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Abstract

We present, for the first time, dark matter halo (DMH) mass measurement of quasars at z∼ 6 based on a clustering
analysis of 107 quasars. Spectroscopically identified quasars are homogeneously extracted from the Hyper Suprime-
Cam Strategic Survey Program wide layer over 891 deg2. We evaluate the clustering strength by three different
autocorrelation functions: projected correlation function, angular correlation function, and redshift–space correlation
function. The DMH mass of quasars at z∼ 6 is evaluated as ´-

+ -
h M5.0 104.0

7.4 12 1 with the bias parameter
b= 20.8± 8.7 by the projected correlation function. The other two estimators agree with these values; though, each
uncertainty is large. The DMH mass of quasars is found to be nearly constant ∼1012.5 h−1Me throughout cosmic time,
suggesting that there is a characteristic DMHmass where quasars are always activated. As a result, quasars appear in the
most massive halos at z∼ 6, but in less extreme halos thereafter. The DMH mass does not appear to exceed the upper
limit of 1013 h−1Me, which suggests that most quasars reside in DMHs with < -

M h M10halo
13 1 across most of the

cosmic time. Our results supporting a significant increasing bias with redshift are consistent with the bias evolution
model with inefficient active galactic nucleus feedback at z∼ 6. The duty cycle ( fduty) is estimated as 0.019± 0.008 by
assuming that DMHs in some mass interval can host a quasar. The average stellar mass is evaluated from stellar-to-halo
mass ratio as = ´-

+ -
*M h M6.5 105.2

9.6 10 1 , which is found to be consistent with [C II] observational results.

Unified Astronomy Thesaurus concepts: Large-scale structure of the universe (902); Quasars (1319); Supermassive
black holes (1663)

1. Introduction

According to the current Λ cold dark matter (CDM) theory, the
tiny density fluctuation of dark matter (DM) in the early universe
grows and subsequently collapses into dark matter halos (DMHs).
These halos continuously accrete and hierarchically merge to form
high-mass DMHs. Galaxies are nurtured in the center of DMHs,
and almost all the galaxies harbor a supermassive black hole
(SMBH) in their centers (Kormendy & Richstone 1995). Quasars
are believed to be powered by gas accretion onto SMBHs
(Salpeter 1964; Lynden-Bell 1969) and outshine in the multiple
wavelengths. Since quasars are one of the most luminous objects
in the universe, they are observable even at z 7 (e.g., Mortlock
et al. 2011; Bañados et al. 2018; Matsuoka et al. 2019; Yang et al.
2020; Koptelova & Hwang 2022). Quasars are important objects
to study the open questions in the early universe; however, it
remains unclear how high-z quasars are physically related to the
underlying DMHs they inhabit.

One of the important questions is when and how the
coevolution between galaxies and SMBHs manifested, i.e., the
masses of which are correlated with those of their host galaxies.
While this relationship in the local universe is well established
(Magorrian et al. 1998; Tremaine et al. 2002; Kormendy &
Ho 2013), it remains to be elucidated in the early universe. The
parent DMH, which governs both the SMBH and the galaxy,
holds the key to unveiling the underlying physical mechanism
of their relationship. The gas accumulated by the gravitational
potential of DMHs is consumed to form stars; thus, the
relationship between stellar mass and DMH mass is quite
natural (White & Rees 1978). It is believed that the gas further
loses the angular momentum due to the radiation from active
star formation in the DMH and flows into the central SMBH
(Ferrarese 2002; Granato et al. 2004; Shankar et al. 2006) to
grow more massive. Otherwise, the steady high density cold
gas flow directly from the halo could be responsible for
sustaining critical accretion rates leading to rapid growth of
∼109Me black holes as early as z∼ 7 (e.g., Di Matteo et al.
2012). Therefore, the mass of a galaxy DMH hosting an SMBH
is crucial for understanding their coevolutionary growth.
The DMH mass is also a key physical quantity to understand

the active galactic nucleus (AGN) feedback, which is thought
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to play a significant role in regulating the star formation of the
host galaxies (Kormendy & Ho 2013; Heckman & Best 2014),
because it can constrain the duty cycle, the fraction of DMHs
that host active quasars (e.g., Cole & Kaiser 1989; Haiman &
Hui 2001; Martini & Weinberg 2001). Hopkins et al. (2007)
showed that feedback efficiency will greatly change DMH
mass evolution at high-z. According to their model, feedback
prevents gas accretion against gravity by radiation pressure,
and works to stop SMBH growth and eventually defuses the
quasar phase. Thus, if feedback is inefficient to stop the SMBH
growth at high-z, quasars will live in the highest-mass DMHs.
Since the quasar activity has a huge impact on the host galaxy,
unveiling the feedback efficiency helps to advance our
understanding of the coevolution.

The clustering analysis is an effective method to estimate
DMH mass. It quantifies the distribution of objects often
through a two-point correlation function. The two-point
correlation function ξ(r) is defined based on the probability
dP that an object is observed in the volume element dV apart
from the separation r from a given object (Totsuji &
Kihara 1969; Peebles 1980);

¯ [ ( )] ( )x= +dP n r dV1 , 1

where n̄ is the mean number density of the objects. Quasar host
galaxies are believed to reside in the peak of the underlying
DM density distribution (Dekel & Lahav 1999). Using the bias
(linear bias) parameter b, the relation between two-point
correlation functions of quasars ξQ(r) and that of DM ξDM(r)
can be expressed as

( ) ( ) ( )x x=r b r . 2Q
2

DM

The bias parameter has been modeled theoretically (e.g.,
Jing 1998; Sheth et al. 2001; Seljak & Warren 2004;
Mandelbaum et al. 2005; Tinker et al. 2010), which gives
insight into the DMH mass.

The previous initiative works (Porciani et al. 2004; Croom
et al. 2005; Myers et al. 2007) have proved that the quasar bias
increases with redshift from today to z= 2–3. However,
clustering analyses of quasars at z> 3, there are a few attempts.
Shen et al. (2007) utilized 4426 spectroscopically identified
luminous quasars with 2.9� z� 5.4 from the Fifth Data
Release (DR5) of the Sloan Digital Sky Survey (SDSS;
Schneider et al. 2007) and concluded that quasars typically
reside in DMHs with (2− 3)× 1012 h−1Me at 2.9� z� 3.5
and (4–6)× 1012 h−1Me at 3.5� z� 5.4. Eftekharzadeh et al.
(2015) measured the clustering signal of quasars from the
Baryon Oscillation Spectroscopic Survey (Smee et al. 2013).
They estimated the DMH mass for quasars at 2.2� z� 3.4 as
0.6–3× 1012 h−1Me. He et al. (2018) extracted photometri-
cally selected 901 quasars with ¯ ~z 3.8phot from the early data
release of the Subaru Hyper Suprime-Cam Strategic Survey
Program (HSC-SSP; Aihara et al. 2018a, 2018b). They added
342 SDSS quasars (Alam et al. 2015) to their sample and
evaluated cross-correlation functions (CCF) between the
quasars and bright Lyman break galaxies (LBGs) from the
HSC-SSP. The typical DMH mass derived from the CCF signal
is 1–2× 1012 h−1Me. Timlin et al. (2018) measured the
clustering signal of photometrically selected quasars with
2.9� zphot� 5.1 from SDSS Stripe 82 field (Annis et al. 2014;
Jiang et al. 2014) and presumed that characteristic DMH mass
is 1.70–9.83× 1012 h−1Me. These studies detected signifi-
cantly large clustering signals, implying that the quasar halo

bias rapidly increases beyond z∼ 3. In addition, the
quasar DMH mass remains approximately constant at
Mhalo∼ 1012.5 h−1Me from the present day to z∼ 4, which
will be intriguing to see whether thesetrends continue to
higher-z.
Despite intense observational efforts, the clustering measure-

ments have been challenging beyond z> 4. This is because the
clustering analysis requires a quasar sample with sufficient
number density, which remarkably decreases toward z∼ 6 (Fan
et al. 2022). The sample size and the number density of quasars
at z∼ 6 have increased dramatically in the last two decades, but
the observable quasar population is limited to high-luminosity
obtained by ultra wide-field surveys, hindering the increase in
their number density. Increasing the number density of quasars
at z∼ 6 has been a major challenge because of the need for
wide and deep observations and expensive spectroscopic
observations for fainter quasars. HSC (Furusawa et al. 2018;
Komiyama et al. 2018; Kawanomoto et al. 2018; Miyazaki
et al. 2018) on the Subaru Telescope, which has a large field of
view and high sensitivity, has changed the situation. Utilizing
the powerful instrument, a wide-field imaging survey program,
HSC-SSP, was performed. From the survey data, Subaru High-
z Exploration of Low-Luminosity Quasars (SHELLQs; Matsuoka
et al. 2016, 2022) has discovered 162 quasars at 5.66< z< 7.07
over 1200 deg2, providing a high number density to allow for
clustering measurements.
In this paper, we, for the first time, present the clustering

analysis of quasars at z∼ 6 by using the SHELLQs sample. We
show the samples for our analysis in Section 2. We explain the
details of clustering analysis in Section 3. In Section 4, we
derive the important physical quantities from the result in the
previous section. Finally, we summarize our results in
Section 5. We adopt flat ΛCDM cosmology with cosmology
parameters (h, Ωm, ΩΛ, σ8)= (0.7, 0.3, 0.7, 0.81), namely,
H0= 70 km s−1 Mpc−1. All magnitudes in this paper are
presented in the AB system (Oke & Gunn 1983).

2. Data

2.1. SHELLQs

Our main quasar sample is from SHELLQs utilizing HSC-SSP
data. The HSC data are reduced with HSC pipeline, hscpipe
(Bosch et al. 2018), which is based on the Large Synoptic Survey
Telescope (LSST) pipeline (Jurić et al. 2017; Bosch et al. 2018;
Ivezić et al. 2019). The astrometry and photometric calibration are
performed based on the data from Panoramic Survey Telescope
and Rapid Response System Data Release 1 (Pan-STARRS1;
Schlafly et al. 2012; Tonry et al. 2012; Magnier et al. 2013;
Chambers et al. 2016). The SHELLQs quasars are a flux-limited
(mz< 24.5 for z∼ 6 and my< 24 for z∼ 7) sample of quasars at
z∼ 6–7. These quasars are selected from point sources and by a
Bayesian-based probabilistic algorithm, which is applied to the
optical HSC-SSP source catalogs. More details of the sample
construction are described in Matsuoka et al. (2016). The
spectroscopic observation is performed by utilizing the Faint
Object Camera and Spectrograph (Kashikawa et al. 2002) on the
Subaru Telescope and Optical System for Imaging and low-
intermediate-Resolution Integrated Spectroscopy (Cepa et al.
2000) on the Gran Telescopio Canarias.
The advantages of the SHELLQs sample are faintness and

high number density thanks to the depth of the HSC-SSP.
Figure 1 shows the comparison of the absolute magnitude of
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quasars detected in SHELLQs, SDSS (Jiang et al. 2016), and
Pan-STARRS1 (Bañados et al. 2016, 2023), where it is clear
that SHELLQs is exploring a unique regime fainter than those
in other surveys. The SHELLQs have a number density
(0.14 deg−2) of quasars ∼30 times more than the SDSS (Jiang
et al. 2016), where 52 quasars are detected in 11,240 deg2 at
5.7< z� 6.4.

The original SHELLQs sample consists of 162 spectro-
scopically confirmed quasars. We impose the following four
criteria to ensure homogeneity, which yields 93 quasars (see
Table 1).

1. The first criterion is that the quasars are at z� 6.5. The
SHELLQs sample consists of z∼ 6 quasars selected by
i-dropouts and z∼ 7 quasars selected by z-dropouts.
Since the latter has a small sample size and the survey
areas of the two do not perfectly match, only the former
z∼ 6 quasars are used in this study to ensure uniformity
of the sample. The z∼ 6 quasar sample selection criteria
(Matsuoka et al. 2022) is

( )
s
m m

< < - >
< <

m m m24.5 & 0.155 & 1.5
& 0.7 1.2, 3

z z i z

PSF

where μ is the adaptive moment of the source averaged
over the two image dimensions, and μPSF is that of the
point-spread function (PSF) model.

2. The second criterion is that the quasars are identified in
the HSC-SSP S20A region. The SHELLQs sample is still
growing. Optical spectroscopic follow-up observations
have been completely executed in the S20A survey area.
This study uses only SHELLQs quasars spectroscopically
confirmed in the S20A region, and the quasars added
after S21A are removed to account for the uniformity of
the sample.

3. The third criterion is that the quasars are far from bright
star masks and edge regions. We remove quasars in areas
with poor data quality, such as near the bright star masks
and edges by random points covering HSC-SSP S20A
region to preserve sample homogeneity.11

4. The last criterion is that the quasars have a broad line
component in their spectra. According to the unified AGN
model (Antonucci 1993), type I AGNs and type II AGNs
are the same population, and the difference purely originates
from the inclination angle to observers. However, another
evolutionary scenario interprets the difference between the
two populations in host galaxies. The DMH mass
measurements by Hickox et al. (2011) found the differences
in the DMH mass between obscured and unobscured
quasars through clustering analysis. Onoue et al. (2021)
reported that approximately 20% of SHELLQs quasars have
narrow Lyα emission lines (FWHMLyα< 500 km s−1), and
one of them can be a type II quasar based on the
spectroscopic follow-up. Therefore, as long as it is unclear
which interpretation is correct, we decide to be conservative
in the study to exclude quasars with narrow Lyα emission
lines from the sample.

2.2. Other Quasars

We also add to our sample 14 quasars at z∼ 6 that were
discovered by other surveys (see Table 2). We select these quasars
from the survey, whose area fully covers HSC-SSP S20A field.
Most of them are identified by SDSS (e.g., Fan et al. 2004) and
Pan-STARRS1 (e.g., Bañados et al. 2014, 2016; Mazzucchelli
2017), which tend to be brighter than the SHELLQs quasars.
These quasars also satisfy the requirements imposed on
SHELLQs quasars. Ten of the 14 quasars are also detected in
the SHELLQs observation but not included in the SHELLQs
sample because they had already been found (Matsuoka et al.
2018a). We visually inspect the spectra of all these quasars to
confirm that they are actually z∼ 6 quasars. We assume that
clustering strength is independent of quasar brightness, which is
confirmed at low-z (Croom et al. 2005; Adelberger et al. 2006;
Myers et al. 2006; Shen et al. 2009). In fact, when we divide the
sample into a bright subsample (M1450�− 24) and faint
subsample (M1450>− 24), the results obtained in Section 3 are
consistent with each other within their errors. In summary, our

Figure 1. Comparison of M1450, the absolute magnitudes at 1450 Å of
SHELLQs quasars (red circles) and those of known quasars. We refer to the
M1450 from the quasar sample in Jiang et al. (2016; black triangle) and that of
newly identified quasars in Bañados et al. (2016), Bañados et al. (2023; black
open square).

Table 1
Detail of the Sample Selection

Requirement Number

All quasars identified by SHELLQs 162
1. z � 6.5 132
2. Identified in HSC-SSP S20A 125
3. Far from bright star masks and edge regions 116
4. Broad line quasars 93

Note. We add 14 known quasars into this sample. The additional quasars are
listed in Table 2.

11 Specifically, we use the following flags to retrieve random points covering
the survey field with a surface number density of -100 arcmin 2: {i,z,y}
_pixelflags_edge, {i,z,y}_pixelflags_saturatedcenter,
{i,z,y}_pixelflags_crcenter, {i,z,y}_pixelflags_bad, {i,
z,y}_mask_brightstar_{halo, ghost, blooming}, and impose
z_inputcount_value � 2. We exclude quasars that have no random points
within 0.12 arcmin from the clustering analysis.
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final sample consists of 107 quasars. The distributions of absolute
magnitude and redshift are shown in Figure 2.

2.3. Homogeneity of the Sample

Our sample is distributed over 891 deg2 of three fields:
HECTOMAP, Autumn, and Spring. The sky distribution of our
sample quasars is shown in Figure 3. Sample homogeneity is of
utmost importance for clustering analysis. Since the spectrosc-
opy is completely executed for the candidates in S20A, the
spatial homogeneity of the photometric data in selecting
candidate objects should be examined. We verify the homo-
geneity by calculating detection completeness over the survey
region. The detection completeness is defined as the ratio of the
number of quasars recovered by hscpipe ver. 8.412 to the
number of mock quasars scattered at random points on the HSC
image in the same manner in Matsuoka et al. (2018b). The PSF
of the input mock quasars is generated to be the same as that
measured at each image position. The PSF is modeled by
PSFEx (Bertin 2011), which can extract precise PSF model
from images processed by SExtractor (Bertin & Arnouts
1996). A small region (patch) of ¢ ´ ¢12 12 is randomly selected
per tract, which consists of 81 patches, over the HSC-SSP
region. We embed more than 3000 mock quasars in the survey
field per patch with mz= 21–28, which are randomly spread over
the HSC-SSP coadded z band images using Balrog (Suchyta
et al. 2016). We perform photometry on the coadded z-band
images embedded mock quasars utilizing hscpipe and detect
the mock quasars. The detection completeness is estimated on
662 patches in total.

The detection completeness is fitted with a function in
Serjeant et al. (2000);

( ) { [ ( )] } ( )a=
-

- + +f m
f f

m m f
2

tanh 1 , 4z z zdet
max min 50

min

Table 2
Additional Quasar Sample

Name R.A. Decl. Redshift M1450 Survey Reference
(J2000) (J2000) (mag)

SDSS J160254.18+422822.9 16:02:54.18 +42:28:22.9 6.07 −26.82 SDSS (1)
SDSS J000552.33−000655.6 00:05:52.33 −00:06:55.6 5.855 −26.46 SDSS (1)
CFHQS J021013−045620a 02:10:13.19 −04:56:20.9 6.44 −24.28 CFHQSb (2)
CFHQS J021627−045534a 02:16:27.81 −04:55:34.1 6.01 −22.21 CFHQS (3)
CFHQS J022743−060530a 02:27:43.29 −06:05:30.2 6.20 −25.03 CFHQS (3)
IMS J220417.92+011144.8a 22:04:17.92 +01:11:44.8 5.944 −23.59 IMSc (4)
VIMOS2911001793a 22:19:17.22 +01:02:48.9 6.156 −23.10 Suprime Cam (5)
SDSS J222843.5+011032.2a 22:28:43.54 +01:10:32.2 5.95 −24.53 SDSS Stripe82 (6)
SDSS J230735.35+003149.4a 23:07:35.35 +00:31:49.4 5.87 −24.93 SDSS (7)
SDSS J231546.57−002358.1a 23:15:46.57 −00:23:58.1 6.117 −25.38 SDSS (8)
PSO J183.1124+05.0926 12:12:26.98 +05:05:33.4 6.439 −26.99 Pan-STARRS1 (9)
VIK J121516.88+002324.7a 12:15:16.88 +00:23:24.7 5.93 −24.67 VIKINGe (10)
PSO J184.3389+01.5284a 12:17:21.34 +01:31:42.2 6.20 −25.37 Pan-STARRS1 (11)
PSO J187.3050+04.3243 12:29:13.21 +04:19:27.7 5.89 −25.4 Pan-STARRS1 (12)

Notes. (1) Fan et al. (2004), (2) Willott et al. (2010), (3) Willott et al. (2009), (4) Kim et al. (2015), (5) Kashikawa et al. (2015), (6) Zeimann et al. (2011), (7) Jiang
et al. (2009), (8) Jiang et al. (2008), (9) Mazzucchelli (2017), (10) Venemans et al. (2015), (11) Bañados et al. (2016), and (12) Bañados et al. (2014).
a The quasar is recovered by SHELLQs project (Matsuoka et al. 2018a).
b Canada-France High-z Quasar Survey.
c Infrared Medium-deep Survey.
e VISTA Kilo-degree Infrared Galaxy Public Survey.

Figure 2. Top: red and blue histograms show 1450 Å absolute magnitude
distribution for SHELLQs quasars and other quasars respectively. Bottom: red
and blue histograms show the redshift distribution for SHELLQs quasars and
other quasars respectively. The black line represents N(z), the redshift
distribution of SHELLQs quasars estimated by kernel density estimation,
which is used in Section 3.1.12 https://hsc.mtk.nao.ac.jp/pipedoc/pipedoc_8_e/index.html
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where af f, , ,max min and mz
50 represent the detection complete-

ness at the brightest magnitude and the faintest magnitude, the
sharpness of the function, and the magnitude at which the
detection completeness is 50%, respectively. Our measurement
of each tract is presented in Figure 4, and the best-fit
parameters with 1σ error for the median completeness
are a=  =  = f f0.978 0.015, 0.016 0.008, 2.7max min

= m0.8, and 25.08 0.36z
50 , which are also denoted in the

figure. Almost all the functions have similar parameters with a
mz

50 scatter as small as ( )s =m 0.36z
50 . Figure 3 shows the

completeness map at mz = 24.5 of the survey region
overplotted with the sample quasars. The completeness holds
more than 70% (80%) over 85% (77%) of the entire survey
region, and >50% over almost all the area at the z-band
limiting magnitude, and there are few areas of singularly
lowered completeness. It is noted that the following results
hardly change when the area with <f 0.5det is excluded.
Therefore, we conclude that the whole survey area is
homogeneous enough to conduct the clustering analysis.

3. Clustering Analysis

3.1. Autocorrelation Function of the Quasars

We first measure a projected correlation function ωp(rp) in
Section 3.1.1 that can be directly related to real–space
clustering. At the same time, to check the robustness of the
result, we also measure an angular correlation function ω(θ)
without redshift information in Section 3.1.2 and a redshift–
space correlation function ξ(s), which includes redshift–space
distortion, in Section 3.1.3.

3.1.1. Projected Correlation Function

We evaluate the projected correlation function ωp of the
sample. In this analysis, the comoving distance is calculated
from the spectroscopic redshift. We separate s, the 3D distance
between two objects, into rp, perpendicular to the line of sight,

and π, parallel with it ( p= +s rp
2 2 ). We estimate the 2D

correlation function ξ(rp, π) from Landy & Szalay (1993);

( )
( ) ( ) ( )

( )
( )x p

p p p
p

=
- +

r
r r r

r
,

DD , 2DR , RR ,

RR ,
5p

p p p

p

where DD(rp, π), DR(rp, π), RR(rp, π) represent data–data,
data–random, and random–random pair counts within perpend-
icular distance separation rp and parallel distance separation π,
respectively. The survey area is divided into three independent
fields; therefore, we count the pairs in each field to sum them
up before being normalized by all pairs. The random points are
retrieved from the random catalog in HSC-SSP DR3, which has
random points scattered over the entire effective survey area,
excluding mask areas, at a surface density of -1 arcmin 2. The
total number of random points is 3,209,416. The redshift of
random points is assigned to follow the N(z), which is the
redshift distribution of SHELLQs estimated by kernel density
estimation (see Figure 2). To count pairs, we use Corrfunc,13

which is a Python package containing routines for clustering

Figure 3. Detection completeness map of the HSC-SSP S20A region. The color represents the detection completeness at mz = 24.5 of each tract. The red and black
stars represent the SHELLQs and other quasars, respectively.

Figure 4. Detection completeness as a function of z-band magnitude. The black
solid line denotes the median completeness of all patches. The thin gray solid
lines show the detection completeness of each patch. Each median parameter
and 1σ error are denoted in the left of the figure.

13 https://github.com/manodeep/Corrfunc
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analysis. We also use the package in Sections 3.1.2, 3.1.3, and
3.2. The projected correlation function ωp(rp) is derived by
integrating ξ(rp, π) with π direction.

( ) ( ) ( )òw x p p=
p

r r d2 , ; 6p p p
0

cutoff

where πcutoff, which is the optimum limit above which the
signal is almost negligible, is fixed to πcutoff= 80 h−1Mpc after
sufficient trial and error. The redshift distortion is eliminated
through the integration (Eftekharzadeh et al. 2015); though, the
angular scale of the redshift distortion is much smaller
(<20 h−1Mpc) than the scales of our measurements.

The uncertainty of ωp(rp) is evaluated by Jackknife
resampling (Zehavi et al. 2005). In the kth resampling, we
exclude kth subregion, and calculate the correlation function,
ωp,k(rp). We divide the survey area into N= 21 subregions
using the k-means method. In this case, the covariance matrix is
defined as

( ( ) ¯ ( ))

( ( ) ¯ ( )) ( )

å w w

w w

=
-

-

´ -
=

C
N

N
r r

r r

1

7

ij
k

N

p k p i p p i

p k p j p p j

1
, , ,

, , ,

where ωp,k(rp,i) and w̄p represent the value of kth projected
correlation function for ith rp bin and the mean of the projected
correlation function, respectively. The uncertainty of ωp(rp,i),
σi, is evaluated as s = Ci ii , which is used only for plotting
process.

The projected function is related to the real–space correlation
function ξ(r) as (Davis & Peebles 1983)

( ) ( ) ( )òw
x

=
-

¥
r

r r

r r
dr2 . 8p p

r
p

2 2p

Assuming that the real space correlation function is regarded as
a power-law function, ( ) ( )x = g-r r r0 , the fitted function
ωp,fit(rp) is represented as

( )
( )

w g
=

- g-r

r
B

r

r

1

2
,

1

2
, 9

p p

p

p,fit

0

⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

where γ is a power-law index of the DM correlation function, B
represents the beta function, and r0 is the correlation length,
which represents the scale of clustering. In this study, we fit γ
to a fiducial value (γ= 1.8; Peebles 1980). The black solid line
in the top panel of Figure 5 represents the power-law function
fitted to the projected correlation function based on the χ2

fit.
Then, we obtain r0= 23.7± 11 h−1Mpc as listed in Table 3.
The goodness-of-fit is evaluated by

[ ( ) ( )] [ ( ) ( )]

( )

åc w w w w= - --r r C r r .

10
i j

p p i p p i ij p p j p p j
2

,
, ,fit ,

1
, ,fit ,

To see the robustness of the clustering signal, we integrate
the real–space correlation function ξ(r) within  r r rmin max

Figure 5. The top, middle, and bottom panels show the projected correlation
function, the angular correlation function, and the redshift–space correlation
function, respectively. The error bars represent the 1σ error from the Jackknife
resampling. The black solid lines represent the power-law functions, which are
fitted by χ2

fit.
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(e.g., Shen et al. 2007);

( ) ( )òx x=
r

r r dr
3

, 11
r

r

100
max
3

2

min

max

where = -r h10 Mpcmin
1 , and = -r h100 Mpcmax

1 , over which
the observed signal is detected in this study. Since we assume

( ) ( )x = g-r r r0 , Equation (11) reduces to

( )
( ) ( )x

g
=

-
-

g
g g- -r

r
r r

3

3
. 12100

0

max
3 max

3
min
3

Adopting r0= 23.7± 11 h−1Mpc, we obtain ξ100= 0.175± 0.147.
Although the uncertainty of each individual data point is large, the
overall clustering signal is found to be positive with a significance
of more than 1σ.

We also test the robustness in terms of whether the signal
can be obtained by chance from a random sample. We extract
the same number of random points as our quasar sample, treat
them as data points, and evaluate the projected correlation
function. Based on 10,000 iteration, we evaluate the probability
of obtaining a clustering signal as shown in Figure 5. Counting
the number of the projected correlation function that has
positive signals in the same bins in Figure 5, we find that there
is only a 4% probability of obtaining the clustering signal
observed in this study. Hence, we conclude that the signal is
not artificial.

3.1.2. Angular Correlation Function

We also evaluate the angular correlation function. Then, we
use the estimator from Landy & Szalay (1993);

( ) ( ) ( ) ( )
( )

( )w q
q q q

q
=

- +DD DR RR

RR

2
, 13

where DD(θ), DR(θ), RR(θ) represent the normalized data–data,
data–random, and random–random pair counts normalized by
whole pair counts within an angular separation θ, respectively.
The random points are retrieved from the random catalog in
HSC-SSP DR3.

The uncertainty of ω(θ) is evaluated by Jackknife resampling
in the same manner as that in the previous section. We evaluate
the uncertainty from the diagonal elements of the covariance
matrix derived from Equation (7) replacing ωp for ω. The
uncertainty of ω(θi), σi, is evaluated based on the diagonal
element of the covariance matrix.

The middle panel of Figure 5 represents the result of the
angular correlation function. The black solid line represents the
best fit of a single power-law model, ωtrue(θ)= Aωθ

− β,
considering the effect of the limited survey area to the

correlation function. Then, we assume the following function:

( ) ( )w q q= -w
b-A IC, 14

where Aω is the amplitude, β is the power-law index, and IC is
the integral constraint, which is a negative offset as the survey
region is limited (Groth & Peebles 1977). We fix β to 0.8
(= γ− 1) for consistency with the projected correlation
function. We evaluate the integral constraint based on Woods
& Fahlman (1997);

( ) ( )òò w q=
W

W Wd dIC
1

, 15
2 true 1 2

where Ω represents the solid angle of the survey field. The
integral constraint becomes considerably smaller than the
clustering signal in all fields. Therefore, the integral constraint
is ignored in this study. We assume the error follows the
Gaussian function, and evaluate the goodness-of-fit of the fitted
function through Equation (10) replacing ωp for ω.
We convert the amplitude Aω into the correlation length r0

based on Limber (1953), which formulated

( )

( ) ( ) ( )
( )

ò
ò c

= w
g

g

g

-
r A

c

H H

N z dz

N z z E z dz
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2

2 1

1
⎧
⎨
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⎬
⎭
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( )g
=

-
gH B

1

2
,

1

2
, 17⎛

⎝
⎞
⎠

( ) ( ) ( )= W + + WlE z z1 , 18m
3

( )
( )

( )òc =
¢

¢z
H E z

dzand
1 1

. 19
z

0 0

Finally, we obtain r0= 27.0± 8.4 h−1Mpc. The result is
listed in Table 3.14 Adopting r0= 27.0± 8.4 h−1Mpc,
Equation (12) gives ξ100= 0.222± 0.124, which suggests that
the clustering signal is actually detected.

3.1.3. Redshift–Space Correlation Function

We also evaluate the redshift–space correlation function of
the quasars. All redshifts for SHELLQs quasars are measured
in Ly α emission lines, which has an uncertainty up to
Δz∼ 0.1, in particular for those without clear Lyα emission
(Matsuoka et al. 2022). This uncertainty and the redshift
distortion due to peculiar velocity induce systematic bias in the
redshift–space correlation. We derive the redshift–space
correlation function ξ(s, μ), where s is the 3D distance, and
μ represents the cosine of the angle to the line of sight, utilizing
the estimator from Landy & Szalay (1993);

( ) ( ) ( ) ( )
( )

( )x m
m m m

m
=

- +
s

DD s DR s RR s

RR s
,

, 2 , ,

,
, 20

where DD(s, μ), DR(s, μ), RR(s, μ) represent data–data, data–
random, and random–random pair counts within a separation s
and an angular separation marccos , respectively. The correla-
tion function of the entire survey is evaluated by summing the

Table 3
DMH Mass from the Clustering Analysis.

Estimator
Correlation
Length Bias DMH Mass Reduced-χ2

(h−1Mpc) (1012 h−1Me)

Projected,
ωp

23.7 ± 11 20.8 ± 8.7 -
+5.0 4.0

7.4 0.87

Angular, ω 27.0 ± 8.4 23.4 ± 6.6 -
+6.9 4.1

6.1 0.92

Redshift
space, ξ

32.5 ± 19 27.7 ± 15 -
+10.6 9.3

17.5 0.91

CCF, ωQG 19.5 ± 16 -
+4.0 4.0

14.8 0.52

14 We note that the obtained amplitude is consistent with that in T. Shinohara
et al. (2023, in preparation), which also evaluate the angular correlation
function from 92 quasars at 5.88 < z < 6.49 including 81 SHELLQs quasars,
although samples are not an exact match.
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whole pair counts. As mentioned in Section 3.1.1, the redshift
of random points is assigned to follow N(z), the distribution
function in Figure 2. The redshift–space correlation function
decomposed into multipoles ξl(s) is derived by integrating
ξ(s, μ) by μ (Marín et al.2016);

( ) ( ) ( ) ( )òx x m m m=
+

-
s

l
s L d

2 1

2
, , 21l l

1

1

where Ll is the Legendre polynomial of order l. We evaluate the
monopole (l= 0) of the redshift–space correlation function.

The bottom panel of Figure 5 represents the result of the
redshift–space correlation function. Taking the redshift dist-
ortion into account, the redshift–space correlation function
ξ0(s) is related to the real–space correlation function ξ(r)
suggested by Kaiser (1987);

( ) ( ) ( )x x= + +s b bf f r
2

3

1

5
, 220

2 2⎛
⎝

⎞
⎠

where b is the bias parameter, which is defined in Equation (2),
and f is the gravitational growth factor. However, the effect of
the redshift distortion is negligible because our clustering
signal is measured on a large scale, beyond the small scale
where redshift distortion can be observed. We fit the power-law
function ( ) ( )x = g-s s s0 , black solid line in the bottom panel
of Figure 5, to the redshift–space correlation function in place
of the Kaiser’s function by χ2

fit. Based on Equation (10)
replacing ω for ξ, we obtain s0= 32.5± 19 h−1Mpc as the
correlation length in the redshift space, which is almost
consistent with that in the real space. Adopting
s0= 32.5± 19 h−1Mpc as the correlation length in the real
space, we obtain ξ100= 0.310± 0.326, which suggests that the
significance of the clustering signal of the redshift–space
correlation function is marginal.

As shown in Table 3, consistent correlation lengths are
obtained using three different correlation functions. The ξ100
shows that the clustering signal is barely detected. However,
the errors for each correlation length are relatively large. This is
probably due to the sample size not being large enough yet.

3.2. Cross-correlation Function with Galaxies

We evaluate CCF with our quasars and their neighboring
LBGs at the similar redshift. The LBGs at z∼ 6 are retrieved
from Great Optically Luminous Dropout Research Using
Subaru HSC (Harikane et al. 2022). The LBGs in the wide
layer are not suitable for clustering analysis due to their low
number density; therefore, we use the LBG sample in the Deep
and Ultra Deep layers (COSMOS and SXDS) over 8.7 deg2 of
HSC-SSP S18A (Aihara et al. 2019) where the SHELLQs
quasars reside. As a result, the number of quasars and LBGs to
calculate CCF is limited to 3 and 200, respectively. The
limiting magnitude of LBGs is mUV= 25.15. They are not
spectroscopically confirmed; therefore, only angular correlation
function can be evaluated. We use the estimator of CCF from
the following equation (Landy & Szalay 1993; Cooke et al.
2006):

( ) ( ) ( ) ( ) ( )
( )

( )w q
q q q q

q
=

- - +QG QR GR RR

RR
, 23QG

where QG(θ), QR(θ), GR(θ), RR(θ) represent quasar–galaxy,
quasar–random, galaxy–random, and random–random pairs of

the given separation normalized by total pairs, respectively.
The random points are retrieved from the random catalog in
HSC-SSP DR2 utilizing the same flags of Table 2 in Harikane
et al. (2022) at the surface number density of -1 arcmin 2.
Figure 6 represents the result of CCF (red circles) and

autocorrelation function (ACF) of LBGs at z∼ 6 (blue squares;
ωGG), which is found to be consistent with Harikane et al.
(2022). We fit the power-law functions to the CCF and the
ACF by χ2

fit, and the results are shown as the solid line and
the dashed line, respectively. We confirmed that the angular
scale at which we see the CCF signal is large enough to exceed
the small scale (20″), where the one-halo term is dominant.
The errors are also evaluated by Jackknife resampling
mentioned in Section 3.1.1 with N= 5. The goodness-of-fit is
calculated based on Equation (10). Our quasar sample has a
cross-correlation strength similar to that of the autocorrelation
of LBGs at the same redshift. Although the UV luminosity of
the host galaxy, on which the clustering strength of galaxies
strongly depends, in our quasar sample is not known, the result
seems natural, given that quasars are stochastic processes that
all galaxies experience at some period.
The correlation length is derived from the amplitude Aω of

the power-law function fitted to the CCF. In CCFs, the
Limber’s equation is formalized as (Croom & Shanks 1999)

( ) ( )

( ) ( ) ( ) ( )
( )ò ò

ò c
= w

g
g

g

-
r A

c

H H

N z dz N z dz

N z N z z E z dz
. 240

0

Q G

Q G
1

1
⎧
⎨⎩

⎫
⎬⎭

The suffixes of Q and G in Equation (24) denote quasars and
LBGs, respectively. The redshift distribution of LBGs is
assumed to be the same as that in Harikane et al. (2022).
Finally, we obtain r0= 17.7± 8.0 h−1Mpc as the correlation
length of quasars and galaxies. It should be noted that our LBG
sample is photometrically selected, and the contamination of
low-z interlopers, the fraction of which is unknown, reduces the
amplitude of cross-correlation. Ono et al. (2018) concluded that
the contamination rate in the i-dropout galaxies may be small
based on the fact that all 31 spectroscopic i-dropout galaxies

Figure 6. The CCF between quasars and LBGs at z ∼ 6 (red) and ACF of
LBGs (blue). The solid line and the dashed line show the power-law function
fitted to the CCF and the ACF by χ2

fit, respectively. For visibility, CCF plots
are offset toward x-axis direction.
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have z> 5.5, but it is difficult to know the exact contamination
rate in the sample in this study down to the limiting magnitude.

3.3. The Bias Parameter

We assume that quasars reside in the peak of DM
distribution and trace the distribution of underlying DM (Sheth
& Tormen 1999). The bias parameter is derived from the ratio
of clustering strength between quasars and underlying DM at a
scale of r= 8 h−1Mpc;

( )
( )

( )x
x

=b
z

z

8,

8,
, 25

DM

assuming that the real space correlation function ξ(r) is
approximated by the power-law function. The correlation
function of DM is generated by halomod15 (Murray et al.
2013, 2021), assuming the bias model of Tinker et al. (2010),
the transfer function of CAMB, and the growth model of Carroll
et al. (1992). We evaluate the bias parameter as b= 20.8± 8.7,
23.4± 6.6, and 27.7± 15 from the projected correlation
function, the angular correlation function, and the redshift–
space correlation function, respectively. We also evaluate the
bias parameters bQG and bGG from the CCF between quasars
and LBGs and the ACF of LBGs, respectively. We derive the
bias parameter of quasars bQQ from Mountrichas et al. (2009),

( )~b b b . 26QG QQ GG

We obtain bQG= 16.1± 6.6, and bGG= 13.3± 2.3 from the
same analysis, yielding bQQ= 19.5± 16, and they are
summarized in Table 3. The bias parameters derived by four
independent methods are consistent with each other within their
errors.

3.4. DMH Mass of z∼ 6 Quasars

We derive typical DMH mass from bias parameters of
correlation functions. Under the assumption that quasars are the
tracer for the underlying DM distribution, we adopt the bias
model in Tinker et al. (2010), which is formalized as

( ) ( )n
n

n d
n n= -

+
+ +b A B C1 , 27

a

a
c
a

b c

where ν is the peak height, which is defined as ν= δc/σ(M), δc
is the critical density for the collapse of DMHs (δc= 1.686),
and σ(M) is the linear matter variance at the radius of each
DMH. We use the other parameters as they are in Table 2 of
Tinker et al. (2010) for Δ= 200, which represents the ratio
between mean density and background density. The linear
variance is defined as

( ) ( ) ˆ ( ) ( )òs
p

=M P k z W k R k dk
1

2
, , , 282

2

2 2

where P(k, z) is the matter power spectrum generated by
CAMB16 with our cosmology parameters, and Ŵ is the spherical

top-hat function defined as

ˆ ( )
( )

[ ( ) ( )] ( )= -W k R
kR

kR kR kR,
3

sin cos . 29
3

This model is based on the clustering of DMHs in cosmological
simulations of the flat ΛCDM cosmology. We obtain the radius
of DMH Rhalo by solving Equation (28). Finally, we evaluate
the DMH mass Mhalo assuming the spherical DMH;

¯ ( )p r=M R
4

3
. 30mhalo halo

3

We adopt r̄ = ´ W h M2.78 10m m
11 2 . Our DMH mass from

each estimator is summarized in Table 3. The bias and halo
mass of the CCF are slightly smaller than the other three, but
this may be due to the contamination of the low-z interlopers to
the z∼ 6 LBG sample (see Section 3.2).
The DMH masses derived by four independent methods are

consistent with each other within their errors. However, we
note that the DMH mass estimation is sensitive to σ8. For
simplicity, the following discussions will use the bias and halo
mass obtained from the projected correlation function, but note
that there is variation in these evaluations as shown in Table 3.

4. Discussion

4.1. Comparison of DMH Mass with Other Studies

This study is the first to obtain the typical DMH mass of
quasars at z∼ 6 from clustering analysis, and not many
previous studies have obtained DMH mass at z∼ 6 using other
methods. Shimasaku & Izumi (2019) estimated DMH mass of
49 z∼ 6 quasars, assuming that the FWHM of [C II]
corresponds to the circular velocity of the DMH. They
estimated that the median DMH mass of the whole samples
is ´-

+
M1.2 100.6

2.2 12 , which is slightly lower than our
measurement; though, it is consistent within the errors. Chen
et al. (2022) estimated the typical DMH mass of a bright quasar
(M1450<− 26.5) at z∼ 6 is ´-

+ -
h M2.2 101.8

3.4 12 1 by measur-
ing the intergalactic medium density around these luminous
quasars, which is also consistent with our result within the
error. Furthermore, a cosmological N-body simulation
(Springel et al. 2005) predicts that the virial mass of DMH of
quasars at z = 6.2 is 3.9× 1012 h−1Me, which is consistent
with our result.
Figure 7 shows a compilation of the previous DMH mass

measurements based on clustering analysis at lower-z. In the
figure, we convert the bias parameter in each previous research
into DMH mass adopting our cosmology to reduce the effect of
different σ8 among this work and the previous research. Some
previous studies use different fitting formulae to infer a DMH
mass from clustering, but we confirmed that the difference
produces a few percent discrepancy in the DMH mass estimate.
We conclude that the definition does not have a large impact on
the DMH mass measurement. We also plot the mass evolution
of DMH with Mhalo= 1013, 1012, 1011 h−1Me (dotted lines)
from the sample mean redshift, z = 6.1, to z= 0 based on the
extended Press–Schechter theory (Bond et al. 1991; Bower
1991; Lacey & Cole 1993). Our quasar sample with Mhalo=
5.0× 1012 h−1Me, at z = 6.1 grows to ´-

+ -
h M2.0 101.0

2.2 14 1

(black solid line), at z= 0, which is comparable to a rich galaxy
cluster at present (Bhattacharya et al. 2013), implying that
quasars reside in the most massive DMHs in the early universe.

15 https://github.com/halomod/halomod
16 https://github.com/cmbant/CAMB
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Interestingly, the DMH mass of quasars has remained almost
constant ∼1012.5 h−1Me across the cosmic time. Although the
errors of each data point and variations even at the same epoch
are large, and the DMH mass tends to decrease slightly
from z= 1 to 0, it appears to remain roughly Mhalo∼
1012− 1013 h−1Me. A quite constant halo mass of quasars as
a function of redshift has been suggested up to z∼ 4 by the
previous studies (Trainor & Steidel 2012; Shen et al. 2013;
Timlin et al. 2018), and this study confirms that the trend
continues up to z∼ 6 for the first time. This is in clear contrast
to the standard growth of DMHs (the dashed lines in Figure 7).
Greiner et al. (2021) also concluded from the quasar pair
statistics that there is no strong evolution in clustering strength
from z∼ 6 to z∼ 4. McGreer et al. (2016) also used pair
statistics to constrain the correlation length at z∼ 5 as
r0 20 h−1Mpc, which is consistent with the trend. The
observed trend is also consistent with that from the model
(e.g., Lidz et al. 2006) that the characteristic mass of quasar
host halos should evolve only weekly with redshift to
reproduce the quasar luminosity function; though, their
constraints are predicted only at 0< z< 3. Even though
quasars at z= 0− 6 reside in similar host halos of
1012.5 h−1Me, this means that, as seen in the next section,
higher-z quasars are hosted in DMHs, which are more massive
(higher bias) for the mass at that time. In other words, quasars
appear in the most massive halos at z∼ 6, but they appear in
less extreme halos at a later time.

Our result that quasars at z∼ 6 reside in a fairly massive-end
halo implies that they could be in overdense regions. However,
observational evidence is far from conclusive, with some
studies (e.g., Stiavelli et al. 2005; Morselli et al. 2014; Mignoli
et al. 2020) finding quasars in the overdense region and others
(e.g., Willott et al. 2005; Bañados et al. 2013; Mazzucchelli
et al. 2017) finding no sign of it. This may be due to differences

in the depth and survey area of the overdense regions explored,
or different selection criteria for surrounding galaxies, which
may have led to a lack of consensus. A recent James Webb
Space Telescope (JWST) observation (Kashino et al. 2023),
which assessed the galaxy distribution around quasars at z∼ 6
on the scale of up to ∼10Mpc in the comoving coordinate,
showed a clear overdensity of [O III] emitters around an ultra-
luminous quasar at z = 6.327. Another JWST observation by
Wang et al. (2023), which performed an imaging and
spectroscopic survey of quasars utilizing NIRCam/WFSS,
discovered ten [O III] emitters around a quasar at z = 6.6, and
the galaxy overdensity corresponds to d = -

+12.6gal 5.0
5.9 over a

637Mpc3 volume in the comoving space. A large number of
such deep and wide observations will provide clearer insights
into the large-scale environments of z∼ 6 quasars.
In the low-mass regime below Mhalo< 1012 h−1Me, the

quasars with small black hole mass, small stellar mass and
extremely low luminosity may not be detected observationally.
In this case, the apparent lower limit of the observed halo mass
may be due to observational bias. In contrast, there may be an
upper limit of halo mass rather than a typical halo mass at
which quasar activity appears. In Figure 7, there appears to be
an upper limit where the quasar DMH mass never exceeds
1013 h−1Me, i.e., most quasars reside in DMHs with

< -
M h M10halo

13 1 across most of the cosmic history.
Fanidakis et al. (2013) used GALFORM, a semianalytic model,
and concluded that quasars live in average mass halos and do
not reside in the most massive DMHs at any redshift. In their
model, the quasar activity, which is maintained by the cold gas
accretion onto a central SMBH, will be suppressed by the
radio-mode AGN feedback in a massive halo larger than
1013 h−1Me. If the halo mass of quasars does not exceed
1013 h−1Me at any cosmic time, then such physics may
ubiquitously operate. This is supported by the observation by

Figure 7. The DMH mass from clustering analysis as a function of redshift. Our result from the projected correlation function is represented as a red circle. Other
symbols represent the DMH masses from previous studies. The circle, square, and triangle show studies that derive the projected, angular, and redshift–space
correlation function, respectively. The filled symbols denote estimates from ACF signal, while others from CCF signal. The references are shown in the upper right of
the figure. These masses are recalculated based on each bias parameter by using the cosmology in the study and the bias model of Tinker et al. (2010). The solid line
with gray shade denotes the DMH mass evolution with its error based on the extended Press–Schechter theory. The three dashed lines represent the mass evolution of
DMHs with Mhalo = 1013, 1012, 1011 h−1Me at z ∼ 6 from the top. The red-shaded region represents the DMH mass range where most of quasars are expected to
reside.
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Uchiyama et al. (2018), which concluded that few of the most
massive protocluster candidates were found around quasars at
z∼ 4. In other words, at z∼ 4, quasars do not exist in
overdense regions exceeding 1013 h−1Me, but in medium-
weight overdense regions below 1013 h−1Me.

However, it only appears that the halo mass does not exceed
1013 h−1Me in Figure 7, and what is measured from the
clustering is the average DMH mass of quasars in each period,
and it is therefore strictly inconclusive whether there are no
quasars in the halo with a mass exceeding 1013 h−1Me.

4.2. Implication to AGN Feedback

We compare our bias parameter with theoretical models in
Hopkins et al. (2007), which predicted a bias parameter
evolution at z 3 for three models with simple assumptions:
“efficient feedback,” “inefficient feedback,” and “maximal
growth,” as shown in Figure 8. In the efficient feedback model,
quasars only grow during their active phase, and the growth
thoroughly terminates after the phase. The bias parameter is
predicted to become smaller at higher-z if feedback is efficient.
In “inefficient feedback” model, quasars and their central
SMBHs continue growing periodically even after their active
phase until z∼ 2. Since their feedback is inefficient, the quasars
do not stop growing and shine episodically. In contrast to the
previous model, the quasars tend to reside in more massive
DMHs, which makes the bias parameter larger at z 3. In the
last model, maximal growth, quasars keep growing at the same
rate with their host DMHs simultaneously until z∼ 2. The
central SMBHs retain Eddington accretion all the time, and

their growth is rapid. The feedback of quasars is less efficient
than that from the second model. Therefore, the DMHs are the
most massive among these models, which is apparent in
Figure 8. It should be noted that the model only predicts the
evolution of the bias parameter, and no prediction of other
observables (e.g., luminosity function, M–σ relation) is given
for each assumption.
Our result is most consistent with a large bias parameter,

favoring the maximal model, which assumes Eddington
accretion and the feedback is highly inefficient at z∼ 6. This
result is consistent with the fact that the Eddington ratio of
quasars at z∼ 6 tends to be higher than that in local (Yang et al.
2021). However, it is noted that the Eddington ratio of quasars
at z< 4 is usually smaller than unity (Shen et al. 2008), being
inconsistent with “maximal growth” model. The measurement
of bias parameters at z∼ 4 has not yet been settled, as the
results are largely divided into large (Shen et al. 2007) and
small (He et al. 2018; Timlin et al. 2018) values. Therefore,
since Hopkins’ models simply attempt to explain the evolution
from z= 2, to z= 6, with a single physical mechanism, it is not
necessary only to support this maximal growth model at
4< z< 6 as it is. For example, by assuming that the feedback
is inefficient at z∼ 6 while it becomes more efficient until
z∼ 4, an evolution model that the bias keeps low until z∼ 4
and increases rapidly to z∼ 6 does not conflict with our
observational result. Alternatively, it could be explained by
intermittent black hole growth (Inayoshi et al. 2022; Li et al.
2023). To further restrict the models, the measurement of the
bias parameter at z∼ 5 is a key.

Figure 8. Evolution of the quasar bias parameter. This figure is the extension of Figure 12 in Timlin et al. (2018). The red circle represents our result of the projected
correlation function, and the other symbols show the result of previous studies. Three black lines represent the bias parameters as a function of redshift based on the
theoretical models: efficient feedback (solid line), inefficient feedback (dashed line), and maximal growth (dashed–dotted line). The efficient feedback model assumes
that the growth of quasars only occurs in their active phase. The inefficient feedback model presumes that quasars continue growing periodically even after their active
phase until z ∼ 2. The maximal growth model premises that quasars keep growing with their host DMH until z ∼ 2. In these models, as the feedback becomes
inefficient, the DMH mass gets more massive.
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4.3. Duty Cycle

We also evaluate the duty cycle of quasars, which represents
the fraction of DMHs that host active quasars. At first,
following the traditional approach (Haiman & Hui 2001;
Martini & Weinberg 2001), we assume that a DMH with more
than the threshold Mmin can host a quasar, which activates
randomly for a certain period. Under this assumption, the duty
cycle fduty is defined as the ratio of the number of observed
quasars to the number of the whole host halos above Mmin.
Therefore, fduty is evaluated as

( )
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where Φ(L) is the quasar luminosity function at z∼ 6 derived
by Matsuoka et al. (2018b), Lmin is the minimum luminosity of
the quasar sample, n(M) represents the DMH mass function at
z∼ 6 derived by Sheth & Tormen (1999), and Mmin represents
the DMH minimum mass to host a quasar. The quasar
luminosity function is evaluated based on the sample almost
equivalent to that in this study, by excluding type II quasars.
We adopt the DMH mass function from Sheth & Tormen
(1999);
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where A= 0.3222, a= 0.707, p= 0.3, and δc(z)= δc/D(z). The
D(z) represents the growth factor from Carroll et al. (1992).
The minimum mass is estimated from the effective bias, which
is expressed as
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where b(M, z) is the bias parameter of the given DMH mass at a
given redshift from the model (Tinker et al. 2010). Based on
the effective bias determined from the clustering analysis, Mmin

is evaluated to be 4.5× 1012 h−1Me. In this case, we obtain
fduty= 6.3± 2.7, exceeding unity, which is unreasonable given
its definition.

We consider that it is too simple to assume that all halos
above a certain minimum mass can host a quasar, as expressed
in Equation (31). Equation (31) is correct when luminosity and
mass are proportional, and Lmin corresponds to Mmin, but this is
not the case of quasars. In fact, as seen in Figure 7, the halo
mass of quasars is within a certain narrow range over cosmic
time, and there seems to exist an upper limit to the halo mass of
quasars. Although it is difficult to determine the exact mass
range, we here simply assume that the DMHs with

( )-
 M h M12 log 13halo

1 can host quasars based on
Figure 7. In this case, Equation (31) can be expressed as
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where M1= 1012 h−1Me, and M2= 1013 h−1Me. This equation
gives fduty= 0.019± 0.008. The derived fduty corresponds to
1.9% of the age of the universe, namely, ∼1.7× 107 yr, as the
lifetime of quasars at z∼ 6. While this is consistent with the
lifetime obtained from the clustering analysis at low-z (e.g.,
White et al. 2012), it is about equal to the upper limit obtained
from the proximity zone size measurements at z∼ 6
(Eilers et al. 2021).
We derive the duty cycle based on the new definition, which

cannot be simply compared with previous results at low-z. Based
on Equation (34), we recalculate fduty at z∼ 4 from the luminosity
function (Akiyama et al. 2018) and obtain fduty= 0.012± 0.001,
which is consistent with the conventional estimate, f= 0.001–0.06
(He et al. 2018), and fduty at z∼ 6 by this study. On the other
hand, in the case of Eftekharzadeh et al. (2015) at z∼ 3, we obtain
fduty= 0.0060± 0.0008. Based on Croom et al. (2005), we obtain
fduty= 0.0039± 0.0005, 0.0043± 0.0005, 0.0042± 0.0006; at
z= 0.804, 1.579, 2.475, respectively. They are slightly smaller
than those at z> 4.
However, note that there is no justification for the mass

range used for integration here. Unless we know the exact mass
distribution of halos that can host quasars, we cannot precisely
obtain the denominators in either Equation (31) or
Equation (34). Also, the numerator in these equations are the
number of quasars observed, and fduty will inevitably increase
as the limiting magnitude deepens in the future, that is, as Lmin

decreases. Because of this physical discrepancy, fduty should be
considered to give only a very rough estimate.

4.4. Stellar Mass and Dynamical Mass

We evaluate the stellar mass of host galaxies based on the
empirical stellar (M*)-to-halo (Mhalo) mass ratio (SHMR) from
Behroozi et al. (2019). The SHMR at z∼ 6 has only evaluated up
to = -

M h M10halo
max 12 1 and needs to be extended beyond this

point to reach the observed halo mass, Mhalo= 5× 1012 h−1Me.
However, the pivot mass (Mhalo

max ) is just where the slope of this
relationship changes, and the slope at the high-mass regime tends
to become shallower toward higher-z (Behroozi et al. 2019);
therefore, this extension involves a large uncertainty. Assuming
conservatively here that the ratio above Mhalo

max does not change
from SHMR∼ 0.013 at Mhalo

max , the stellar mass is evaluated as
= ´-

+ -
*M h M6.5 105.2

9.6 10 1 , where the error is estimated from
the uncertainty of Mhalo only and does not take into account the
uncertainty of the SHMR extrapolation.
On the other hand, the dynamical mass evaluated by the [C II]

158 μm observation is often used as the surrogate of the stellar
mass (e.g., Willott et al. 2015a; Venemans et al. 2016; Izumi et al.
2018) although the dynamical mass is essentially different from
the stellar mass. They estimated the dynamical mass with an
assumption of a thin rotation disk with a diameter
D= 1–2 h−1kpc. (Wang et al. 2013; Willott et al. 2015b, 2017).
The stellar mass was evaluated by the [C II] observations of seven
SHELLQs quasars as M*= (0.91− 20)× 1010 h−1Me (Izumi
et al. 2018, 2019). Neeleman et al. (2021) evaluated the mean
stellar mass of 27 brighter quasars as Mdyn= (3.5± 2.5)×
1010 h−1Me, which is consistent with that from Izumi et al.
(2018, 2019).
The stellar mass based on the clustering analysis with the

SHMR is consistent with those independently measured from
[C II] observation. It is a bit surprising that they both agree,
albeit with large uncertainties: in addition to the SHMR being
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uncertain at the massive end, there is no guarantee that the
quasar hosts will have the same SHMR as the normal galaxy.
On the other hand, there is an implicit assumption that [C II]
dynamical mass is a good proxy for the stellar mass of the
bulge.

We compare the dynamical mass between the clustering
analysis and the [C II] observation. We estimate the dynamical
mass at D= 1–2 h−1kpc, where [C II] dynamical mass is
estimated, from our Mhalo measurement, as follows. The virial
radius rvir can be estimated by using the spherical collapse
model (Barkana & Loeb 2001);
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is the overdensity at the halo collapse, and we obtain
rvir= 64 h−1kpc, which is much larger than the scale on which
the [C II] dynamical mass is estimated. When assuming a
rotation-dominated disk with the flat rotation of DMHs, i.e.,
rotation velocity does not depend on the radius, the dynamical
mass is estimated as Mdyn= (0.83–1.7)× 1011 h−1Me at the
scale of 1–2 h−1kpc, which is larger than the [C II] dynamical
mass, and in other words, the [C II] rotation velocity is much
slower than the halo circular velocity. This suggests either that
the area where [C II] is detected is substantially central to the
halo, where the rotation velocity has not yet reached the
maximum halo circular velocity, or the rotation of [C II] is
independent of the rotation of the halo. These considerations
make it difficult to regard the dynamical mass obtained from
[C II] as that of the entire system. Nevertheless, the stellar
masses of both estimates agree, which could be a coincidence
due to the large uncertainties in both.

It should be noted that recent direct observation by JWST/
NIRCam for host galaxies of a couple of SHELLQs quasars
(Ding et al. 2022) applies the spectral energy distribution fitting
to derive the stellar mass, which is comparable to that inferred
from the halo mass measurement. Marshall et al. (2023) also
used JWST/NIRSpec to detect [O III] λ5008 emitting regions,
which are more extended than the [C II], of the host galaxy,
giving a slightly higher dynamical mass. More observations
should be made in the future to increase the number of direct
measurements of the stellar mass of quasar host galaxies. Also,
we should keep in mind that the halo mass obtained in this
study is still accompanied by a large error.

5. Summary

We conduct a clustering analysis of 107 quasars at z∼ 6,
mainly composed of SHELLQs, which has increased the
number density of quasars at z∼ 6 by more than 30 times that
from SDSS. This study is the first attempt to measure the DMH

mass of quasars at z∼ 6. The main results are summarized
below.

1. The quasars are spectroscopically identified in the HSC-
SSP wide layer over 891 deg2. The completeness holds
70% (80%) over 85% (77%) of the entire survey regions.
We evaluate the three types of ACF for our sample:
projected correlation function ωp(rp), angular correlation
function ω(θ), and redshift–space correlation function
ξ(s). We also evaluate the angular CCF between our
quasar sample and LBG sample at z∼ 6 in the HSC-SSP
Deep layer. The DMH mass at z∼ 6 is evaluated
as ´-

+ -
h M5.0 104.0

7.4 12 1 with the bias parameter, b=
20.8± 8.7 by the projected correlation function. The
other three estimators agree with these values; though, the
uncertainties are large due to the small sample size. Using
extended Press–Schechter theory, we find that the DMH
with 5.0× 1012 h−1Me at z∼ 6 will grow into

´-
+ -

h M2.0 101.0
2.2 14 1 at z= 0, which is comparable to

the rich clusters of galaxies today.
2. The DMH mass of quasars is found to be nearly constant

∼1012.5 h−1Me throughout the cosmic epoch. While
there is broad agreement in previous studies that the
quasar halo mass remains approximately constant up to
z∼ 4, this study confirms, for the first time, that this trend
continues up to z∼ 6. This means that there is a
characteristic mass of DMH where quasars are always
activated. As a result, quasars appear in the most massive
halos at z∼ 6, but in less extreme halos thereafter. The
mass of the quasar DMH is unlikely to exceed its upper
limit of 1013 h−1Me. This suggests that most quasars
reside in < -

M h M10halo
13 1 DMHs across most of the

cosmic history. This is consistent with the model by
Fanidakis et al. (2013). In the model, the quasar activity,
which is maintained by cold gas accretion into the central
SMBH, is suppressed by radio-mode AGN feedback for
massive halos larger than 1013 h−1Me. If the quasar halo
mass does not exceed 1013 h−1Me at any time, then such
physics may be ubiquitously at work.

3. Our result that the bias parameter b is as large as
b= 20.8± 8.7 at z∼ 6 supports the “maximum model”
proposed by Hopkins et al. (2007), which assumes that
feedback is highly inefficient during z∼ 4–6. Without the
observational constraint at z∼ 5, our result along with the
previous observations can also be explained by a bias
evolution model in which feedback is inefficient at z∼ 6
but becomes progressively more efficient at z∼ 4.

4. We estimate the quasar duty cycle fduty at z∼ 6. We find
that the conventional definition of fduty yields an
unphysical result as the fduty becomes greater than unity.
We propose a new method to estimate the duty cycle in
line with the observational result that DMH mass is
nearly constant. We assume that DMHs with

( )-
 M h M12 log 13halo

1 can host quasars. Using
the number density of DMHs in the mass interval and the
quasar luminosity function at z∼ 6, we achieve
fduty= 0.019± 0.008, which is consistent with that
at z∼ 4.

5. Assuming that the empirical SHMR at z∼ 6 is constant at
Mhalo> 1012 h−1Me, the average stellar mass of quasar
host galaxies at z∼ 6 is evaluated from the observed
DMH mass to be = ´-

+ -
*M h M6.5 105.2

9.6 10 1 , which is
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found to be consistent with those derived from [C II]
observations.

The clustering signal measurement utilizing the quasar
candidates at z∼ 5 identified by HSC will soon be made,
which can constrain the feedback models more rigidly. More
stellar mass measurements from [C II] observations by Atacama
Large Millimeter/submillimeter Array will lead to a rigorous
comparison with halo masses derived in the study and a
constraint on the SHMR at the massive-end at z∼ 6. The high
sensitivity of JWST will allow us to directly measure the host
stellar mass and the dynamical mass of quasars and investigate
the environment around quasars (e.g., overdensity). In the
future, more powerful surveys (e.g., Legacy Survey of Space
and Time; LSST Science Collaboration et al. 2009) will
contribute to the larger quasar sample at high-z, which will lead
to the detection of clearer clustering signals. In addition,
promising instruments, such as Nancy Roman Space Telescope
and Euclid Satellite, will be expected to identify quasars at
z> 7. These next-generation instruments will make the sample
size deeper and larger, which will have a huge impact on our
understanding of the coevolution in the early universe.
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