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Abstract The spatial clustering of QSOs is an important measurable quantity which
can be used to infer the properties of dark matter halos that host them. We construct
a simple QSO model to explain the linear bias of QSOs measuredby recent obser-
vations and explore the properties of dark matter halos thathost a QSO. We assume
that major mergers of dark matter halos can lead to the triggering of QSO phenomena,
and the evolution of luminosity for a QSO generally shows twoaccretion phases, i.e.,
initially having a constant Eddington ratio due to the self-regulation of the accretion
process when supply is sufficient, and then declining in rate with time as a power law
due to either diminished supply or long term disk evolution.Using a Markov Chain
Monte Carlo method, the model parameters are constrained byfitting the observation-
ally determined QSO luminosity functions (LFs) in the hard X-ray and in the optical
band simultaneously. Adopting the model parameters that best fit the QSO LFs, the
linear bias of QSOs can be predicted and then compared with the observational mea-
surements by accounting for various selection effects in different QSO surveys. We
find that the latest measurements of the linear bias of QSOs from both the SDSS and
BOSS QSO surveys can be well reproduced. The typical mass of SDSS QSOs at red-
shift 1.5 < z < 4.5 is∼ (3− 6)× 1012 h−1 M⊙ and the typical mass of BOSS QSOs at
z ∼ 2.4 is∼ 2× 1012 h−1 M⊙. For relatively faint QSOs, the mass distribution of their
host dark matter halos is wider than that of bright QSOs because faint QSOs can be
hosted in both big halos and smaller halos, but bright QSOs are only hosted in big ha-
los, which is part of the reason for the predicted weak dependence of the linear biases
on the QSO luminosity.
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1 INTRODUCTION

QSOs are probably powered by accretion onto massive black holes (MBHs; e.g., Salpeter 1964;
Lynden-Bell 1969). QSO-like nuclear activities probably play important roles in shaping galaxies
and lead to strong correlations between the masses of MBHs and properties of their host galaxies,
as the star formation in galaxies may be regulated by the energy or momentum output from the
nuclear activities (Silk & Rees 1998; Fabian 1999; King 2003; Murray et al. 2005). The statistical
properties of QSOs, such as their luminosity function (LF) and spatial distribution, are important
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tools to investigate the assembly history of MBHs and the relationships between MBHs, their host
galaxies and dark matter halos, which may thus further provide crucial constraints on the formation
and evolution of galaxies.

The QSO LFs have been extensively studied and estimated in the optical, X-ray and other bands
based on various observations and surveys, such as the Two Degree Field QSO Redshift Survey
(2QZ), the Sloan Digital Sky Survey (SDSS), and that by the Advanced Satellite for Cosmology
and Astrophysics (ASCA), Chandra, XMM-Newton, Swift, etc. (e.g., Richards et al. 2006; Bongiorno
et al. 2007; Croom et al. 2009; Ueda et al. 2003; Barger et al. 2005; La Franca et al. 2005; Ebrero et al.
2009; Hasinger 2008; Silverman et al. 2008; Yencho et al. 2009; Aird et al. 2010). These observations
have revealed two important evolutionary features of the QSO population, i.e., cosmic evolution
and the evolution of downsizing in QSOs (e.g., Hasinger 2008; Croom et al. 2009). The QSO LFs
and the evolutionary features of QSOs have been frequently accounted for by physically motivated
empirical and semi-analytic models (Hopkins & Hernquist 2006; Croton et al. 2006; Malbon et al.
2007; Somerville et al. 2008; Shen 2009). However, there is usually some degeneracy among the
model parameters involved in the generation rate of QSOs andthe luminosity evolution or light
curve (LC) of individual QSOs, which are part of the reason that the QSO LFs can be fitted by
models with quite different LCs.

The spatial clustering of QSOs, as a function of redshift andluminosity, is not only an important
tool to measure the properties of galaxies that host a QSO andtheir associated dark matter halos,
but also useful in estimating the lifetime of QSOs (e.g., Martini & Weinberg 2001; Haiman & Hui
2001). Observational measurement of QSO clustering has become practical in recent years due to
large sky area surveys, such as 2QZ (Croom et al. 2004) and SDSS (York et al. 2000). The linear bias
of QSOs,bQ, is defined as the square root of the strength of the QSO two-point correlation function
relative to the two-point correlation function of the underlying matter distribution, and has been
measured at a number of redshifts (e.g. Shen et al. 2007, 2009; Myers et al. 2007; dâAngela et al.
2008). These estimations, together with the QSO LFs, can also be used to put further constraints on
both the relationship between the masses of MBHs and their host dark matter halos and the LC of
individual QSOs (Shen 2009). Future accurate estimates of the QSOs’ linear bias, as a function of
both redshift and luminosity, should help to reveal the underlying physics of QSOs.

In this paper, we construct a simple QSO model to explain the linear bias of QSOs measured by
current observations and explore properties of a dark matter halo that hosts a QSO. The QSO model
is based on the major merger hypothesis, i.e., major mergersof dark matter halos/galaxies can lead
to nuclear activity right after the completion of the merger. The paper is organized as follows. In
Section 2, we introduce a simple QSO model by adopting the major merger hypothesis and using
parameterized LCs according to simple arguments on the luminosity evolution of individual QSOs.
In Section 3, we formularize the linear bias according to theQSO model. Using the simple QSO
model, we first fit the QSO LFs in the hard X-ray (2−10 keV) band by using the Markov Chain Monte
Carlo (MCMC) method to constrain the model parameters in Section 4.1, and further test the model
by the optical LFs. Adopting the model parameters that best fit the QSO LFs, we then model the
linear bias of QSOs by considering various selection effects in the QSO surveys in Section 4.2. We
find that the observationally determined biases are well reproduced by the model, and we also obtain
further constraints on the mass distribution of the host dark matter halos of QSOs. In Section 4.3
we discuss the potential relationship between the mass of MBHs and their host dark matter halos.
Conclusions and discussions are given in Section 5.

Throughout the paper, we assume aΛCDM cosmology withΩM = 0.3,ΩΛ = 0.7,Ωb = 0.046,
σ8 = 0.801 andh = 0.71 in units of 100 km s−1 Mpc−1.

2 A SIMPLE PHYSICAL MODEL

The evolution of QSOs can be described by the QSO LF, which is controlled by two underlying
factors: (1) the generation rate of QSOs, and (2) the accretion history of MBHs and the luminosity
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evolution of individual QSOs. The generation rate of QSOs can be described by the number density
of MBHs with initial massM•,i (or equivalently the final massM•,f , i.e., the MBH mass right after
the quench of nuclear activity, given the accretion historyof MBHs) that was triggered atzi , which
is denoted asĠ(M•,i ; zi) (or Ġ(M•,f ; zi)). For a fixed mass to energy conversion efficiency ǫ, the
accretion history of an MBH is equivalent to the evolution history of the QSO bolometric luminosity,
which is denoted asLbol(z; M•,f , zi) ≡ Lbol(τ; M•,f ), whereτ =

∫ zi

z
| dt
dz |dz is the age of a QSO

detected at redshiftz but triggered at redshiftzi . The growth rate of the MBH is then given by
Ṁ•(z; M•,f , zi) = Ṁ•(τ; M•,f ) ≡ (1− ǫ)L (τ; M•,f )/ǫc2. The bolometric LF of QSOs is then given by

dΦ(Lbol, z)
dLbol

=

∫ ∞

z

∣

∣

∣

∣

∣

dt
dzi

∣

∣

∣

∣

∣

dzi

∫

dM•,fĠ(M•,f ; zi)δ(Lbol −Lbol(z; M•,f , zi)). (1)

2.1 The Generation Rate of QSOs

Major mergers of galaxies and/or dark matter halos have long been believed to be responsible for
the triggering of QSOs (i.e., the major merger hypothesis) (e.g. Hernquist 1989; Carlberg 1990;
Kauffmann & Haehnelt 2000), although other mechanisms, such as the secular evolution of stellar
disks and minor mergers may also play a role in triggering nuclear activities (Greene et al. 2008). In
this paper, we adopt the merger hypothesis and assume that major mergers of dark matter halos can
lead to nuclear activity immediately after the completion of the halo merger. Under this assumption,
the generation rate of QSOs is determined by the merger rate of dark matter halos and the relationship
between the final MBH’s mass and the halo’s mass.

According to the Millennium and Millennium II simulations (Fakhouri & Ma 2008; and
Fakhouri et al. 2010), the merger rate of halos can be described by a universal form with depen-
dence on the mass ratiox, the resulting mass of the merged halosMH and the redshiftz (see also
Genel et al. 2008, 2009). For those halos with massMH, the mean merger rateR (in units of mergers
per halo with massMH per unit redshift per unit progenitor mass ratio) can be fitted by

R(MH, x, z) = R0

(

MH

1012M⊙

)α

xβ exp
[( x

x̃

)γ]

(1+ z)η, (2)

where the best-fit parameters (α, β, γ, η, R0, x̃) are (0.133,−1.995, 0.263, 0.0993, 0.0104, 9.27×10−3)
from Fakhouri et al. (2010). We define the major mergers as those mergers with mass ratiox ∈
(1/3, 1). If the lower limit on the mass ratio of major mergers is relaxed to 1/4, the major merger
rate increases by a factor of 1.32 but its dependence on the merged halo mass does not change,and
therefore a smallerǫ is required in order to fit the hard X-ray luminosity functions (HXLFs) and
optical luminosity functions (OLFs) (see Section 4.1). Note that the major merger rates estimated
from simulations may be smaller than those obtained from theextended Press-Schechter theory by
a factor of 1.5–2 (see Fakhouri & Ma 2008; Fakhouri et al. 2010; Genel et al. 2008, 2009; and
Parkinson et al. 2008).

Observations suggest that the mass of an MBH is probably tightly correlated with the mass of its
host halo (Ferrarese 2002; Bandara et al. 2009) as well as theproperties of its host galaxy (Gebhardt
et al. 2000; Ferrarese & Merritt 2000; Tremaine et al. 2002).Using both numerical simulations and
analytical arguments, Booth & Schaye (2010) have also shownthat the masses of MBHs may be
determined by the mass of their host halos. For a halo with mass MH that follows the Navarro-
Frenk-White (NFW) density profile, on average the mass of thecentral MBH is

〈

log M•,f
〉

∝ log
[

f (c, y)(1+ z)1/3MH
5/3

]

, (3)

wherec is the halo concentration,y ≡ rej/rvir , rej is the physical scale over which the MBH self-
regulation takes place,rvir is the virial radius, and

f (c, y) =
c

[ln(1 + c) − c/(1+ c)]2
×

(

1−
1

(1+ cy)2
−

2 ln(1+ cy)
1+ cy

)

. (4)
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The halo concentration is given byc = A(MH/Mpivot)B(1+ z)C, Mpivot = 2× 1012 h−1 M⊙, A = 5.71,
B = −0.084 andC = −0.47 from Duffy et al. (2008). Booth & Schaye (2010) find thaty = 0.22
matches their simulation results with the observational relation obtained by Bandara et al. (2009).
Setting a slightly smaller (or larger)y results in a smaller (or larger)f (c, y) but an insignificant
change in the shape off (c, y) as a function ofc, which means the change can be compensated by the
change in the normalization of theM•,f − MH relation.

Recent observations suggest that the central galaxy’s stellar mass is proportional to the halo
mass to the power of∼ 1/3 for the most massive halos, which indicates that massive galaxies and
probably their central MBHs also grow slowly in the most massive halos, although their host halos
grow rapidly (Brown & the Boötes Field Collaborations 2010). Considering this, we adopt a modified
form for the relation between the mass of the MBH and the properties of the halo as

〈

log M•,f
〉

= log
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, (5)

whereM∗z = 2M∗0/[(1 + z)/(1+ zturn)]α1 + [(1 + z)/(1+ zturn)]α2, andB, M∗0, α1, α2 andzturn are free
parameters that may be constrained by observations. IfMH ≪ M∗z at z ∼ 0, we have

〈

log M•,f
〉

∝

5/3 logMH, which is consistent with what is estimated for the MBHs in nearby galaxies (Ferrarese
2002). Equation (5) gives the average mass of MBHs in halos with massMH, but the real masses
of MBHs may scatter around this mean value. In this paper, we assume that the distribution of the
real MBH masses around the mean value, i.e.,P(log M•,f |

〈

log M•,f
〉

) is a Gaussian distribution with
mean

〈

log M•,f
〉

given by Equation (5) and a standard deviation ofσlog M•−log M•,f . Hereafter we adopt
a standard deviation of 0.3 dex in the MBH mass versus the halo mass relation, similar tothat of the
M• − σ relation and theM• − M∗ relation, whereM∗ is the stellar mass.

With the major merger rate of dark matter halos and theM•,f −MH relation described above, the
generation rate of QSOs is given by

Ġ(M•,f ; zi) =
∫ ∞

0
F(MH,i)

P(log M•,f |
〈

log M•,f
〉

)
M•,f ln(10)

R(MH,i ; zi)
|dt/dzi |

dn(MH,i; zi)
dMH,i

dMH,i , (6)

where the halo mass functiondn(MH,i ;zi )
dMH,i

can be estimated through the fitting formula given by Sheth
& Tormen (1999), andFH,i describes the fraction of major mergers that lead to nuclearactivities and
is given by

F(MH,i) = exp

[

−
Mcut,1

MH,i
−

MH,i

Mcut,2

]

, (7)

whereMcut,1 = 3× 1011M⊙ h−1 andMcut,2 = 1012M⊙ h−1(1+ z)3/2.

2.2 The Light Curve and Luminosity Evolution of Individual QSOs

The growth of MBHs probably experiences two different phases (e.g., Small & Blandford 1992; Yu
& Lu 2004, 2008). In the first phase, the disk accretion is self-regulated and close to the Eddington
limit because the supply of gaseous material for the centralMBHs to accrete is plentiful right after
the nuclear activities start being triggered. The accretion rate in this phase is assumed to be a constant
fraction of the Eddington limit, i.e.,λ0ṀEdd, whereṀEdd is the Eddington rate andλ0 is a constant.
In the second phase, the QSO luminosity is approximated as a power law decay with time because
of the decline of the supply and/or the long term evolution of disk accretion (Yu et al. 2005; Hopkins
& Hernquist 2006; Yu & Lu 2008). The accretion is terminated once the luminosity declines by a
factor of 1000 from the peak luminosity at which time its massgrowth is insignificant, even over a
Hubble time.
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Assuming that a QSO detected at redshiftz (or timet) is triggered due to a major merger experi-
enced by its host halo at an earlier redshiftzi (or timeti), the age of the QSO isτ =

∫ zi

z

∣

∣

∣

dt
dz′

∣

∣

∣ dz′ and the
mass of the MBH isM•,τ (or M•,i) atz (or zi). The peak luminosity of the QSO during its evolution is
reached at timetp (or redshiftzp) which corresponds to ageτp = ξτS, whereτS = 4.5×108λ−1

0
ǫ

(1−ǫ) yr
is the Salpeter timescale. After timetp, the luminosity of the QSO declines following a power law,
i.e. ((τ+ζτS−τp)/ζτS)−γ, whereζ andγ are free parameters which determine how fast the luminosity
declines. The light curve (or luminosity evolution) of individual QSOs can be described as

Lbol(M•,f , τ) = λLEdd(M•,τ) , (8)

where
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
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τ+τD−τp
τD

)−γ

1+ ζ

γ−1

[

1−
(

τ+τD−τp
τD

)1−γ
] , for τp < τ ≤ τp + ητD ,

0, for τ > τp + ητD ,

(9)

and whereτD = ζτS, andητD = (103/γ − 1)τD is the duration of the second phase. Current obser-
vations show that the Eddington ratio of bright QSOs may scatter around a constant value close to
0.3 (Kollmeier et al. 2006 and Shen et al. 2007). According to these observations, we adopt a fixed
Eddington ratio ofλ0 = 0.3 at the first accretion phase in this paper. Hereafter, we adopt ǫ = 0.1 and
γ = 1.3 according to Yu & Tremaine (2002), Yu & Lu (2004, 2008) and Yuet al. (2005).

2.3 QSO Luminosity Function at a Given Band

With the LC and the generation rate of QSOs described in Sections 2.1 and 2.2, the QSO bolometric
LF can be obtained from Equation (1). However, QSO surveys are usually conducted at a specific
band or several given bands, and the majority of the observationally determined QSO LFs are given
in either the optical band or the X-ray band. To constrain themodel parameters, it is necessary to
derive the QSO LFs at the same band as that of the observations. For a given bandY, we define the
bolometric correction (BC) asCY ≡ Lbol/νLν |ν=Y , whereνLν |ν=Y is the monochromatic luminosity
at the central frequency of theY-band. In principle,CY may depend on the physical quantities like
Lbol, M• and/or λ, and the value ofCY for any given QSO could be distributed around a mean value
given by the dependence ofCY on the above quantities. With the BC for a bandY, the QSO LF at
this band is

dΦ(LY , z)
dLY

=

$ ∞

z
Ġ(M•,f ; zi)δ(LY −LY(z; M•,f , zi))P(logCY |

〈

logCY
〉

)
∣

∣

∣

∣

∣

dt
dzi

∣

∣

∣

∣

∣

dzidM•,f d logCY ,

(10)
whereLY(z; M•,f , zi) = Lbol(z; M•,f , zi)/CY , P(logCY |

〈

logCY
〉

) is assumed to be a Gaussian distri-
bution of logCY around the mean value

〈

logCY
〉

for any givenLbol or λ, which may be obtained
from observations.

According to Vasudevan & Fabian (2009), the BC in the hard X-ray (2−10 keV) band is depen-
dent on the Eddington ratioλ. The BCs are fitted by a function ofλ by Jin et al. (2012), i.e.,

logCX =

{

0.773 logλ + 2.004, if λ ≥ 0.01,
0.7, if λ < 0.01. (11)

Considering the variation and other factors, we assign a standard deviation of 0.3 dex to the log-
normal distribution ofCX .

Hopkins et al. (2007) estimate the BC in the opticalB-band by recalibrating the spectral energy
distribution of QSOs and find that the BC is luminosity dependent. On average, the BC in theB-band
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is given by
〈

logCB
〉

= log
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













, (12)

where (c1, k1, c2, k2) = (6.25,−0.37, 9.00,−0.012). For any givenLbol, CB follows a lognormal dis-
tribution with a mean of

〈

logCB
〉

and a standard distribution ofσlog(Lbol/LB) = σ1(Lbol/109L⊙)β +σ2,
where (σ1, β, σ2) = (0.08,−0.25, 0.06).

To model the optical QSO LF, it is necessary to consider the obscuration effect because only
type 1 QSOs can be detected but type 2 may be missed in the optical QSO surveys due to ob-
scuration. Both type 1 and type 2 QSOs can be detected by hard X-ray surveys. Hasinger (2008)
investigates the intrinsic absorption properties of 1290 AGNs in the hard X-ray band and finds that
the obscuration fraction decreases with increasing X-ray luminosity. According to the estimates
obtained by Hasinger (2008), we find the obscuration fraction can be fitted byfobsc =

T1
T1+T2

=

−0.226 logLbol

CX
+ 10.31, whereT1 and T2 are the number density of type 1 and type 2 QSOs at

any given luminosity, respectively. This obscuration fraction should be added into the integration
in Equation (10) when estimating the optical QSO LFs. Here the obscuration fraction is assumed
to be independent of redshift for simplicity, though it is still being debated whether the obscuration
fraction is redshift dependent or not.

Given the BCs and the obscuration fraction as above, the QSO LFs can be modeled in both the
hard X-ray band and optical band according to Equation (10).The free parameters involved in the
model are (B, M∗0, α1, α2 andzturn) and (ξ, ζ), respectively. The first five parameters (B, M∗0, α1,
α2 andzturn) define the relationship between the final mass of an MBH and the mass of its host halo
after merging and the last two parameters define the LC of individual QSOs and the mass evolution
of MBHs.

3 CLUSTERING OF QSOS

The linear bias of those QSOs with luminosityLY at theY-band and redshiftz can be derived by
averaging over their host halos in the framework of the aboveQSO model. In this model, QSOs are
triggered by major mergers of dark matter halos, and the spatial clustering of QSOs is determined
by the spatial clustering of their host dark matter halos (i.e., the halos that result from the mergers).
For any halos with massMH at redshiftz, Tinker et al. (2010) obtain a fitting formula for the linear
bias, i.e.

b(ν) = 1− A
νa

νa + δa
c
+ Bνb +Cνc, (13)

whereν = δc/Σ(MH, z), δc = 1.686 is the critical linear overdensity for the collapse of halos,Σ(MH, z)
is the linear rms density fluctuations in a sphere of massM at redshiftz, and the parameters (A, B,C)
and (a, b, c) are functions of∆, where∆ is the overdensity defined as the mean interior density
relative to the background. Here we adopt∆ = 200, which defines a radius separating the virialized
region and the region of continuing infall in anΩm = 1 universe (Lacey & Cole 1994; Eke et al.
1998). The values of those parameters can be obtained from table 2 in Tinker et al. (2010). We note
here that alternative fitting formulae of the linear bias fordark matter halos are also given by Jing
(1998), Sheth et al. (2001) and others.

The linear bias of those QSOs with luminosities in the range from LY to LY + dLY at theY-band
can then be obtained by averaging over all their host halos with different masses (cf. Haiman & Hui
2001; Martini & Weinberg 2001; Lidz et al. 2006; Hopkins et al. 2008; Shen 2009; White et al.
2012), i.e.

b(LY , z) =

[

dΦ(LY , z)
dLY

]−1& ∞

z
b(ν)P(logM•,f |

〈

log M•,f
〉

)F(MH,i)R(MH,i ; zi)
dn(MH,i; zi)

dMH,i

δ(LY −LY(z; M•,f , zi))P(logCY |
〈

logCY
〉

)dzid log M•,f dMH,id logCY . (14)
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Usually the linear biases estimated from observations are for those QSOs in a sample with
magnitudes or luminosities brighter than a detection limitor in a given range. In order to compare
with observations, therefore, we may also obtain the averaged biasb̄(z) from the QSO model as

b̄(z) =

[∫ LY,max(z)

LY,min(z)
dLY

dΦ
dLY

]−1 ∫ LY,max(z)

LY,min(z)
dLY

dΦ
dLY

b(LY , z) , (15)

whereLY,max(z) and LY,min(z) are the upper and lower limits on the luminosities of QSOs inthe
sample, respectively.

Considering the magnitude limit of a telescope at a givenY-band, represented by a low luminos-
ity thresholdLY,min(z) on the observable QSOs, the mass function for the host halosof the observable
QSOs at redshiftz is given by

dΦ(MH, z;> LY,min(z))
dMH

≃
dΦ(MH,i , z;> LY,min(z))

dMH,i

=

$ ∞

z

∫

LY,min(z)
P(log M•,f |

〈

log M•,f
〉

)F(MH,i )R(MH,i ; zi)
dn(MH,i ; zi )

dMH,i

δ(LY −LY (z; M•,f , zi))P(logCY |
〈

logCY
〉

)dzid log M•,f d logCY dLY , (16)

whereMH represents the host halo mass at redshiftz, MH,i the host halo mass at redshiftzi, and
we make the critical assumption that the mass of the QSO host dark matter halo does not increase
significantly during the QSO phase, i.e.,MH,i ≃ MH. Finally, the mass distribution of the QSO host
dark matter halos can be obtained by

P(MH, z;> LY,min(z)) =
dΦ(MH,i, z;> LY,min(z))

dMH

[
∫

P(MH, z;> LY,min(z))dMH

]−1

. (17)

4 MODEL RESULTS

4.1 Calibrating the QSO Model by the QSO LFs

It has been shown that the host galaxies of the QSOs with luminosities (>∼ 1044.5ergs−1) are com-
monly interacting systems at redshiftz > 1 (e.g., Bahcall et al. 1997), which is consistent with the
hypothesis that major mergers of galaxies and dark matter halos lead to the triggering of QSO phe-
nomena. However, other processes, such as the secular evolution of stellar disks and minor mergers,
may play important roles in triggering the QSO phenomena at low redshiftz <∼ 1 (Greene et al. 2008).
Therefore, we use the QSO model described above to simultaneously fit the observationally deter-
mined HXLFs by Aird et al. (2010) only at high redshift bins of(1.5, 2.0), (2.0, 2.5) and (2.5, 3.5).
The model parameters of the best fit are (logB, logM∗0, α1, α2 andzturn)=(11.87, 14.22, 2.83, –0.48,
1.60) and (ξ, ζ)=(1.11, 0.03). (The detailed method of this fitting will be presented in a different
paper.) The uncertainties in each model parameter can be obtained by marginalizing over other pa-
rameters, i.e., logB = 11.87± 0.54, logM∗0 = 14.22± 0.34,α1 = 2.83± 0.44,α2 = −0.48± 1.20,
zturn = 1.60± 0.59, logξ = 0.044± 0.15 and logζ = −2.47± 0.41.

Figure 1 shows both the observationally determined HXLFs (Aird et al. 2010) and the model
HXLFs that best fit the observations. As shown in Figure 1, theobservations can be well fitted by
the QSO model. Adopting the model parameters of the best fit, the QSO LFs in theB-band can also
be estimated.

Figure 2 shows the optical QSO LF obtained from both observations (Richards et al. 2006;
Bongiorno et al. 2007) and the above QSO model. Apparently the observations can be well matched
by the QSO model that best fits the HXLFs. Hereafter, we will adopt these model parameters, cal-
ibrated by the HXLFs and OLFs, to estimate the linear biases of QSOs and study the dark matter
halos that host them.
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Fig. 1 The QSO LFs in the hard X-ray (2−10 keV) band. The circles and triangles both represent the
estimates obtained from observations by Aird et al. (2010; see their fig. 9); The solid lines represent
the QSO LFs obtained from the QSO model that best fit the observational data, and the model
parameters of the best fit are (logB, log M∗0, α1, α2 andzturn)=(11.87,14.22, 2.83,−0.48, 1.60) and
(ξ, ζ) = (1.11, 0.003), respectively.

Fig. 2 The QSO LFs in theB-band. The filled and open circles represent the observationally deter-
mined LFs by Bongiorno et al. (2007) and Richards et al. (2006), respectively. The solid lines show
the QSO LFs obtained from the QSO model that best fits the HXLFs.

4.2 The Linear Bias of QSOs

In the past several years, quite a number of estimates on the linear bias of QSOs have emerged in
the literature, mainly due to the large sky area surveys, such as 2QZ, SDSS and BOSS. Figure 3
shows those latest estimates on the linear bias of QSOs, including those measured from SDSS by
Ross et al. (2009; diamonds in the left panel) and Shen et al. (2009; circles in the left panel) and
from BOSS by White et al. (2012; squares in the right panel). The QSO samples obtained from these
surveys are magnitude limited, e.g., the QSOs in the SDSS sample are selected to ani-magnitude
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Fig. 3 The linear bias of QSOs at different redshifts. In the left panel, filled diamonds and circles
are the linear biases for the QSOs in the Data Release 5 (DR5) Quasar Catalog estimated by Ross
et al. (2009) and Shen (2009), respectively. In the right panel, the filled squares are the estimated
linear biases of the QSOs discovered by BOSS (White et al. 2012). The solid lines are the biases
predicted from the best fit QSO model by accounting for the fluxlimit of both surveys, i.e., the
i-band magnitude limit for the DR5 QSOs is 19.1 at z < 2.9 and 20.2 at > 2.9; and theg-band
magnitude limit for the BOSS QSOs is 22.0. Dotted lines from top to bottom show the expected
linear bias of dark matter halos with massMH = 1013.5 h−1 M⊙, 1013 h−1 M⊙,1012.5 h−1 M⊙ and
1012 h−1 M⊙, respectively.

limit of 19.1 at z ≤ 2.9 and 20.2 at z > 2.9, while the QSOs in the BOSS sample are selected to
a g-magnitude limit of 22. To compare with these measurements,it is necessary to account for the
magnitude limits in the QSO model (see Eq. (15)). In the left (or right) panel of Figure 3, the solid
curve shows the model results of the linear bias for the SDSS (or BOSS) QSOs by adopting the
model parameters calibrated by the QSO LFs in Section 4.1. Ingeneral, the biases estimated from
the QSO model are very consistent with the observational ones, though it appears that the model
slightly underestimates the biases at high redshifts (z > 3; see the left panel of Fig. 3).

Figure 4 shows the mass distribution for the host dark matterhalos of the SDSS QSOs (left
panel) and the BOSS QSOs (right panel) obtained from our model according to Equation (16). The
peaks of the halo mass distributions of the SDSS QSOs at different redshifts are log(MH/h−1 M⊙) ∼
12.40−12.80 atz = 1.5−4.5 (see the left panel of Fig. 4), and the logarithmic mean of the SDSS QSO
halo masses is∼ 3− 6× 1012 h−1 M⊙ (specifically,

〈

log(MH/h−1 M⊙)
〉

= 12.80 atz = 1.5 and 12.60
at z = 3.5, and 12.45 atz = 4.5). The scatters in the halo mass distributions are∼ 0.3− 0.5 dex. The
peak of the mass distribution of the BOSS QSOs is log(MH/h−1 M⊙) ∼ 12.40, and the logarithmic
mean of the BOSS QSO halo masses is 12.40 (∼ 2×1012 h−1 M⊙) atz = 2.4 (right panel). The typical
halo mass of the BOSS QSOs is a factor of∼ two times smaller than that of the SDSS QSOs at the
same redshift (

〈

log(MH/h−1 M⊙)
〉

= 12.90 atz = 2.4), and the standard deviation in the halo masses
of the BOSS QSO is larger than that of the SDSS QSOs. The exact values of the peak and scatter
of the halo mass distributions may depend on the detailed model parameters and may be affected by
uncertainties in the model parameters. However, the difference in the halo mass distribution between
the bright QSOs and the faint QSOs is intrinsic. The reasons for this difference are three fold: (1) the
BOSS QSOs are∼ 2.5 magnitudes fainter (roughly an order of magnitude smallerin luminosity) than
the SDSS QSOs, which results in a difference in the peak halo mass of∼ 0.5 dex; (2) the distribution
of the halo masses is skewed toward the massive end and the resulting logarithmic mean of the halo
masses is larger than the peak mass; and (3) the mass distribution for the host dark matter halos of
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Fig. 4 The mass distribution of the host dark matter halos of QSOs atdifferent redshifts. The left
and right panels show the results obtained from the best fit QSO model for QSOs with a similar
magnitude limit to that of the DR5 SDSS QSOs and BOSS QSOs, respectively. The solid, dash-
dotted, and dashed lines in the left panel represent the halomass distribution of those QSOs at
redshiftz = 4.5,3.5, and 1.5, respectively. The corresponding logarithmic mean of thehalo masses
are

〈

log(MH/h−1 M⊙)
〉

= 12.45 atz = 4.5, 12.60 atz = 3.5, and= 12.80 atz = 1.5. The solid line
in the right panel shows the halo mass distribution for the BOSS QSOs atz = 2.4. For comparison,
the dot-dot-dot-dashed line shows the halo mass distribution for those QSOs that can be detected
at z = 2.4 if the magnitude limit is the same as the SDSS QSO survey. At redshift z = 2.4, the
logarithmic mean of the halo masses is

〈

log(MH/h−1 M⊙)
〉

= 12.40 for the BOSS QSOs, while it is
12.90 for those SDSS QSOs.

the less luminous BOSS QSOs is more extended with a standard deviation of∼ 0.5 dex compared
with that of the SDSS QSOs with a standard deviation of∼ 0.4 dex), which also causes the resulting
logarithmic mean of the halo masses to be larger than the peakmass. Therefore, the difference in
linear biases estimated from these two QSO samples is also not so significant (the bias obtained from
the BOSS QSOs is only∼ 0.5 smaller than that from the SDSS QSOs). The typical halo massof the
SDSS or BOSS QSOs estimated in this paper is consistent with those previous estimates, e.g., the
minimum halo mass of the SDSS QSOs is∼ (2 − 4) × 1012 h−1 M⊙ and (4− 6) × 1012 h−1 M⊙ at
2.9 ≤ z ≤ 3.5 andz ≥ 3.5, respectively (Shen et al. 2007); and the typical mass of the host halos
of the BOSS QSOs is∼ 2 × 1012 h−1 M⊙ at z ∼ 2.4 (White et al. 2012). We also note here other
estimates of the masses for halos that host QSOs in the literature, e.g.,∼ (3.0± 1.6)× 1012 h−1 M⊙
over the redshift range of 0.3 < z < 2.9 for the 2QZ QSOs with a limit of one magnitude fainter than
the SDSS QSOs (Croom et al. 2005);∼ 1012 h−1 M⊙ − 1013 h−1 M⊙ for the 2QZ QSOs by Porciani
et al. (2004) (see also Porciani & Norberg 2006; Lidz et al. 2006). Considering the difference in
the magnitude limits of different surveys, these estimates on the mass of halos that hostQSOs are
roughly consistent with those obtained from the QSO model inthis paper.

As seen from Figure 1, the detected SDSS QSOs are at the high luminosity end of the QSO LFs
and they are dominated by those MBH systems radiating at a rate close to their peak luminosity (see
Eq. (9)). For a QSO population with luminosity one order of magnitude brighter than a faint QSO
population, the masses of their host halos may also be a factor of four times or more larger than that
of the faint population according to the relation between the MBH mass and the halo mass (Eq. (5)).
Therefore, the linear bias of the bright population should be substantially larger than that of the faint
population.
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Fig. 5 Linear bias of QSOs in different luminosity ranges estimated from the best fit QSO model
at different redshifts. From top to bottom, dot-dashed, dashed, dot-dot-dot-dashed and solid lines
represent the results for those QSOs with theB-band luminosity in the range of 1046 − 1047, 1045 −

1046, 1044 − 1045 and 1043 − 1044erg s−1, respectively. This figure shows a weak dependence of the
linear bias on the QSO luminosity, especially at low redshift.

Figure 5 shows the linear biases obtained from our QSO model for QSOs of different luminosity
ranges. Obviously there is a dependence of the linear bias onthe QSO luminosity. However, this
dependence is weaker than that inferred directly from Equation (13), mainly because of the scatters
in the M•,f − MH relation and the BCs, and the evolution of luminosity for individual QSOs, which
dilute the dependence of the linear bias on the QSO luminosity. This weak dependence is consistent
with current observations (see Porciani & Norberg 2006; Myers et al. 2007; dâAngela et al. 2008;
Shen et al. 2009).

4.3 The MBH Mass versus the Halo Mass

Figure 6 shows the relation between the MBH mass and the halo mass, as derived from the QSO
model that best fits the QSO LF and which can explain the linearbiases well. As seen from Figure 6,
theM•−MH relation required by the QSO model does not seem to be consistent with the observations
for a number of lensing objects, for which both the MBH mass and the halo mass are estimated by
Bandara et al. (2009; the squares). Part of the reason for this inconsistency might be that the low
redshift AGNs investigated by Bandara et al. (2009) at redshift z ∼ 0.3 are not triggered by major
mergers of galaxies and dark matter halos. For comparison, the M• − MH relation, obtained by
Ferrarese (2002) for some nearby galaxies, is also shown in Figure 6. Different lines represent the
resultingM• − MH relation by relating the observed circular velocitiesvc,obs of these galaxies to
the virial velocities of their host halovvir (the solid, dashed and dot-dashed lines show the results
represented by eqs. (4), (6) and (7) in Ferrarese 2002, respectively). TheM•−MH relation constrained
by the QSO LFs in this paper is consistent with the one obtained by Ferrarese (2002) at the low mass
end, for whichvc,obs= 1.8vvir is adopted (the dot-dashed line in Fig. 6). However, the halomassMH

in Equation (2) is the mass of the halo resulting from a major merger at redshiftz, which may be
significantly different from the host halo mass for nearby quiescent MBHs, since the resulting halo
can significantly grow over the intervening time, but their central MBH cannot. For a halo with mass
of ∼ 1012M⊙ at redshiftz = 1.5, for example, it may grow to a halo atz = 0 with mass two times
larger (see Wechsler et al. 2002; Zhao et al. 2009). Therefore, theM•,f − MH relation required by



1152 D. Y. Zhao, C. S. Yan & Y. J. Lu

Fig. 6 TheM•−MH relation. The thick solid curves represent theM•−MH relation constrained by the
QSO model in this paper at redshiftz = 4,3, 2 and 1 (from top to bottom), respectively. The squares
are the objects from Bandara et al. (2009), for which the MBH masses are estimated by using the
empirical relations, and the halo masses are estimated by using the gravitational lensing technique.
The thin solid, dashed and dot-dashed lines represent the estimatedM• − MH relation atz = 0 as
described by equations (4), (6) and (7) in Ferrarese (2002),respectively. The thin dot-dot-dot-dashed
line represents the estimatedM• − MH relation atz ∼ 0.1− 0.3 by Bandara et al. (2009).

the QSO LFs in our model may only represent the upper bound of the M• − MH relation for nearby
MBHs and could shift towards the solid line and dashed line shown in Figure 6. We conclude that the
M•,f −MH relation constrained by the QSO model in this paper is compatible with current estimates
on theM• − MH relation at low redshift (see Ferrarese 2002 and Bandara et al. 2009).

5 CONCLUSIONS

We constructed a simple QSO model in this paper to study the clustering and the properties of the
host dark matter halos of QSOs by adopting the major merger hypothesis, i.e., the major merger
of dark matter halos can lead to the nuclear activities in thecenters of the halos after merging.
After the triggering of nuclear activity in halos, the evolution of the disk accretion of the central
MBHs is assumed to generally follow two phases, i.e., the active MBHs accrete material (1) first
via a constant Eddington ratio (λ ∼ 0.3) as the initial supply is plentiful and the accretion is self-
regulated; and (2) then via a rate declining with time as a power law because of the declining supply
of available material or the long term evolution of the disk.The final mass of an MBH in a dark
matter halo after the merger is assumed to be related to its host halo’s mass due to feedback from the
nuclear activity. We use an MCMC method to first calibrate theQSO model by fitting the HXLFs
obtained from observations. Adopting the calibrated modelparameters, we find that the OLF can
also be well matched by the QSO model. We then use the QSO modelthat best fits the HXLFs and
OLFs to estimate the linear biases of QSOs at different luminosity and redshift by accounting for the
magnitude limits of different QSO surveys, and we find the linear biases estimated from the SDSS
QSOs and the BOSS QSOs can be well reproduced by the model. Thetypical mass of the SDSS
QSOs at redshift 1.5 < z < 4.5 is∼ (3− 6)× 1012 h−1 M⊙ and the typical mass of the BOSS QSOs
at z ∼ 2.4 is∼ 2 × 1012 h−1 M⊙. For relatively faint QSOs, the mass distribution of their host dark
matter halos is wide compared with that of bright QSOs because faint QSOs can be hosted in both



QSO Clustering 1153

big halos and smaller halos but bright QSOs are only hosted inbig halos, which is part of the reason
for the weak dependence of the model’s predicted linear biases on the QSO luminosity. Future QSO
surveys may accurately measure the linear bias of QSOs as a function of luminosity and redshift,
which may provide strong constraints on the properties of the QSO host dark matter halos and thus
the formation and evolution of QSOs.
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