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ABSTRACT
The spatial clustering of active galactic nuclei (AGNs) is considered to be one of the important diagnostics for the understanding
of the underlying processes behind their activities complementary to measurements of the luminosity function (LF). We analyse
the AGN clustering from a recent semi-analytic model performed on a large cosmological N-body simulation covering a cubic
gigaparsec comoving volume. We have introduced a new time-scale of gas accretion on to the supermassive black holes to
account for the loss of the angular momentum on small scales, which is required to match the faint end of the observed X-ray LF.
The large simulation box allows us accurate determination of the autocorrelation function of the AGNs. The model prediction
indicates that this time-scale plays a significant role in allowing massive haloes to host relatively faint population of AGNs,
leading to a higher bias factor for those AGNs. The model predictions are in agreement with observations of X-ray selected
AGNs in the luminosity range 1041.5 erg s−1 ≤ L2−10keV ≤ 1044.5 erg s−1, with the typical host halo mass of 1012.5−13.5h−1 M�
at z � 1. This result shows that the observational clustering measurements impose an independent constraint on the accretion
time-scale complementary to the LF measurements. Moreover, we find that not only the effective halo mass corresponding to the
overall bias factor, but the extended shape of the predicted AGN correlation function shows remarkable agreement with those
from observations. Further observational efforts towards the low-luminosity end at z ∼ 1 would give us stronger constraints on
the triggering mechanisms of AGN activities through their clustering.

Key words: galaxies: haloes – galaxies: nuclei – quasars: general – dark matter – large-scale structure of Universe – cosmology:
theory.

1 IN T RO D U C T I O N

Observations have shown that there are a number of scaling relations
between the mass of supermassive black holes (SMBHs) and the
properties of their host galaxies. The SMBH mass correlates with
the bulge stellar mass of the host galaxy (e.g. Magorrian et al.
1998; Häring & Rix 2004; McConnell & Ma 2013) and with the
stellar velocity dispersion (e.g. Ferrarese & Merritt 2000; Gebhardt
et al. 2000; McConnell & Ma 2013), although the nature of these
relationships for low-mass galaxies is still poorly understood (see
e.g. Graham & Scott 2015; Chilingarian et al. 2018; Schutte, Reines
& Greene 2019 for recent studies). These correlations suggest that
the growth of SMBHs and the evolution of the host galaxies are
physically related.

� E-mail: oogi@chiba-u.jp

While there are many studies on physical processes, which can
potentially connect the cosmic growth of the SMBHs and the host
galaxies, it is still unclear how exactly their correlation has been
established over cosmic time. A scenario invoking galaxy mergers
is popular for the growth of SMBHs because a merger can stimulate
large gas inflow to the central region of galaxies and feed the SMBHs
owing to the gravitational torques induced by the interaction. This
is indeed observed in hydrodynamical simulations, powering active
galactic nuclei (AGNs) as well as triggering starbursts in the nuclear
region (e.g. Di Matteo, Springel & Hernquist 2005; Hopkins et al.
2006). Observational studies are consistent with the galaxy merger
scenario at least for a subset of quasar samples (i.e. high-luminosity
AGNs; Bessiere et al. 2012; Treister et al. 2012; Urrutia et al. 2012;
Glikman et al. 2015; Fan et al. 2016). On the other hand, it is also
expected that gas inflow due to the gravitational instability of self-
gravitating (gas) discs causes the gas accretion on to SMBHs even
in the absence of mergers. This process is called disc instabilities
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(e.g. Bower et al. 2006; Lagos, Cora & Padilla 2008; Fanidakis et al.
2011; Hirschmann et al. 2012; Menci et al. 2014; Gatti et al. 2016;
Lacey et al. 2016; Griffin et al. 2019). This scenario is supported by
observational studies investigating the morphology of galaxies host-
ing AGNs with moderate X-ray luminosity. In this paper, LX denotes
the luminosity of 2–10 keV band, unless otherwise stated. Galaxies
hosting moderately luminous AGNs (LX ≈ 1042−1044 erg s−1) do
not show evidence of morphological distortion rooted in major
galaxy mergers at z < 1.3 (e.g. Grogin et al. 2005; Gabor et al.
2009; Georgakakis et al. 2009; Cisternas et al. 2011) and at z

∼ 2 (Schawinski et al. 2011; Kocevski et al. 2012). More recent
observational studies also suggest that the merger fraction of AGN
host galaxies is similar to that of inactive galaxies for luminous AGNs
(e.g. Mechtley et al. 2016; Marian et al. 2019). Note that different
observations use different X-ray bands including 2–8, 2–10, 0.5–10,
0.2–10, and 0.5–8 keV bands. Analyses using close galaxy pairs
find that although ∼20 percent of AGN activity is triggered by close
encounters or mergers between galaxies, the triggering mechanism
for the remaining ∼80 percent is open to question (e.g. Silverman
et al. 2011; Lackner et al. 2014). The merger–AGN connection
is, however, still of interest and remains a matter of debate. This
is because a number of studies suggest that galaxies undergoing
mergers or interacting with pairs have a higher fraction of AGN
compared to undisturbed galaxies (e.g. Satyapal et al. 2014; Goulding
et al. 2018; Ellison et al. 2019; Secrest et al. 2020).

The similarity between the cosmic star formation history and the
SMBH accretion history (e.g. Silverman et al. 2008; Aird et al.
2010; Madau & Dickinson 2014) as well as the correlations between
the SMBH mass and the bulge mass described above (Magorrian
et al. 1998; Häring & Rix 2004; McConnell & Ma 2013) suggest a
possible connection between the growth of SMBHs and the formation
and evolution of galaxies in the cosmological structure formation.
The evolution of AGN populations over cosmic time is a key
topic of observational and theoretical studies, and clarifying it has
important meaning in theoretical models of AGNs. Semi-analytic
models of galaxy formation including the processes of the growth of
SMBHs and AGN activity, which are driven by mergers and/or disc
instabilities, have been developed to study the cosmological evolution
of SMBHs and galaxies (e.g. Kauffmann & Haehnelt 2000; Enoki,
Nagashima & Gouda 2003; Cattaneo et al. 2005; Fontanot et al. 2006;
Monaco, Fontanot & Taffoni 2007; Marulli et al. 2008; Somerville
et al. 2008; Fanidakis et al. 2011, 2012; Hirschmann et al. 2012;
Menci, Fiore & Lamastra 2013; Enoki et al. 2014; Menci et al. 2014;
Neistein & Netzer 2014; Griffin et al. 2019; Shirakata et al. 2019a).
These studies mainly focus on the AGN luminosity function (LF)
over a wide redshift range. Although recent semi-analytic models
have predicted the AGN LF that is in agreement with observations
(e.g. Fanidakis et al. 2012; Hirschmann et al. 2012; Griffin et al.
2019; Shirakata et al. 2019a), the main triggering mechanism that
shapes the AGN LF is different among the models. Consequently,
the main contributor to the SMBH growth remains unclear.

Spatial clustering of AGNs also gives an important constraint on
the SMBH growth and AGN triggering mechanisms. Large-scale
surveys such as the Sloan Digital Sky Survey (SDSS; York et al.
2000) and the 2dF QSO Redshift Survey (2QZ; Boyle et al. 2000)
have revealed that for optically luminous quasars the host halo mass
inferred from clustering analysis is a few times 1012h−1 M� (e.g.
Porciani, Magliocchetti & Norberg 2004; Croom et al. 2005; Myers
et al. 2007; Shen et al. 2007; Padmanabhan et al. 2009; Ross et al.
2009; Krolewski & Eisenstein 2015). On the other hand, X-ray AGN
surveys have found that, for moderately luminous X-ray-selected
AGNs (L2−10keV � 1042−1044 erg s−1), the host halo mass must

be higher, typically 1012.5−13.5h−1 M�, to be compatible with their
clustering measures (e.g. Coil et al. 2009; Gilli et al. 2009; Cappelluti
et al. 2010; Krumpe, Miyaji & Coil 2010; Allevato et al. 2011; Miyaji
et al. 2011; Starikova et al. 2011; Mountrichas & Georgakakis 2012;
Koutoulidis et al. 2013; Krumpe et al. 2018; Plionis et al. 2018). It
is expected that next-generation surveys such as eROSITA (Merloni
et al. 2012) can reveal the clustering of X-ray AGNs in a wide
luminosity range more accurately.

Previous theoretical studies have indicated that at least at low
redshift (z � 2), the dark matter (DM) halo mass of luminous quasars
can be explained by the models in which quasar activity is triggered
by galaxy major mergers (e.g. Hopkins et al. 2007; Bonoli et al.
2009; Oogi et al. 2016) or disc instabilities (Fanidakis et al. 2013b).
In order to explain the X-ray AGN host haloes, some physical
mechanisms are proposed. Fanidakis et al. (2013a) compare the
theoretical predictions of the host halo mass of X-ray AGNs based
on a semi-analytic model to the observational estimates. In their
model, SMBHs grow through the accretion of diffuse hot gas from
a quasi-hydrostatic halo as well as the accretion of cold gas during
starbursts. The former ‘hot-halo’ accretion mode is regarded as being
coupled to the AGN feedback. They further take into account the
AGN activity associated with this hot-halo mode accretion and add
it to the AGN luminosity. Because the AGN feedback in the quasi-
hydrostatic regime is activated in massive haloes (�1012.5M�), they
are more likely to be found in those haloes. As a consequence, they
have shown that the higher host halo mass of the X-ray AGNs can be
explained by the hot-halo mode AGNs. They have suggested that the
difference between the host halo masses of quasars and X-ray AGNs
is due to the difference in black hole fuelling/AGN triggering modes
between the two populations (Fanidakis et al. 2013a). However, it is
still unclear whether the hot-halo mode accretion is the only solution
as the major triggering mechanism of X-ray AGNs or not.

Other possibilities that may trigger the X-ray AGNs have been
also considered. Allevato et al. (2011) suggest that for moderate-
luminosity X-ray selected AGNs (with the bolometric luminosity
Lbol ∼ 2 × 1045 erg s−1), secular processes such as tidal disruptions
or disc instabilities might play a larger role than major mergers, based
on their observation. Altamirano-Dévora et al. (2016) estimate the
halo occupation distributions (HODs) of the moderate-luminosity X-
ray AGNs (L0.5−2keV ≥ 2 × 1042.4 h−2 erg s−1) using a simple model
with cosmological N-body simulations and compare them with those
inferred from observations. They suggest that minor mergers play
a role in establishing the HODs and can be an important factor in
activating X-ray AGNs. Gatti et al. (2016) use their semi-analytic
model to clarify the difference of predictions between two AGN
triggering mechanisms: galaxy interactions and disc instabilities.
They have shown that both scenarios with galaxy interactions alone or
with only disc instabilities do not sufficiently reproduce the HODs
by using direct measurements by directly counting the number of
AGNs within X-ray galaxy groups (Allevato et al. 2012) or using
an abundance-matching approach (Leauthaud et al. 2015) for X-
ray AGNs, in particular, the HODs of satellite AGNs. They have
concluded that different feeding modes besides galaxy interactions
including mergers and disc instabilities are needed to account for the
triggers of satellite AGNs.

In this paper, we investigate the clustering of X-ray AGNs by
using our new semi-analytic model ν2GC (Makiya et al. 2016;
Shirakata et al. 2019a). In particular, we explore the validity of ν2GC
including the galaxy major and minor mergers and disc instabilities
as triggering mechanisms for X-ray AGNs. In ν2GC, we assume
that gas accretion on to SMBHs occurs when two galaxies merge
or a galactic disc is dynamically unstable. In these phases, we also
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assume that nuclear starburst occurs. Furthermore, we assume that
the time-scale of the BH growth, i.e. the gas accretion, is controlled
by the time-scale of the loss of angular momentum within 100 pc
of the nucleus. The model including this additional time-scale has
been shown to match well the faint end of the observed LFs of X-
ray AGNs and reproduce those in a wide redshift range 0 � z � 6
(Shirakata et al. 2019a). Moreover, the model predicts the Eddington
ratio distribution, which is broadly consistent with observational
estimates at low redshift (Shirakata et al. 2019b). In this paper, we
focus more on the clustering properties of the AGNs with a particular
focus on the role of the accretion time-scale to determine the mass of
the host haloes of X-ray AGNs. More specifically, we examine the
two-point correlation function (2PCF) and the derived bias factor of
the simulated AGNs in comparison to observations. For this purpose,
we use a large cosmological N-body simulation covering a cubic
gigaparsec comoving volume with sufficient mass resolution. This
enables us to examine 2PCFs with unprecedentedly high accuracy.
We find that the effective halo mass of X-ray AGNs increases with
cosmic time and reaches 1012.5−13.5h−1 M� at 0 � z � 1 in our
model and show that the result is consistent with the observationally
estimated host halo mass of X-ray AGNs.

The reminder of this paper is organized as follows. In Section 2,
we outline our semi-analytic model of galaxy and AGN formation
to predict the AGN statistics. Our primary results including the host
halo masses, 2PCFs, and HODs of AGN are presented in Section 3.
In Section 4, we discuss the implications of our results for the SMBH
growth and AGN formation processes, and summarize our findings.

2 ME T H O D S

2.1 Semi-analytic galaxy formation model

To investigate the clustering of AGNs, we use our latest semi-analytic
model of galaxy and AGN formation, ‘New Numerical Galaxy
Catalogue’, ν2GC (Makiya et al. 2016; Shirakata et al. 2019a), which
is an extension of the Numerical Galaxy Catalog (νGC; Nagashima
et al. 2005). DM halo merger trees are constructed by using large
cosmological N-body simulations (Ishiyama et al. 2015). In this
paper, we use the simulation run called ν2GC-L, which has the
largest box size, 1120.0 h−1 Mpc, among the different runs in the
νGC project, while keeping sufficient mass resolution for the study
of AGNs. The mass of the DM particles is 2.2 × 108 h−1 M�, and the
total number of particles is 81923. We consider DM haloes with mass
equal to or more massive than 8.79 × 109 h−1 M�, which consist of
40 DM particles. The semi-analytic model on ν2GC is originally
developed by Makiya et al. (2016) and extended by Shirakata et al.
(2019a) with several major modifications including the growth of
SMBHs and bulges and the AGN activity. ν2GC takes into account
all the known major processes involved in galaxy formation: (i)
the collapse and merging of DM haloes, (ii) radiative gas cooling
and disc formation in DM haloes, (iii) star formation, supernova
feedback, and chemical enrichment, (iv) galaxy mergers and disc
instabilities, which trigger starburst and cause the growth of bulges
and SMBHs, and (v) feedback from AGNs (the so-called radio-mode
AGN feedback). Further details of our galaxy formation model are
given in Makiya et al. (2016) and Shirakata et al. (2019a).

2.2 Bulge and SMBH growth

In ν2GC, there are two main channels to feed the SMBHs: galaxy
mergers and disc instabilities (Shirakata et al. 2019a). These fuelling
mechanisms are assumed to induce a starburst in the nuclear region

of galaxies. The newly formed stars constitute the bulge component
of the galaxies. The growth of the SMBHs is considered to follow
that of the bulges. First, we describe the merger-driven growth mode.
This mode is motivated by a number of galaxy merger simulations
(e.g. Di Matteo, Springel & Hernquist 2005; Springel, Di Matteo
& Hernquist 2005a, b; Springel, Di Matteo & Hernquist ; Hopkins
et al. 2006). Right after the mergers of DM haloes, the newly formed
halo contains two or more galaxies. The central galaxy in the most
massive progenitor halo is defined as that of the new halo. The
others are defined as satellite galaxies. We assume that two galaxies
sharing a common DM halo merge into a single galaxy in a merger
time-scale, which is determined by the dynamical friction time-scale
(Jiang et al. 2008; Jiang, Jing & Lin 2010) and/or the rate of random
collision (Makino & Hut 1997). We consider two different types
of mergers: (i) a merger between a galaxy at the halo centre and a
satellite galaxy in the same halo in the dynamical friction time-scale
and (ii) a merger between two satellite galaxies according to the
random collision rate. We follow the model of merger-driven bulge
growth proposed by Hopkins et al. (2009) based on hydrodynamical
simulations of galaxy mergers. Through the galaxy mergers, all the
components of the secondary (less massive) galaxy merge into the
bulge of the primary (more massive) galaxy. A part of the cold gas
and stars in the disc of the primary galaxy also migrates to the bulge
due to the interaction. The cold gas is converted into stars in the bulge
with a short time-scale, which we call a starburst. During starbursts,
a small fraction of the cold gas is considered to be accreted on to
the SMBHs. We note that the starbursts and the accompanying gas
accretion on to SMBHs occur both in major and minor mergers in
our model. We define mergers with mass ratios of the secondary to
the primary larger (smaller) than 0.4 as major (minor) mergers. This
definition is the same as in Shirakata et al. (2019a). Further details
of the prescription of the mergers are given in Makiya et al. (2016)
and Shirakata et al. (2019a).

We also consider the SMBH growth driven by disc instabilities.
When a galactic disc is dynamically unstable, a part of the cold
gas and stars in the disc migrates to the bulge through the bar
formation. This process is supported by numerical simulations of
isolated galaxies (e.g. Efstathiou, Lake & Negroponte 1982) and an
analytic model (Hopkins & Quataert 2011). We follow the stability
criterion given by Efstathiou, Lake & Negroponte (1982). The
starbursts triggered by disc instabilities are treated in the same way
as those by mergers. Here again, a fraction of the gas is considered
to be accreted on to the SMBHs. Further details of our bulge and
SMBH growth model are given in Shirakata et al. (2019a).

We also assume that a fraction of hot halo gas is accreted on to
SMBHs. In this mode, the accreted gas causes a radio jet that puts
energy into the hot halo gas and prevents the hot gas from cooling and
subsequent star formation. This is called the ‘radio-mode’ AGN feed-
back (Bower et al. 2006; Croton et al. 2006). Although SMBHs grow
through this gas accretion mode, this is not a significant contribution
to the entire mass growth of SMBHs; the mass growth is dominated
by the gas accretion during major/minor mergers and disc instabili-
ties. We note that our model does not consider the AGN luminosity
associated with this hot halo gas accretion, in contrast to Fanidakis
et al. (2013a). Further details of the radio-mode feedback we imple-
ment are given in Makiya et al. (2016) and Shirakata et al. (2019a).

2.3 Gas accretion time-scales on to black holes

When the triggering mechanisms are in action, the gas moves towards
the central region of the galaxy and is accreted on to the SMBH. The
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accreted gas mass �MBH is modelled as follows:

�MBH = fBH�Mstar,burst, (1)

where �Mstar,burst is the total stellar mass formed during a starburst.
We set fBH = 0.02 to match the observed correlation between masses
of the host bulges and the SMBHs at z = 0. This model also
reproduces the SMBH mass function estimated from observations.
We assume a time-dependent mass accretion associated with each
event:

ṀBH(t) = �MBH

tacc
exp

(
− t − tstart

tacc

)
, (2)

where tacc is the accretion time-scale and tstart is the start time of the
accretion.

The accretion time-scale, tacc, is a key parameter that governs the
abundance of low-luminosity AGNs. In Shirakata et al. (2019a), we
have shown that a long accretion time-scale is necessary to reproduce
the faint end of the AGN LF. We assume that this time-scale is
controlled by that of the loss of angular momentum within 100 pc of
a galaxy in addition to the dynamical time-scale of the bulge:

tacc = αbulgetdyn,bulge + tloss, (3)

where tdyn,bulge is the dynamical time-scale of the bulge of the host
galaxy, αbulge is a free parameter, and tloss is the time-scale for the
angular momentum loss of the accreted gas within 100 pc (Shirakata
et al. 2019a). We set αbulge = 0.58 so that the bright end of the
LF of AGNs matches the observations. In this prescription, if tloss

is sufficiently longer than αbulgetdyn,bulge, the gas accretion continues
even after passing the bulge dynamical time-scale, which is assumed
to be the time-scale of the gas supply from the galactic scale. Here,
we describe the motivation to introduce the new time-scale tloss and
the situation we suppose. We consider that the gas accretion on to
SMBHs is regulated by the physics that governs the dynamics of gas
around the SMBHs. The dynamics of a circumnuclear disc and/or
accretion disc is considered to be related to the SMBH mass and the
accreted gas mass. Thus, we assume that tloss depends both on the
SMBH mass, MBH, and �MBH:

tloss = tloss,0

(
MBH

M�

)γBH
(

�MBH

M�

)γgas

, (4)

where tloss,0, γ BH, and γ gas are free parameters. We set tloss,0 = 1 Gyr,
γ BH = 3.5, and γ gas = −4.0 so that the AGN LF matches obser-
vations. The positive dependence on MBH and negative dependence
on �MBH is in accord with the situation that we consider: a massive
SMBH stabilizes the gas disc due to its gravitational potential, and a
massive accreted gas mass makes the gas disc unstable. For most of
the AGNs with low luminosity and/or at low redshifts, the dominant
term in tacc is the second term tloss as shown in Shirakata et al. (2019a,
see their fig. 7). Due to this term, the number density of AGNs with
low luminosities increases at z � 1.5. As a result, this model can
reproduce the observed LF of AGNs over a wide redshift range, 0 <

z < 6 (see fig. 5 in Shirakata et al. 2019a). We adopt the model with
tloss as our fiducial model. To clarify the effect of tloss, we also consider
the model without the term tloss in tacc, which we call ‘galmodel’. In
this model, we assume that the accretion time-scale only depends on
the dynamical time-scale of the bulge, i.e. tacc = αbulgetdyn,bulge.

2.4 AGN activity

The gas inflow and accretion on to an SMBH leads to AGN activities.
Here, we consider the AGN bolometric luminosity, Lbol, as the most
representative indicator of these activities. When the accretion occurs

at a sub-Eddington rate, i.e. ṀBH � ṀEdd/η, the accretion disc is
described as the standard disc, where ṀEdd is the Eddington rate and
η is the radiative efficiency of a standard disc, η ∼ 0.1, respectively.
The Eddington rate is defined as ṀEdd ≡ LEdd/c

2, where LEdd is the
Eddington luminosity LEdd ≡ 4πGMBHmpc/σ T, c is the speed of
light, G is the gravitational constant, mp is the proton mass, and σ T

is the Thomson scattering cross-section. When a super-Eddington
accretion occurs, the luminosity is expected to be limited to several
times the Eddington luminosity due to the ‘photon trapping’ (e.g.
Ohsuga et al. 2005). In other words, the radiative efficiency is lower
than that of the standard accretion disc given the accretion rate. This
type of disc state is described by a solution called slim disc (e.g.
Abramowicz et al. 1988; Mineshige et al. 2000; Watarai et al. 2000).
Oogi et al. (2017) have found that this limitation of the bolometric
luminosity has a large impact on the clustering signal of the resultant
mock AGN population. To include this effect, we adopt the following
relation as the bolometric luminosity normalized by the Eddington
luminosity, λEdd ≡ Lbol/LEdd:

λEdd =
[

1

1 + 3.5{1 + tanh(log(ṁ/ṁcrit))} + ṁcrit

ṁ

]−1

, (5)

where ṁ is the accretion rate normalized by the Eddington rate
ṀEdd, ṁ ≡ ṀBH/ṀEdd, and the parameter ṁcrit should be in the
range, 2.5 � ṁcrit � 16.0. This form is based on Kawaguchi (2003).
We set ṁcrit = 10.0. In this case, λEdd monotonically increases with
approximately constant slope, dλEdd/dṁ = 0.1, until ṁ ∼ 30. The
transition of the disc state to the slim disc slows down the increase of
λEdd, and λEdd rises to the maximum value, λEdd = 8, at ṁ → ∞ (see
also fig. 1 in Shirakata et al. 2019b). This dependence on ṁ is similar
to the models in Watarai et al. (2000) and Mineshige et al. (2000).
Further, we use the bolometric correction from Marconi et al. (2004)
to obtain the hard X-ray (2–10 keV) luminosity of AGNs. We have
investigated the effects of the different bolometric correction on the
result, in particular, the 2PCF. We use the Netzer (2019) bolometric
correction for comparison. In this case, L2-10keV is about a factor of
two larger than that assuming the Marconi et al. (2004) bolometric
correction for a given bolometric luminosity. We find that, despite
such a large impact on the luminosity, the 2PCF is not significantly
altered by the choice of different bolometric corrections, well below
the statistical uncertainties of the observational data.

2.5 Clustering analysis

We here describe how we measure the 2PCF of AGNs. The large-
scale cosmological N-body simulations we use enable us to calculate
the 2PCF with high accuracy. We first estimate the two-dimensional
2PCF of AGNs, ξ (rp, π ) using an estimator:

ξ (rp, π ) = AA(rp, π )

RR(rp, π )
− 1, (6)

where rp and π are the separations perpendicular and parallel to the
line of sight, AA(rp, π ) and RR(rp, π ) are AGN–AGN and random–
random pairs at a given separation, rp and π , respectively. In terms
of π , we do not take into account the contamination from peculiar
velocities in the redshift. The pair counts are normalized by the total
number of pairs of AGNs and random particles, respectively. We
then compute the projected correlation function, wp(rp), by

wp(rp) = 2
∫ πmax

0
ξ (rp, π )dπ, (7)

where we use πmax = 40 h−1 Mpc as the default value for our
predictions. We also consider other values for πmax for a fair
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comparison with observational data. For πmax ≥ 40 h−1 Mpc, we
have confirmed that neglecting the peculiar velocities does not affect
the amplitude of wp(rp) significantly (by only 5 per cent, or 0.1 dex
in halo mass). When we choose πmax = 10 h−1 Mpc (see Section 3.3
and Fig. 6), the amplitude of the 2PCF with the peculiar velocity
increases in the large-scale separation and matches the observation
better. We postpone further treatment of the peculiar velocity in future
studies.

We estimate the statistical errors of the 2PCF using the jackknife
resampling method (e.g. Krumpe, Miyaji & Coil 2010). We divide
the simulation volume into 64 subvolumes and calculate wp(rp) 64
times, where each jackknife sample excludes one subvolume. These
2PCFs are used to derive the covariance matrix Mij by

Mij = Nrun − 1

Nrun

[
Nrun∑
k=1

(wp,k(rp,i) − 〈wp(rp,i)〉)

× (wp,k(rp,j ) − 〈wp(rp,j )〉)
]

, (8)

where wp,k(rp,i) is the 2PCF value for the k-th jackknife sample and
〈wp(rp,i)〉 is the average over all of the jackknife samples. Nrun is
the number of the jackknife samples and we adopt Nrun = 64 in this
analysis. The covariance matrix Mij reflects the degree to which the
i-th bin of rp is correlated with the j-th bin. The 1σ error of each
rp bin is given by the square root of the diagonal component of
Mij,σi = √

Mii , which is plotted as the error bars of the measured
2PCF in the figures in what follows.

In this paper, we compute the bias factor of AGNs through the
AGN projected 2PCF. We define the AGN bias as the square root of
the ratio of the projected 2PCF of the AGNs to that of DM:

bAGN(rp) =
√

wp,AGN(rp)

wp,DM(rp)
. (9)

We average this function from 1 to 20 h−1 Mpc at different bins of
rp. We mainly report this average as the representative value of bias.
This definition of the bias factor is different from that in Fanidakis
et al. (2013a), in which it is computed by weighting the bias of
DM haloes by the HOD of AGNs, NAGN(M). The bias derived with
this procedure is called the effective bias (Baugh et al. 1999). We
investigate the difference between the two bias values in Section 3.7.

We also consider the AGN bias measured through a power-law fit
to wp,AGN(rp). In actual situations, this approach is often employed.
We follow this convention and provide the resultant bias values for a
fair comparison to those obtained from observations in the literature.
If the autocorrelation function is expressed as ξ (r) = (r/r0)−γ , then
wp,AGN(rp) can be directly related to ξ (r) by

wp(rp) = rp

(
r0

rp

)γ
�(1/2)�[(γ − 1)/2]

�(γ /2)
, (10)

where �(x) is the Gamma function. We fit wp,AGN(rp) with equa-
tion (10) with γ and r0 as free parameters, by minimizing χ2 taking
into account the covariance matrix (e.g. Miyaji et al. 2007; Krumpe
et al. 2010):

χ2 =
Nbin∑
i=1

Nbin∑
j=1

(
wp(rp,i) − wmodel

p (rp,i)
)

×M−1
ij

(
wp(rp,j ) − wmodel

p (rp,j )
)
. (11)

We fit the data in a range rp = 1-20 h−1 Mpc, as most observational
studies adopt similar ranges. Table 1 shows the results of the power-

law fit. We further consider another definition of the AGN bias using
the relation

bAGN = σ8,AGN(z)

σ8(z)
, (12)

where σ 8,AGN(z) and σ 8(z) are the rms fluctuations of AGN and
DM density distribution within a sphere with a comoving radius of
8 h−1 Mpc. For a power-law correlation function, σ 8,AGN can be
calculated by (Peebles 1980; Miyaji et al. 2007)

(σ8,AGN)2 = J2(γ )

(
r0

8 h−1 Mpc

)γ

, (13)

where J2(γ ) = 72/[(3 − γ )(4 − γ )(6 − γ )2γ ]. We derive σ 8,AGN from
the best-fitting parameters of the power-law fits to wp,AGN(rp) for
each redshift. The rms linear DM fluctuation σ 8(z) can be calculated
by σ 8(z) = D(z)σ 8(z = 0), where D(z) is the linear growth factor
normalized to 1 at z = 0. The uncertainty in σ 8,AGN is computed
from those in γ and r0 by finding the values at which χ2 = χ2

min + 1.0
(Krumpe et al. 2010, 2012). This is then propagated to the uncertainty
on bAGN. The derived values of bAGN are listed in Table 1.

Finally, we introduce the effective halo mass, Mhalo,eff, defined
as the mass that satisfies bh(Mhalo,eff) = bAGN, where we use the
functional form of bh(Mhalo) calibrated by Tinker et al. (2010). The
derived values of Mhalo,eff are listed in Table 1. This effective halo
mass corresponds to the typical halo mass for the hosts of AGNs,
and is exact value when all the AGNs are in haloes with the same
mass. In Oogi et al. (2016), we have confirmed that the effective halo
mass calculated from the quasar bias is similar to the median of the
distribution of their host halo mass. It is, however, not fully clear if
the same is true for the latest semi-analytic model, which includes
major and minor mergers of galaxies as well as disc instabilities as
triggering mechanisms of AGNs. Actually, in Leauthaud et al. (2015),
the effective halo mass has been found to deviate significantly from
the median of the host halo mass distribution for a sample of obscured
X-ray AGNs with 1041.5 erg s−1 < L0.5-10keV < 1043.5 erg s−1 at z <

1. We examine the relation between the effective halo mass and the
median halo mass quantitatively using our latest model in Section 3.4.

3 R ESULTS

3.1 LX–Mhalo relation

First, we show the relation between the X-ray luminosity of AGNs
and their host DM halo mass predicted by our model in Fig. 1,
which gives us some insights into the AGN clustering, especially
its luminosity and redshift dependence. The plot shows the number
density of the AGNs in the unit log-interval of luminosity and mass
as shown by the colour bar. Overall, the luminosity at a given halo
mass exhibits a large scatter, and the correlation between the two
does not look very tight. Therefore, we also focus on the median of
the host halo mass as a function of the luminosity, as depicted by the
solid line. At a high redshift (z = 2), the dependence is rather weak.
As the colour indicates, the AGNs reside mainly in haloes with mass
∼1011 − 1012.5h−1 M�. At a relatively low redshift (z = 0.5), the
dependence of the median mass is somewhat stronger than that at z =
2, with a non-monotonic trend observed near the high-luminosity end.
Beyond the median curve, there is a significant fraction of moderate
and low-luminosity AGNs with 40 � log(LX/erg s−1) � 43 found
in high-mass haloes with Mhalo � 1013M�, and the AGN host haloes
have a broader distribution. This trend in the dependence of the
host halo mass on the AGN luminosity and redshift is qualitatively
consistent with that of Gatti et al. (2016), who have explored the
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6 T. Oogi et al.

Table 1. Results of power-law fits to the 2PCFs of X-ray AGNs of our model in 1120 h−1 Mpc box.

Sample Redshift γ r0 (h−1 Mpc) b log(Mhalo,eff/h
−1 M�)

log (LX/erg s−1) = [41.5, 42.5]
0.00 1.84+0.00

−0.00 5.95+0.02
−0.03 1.27+0.00

−0.01 13.32+0.01
−0.00

0.48 1.77+0.00
−0.00 5.03+0.02

−0.02 1.38+0.00
−0.01 12.88+0.00

−0.01

1.01 1.75+0.00
−0.00 4.31+0.02

−0.02 1.55+0.00
−0.00 12.43+0.01

−0.01

1.49 1.72+0.00
−0.00 4.08+0.01

−0.02 1.79+0.01
−0.01 12.16+0.01

−0.01

1.97 1.73+0.00
−0.00 4.05+0.01

−0.02 2.10+0.01
−0.01 11.97+0.01

−0.00

2.44 1.77+0.00
−0.00 3.98+0.01

−0.02 2.39+0.01
−0.01 11.77+0.01

−0.00

2.95 1.79+0.00
−0.00 4.11+0.02

−0.02 2.81+0.01
−0.01 11.65+0.01

−0.01

4.04 1.91+0.01
−0.01 4.46+0.03

−0.04 3.92+0.03
−0.04 11.45+0.01

−0.02

log (LX/erg s−1) = [42.5, 43.5]
0.00 1.81+0.01

−0.00 5.82+0.04
−0.04 1.24+0.01

−0.01 13.27+0.02
−0.01

0.48 1.82+0.00
−0.01 5.30+0.03

−0.03 1.46+0.01
−0.01 12.98+0.01

−0.01

1.01 1.81+0.00
−0.00 4.80+0.03

−0.03 1.72+0.01
−0.01 12.63+0.01

−0.01

1.49 1.80+0.00
−0.00 4.40+0.02

−0.02 1.92+0.01
−0.01 12.30+0.00

−0.01

1.97 1.75+0.00
−0.00 4.04+0.02

−0.02 2.10+0.01
−0.01 11.97+0.01

−0.01

2.44 1.77+0.01
−0.00 4.05+0.02

−0.02 2.42+0.01
−0.01 11.80+0.01

−0.01

2.95 1.81+0.00
−0.00 4.14+0.03

−0.03 2.84+0.02
−0.02 11.66+0.01

−0.01

4.04 1.92+0.01
−0.01 4.46+0.04

−0.04 3.92+0.03
−0.04 11.45+0.02

−0.02

log (LX/erg s−1) = [43.5, 44.5]
0.00 1.81+0.08

−0.08 4.49+0.27
−0.33 0.98+0.07

−0.07 12.72+0.18
−0.23

0.48 1.93+0.02
−0.02 4.41+0.08

−0.10 1.26+0.03
−0.03 12.68+0.05

−0.05

1.01 1.89+0.01
−0.02 4.26+0.04

−0.05 1.56+0.02
−0.02 12.44+0.02

−0.03

1.49 1.86+0.01
−0.01 4.03+0.05

−0.05 1.79+0.02
−0.02 12.16+0.02

−0.03

1.97 1.86+0.01
−0.01 4.17+0.04

−0.05 2.18+0.02
−0.03 12.04+0.02

−0.02

2.44 1.81+0.01
−0.01 4.11+0.04

−0.05 2.46+0.03
−0.03 11.83+0.02

−0.02

2.95 1.86+0.01
−0.01 4.39+0.04

−0.04 3.01+0.03
−0.03 11.77+0.02

−0.02

4.04 1.89+0.01
−0.01 4.40+0.06

−0.07 3.86+0.06
−0.06 11.42+0.03

−0.03

AGN host halo mass with their semi-analytic model including AGN
activities driven by galaxy interactions and disc instabilities. The
sharp cut-off of the distribution at the massive end of the halo mass
in the top right panel of Fig. 1 corresponds to the fact that no haloes
are found beyond this mass in our simulation at this redshift. Notably,
low-luminosity AGNs can be found all the way until this limit.

In order to investigate the cause of the AGNs to be associated with
haloes more massive than Mhalo ∼ 1013M�, we also show the LX–
Mhalo relation measured from galmodel in the bottom panels of Fig. 1.
In galmodel, in which we do not take into account the term tloss in the
gas accretion time-scale, the total number density of AGNs is lower
than that in our fiducial model. This is simply because the lifetime
of the AGNs in galmodel is shorter than that in our fiducial model
due to the absence of tloss. The distribution of AGNs from galmodel
looks different than that from the fiducial model in two ways. First,
the distribution of the halo mass at a given luminosity decays more
rapidly in galmodel towards the high-mass end. This indicates that
the AGNs in high-mass haloes as seen in the fiducial model have
long gas accretion time-scales, and the effect of tloss is significant at
low redshift. Second, the median curve of the host halo mass behaves
differently in the two models. The median mass in the fiducial model
is lifted from that in galmodel, again, because of the introduction
of tloss to allow massive haloes to populate less luminous AGNs. At
z = 2, the impact of tloss on the median is still moderate. This is,
however, much clearer at z = 0.5 with the median increasing rapidly
until log (LX/erg s−1) ∼ 42.5, drops until log (LX/erg s−1) ∼ 44, and

flattens. This trend is a unique feature only seen in the fiducial model.
The relatively faint AGNs in massive haloes with Mhalo � 1013M�
are an important characteristic of the fiducial model that has a new
time-scale, tloss.

3.2 Effective halo mass

The wide distribution of the host halo mass given luminosity suggests
that a single number such as a typical halo mass alone cannot fully
characterize the halo occupation properties of AGNs. Nevertheless,
the effective halo mass is a quantity widely discussed in the literature
and is indeed determined observationally in many previous analyses.
Therefore, to see the consistency with the previous results, we here
discuss this quantity in this subsection.

3.2.1 Redshift dependence

We show the redshift and luminosity dependence of the effective
halo mass, Mhalo,eff, in the top left panel of Fig. 2 for three different
luminosity bins as indicated in the figure legend. The shaded regions
show the error bar in Mhalo,eff, which originates from that in the AGN
bias averaged from 1 to 20 h−1 Mpc, although it is very small and
difficult to see for the moderate- and low-luminosity bins due to
the large sample size. At first glance Mhalo,eff increases with cosmic
time in all luminosity ranges. From z ∼ 4 to z ∼ 2, Mhalo,eff shows
no significant luminosity dependence, and increases from ∼1011.3 to
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Clustering and HOD of AGNs in ν2GC 7

Figure 1. Relations between AGN X-ray luminosity and the host DM halo mass of our model AGNs at z = 2.0 (left) and z = 0.5 (right). The colour scale
depicts the number density of AGNs per pixel. The predictions of our fiducial model are top panels. Those of galmodel, in which we do not take into account
the gas accretion time-scale tloss, are bottom panels. The solid line in each panel depicts the median of the halo mass in each luminosity bin.

∼1012h−1 M�. At redshift lower than z ∼ 2, the shaded regions for
the different luminosity bins start to deviate from each other; the low-
luminosity bin shows larger host halo masses than the most luminous
bin (log (LX/erg s−1) ≥ 43.5). We observe here a negative dependence
of the AGN bias on the AGN luminosity. While Mhalo,eff is at most
∼1012.7h−1 M� for the highest luminosity bin, the other two bins can
reach ∼1013.25h−1 M� at z = 0. The high Mhalo,eff for the AGNs in the
moderate luminosity bin is expected from the increase of the median
halo mass of the AGN with log (LX/erg s−1) ∼ 42.5 as shown in the top
right panel of Fig. 1. For the low-luminosity AGNs, the median halo
mass is smaller than or comparable to that of the luminous AGNs,
nevertheless the effective halo mass is larger. As will be discussed in
Section 3.4, this is partly because of the difference between the mean
and the median for a skewed distribution. In addition, the effective
halo mass is derived based on the number-weighted mean of the
bias, not the mass. The non-linear dependence of the bias on the halo
mass could add a complication to the interpretation of the effective
mass derived this way. In Section 3.4, we will argue the effect of the
skewness of the host halo mass distributions of AGNs on the effective
halo mass. The high Mhalo,eff for moderate- and low-luminosity AGNs
at low redshift is consistent with the host halo mass observationally
inferred (i.e. ∼1013h−1 M�) as described in Section 1.

We compare Mhalo,eff obtained with our fiducial model (thick lines)
to that with galmodel (thin lines) in the rest of the panels of Fig. 2,

showing the results with three luminosity ranges now in a panel
for each. While there is no significant difference for the highest
luminosity range, Mhalo,eff from our fiducial model is larger than that
from galmodel for the lowest and intermediate luminosity ranges, in
particular, at low redshift. For the latter two luminosity ranges, it is
∼0.4 dex (∼0.2 dex) larger than galmodel at z � 2 (z � 2).

We then compare the model predictions with observations in the
top right, bottom left, and bottom right panels of Fig. 2. The filled
circles with error bars show the observational data, which we divide
into the three luminosity bins based on the median value from each
observation. The observational data are taken from Georgakakis
et al. (2019), who have compiled the data in the literature (Coil
et al. 2009; Gilli et al. 2009; Cappelluti et al. 2010; Allevato et al.
2011; Starikova et al. 2011; Krumpe et al. 2012; Mountrichas &
Georgakakis 2012; Koutoulidis et al. 2013; Mountrichas et al. 2013;
Mountrichas et al. 2016; Krumpe et al. 2018). Overall, our model
is consistent with the current measurements at z � 1.5, that is, the
typical host halo mass of 1012.5−13.5h−1 M�. The agreement between
the prediction and the observations is clearly better for the fiducial
model than galmodel in the lower left panel for the intermediate-
luminosity bin. Further observations with more accuracy and up
to a higher redshift especially for the lowest luminosity bin are
expected to provide key information to constrain these theoretical
models.
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8 T. Oogi et al.

Figure 2. Redshift evolution of the effective halo mass of AGNs. The lines in the top left panel depict those predicted by our fiducial model for AGNs with
three luminosity ranges, log (LX/erg s−1) = [41.5, 42.5] (blue dashed), [42.5, 43.5] (green solid), and [43.5, 44.5] (red dot–dashed). The shaded regions are the
uncertainty of Mhalo,eff, which comes from the uncertainty on the AGN bias. The result is divided into the three luminosity ranges, top right, bottom left, and
bottom right, respectively. The thin lines depict the result of galmodel. The filled points with error bars are the observational results, which are also divided into
the three luminosity ranges based on the average 2–10 keV X-ray luminosity of the sample. The data are compiled by Georgakakis et al. (2019).

For more direct comparison with the observations, we show
Mhalo,eff derived from the AGN bias based on our power-law fits
to wp(rp) in Fig. 3. In Table 1, we list the redshift, the derived
γ , r0, b from equation (12), and Mhalo,eff inferred from the derived
best-fitting value of b. Through this procedure, we can also examine
possible systematic effects originating from the power-law fit on the
estimation of the AGN bias and the effective halo mass. For AGNs
in all the luminosity ranges, the estimated Mhalo,eff is similar to that
derived from the AGN bias averaged from 1 to 20 h−1 Mpc (Fig. 2).
The shaded regions in Fig. 3 show the 1σ error of Mhalo,eff, which is
propagated from those of γ and r0.

3.2.2 Luminosity dependence

We now discuss the luminosity dependence of Mhalo,eff, comparing
our model results with observations. We plot the observational data
as a function of LX in three redshift ranges (z = 0–0.25, 0.25–0.75,
and 0.75–1.25) in Fig. 4. Each of the samples is assigned to one
of the three redshift bins based on the median redshift. We also
calculate Mhalo,eff in our model at z = 0, 0.5, and 1.0, and plot them
by the solid (fiducial, with 1σ uncertainty by the shade) and the
dotted (galmodel) lines. Overall, the results of our fiducial model
are consistent with observations. In particular, our model predicts
a negative dependence of Mhalo,eff on the AGN luminosity at low
redshift: in all the panels, Mhalo,eff of AGNs with log (LX/erg s−1) ∼
43 is higher than that of more luminous AGNs with log (LX/erg s−1)
∼ 44. This result reflects the existence of less luminous AGNs
in massive haloes with Mhalo � 1013M�, as shown in Section 3.1.
This luminosity dependence is qualitatively in agreement with the
observational result of Mountrichas et al. (2016) and the model of
Fanidakis et al. (2013a). In contrast, in galmodel, in which we do not
take into account the term tloss in the gas accretion time-scale, Mhalo,eff

positively depends on AGN luminosity (z = 0.5 and 1) or do not have
significant luminosity dependence (z= 0). This result also reflects the

deficiency of less luminous AGNs in massive haloes (the bottom right
panel of Fig. 1). The fiducial model is clearly a better representation
of the data at z ∼ 1. At lower redshifts, our fiducial model, however,
overpredicts the observed effective halo mass of AGNs at low
luminosity (log (LX/erg s−1) < 43) compared to galmodel. We note
that the observational data shown here are based on AGN samples
in a wide redshift range to reduce the statistical error of Mhalo,eff.
Thus, the validity of the predicted negative luminosity dependence
of Mhalo,eff is still inconclusive observationally. Therefore, a more
accurate determination of the luminosity dependence of Mhalo,eff is
expected to provide key information to constrain theoretical models.

3.3 Two-point correlation functions of X-ray AGNs

In this subsection, we discuss the 2PCFs of AGNs. Our high-
resolution cosmological N-body simulation covering a cubic gi-
gaparsec comoving volume enables us to analyse the clustering
of AGNs, which are rare objects, with the AGN autocorrelation
function. In the top panels of Fig. 5, we plot the 2PCF of AGNs
divided into three X-ray luminosity bins and 2PCF of DM particles
measured from the ν2GC simulation. At low redshifts (z = 0, 1), the
clustering amplitude of less luminous AGNs is slightly higher than
luminous AGNs. On the other hand, at z ∼ 3, the 2PCF is almost
independent of the AGN luminosity, which is consistent with no
significant luminosity dependence of Mhalo,eff as shown in Fig. 2. In
the bottom panels of Fig. 5, the AGN bias, (wp,AGN(rp)/wp,AGN(rp))1/2,
is plotted. While the dependence of the bias on the luminosity is
observed to be weak, there appears clear increase with increasing
redshift. In all the panel, there is a sudden upturn in of the bias
towards the left end of the plots, below several hundred h−1 kpc.
This might be a hint of the transition between one- and two-halo
regime.

Now, let us discuss if these predictions make sense by comparing
with observations. We compare the 2PCFs from our model with
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Clustering and HOD of AGNs in ν2GC 9

Figure 3. Same as Fig. 2, but for the effective halo mass derived from the power-law fit to the 2PCFs. Only the results of the fiducial model are shown in this
figure.

Figure 4. The effective halo mass of AGN, Mhalo,eff, as a function of 2–10 keV X-ray luminosity. The red solid lines depict those predicted by our fiducial model.
The shaded regions are the uncertainty of Mhalo,eff, which comes from the uncertainty on the AGN bias. The black dotted lines show the result of galmodel. The
results at three redshifts are plotted; z = 0 (left), 0.5 (middle), and 1 (right), respectively. Various coloured points with error bars are the observational results,
which are also divided into the three redshift ranges based on the median redshift of the sample. The colours and symbols are the same as in Figs 2 and 3. The
data are compiled by Georgakakis et al. (2019). The error bars in the horizontal direction indicate the range of luminosities in each sample, most of which is
taken from the data compiled by Fanidakis et al. (2013a, their table 1). That of Mountrichas et al. (2016) is taken from their original paper.

observations directly. We focus on the autocorrelation functions of
AGNs measured in Cappelluti et al. (2010), Koutoulidis et al. (2013),
and Allevato et al. (2014) (z ∼ 0, 1, and 3) instead of the AGN–
galaxy cross-correlation functions. For a fair comparison, we adopt
the same ranges of luminosity and πmax in equation (7) as in the
corresponding observation. Because Koutoulidis et al. (2013) have
used a sample selected in the 0.5–8 keV band, we convert LX(0.5–
8 keV) to LX(2–10 keV) assuming the photon index � = 1.4. We
here show that the results of our fiducial model (red solid lines)
are in good agreement with observed AGN clustering in Fig. 6. In
this figure, the results from galmodel are also plotted (blue dotted
lines). At z = 0, there is a significant difference between the two
models, although the current observation (Cappelluti et al. 2010)
cannot tell which fits better due to the large statistical error. At z =
1, galmodel clearly underestimates the amplitude of wp(rp), which

is inconsistent with the result of Koutoulidis et al. (2013). While
the 2PCF on small scale (�1 h−1 Mpc) supports our fiducial model
over galmodel, the amplitude on larger scales is still lower compared
with the observation. This may be partly due to the wide redshift
range of the sample of Koutoulidis et al. (2013), which is shown by
the horizontal error bar in the bottom left panels of Figs 2 and 3.
Actually, in Fig. 2, the predicted Mhalo,eff at z ∼ 0 is consistent with
their result. In observations, one analyses AGNs distributed over
finite redshift ranges, and consequently the 2PCF derived from such
a sample is a composite of 2PCFs at different redshifts. On the other
hand, in simulations we use an AGN sample at an exact redshift to
represent the observation, although how good a representative such
a mock sample is must be carefully investigated, especially when
the redshift range is wide. We need to construct a more realistic
mock AGN catalogue that takes into account the light-cone effect for
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10 T. Oogi et al.

Figure 5. Upper panels: from left to right, 2PCFs of AGNs predicted by our model at z = 0, 1, and 3. The blue, green, and red lines depict those of AGNs
with luminosity ranges, log (LX/erg s−1) = [41.5, 42.5], [42.5, 43.5], and [43.5, 44.5], respectively. The error bars are calculated by jackknife resampling of 64
subvolumes. The dotted lines are the 2PCF of DM particles of the ν2GC simulation. Lower panels: the bias of the three AGN samples as a function of separation
rp.

Figure 6. From left to right, 2PCFs of AGNs at z = 0, 1, and 3. The red solid and blue dotted lines show the results of the fiducial model and galmodel. The
error bars are calculated by jackknife resampling of 64 subvolumes. The filled circles with error bars are the observational result from Cappelluti et al. ( 2010; z

∼ 0), Koutoulidis et al. (2013; z ∼ 1), and Allevato et al. (2014; z ∼ 3). The luminosity range and πmax in equation (7) are adopted to match each observation.

the complete comparison between the model and the observation.
We leave this issue as a future work. At z = 3, both models are
within the large uncertainty of the observation (Allevato et al. 2014).
Further studies of 2PCF with larger AGN samples, including the
luminosity and redshift dependence, can constrain the theoretical
models.

3.4 AGN host halo mass distribution

In this subsection, we explore the mass distribution of the DM haloes
hosting AGNs with given luminosities and its redshift evolution. In
contrast to observational studies, we can directly derive these because
our model is based on the merger trees of DM haloes. We can also
compare the median halo mass of the distribution with the effective
halo mass Mhalo,eff that we have derived in Section 3.2. This allows
us to check the validity of the method to derive the typical host
halo mass of AGNs from the clustering bias, which is frequently
employed in observational studies of the literature. We show the host
halo mass distributions of our model AGNs in Fig. 7 (solid line). This

figure shows that the host halo mass distributions, when plotted as a
function of the logarithm of the host halo mass, are skewed and have
a significantly heavy tail towards higher mass, in particular, for low-
luminosity AGNs and at low redshifts. We show the median halo
masses of AGNs by the vertical solid lines. Due to the positively
skewed distribution, the locations of the median are significantly
larger than those of the peaks. The median halo masses of AGNs
for all the three luminosity ranges increase with cosmic time. For
example, the median halo mass for low-luminosity AGNs increases
from 1011.8h−1 M� at z = 1.5 to 1012.7h−1 M� at z = 0.

We also separately show the host halo mass distributions of
central (dashed) and satellite (dotted) AGNs. The distributions are
normalized to unity when integrated over the logarithm of the halo
mass. We also indicate the fraction of satellite AGNs to the total AGN
population in the figure legend in each panel. We discuss the satellite
fraction as a function of redshift in Section 3.5.3. Here, central AGNs
are defined as those which live in a central galaxy, and satellite AGNs
correspond to those in satellite galaxies. In a given X-ray luminosity
range, satellite AGNs tend to reside in more massive haloes than
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Clustering and HOD of AGNs in ν2GC 11

Figure 7. Host halo mass distributions of AGNs with X-ray luminosity ranges of log (LX/erg s−1) = [41.5, 42.5] (left), [42.5, 43.5] (centre), and [43.5, 44.5]
(right) at z = 0, 0.5, 1.0, and 1.5 (from top to bottom). The solid, dashed, and dotted lines depict those of all, central, and satellite AGNs, respectively. The
vertical line shows the median halo mass for each distribution.

central AGNs. This is due to the following reasons. The stellar mass
distributions of the host galaxies of the satellite AGNs and central
AGNs in the same X-ray luminosity range are similar in our model. In
this case, the host halo mass of a satellite AGN when it was a central
before merging into a more massive galaxy is expected to be similar
to those of the other central AGNs. Thus, a halo hosting the satellite
AGNs is typically more massive than that having a central AGNs with
the same luminosity. As a consequence, a typical host halo mass of the
satellite AGNs is higher than that of the central AGNs. The positive
skewness of the host halo mass distribution is mainly due to the
contribution from these satellite AGNs. The median halo masses of
satellite AGNs, marked by the vertical dotted lines, are ∼0.7–1.0 dex
higher than those of central AGNs (the vertical dashed lines). There
is significant contribution of the halo mass distribution of satellite to
the median of all sample for faint AGNs, while little contribution for
bright AGNs. We will investigate the origin of the satellite AGNs in
Section 3.6.

In Fig. 8, we show the relation between the median halo mass,
Mhalo,med, and the effective halo mass, Mhalo,eff, of given luminosities
from z = 4 to z = 0 in our model. For all the cases, Mhalo,eff

is estimated to be higher than Mhalo,med. Moreover, the difference
is larger for lower redshift and lower luminosity. The degree of
increase in Mhalo,eff as decreasing redshift is smaller than that in
Mhalo,med, in particular, for low-luminosity AGNs. This result can
be understood as a consequence of the larger fraction of satellites
at low redshift for the fainter AGNs, which causes the skewness
of the host halo mass distribution. For example, while Mhalo,med of
low-luminosity AGNs at z = 1 (blue open circle) is lower than
that of luminous AGNs (red open circle), Mhalo,eff of the former
is higher than that of the latter (compare the circles in different
colours). The skewness (and/or broadness) of the host halo mass

Figure 8. Relation between the median halo mass and the effective halo
mass for AGNs with luminosity ranges, log (LX/erg s−1) = [41.5, 42.5]
(blue), [42.5, 43.5] (green), and [43.5, 44.5] (red) at various redshifts.

distribution of the low-luminosity AGN (third from the top of the
left column of Fig. 7) may account for the high effective halo mass.
This analysis indicates that the effective halo mass is systematically
higher than the median halo mass, and that the difference can reach
∼0.5 dex, in particular, at lower redshift and for low-luminosity
AGNs.
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12 T. Oogi et al.

Figure 9. HODs of our model AGNs with log (LX/erg s−1) = [42.5, 43.5] at z = 1 (top) and 4 (bottom). The three panels in each row depict those of all (left),
central (centre), and satellite (right) AGNs. The HODs are divided by the triggering mechanisms, major mergers (red dot–dashed), minor mergers (blue dotted),
disc instabilities (black dashed, shown as DI in the legend), and all triggering mechanisms (black thin solid). Black arrows show the maximum halo mass at
these redshifts in the simulation.

As shown above, the median halo mass is significantly smaller
than the effective halo mass derived from the AGN bias. This result
is consistent with Leauthaud et al. (2015), who use weak lensing
measurements and an abundance-matching approach to investigate
the AGN host haloes. Their technique can infer the full halo mass
distribution for AGNs in contrast to most of previous studies, which
have inferred a single effective halo mass from AGN clustering (for
recent attempts to determine the HOD of AGNs from clustering,
see also Starikova et al. 2011; Allevato et al. 2012; Richardson et al.
2012; Chatterjee et al. 2013; Krumpe et al. 2018). They have focused
on moderate luminosity X-ray AGNs at z < 1 from the COSMOS
field, and have found that the median halo mass is log (Mhalo/M�) ∼
12.5, which is smaller than the effective halo mass of their sample,
log (Mhalo/M�) ∼ 12.7. They also have found that the effective halo
mass is in between the median and the mean halo mass. Here, we
confirmed their trend; the mean halo masses are roughly 0.3 dex
(0.2 dex) larger than the effective halo masses at z � 2(z � 2.5) in
all luminosity ranges considered in this paper (log (LX/erg s−1) =
[41.5, 44.5]).

3.5 Halo occupation distribution of X-ray AGNs

3.5.1 Model prediction

The HODs are expected to be one of the important constraints on
the AGN formation models as well as the 2PCFs. Because the
HOD gives the fraction of active haloes (hosting AGNs) to the
total number of haloes, it corresponds to the duty cycle of AGN
activity. Observationally, there is degeneracy in the functional forms
of the HOD (Kayo & Oguri 2012; Richardson et al. 2012; Shen
et al. 2013), in particular, the satellite HODs such that different
HODs can reproduce the 2PCF equally well. Recent observational
studies, however, have tried to obtain HODs from direct measure-
ments (Allevato et al. 2012; Chatterjee et al. 2013) or from weak

lensing measurements and an abundance-matching technique (Leau-
thaud et al. 2015). Future improvement on the HOD measurement
could give us important clues to the understanding of the AGN
formation.

First, we show the predicted HODs with two luminosity bins,
log (LX/erg s−1) = [42.5, 43.5], [43.5, 44.5], at z = 1 and 4 as
representatives in Figs 9 and 10 with no observational selection cuts,
so as to capture general features of the HODs of our model. The left-
hand panels of Fig. 9 show the mean occupation number of AGNs,
〈N〉, with log (LX/erg s−1) = [42.5, 43.5] at z = 1 and 4. We show
four types of HODs for each panel: the HODs of AGNs triggered
by major mergers (red dot–dashed), minor mergers (blue dotted),
disc instabilities (black dashed), and all triggering mechanisms
(thin black solid line). These plots represent typical environments
where the three mechanisms are efficient in triggering AGN activity.
In this luminosity range, the mean occupation number of central
AGNs, 〈Ncen〉 (thin black solid lines of the middle panels), increases
with Mhalo, rises up to ∼10−1 (∼10−2) at Mhalo ∼ 1013h−1 M�
(∼1011.5h−1 M�), and then becomes flat above these masses at z =
1 (z = 4). The plateau continues up to the high-mass end available
in the simulation at both redshifts. The mean occupation number of
satellite AGNs (thin black lines of the right-hand panels) increases
with Mhalo almost monotonically, dominates the total 〈N〉 at high-
mass haloes with Mhalo � 1013.5h−1 M� (�1012h−1 M�) at z = 1
(z = 4), and rises to ∼1 (∼0.1). In contrast to 〈Ncen〉, in most cases
the mean occupation number of satellite AGNs, 〈Nsat〉, continues to
rise with halo mass. The different behaviours between the central
and satellite HODs can be explained by the fact that a halo has either
zero or one central AGN, while more than one satellite AGNs can
occupy a single halo. The form of the satellite HOD predicted by our
model is similar to that of galaxies or DM subhaloes (e.g. Kravtsov
et al. 2004; Zheng et al. 2005). The trend in the satellite HOD is
also similar to the theoretical results (Chatterjee et al. 2012) and the
observational results (Richardson et al. 2012; Chatterjee et al. 2013;
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Clustering and HOD of AGNs in ν2GC 13

Figure 10. Same as Fig. 9, but for the AGNs with log (LX/erg s−1) = [43.5, 44.5].

Shen et al. 2013), although the slope is steeper than the observations
of Miyaji et al. (2011) and Allevato et al. (2012). In terms of the
HODs of AGNs driven by disc instabilities, while 〈N〉 is small at z =
1, it is above those by major mergers at z = 4. For the AGNs with
log (LX/erg s−1) = [42.5, 43.5], our result shows that minor mergers
are the main triggering mechanism of AGNs except for high-z (z ∼ 4)
central AGNs. We have predicted that the satellite AGNs contribute
the HOD in high-mass haloes. Powell et al. (2018) also suggest that
a significant fraction of AGNs is in satellites, using HOD models to
the AGN clustering measurements.

Fig. 10 shows the HODs of more luminous AGNs with
log (LX/erg s−1) = [43.5, 44.5]. The global trend is similar to the
case of moderately luminous AGNs shown in Fig. 9. The mean
occupation number, 〈N〉, is, however, an order of magnitude smaller
than in the case of moderately luminous AGNs at z = 1; 〈Ncen〉 and
〈Nsat〉 rise to ∼10−2 and ∼10−1, respectively. In this luminosity
range, the contribution of major mergers is slightly higher than
in the luminosity range log (LX/erg s−1) = [42.5, 43.5], at z =
1. From Figs 9 and 10, we note that the AGN host halo mass
extends to low-mass haloes (Mhalo < 1011.0h−1 M�), in particular,
for less luminous AGN and at higher redshift. This indicates that it
is important to resolve small-mass haloes to obtain the AGN bias.
The high-resolution cosmological N-body simulations we use in our
semi-analytic model (Ishiyama et al. 2015), where the minimum halo
mass is 8.79 ×109h−1 M�, enable us to analyse such low-mass host
haloes. Georgakakis et al. (2019) have argued the same point by using
an empirical model, with which they assign AGNs to the simulated
DM haloes.

3.5.2 Comparison with direct measurements of the HOD

Next, we compare the prediction of our model with observations in
Fig. 11. Leauthaud et al. (2015) selected AGNs in the redshift range
0.2 < z < 1. They focused on the moderately luminous AGNs and
limited their sample to AGN with a rest-frame 0.5–10 keV band
luminosity in the range 1041.5 < LX < 1043.5 erg s−1. They also

impose a lower limit on host galaxy stellar mass of log10(M∗/M�)
> 10.5. As a result, their sample has a mean redshift of 〈z〉 = 0.7
and a mean-log X-ray luminosity of 〈log10(LX/erg s−1)〉 = 42.7. To
mimic their sample selection, we first estimate LX(0.5–10 keV) from
LX(2 − 10 keV). From previous studies (e.g. Bianchi et al. 2009a, b),
the mean value of the ratio, LX(0.5–2 keV)/LX(2 − 10 keV), is ∼1
(see fig. 1 of Bianchi et al. 2009b). Here, we simply regard LX(0.5–
10 keV) as twice LX(2 − 10 keV) for all AGNs. We use the model
AGN sample at z = 0.69 and adopt log (LX(2 − 10 keV)/erg s−1) =
42.0 as the lower limit of LX, which roughly corresponds to the flux
limit at z � 0.7 from fig. 1 of Leauthaud et al. (2015). Then, we limit
our sample to AGNs with log (LX(0.5–10 keV)/erg s−1) = [42.0,
43.5] at z = 0.69. We also impose a lower limit of the stellar mass
of the host galaxies, log10(M∗/M�) > 10.5, just as Leauthaud et al.
(2015) did, for a fair comparison. While Leauthaud et al. (2015) have
analysed obscured (type-2) X-ray AGNs, we model all (type-1 and
type-2) X-ray AGNs without obscuration for the X-ray AGNs. For
the comparison, we simply assume four obscured fraction, fobs = 0.2,
0.4, 0.6, and 1.0, and randomly select a sample from the all AGN
sample.

Fig. 11 shows the resultant HODs for the four values of fobs (see the
figure legend for different line types). We separately show the results
for all, central, and satellite AGNs. Broadly speaking, the shape
of our predicted HODs is similar to the observation. As expected,
the model with fobs = 1 overpredicts the observed HODs. Then, by
lowering this fraction to ∼0.2, the model can fit the observed HODs.
Remarkably, both the central and the satellite AGNs are fit quite well
with this fraction. However, this obscured fraction is smaller than
the observational estimation (e.g. Lusso et al. 2013). For example,
Lusso et al. (2013) have shown that the obscured fraction ranges
from 0.3 to 0.75. As an exception, for the central AGNs in lower
mass haloes (Mhalo ∼ 1012 M�), the results with higher obscured
fractions (fobs = 0.6, 1) agree better with the observed HOD. This
might reflect a trend of varying obscuration with luminosity and/or
Eddington ratio. Observational data show that AGNs with lower
luminosities and lower Eddington ratio have higher obscured fraction
(Lusso et al. 2013; Ricci et al. 2017). Although we could not find such
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14 T. Oogi et al.

Figure 11. The HODs predicted by our model, compared with those inferred from observations (Leauthaud et al. 2015). The three panels show the HODs
of all (left), central (middle), and satellite (right) AGNs, respectively. Red lines depict those predicted by our model for varying obscured fractions from 0.2
(dot–dashed), 0.4 (dotted), 0.6 (dashed), and 1.0 (solid). Black solid lines with error bars are the result from Leauthaud et al. (2015).

trends in our mock AGNs, how the varying obscured fraction affects
the AGN HOD would be interesting. We postpone further detailed
investigations for future studies. We note that Leauthaud et al. (2015)
do not correct the uncertainty from the sample incompleteness due
to the flux limit. The correction might increase the normalization of
their HOD such that the best-fitting obscured fraction is in a better
agreement with the observational results. Although there still remains
detailed technical points for a quantitative and fully consistent
comparison, as described above, the current level of agreement
suggests that our model, which includes the AGN triggering through
major and minor mergers and the gas accretion time-scale regulated
by SMBH mass and accreted gas mass, explains the shape of
the HOD of AGNs, especially the relative contribution from the
satellites quite well (see the next subsection for more discussion on
the satellite fraction). We note again that the HOD is sensitive to
the sample selection. This should be more quantitatively studied in
future.

3.5.3 Satellite fraction

The fraction of satellite AGNs to the total AGN population, the
satellite fraction, can be inferred from the HOD modelling to the
observations. The observationally inferred satellite fraction is in the
range fsat ∼ 0.001–0.1 (Starikova et al. 2011; Kayo & Oguri 2012;
Richardson et al. 2012; Richardson et al. 2013; Shen et al. 2013),
while Leauthaud et al. (2015) infer a relatively high satellite fraction
fsat ∼ 0.18. We show the predicted satellite fraction in our model as
a function of redshift and AGN X-ray luminosity in Fig. 12. Overall,
the satellite fraction is higher for AGNs with lower luminosity. For
AGNs with log (LX/erg s−1) = [43.5, 44.5], fsat ∼ 0.05 and does not
depend on redshift significantly. For AGN with log (LX/erg s−1) =
[42.5, 43.5], fsat weakly depends on redshift and fsat = 0.12 at z =
0.48. For AGN with log (LX/erg s−1) = [41.5, 42.5], fsat significantly
depends on redshift and reaches ∼0.25 at z = 0. The satellite fraction
in our fiducial model with the luminosity range matched to Leauthaud
et al. (2015) is 0.23, roughly consistent with their conclusion. In
addition, we investigate the effect of the minimum halo mass on
the satellite fraction. The dashed lines in Fig. 12 show the fraction
for AGNs in haloes with mass Mhalo ≥ 1011h−1 M�. We find that
the minimum halo mass cut does not affect the result at z � 1,
however, at z > 1, fsat increases for AGNs with log (LX/erg s−1)
< 43.5.

Figure 12. AGN satellite fraction for AGNs with luminosity ranges,
log (LX/erg s−1) = [41.5, 42.5] (blue), [42.5, 43.5] (green), and [43.5, 44.5]
(red) as a function of redshift. Solid lines show the satellite fraction for
AGNs in all DM haloes. Dashed lines show AGNs in haloes with mass
Mhalo ≥ 1011h−1 M�.

3.6 The origin of satellite AGNs

In our model, satellite AGNs make a non-negligible contribution to
the total number of AGNs and affect the host halo mass distribution
of AGNs. In this subsection, we examine the origin of the satellite
AGNs. As shown in the right-hand panels of Figs 9 and 10, in
our model, minor mergers are the main triggering mechanism for
satellite AGNs, and satellite AGNs driven by major mergers and
disc instabilities constitute a subdominant population. These satellite
AGNs have two distinct origins. The first is an AGN that is activated
when the host galaxy was a central galaxy, and is accreted into a
larger halo after a while the activity is ongoing. The second is an
AGN that is triggered by a merger between satellite galaxies, which
is implemented as a random collision between satellite galaxies in
the same halo in our model (Makiya et al. 2016; Shirakata et al.
2019a). We call the latter ‘sat–sat merger AGN’.

We find that the fraction of the sat–sat merger AGNs to the total
satellite AGNs, fsat–sat, increases with cosmic time for AGNs with
the three luminosity ranges. At z = 3, fsat–sat ∼ 0.1 for AGNs
with log (LX/erg s−1) = [43.5, 44.5], and ∼0.3 for those with
log (LX/erg s−1) = [41.5, 42.5] and [42.5, 43.5]. At z � 2, the sat–sat
merger AGNs become the predominant population in the satellite
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AGNs with log (LX/erg s−1) = [41.5, 42.5] and [42.5, 43.5]. At z =
0, fsat–sat reaches 0.6–0.8 for all the luminosity ranges. Thus, our
model predicts that the mergers between satellite galaxies are a key
process for the triggering mechanism of satellite AGNs contributing
significantly to the satellite HOD and the satellite fraction at low
redshift.

3.7 Comparison between two bias measurements

The effective bias of objects can be calculated using the following
equation (Baugh et al. 1999; Enoki, Nagashima & Gouda 2003;
Fanidakis et al. 2013a):

beff =
∫

b(Mhalo)〈NAGN(Mhalo)〉n(Mhalo)d log Mhalo∫ 〈NAGN(Mhalo)〉n(Mhalo)d log Mhalo
, (14)

where b(Mhalo), 〈NAGN(Mhalo)〉, and n(Mhalo) are the DM halo bias,
the mean number of AGNs, and the number density of DM haloes as
a function of halo mass, respectively. The equation assumes that the
bias of the haloes hosting the objects only depends on the mass of the
haloes and is independent on scale. This method has an advantage
of deriving the effective bias of objects without spatial statistics, the
2PCF. Many previous studies use this equation to derive the bias
of objects (e.g. Enoki et al. 2003; Fanidakis et al. 2013a). Enoki
et al. (2003) have derived, for the first time, the quasar bias by using
this equation. It is, however, uncertain whether the effective bias is
consistent with the bias derived from the square root of the ratio of
the 2PCF of the AGNs to that of DM, which we use in this paper
(equation 9).

Here, we investigate the difference between the AGN bias derived
from the spatial distribution of our model AGNs based on the
cosmological N-body simulations and that by using equation (14).
For b(Mhalo), we use the formula from Tinker et al. (2010). In
order to clarify how the difference of the AGN bias causes the
difference of Mhalo,eff, we present the relation between two Mhalo,eff

corresponding to two AGN bias; that obtained by using the 2PCF,
Meff,2PCF, and that obtained by using equation (14), Meff,HOD, in
Fig. 13. Here, we use the 2PCF at 8 h−1 Mpc for the calculation
of Meff,2PCF. The two effective halo masses are similar and there
is small difference. This result indicates that the bias of AGNs, at
least at large scale, can be estimated by using equation (14) fairly
well. Furthermore, when using equation (14), we assume that the
halo bias depends only on the halo mass. Thus, this result may also
imply that AGN host haloes are not affected by the halo assembly
bias, that is, the bias related to the halo assembly history rather
than the halo mass (e.g. Gao, Springel & White 2005; Dalal et al.
2008).

4 SUM M A RY A ND DISCUSSION

We have predicted the AGN host halo mass and clustering by using
our latest semi-analytic model, ν2GC. This model includes a new pre-
scription for the gas accretion time-scale that is required to match the
faint end of the observed LF of X-ray AGNs (Shirakata et al. 2019a).
We have found that the gas accretion time-scale on to SMBHs also
plays a significant role in the clustering properties of AGNs. In the
model with long gas accretion time-scales (our fiducial model), there
is a significant fraction of AGNs with 40 � log(LX/erg s−1) � 43
which reside in high-mass haloes with Mhalo � 1013h−1 M� (Fig. 1).
This feature is not seen in the model without the long accretion
time-scales (galmodel). We have derived the effective halo masses
of AGNs in the two models from their clustering bias factors and
compared them. The effective halo mass from our fiducial model is

Figure 13. Relation between the effective halo mass obtained with the 2PCF,
Meff,2PCF, and that obtained with equation (14), Meff,HOD, for AGNs with
luminosity ranges, log (LX/erg s−1) = [41.5, 42.5] (blue), [42.5, 43.5] (green),
and [43.5, 44.5] (red) at various redshifts.

larger than that from the galmodel for the luminosity range, 41.5 ≤
log (LX/erg s−1) ≤ 43.5, at low redshift (Fig. 2). In addition to
the effective halo mass of AGNs, we have also investigated the
2PCF using our cosmological N-body simulation. Our simulation
has an unprecedentedly large box size and high-mass resolution,
enabling the prediction of the autocorrelation function of rare
objects, such as AGNs, with high accuracy. We have shown a clear
difference in the 2PCF between the fiducial model and the galmodel
(Fig. 6). Our results suggest that the 2PCF provides an independent
constraint on the gas accretion time-scale complementary to the
AGN LF.

In our model, we assume that SMBHs grow through the cold
gas accretion associated with starbursts during galaxy major/minor
mergers and disc instabilities. Our results suggest that the observed
clustering properties and the inferred host halo mass of X-ray AGNs
can be explained by the model with these processes. As seen in
Fig. 2, the effective halo mass of moderately luminous X-ray AGNs
reaches ∼1013h−1 M� at z � 1. Also, we show that the effective halo
mass, Mhalo,eff, has a negative dependence on the AGN luminosity
(Fig. 4). This trend is consistent with observations; less luminous
X-ray selected AGNs tend to be in more massive haloes compared
with more luminous optically selected quasars. While the median
of the host halo mass distribution is less than 1013h−1 M�, the
distribution has a positive skewness with a heavy tail towards the
massive end (Fig. 7). This feature is considered to contribute the
larger effective halo mass (Fig. 8) compared with the median value
in the distribution. This skewness and the tail are consistent with
the results of a semi-empirical model (Georgakakis et al. 2019) and
the observation (Leauthaud et al. 2015). We have also compared the
predicted 2PCF and HOD of X-ray AGNs with observations (Figs 6
and 11). Our results are consistent with the current measurements of
the 2PCF from observations and halo occupation statistics based
on the observation with the obscured fraction treated as a free
parameter (Leauthaud et al. 2015). This supports the HOD modelling
based on the observations, in which satellite HODs monotonically
increases with halo mass (Richardson et al. 2012; Shen et al. 2013).
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Furthermore, we have shown that the predicted AGN satellite fraction
(Fig. 12) is also consistent with the current observations.

One interesting trend in Figs 9 and 10 is that the relative importance
of different channels for the AGN trigger can vary quite significantly
over cosmic time. While the dominant mechanism is found to
be minor mergers for all the redshifts investigated here, the disc
instabilities are not negligible at high redshifts. Therefore, a more
accurate measurement of the 2PCF at those redshifts would be
important to further test the validity of our model. Also, there are
some other mechanisms that are not considered in our model, such as
hot-halo mode AGN activity. Fanidakis et al. (2013a) have concluded
that X-ray AGNs are triggered by the hot-halo mode gas accretion,
which can explain the massive host halo for the X-ray AGNs.
Although they consider the different mechanism, interestingly, they
also predict the negative dependence of the effective halo mass on the
X-ray luminosity of AGNs near the high-luminosity end. However,
the maximum effective halo mass of their model is ∼0.4 dex larger
than our prediction at z ∼ 0. Allevato et al. (2011) have estimated
the effective halo mass significantly larger than those of Starikova
et al. (2011) and Mountrichas et al. (2016) at z ∼ 1. If the former is
the case, it might suggest that the hot-halo mode AGN activity plays
an important role in the host halo mass. To further test which is more
plausible, a precise observational determination of the 2PCF at low
redshifts would be important.

The main triggering mechanism of the SMBH growth remains
unclear, as mentioned above. Here, we consider the possibilities that
further measurements including the 2PCF clarify the main driver
of the SMBH growth. In our model, minor mergers with long gas
accretion time-scales are the main trigger for low-luminosity AGNs
(�1043 erg s−1). In contrast, in Fanidakis et al. (2012), hot-halo
mode AGNs dominate the low-luminosity end. While both the two
scenarios are consistent with the current clustering measurements,
detailed shapes of the 2PCF may be different. This is because the
two scenarios can predict distinct AGN host galaxies. Fanidakis
et al. (2013a, b) have claimed that the low-luminosity AGNs are
hosted by elliptical galaxies in galaxy groups and clusters. These
host galaxies are expected to be central galaxies in the haloes. On
the other hand, our model AGNs in the same luminosity range reside
in both central and satellite galaxies. As a result, the two scenarios
predict different shapes of the 2PCF, in particular, the small-scale
clustering. Therefore, a more accurate measurement of the 2PCF over
a wide separation range is useful to distinguish the two scenarios. The
accurate clustering measurement will be provided by future surveys
such as eROSITA (Merloni et al. 2012). Moreover, the properties of
the host galaxies, such as the morphology, colour, and star formation
rate, are also key quantities to distinguish these models. In addition
to the hot-halo mode, in Fanidakis et al. (2012), disc instabilities
are the major triggering mechanism of the SMBH growth and AGN
activity for higher luminosities, in contrast to our model with minor
mergers as the main driver of the SMBH growth. Further studies
of the morphology of AGN host galaxies could distinguish the two
triggering mechanisms: minor mergers and disc instabilities (e.g.
Rosario et al. 2015; Mechtley et al. 2016; Marian et al. 2019).

We have shown that the gas accretion time-scale plays a significant
role in the clustering properties of AGNs. Specifically, the long
accretion time-scale for low-luminosity AGNs and at low redshifts
has significant contribution to the massive host halo mass. This means
that as well as the process triggering the gas supply to the galaxy
centre, the gas accretion physics regulating the accretion time-scale
at the centre is important for understanding the AGN statistics and the
co-evolution of galaxies and SMBHs. Our finding is consistent with
that of Bonoli et al. (2009), which have also shown that AGN light-

curve models affect the correlation length of the AGN clustering,
while they have not addressed the clustering of X-ray AGNs. Using
similar models, Marulli et al. (2009) have shown that the luminosity
dependence of the correlation length of X-ray AGNs is sensitive
to the AGN light-curve models, although they have underpredicted
the correlation length compared with observations and have not
investigated the host halo masses of X-ray AGNs. Based on the
outcomes above, future observational measurements of the AGN
clustering with larger samples, which enables us to investigate the
luminosity dependence of the AGN clustering more accurately, can
provide a constraint on the gas accretion time-scale on to SMBHs
and the AGN light curves.

The AGN flickering (Schawinski et al. 2015) may affect the
statistics of AGN populations. The AGN variability manifests itself
in observations as the light echo (Lintott et al. 2009; Keel et al. 2012a,
b). Hydrodynamic simulations of SMBH accretion have shown that
the short time-scale variability is driven by the stochastic accretion
of gas clumps on to the central BH (Novak, Ostriker & Ciotti 2011;
Gabor & Bournaud 2013). This variability can cause the additional
scatter in the relation between the AGN luminosity and the host halo
mass and may affect the AGN bias and effective halo mass.

We have investigated the effects of the AGN flickering on the 2PCF
of AGNs. We change the AGN luminosity assuming the lognormal
distribution with σ log L between 0.3 and 0.5 dex per luminosity to
mimic the impact of flickering following the work by Rosas-Guevara
et al. (2016). In the model with 0.5 dex scatter, the amplitude of
the 2PCF is slightly larger than that of the fiducial model, though
this is subdominant compared to the statistical uncertainties of the
2PCF and thus does not affect our main conclusion significantly.
This is because the scatter in Mhalo–LX relation is already sufficiently
large in our fiducial model, so the effect of the additional scatter
is negligible. We conclude that the AGN flickering does not have a
large effect on the 2PCF in our model. However, to investigate the
AGN flickering effect by using a more physically motivated model
would be meaningful.

As we have analysed in this paper, the HODs of AGNs can provide
a further constraint on the AGN formation models. While some
previous studies have inferred the AGN HOD by using the 2PCFs
of AGNs, there are few attempts to obtain the HOD directly. In
addition to the HOD, other observations are also expected to be a
key constraint on the theoretical models. Recent observations have
investigated the dependence of AGN clustering on other AGNs and
host galaxy properties such as SMBH mass, the Eddington ratio
(Krumpe et al. 2015), stellar mass, and star formation activity (Moun-
trichas, Georgakakis & Georgantopoulos 2019; see also Viitanen
et al. 2019). These measurements provide alternative constraints on
AGN formation models. Further studies to constrain the theoretical
models using these additional measurements will be done in the
future.
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