasars (e.g., Mortlock et al. 2011; Wu et al. 2015; Wang et al.
2020; Yang et al. 2020). This is primarily because most of our
sample have Mgy < 10°M., and it is possible for Population IIT
seeds to create such SMBH masses without growth beyond the
Eddington limit. At the same time, some of our samples have
masses exceeding the range of the remnant Population III stars,
in particular those at the highest redshift. Such objects may be
formed from other seed populations, such as dense star
clusters or direct collapse black holes, or have grown with
super-Eddington accretion.
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Figure 14. An estimated growth history of the SHELLQs quasars. The
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lines show the cases where SMBHs have grown at the Eddington limit
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dense star clusters (Mpy ~ 10°~*M_;purple), and direct collapse BHs
(Mgy ~ 104'6M@; orange).

Figure 15 displays the second case, the growth path of our
sample, with perhaps the more realistic assumption on the
Eddington ratios. Most seeds exceed the range allowed for
Population III remnants, which indicates either that we have to
assume other seed populations or that they have grown with
higher Eddington ratios than the values observed at z~ 6.
Figure 15 may suggest that the distribution of BH mass and the
growth history of the high-z low-luminosity quasars are divided
into the following two phases. The majority of the sample is
indicated to have massive seeds even above those predicted by
the direct collapse scenario with the assumption of constant
observed Eddington ratios. Hence, they are likely to have
grown with higher Eddington ratios in the past and have
switched to the less active phase by z ~ 6. The others could be
in the quiet stage with sub-Eddingon accretion from the seeds
to the observed epochs. They may switch to the active phase if
they eventually experience major evolutionary events such as
galaxy mergers. A total of 16 SHELLQs quasars have been
observed at the submillimeter wavelength with ALMA, one of
which has a companion separated by 15 kpc (T. Izumi et al.
2023, in preparation). This quasar may possibly switch to
active mode in a relatively short timescale through a galaxy
merger.

4.2. Spectral Properties Compared with Luminosity-matched
Quasars

In this section, we compare the spectral properties of our
sample with the local luminosity-matched sample in order to
test whether the relation between luminosity and spectral shape
has redshift dependence.

Many previous studies have addressed the redshift depend-
ence of quasar spectral properties. It is generally thought that
quasars have little redshift evolution in their spectral properties
(e.g., Mortlock et al. 2011; Shen et al. 2019). Fine et al. (2008)
and Shen et al. (2008) found that the line widths of the virial
BH mass estimators do not depend strongly on luminosity or
redshift, especially for luminous quasars in their sample. On the
other hand, Willott et al. (2010a) suggested that such results are
caused by a wide range of Eddington ratios in the sample used
for the analysis. Instead, they found a strong correlation
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Figure 15. Same as Figure 14, but for the case of the Eddington ratios being
fixed to the observed values.

between luminosity and Mgl FWHM (and thus Mpy) of the
high-z quasars from SDSS and CFHQS, which is presumably
due to the fact that most of them are accreting at close to the
Eddington limit. W10 also reports that the Eddington ratio
distribution has a peak at 1.07, which is considerably higher
than that of the luminosity-matched sample at z =2 (Agqq peaks
at 0.37), suggesting that typical quasars at the higher redshift
have a higher level of accretion activity.

We now proceed to check the rest-frame UV spectral
properties of the SHELLQs sample, which represents the
largest sample of z > 6 quasars at the faint end. As the first step,
we created a low-z control sample matched in continuum
luminosity at the rest frame 1350 A to our high-z sample. As is
well known, quasar luminosity governs many emission line
properties, thus it is crucial to match in luminosities. For
instance, in high-ionization lines such as CI1v, EW decreases
with luminosity (i.e., the Baldwin effect, Baldwin 1997), and
other line profiles (e.g., velocity shift and asymmetry) also
change with luminosity in a systematic manner (e.g., Richards
et al. 2002). We randomly selected 50 control quasars from the
SDSS DR14 quasar catalog within the luminosity difference
of Alog L = 0.2 for each of the SHELLQs quasars. The
control quasars have redshifts z ~ 1.5-5.0; thus, their spectra
cover most of the major rest-frame UV lines from Lya to Mg II.
As the second step, we created the mean composite spectra
from the SHELLQs, counterpart, and control samples.

Figure 16 displays the composite spectra of the three
samples. The Lya of the SHELLQs and counterpart composite
appears to be strong compared to the control, while we see no
significant difference in the CIV line between the counterpart
and control. We measured the EW and FWHM of these lines as
follows. We subtracted the continuum fluxes estimated at both
sides of the lines and then fitted the residuals with two or three
Gaussian profiles. The SHELLQs composite lacks the blue side
of their Ly« line due to the IGM absorption, so we obtained the
best-fit model with only the red side of the peak. The associated
errors were estimated with 100 mock spectra created via the
MCMC method using the observed and propagated noise array.
The results of these measurements are shown in Table 1.
FWHM of Lyc is apparently smaller than others. On the other
hand, Lyae EWs of the SHELLQs and counterpart are twice as
high as the control. Since the SHELLQs and the control
samples are matched in luminosity, this difference does not
reflect the well-known Baldwin effect. However, interestingly,
EWs of C1v show the opposite trend; the counterpart has a
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Table 1
Spectral Measurements from the Composites
Sample FWHM_Lya EW_Lya FWHM_C 1v EW_C1v LOG_L1350
(kms ") (A) (kms ™) A) (ergs™

SHELLQs 886+103 23+1.7 455
counterpart 1582+440 20+0.5 2294+655 36+0.4 46.0
control 1771£25 11+0.1 33524418 43+0.9 45.5
slightly smaller EW than the control. We suggest that the studying unprecedentedly low-luminosity sample at such high
different behavior of Ly and C IV may reflect the difference in redshifts. Having said that, we stress that the present
the physical condition of the emitting gas, such as the density comparisons are subject to strong systematic biases, such as
and metallicity. The counterpart has smaller line widths than those caused by sample definition, completeness, measurement
the control in both Lya and CIV lines, but the difference is errors, and assumptions used in the calculations. For robust
within 1o uncertainty. df:te(.:tior.l of a 0.1 dex level difference in Eddington raFio

Figure 17 compares the Mpyy and Aggq distributions of the distributions, for example, one needs to resolve the complexity
SHELLQs and the control sample. The p-values of the of those biases and correct for their combined effect, which

Kolmogorov—Smirnov test in the BH mass and Eddington would be a subject of future projects.

ratio distribution are ~0.008 and ~0.0007, respectively, which

may suggest that the basic properties of mass accretion are 4.3. Final Remarks
different between the two samples. The former sample has
higher BH masses by 0.1 dex with lower Eddington ratios by distributions of BH mass and Eddington ratio among high-z
0.1 than the latter. At face value, it may provide a hint of higher quasars, applicable even to quasars with very low luminosities,
SMBH activity in the SHELLQs quasars at z~6 than the such as those established in the SHELLQs program. Our

This paper presents a novel method to measure the

control sample, despite the fact that the quasar activity obvious next step is to confirm the estimated properties with
generally peaks around 1 <z < 3. Some previous studies found direct measurements of a part of the present objects through
more prominent differences between high-z and low-z quasars future observations with NIR spectrographs either from the
(e.g., Willott et al. 2010a; Shen et al. 2019); the discrepancy ground or using the James Webb Space Telescope. Once
from the present work may be attributed to the fact that we are confirmed with follow-up NIR spectroscopy, the present
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sample and measurements provide new insight into the early
quasar evolution in the reionization epoch.

While we identified candidates of very low-mass SMBHs in
our sample, the HSC imaging may have detected more similar
objects. The SHELLQs spectroscopy program prioritized
candidates with detection in both the HSC z and y bands,
which contain the redshifted Ly« and continuum, respectively.
However, the identified low-mass quasars (e.g., J0859+0022)
tend to have a very strong and narrow Lya and faint
continuum, and thus are often undetected in the y-band. We
consider them as the high-z analogs of narrow-line Seyfert 1
found in the local Universe. There may be a significant number
of similar objects in the remaining HSC candidates awaiting
spectroscopy, which may populate the low-mass end of the
Mgy distribution.

This research is based on data collected at the Subaru
Telescope, which is operated by the National Astronomical
Observatory of Japan. We are honored and grateful for the
opportunity to observe the Universe from Maunakea, which has
cultural, historical, and natural significance in Hawaii. The data
analysis was in part carried out on the open-use data analysis
computer system at the Astronomy Data Center of NAOJ.

This work is also based on observations made with the GTC,
installed at the Spanish Observatorio del Roque de los
Muchachos of the Instituto de Astroffsica de Canarias on the
island of La Palma.
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