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Abstract

We conduct precise measurements of active galactic nucleus (AGN) clustering at z∼ 1 and z∼ 2 by measuring the
two-point cross-correlation function (CCF) between galaxies and X-ray-selected AGNs, and the two-point
autocorrelation function (ACF) of galaxies in the COSMOS field, to interpret the CCF results. The galaxy sample
was selected from the COSMOS2015 catalog, while the AGN sample was chosen from the Chandra-COSMOS
Legacy Survey catalog. For the AGN samples at z∼ 1 and z∼ 2, we calculated AGN bias values of
b= 1.16 (1.16; 1.31) and b= 2.95 (2.30; 3.55), respectively. These values correspond to typical host dark matter
halo (DMH) masses of log(Mtyp/Me)= 11.82 (11.82; 12.12) and log(Mtyp/Me)= 12.80 (12.38; 13.06),
respectively. Subsequently, we performed halo occupation distribution (HOD) modeling of X-ray-selected
AGNs using the CCF and ACF of galaxies. We found a significant satellite AGN population at z∼ 1 all over the
DMH mass (MDMH) range occupied by AGNs, while z∼ 2 AGNs in our sample are associated with higher-mass
DMHs and smaller satellite fractions. The HOD analysis suggests a marginal tendency of increasing satellite slope
with redshift, but larger samples are needed to confirm this with sufficient statistical significance. We find that the
best-fit values of the satellite slope in both redshift bins are greater than 0, suggesting a tendency of increasing
satellite AGN number with MDMH.

Unified Astronomy Thesaurus concepts: X-ray active galactic nuclei (2035); Active galactic nuclei (16)

1. Introduction

Previous observations have shown that a small fraction of
galaxies exhibit active galactic nucleus (AGN) activity. It is
well established that almost all galaxies have a central
supermassive black hole (BH), implying that the galaxies have
gone through at least one period of AGN activity, i.e., accretion
of material onto the nucleus, in the past. The conditions in and
mechanisms by which AGN activity occurs have been the
subject of intensive research. Observational clues for tackling
this problem include the luminosity function of AGNs and its
evolution (Y. Ueda et al. 2003, 2014; G. Hasinger et al. 2005;
S. M. Croom et al. 2009; H. Ikeda et al. 2011, 2012; J. Aird
et al. 2015; N. Kashikawa et al. 2015; T. Miyaji et al. 2015;
S. Fotopoulou et al. 2016; P. Ranalli et al. 2016; J. Yang et al.
2016; M. Akiyama et al. 2018; Y. Matsuoka et al. 2018, 2023;

T. T. Ananna et al. 2019; M. Niida et al. 2020), BH
demography, and AGN host galaxy properties. AGN clustering
gives alternative clues. The clustering measurements of AGNs
provide us with where AGNs are in the Universe. Therefore,
the two-point autocorrelation function (ACF) of AGNs has
been studied by many investigators (e.g., T. Miyaji et al. 2007;
Y. Ueda et al. 2008; R. Gilli et al. 2009; S. Starikova et al.
2011; L. Koutoulidis et al. 2013; V. Allevato et al. 2014, 2019;
Y. Toba et al. 2017; A. Viitanen et al. 2019; M. Krumpe et al.
2023), as the most common measure of clustering. They have
calculated the large-scale bias and found that the typical host
dark matter halo (DMH) mass (Mtyp) is ∼ 1012.5–1013.0Me.
When the number of AGNs with known spectroscopic

redshift (zsp) is small, the two-point cross-correlation function
(CCF) between galaxies and AGNs is often used (e.g.,
K. L. Adelberger & C. C. Steidel 2005; H. Francke et al.
2008; A. L. Coil et al. 2009; G. Mountrichas et al. 2009;
Y. Shen et al. 2013; H. Ikeda et al. 2015; C. Garcìa-Vergara
et al. 2017, 2019; W. He et al. 2018; C. Krishnan et al. 2020;
Y. Shirasaki et al. 2020). The typical host DMH mass can be
studied by the large-scale (>1–2Mpc) bias determined by the
ACF of AGNs or the CCF between AGNs and galaxies,
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assuming the linear biasing scheme. One of the popular ways of
interpreting the correlation function (CF) is the halo occupation
distribution (HOD) analysis (e.g., J. A. Peacock & R. E. Smith
2000; U. Seljak 2000; A. Cooray & R. Sheth 2002), where the
CF is modeled as the sum of one-halo (1-h) and two-halo (2-h)
terms, representing the contributions of pairs that are within the
same DMHs and across different DMHs, respectively. By the
HOD analysis, one can obtain not only the “typical” DMH
mass, but also constraints on how the objects are distributed
among the DMHs as a function of the DMH mass (MDMH). The
tool developed for the HOD analysis is also used to measure
the bias parameter accurately, by applying it to the linear
regime or applying it to all scales. This has often been useful to
improve on the linear bias measurements, where previous
studies used the power-law approximation of CFs. The linear
regime of the CFs is the Fourier transform of the mass density
linear power spectrum and not a power law. Thus, using the
proper linear power spectrum included in the HOD tools is a
large improvement over using the simple power-law model,
even in the case where information from the 1-h term is not
used, e.g., due to the lack of sufficient signal at small scales, as
is often the case for AGN ACFs.

X-ray-selected AGN clustering studies have been made
mainly through ACFs (T. Miyaji et al. 2007; Y. Ueda et al.
2008; R. Gilli et al. 2009; S. Starikova et al. 2011;
L. Koutoulidis et al. 2013; V. Allevato et al. 2014, 2019;
A. Viitanen et al. 2019). On the other hand, due to the small
number of AGN samples, taking a cross-correlation approach
with a much larger sample of galaxies would give AGN
clustering measurements with better statistical accuracy
(T. Miyaji et al. 2011; M. Krumpe et al. 2012, 2018). Also,
the limited spatial resolution of X-ray images is less of a problem
with the CCF approach than with the ACF approach, since we
use the positions of the optical counterparts selected by, e.g., the
likelihood ratio technique (M. Salvato et al. 2011; S. Marchesi
et al. 2016; T. Miyaji et al. 2024) or a Bayesian-based statistics
(e.g., M. Salvato et al. 2018), and measure separations to the
galaxies. While the spatial resolution is less of a problem with
Chandra, its point-spread function (PSF) degrades with off-axis
angle rapidly and the sources detected at large off-axis angles
still suffer from the spatial resolution problem. This is a problem
with an HOD-type analysis—hampering the 1-h term measure-
ments probed at small scales.

Motivated by the above situation, precise clustering measure-
ments through CCF studies and their HOD modelings of X-ray-
selected AGNs have been made. The HOD modeling of X-ray-
selected AGNs has occurred up to z∼ 1 (T. Miyaji et al. 2011;
M. Krumpe et al. 2012, 2018). T. Miyaji et al. (2011) performed
HOD modeling of the CCF at z< 1 and found a satellite slope
αs< 1 (see Equation (14)). At z> 1, the HOD modeling of the
CCF has not yet been investigated; therefore, the small-scale
clustering at z> 1 has not yet been studied. Motivated by the
situation described above, we perform HOD modeling of the
CCF of galaxies and X-ray-selected AGNs at 0.6< z< 2.6 in
the COSMOS field to present a precise AGN clustering at z∼ 1
and ∼2 in the Universe.

The outline of this paper is as follows. In Section 2, we
describe the data that we use in this study and the selection
criteria for galaxies and AGNs. In Section 3, we describe the
methods for the clustering measurements. In Sections 4, 5, and 6,
we give our results, discussion, and summary. In the Appendix,
we explain a problem we have encountered with our covariance

matrix and its remedy. Throughout this paper, we adopt a
ΛCDM cosmology, with Ωm= 0.3, ΩΛ= 0.7, σ8(z= 0)= 0.8,
and a Hubble constant of H0= 70 h70 km s−1Mpc−1 for X-ray
luminosities and stellar masses, while H0= 100 h km s−1Mpc−1

is used for distances, to aid in better comparison with previous
works. The AB magnitude system is used (J. B. Oke 1974).

2. Data

2.1. Galaxy Sample at 0.6< z< 2.6

We construct volume-limited stellar-mass-selected samples
of galaxies by utilizing the COSMOS2015 catalog (C. Laigle
et al. 2016)15 to calculate the ACF of galaxies and CCF of
galaxies and X-ray-selected AGNs. This catalog has >30 band
photometry and accurate photometric redshift (zph) information
over the 2 deg2 of COSMOS. The photometric redshift
precision is ( )/ 0.007z z1 sps =D + . The stellar-mass–redshift plane
of galaxies is shown in the left panel of Figure 1. We try to
make the galaxy sample as homogeneous and volume-limited
as possible, to minimize the effects of redshift evolution within
a redshift bin.
In order to construct volume-limited stellar-mass-selected

samples of galaxies, we utilize two selection criteria, as
follows:

( ) ( )/M M9.5 log 10.0, 1< <*
( )K 25.0, 2AB <

where, M* is the stellar mass of galaxies. In order to study the
redshift evolution, we divide our galaxy sample in two bins of
redshift. To construct a z∼ 1 galaxy sample, we add a selection
criterion relating to the redshift of galaxies with known
spectroscopic redshifts:

( )z0.6 1.4. 3sp< <

We include objects without spectroscopic redshift measure-
ments if they have photometric redshift measurements and non-
negligible probabilities of being within this redshift range.
Specifically, we include an object if its photometric redshift
probability distribution function (PDFz(z)), provided by the
COSMOS2015 catalog, satisfies

( ) ( )zPDFz 0.6 1.4 0.025. 4ph< < >

To construct a z∼ 2 galaxy sample, we add a selection criterion
relating to the redshift of galaxies with known spectroscopic
redshifts:

( )z1.4 2.6. 5sp< <

For those without known spectroscopic redshifts but with
photometric redshift measurements, we include those that
satisfy

( ) ( )zPDFz 1.4 2.6 0.025. 6ph< < >

Using Equations (1)–(6), we construct z∼ 1 and z∼ 2 stellar-
mass-selected galaxy samples. These galaxy samples are listed
in Table 1, and the spatial and redshift distributions of these
samples are shown in Figure 2.

15 Recently, the COSMOS2020 catalog (J. R. Weaver et al. 2022) has become
public. Most of the work in this paper was done before the publication of the
COSMOS2020 catalog.
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2.2. X-Ray-selected AGN Sample at 0.6< z< 2.6

We construct an X-ray-selected AGN sample by utilizing the
Chandra Legacy Identification Catalog (S. Marchesi et al.
2016) to calculate the CCF of galaxies and X-ray-selected
AGNs. This catalog contains the optical and infrared counter-
parts of the X-ray sources for the X-ray sources detected in the
Chandra-COSMOS Legacy Survey (F. Civano et al. 2016).
This catalog also includes information about the spectroscopic
and photometric redshift. The photometric redshifts in
S. Marchesi et al. (2016) are derived independently from those
in C. Laigle et al. (2016) and optimized for X-ray-selected
AGNs following M. Salvato et al. (2011). Those with
photometric redshifts only are included in the sample in the
same way as the galaxy sample using the PDFzs (denoted as
“PDzs” in S. Marchesi et al. 2016). We consider X-ray sources
that have L h10 erg sX

42
70

2 1> - - (0.5–2 keV) as secure AGNs
and include them in our sample. Given the limited number of
X-ray-selected AGNs, constructing a volume-limited sample of
AGNs is not feasible, and thus our AGN sample is essentially
flux-limited. The ( ‒ )Llog 0.5 2 keVX –redshift plane of the
X-ray-selected AGNs is shown in the right panel of Figure 1.

We choose the z∼ 1 and z∼ 2 X-ray-selected AGN samples
in the same way as the corresponding galaxy samples,
following Equations (3)–(6).

These samples are listed in Table 2, and the spatial and
redshift distributions of these samples are shown in Figure 2.

3. Methods

3.1. ACF of Galaxies

In order to calculate the ACFs of galaxies, we use the
S. D. Landy & A. S. Szalay (1993) estimator, in a two-

dimensional grid in (rp, π) space, where rp is the projected
distance and π is the line-of-sight separation:

( )
( ) ( ) ( )

( )
( )r

DD r DR r RR r

RR r
,

, 2 , ,

,
, 7ACF p

p p p

p
x p

p p p
p

=
- +

where, DD, DR, and RR are the normalized number of pairs
(see, e.g., Equation (3) of T. Miyaji et al. 2007) within the real
sample, the number of pairs between the real sample and the
random sample, and the number of pairs within the random
sample, respectively. The random sample is created with 100
times the number of our galaxy samples, to match the redshift
distribution of our galaxy sample. When an object has a
photometric redshift only, it is included as if it were multiple
objects at the same sky position with different redshifts,
weighted by its PDFz(z) within the redshift range of interest,
following the approach of V. Allevato et al. (2016).
We then calculate the projected CF:

( ) ( ) ( )w r r d2 , , 8p,ACF p
0

ACF p
max

ò x p p=
p

where maxp is determined by the saturation of the integral. We
calculate the errors of the ACF by using the jackknife
resampling technique. The error and covariance matrix
estimations are explained in Section 3.3. The saturating maxp
value is found by plotting the projected galaxy ACF values in
three large rp bins as a function of maxp . The upper panels of
Figure 3 show that the amplitude of the projected galaxy ACF
saturates at h190max

1p ~ - Mpc for 0.6< z< 1.4 and at
h240max

1p ~ - Mpc for 1.4< z< 2.6, respectively. Thus, we
adopt these maxp values for the ACFs for our subsequent
analysis.

Figure 1. Left: distribution of stellar mass as a function of redshift for galaxies at 0 < z < 4 in the COSMOS2015 catalog. The red shaded region denotes the selection
criteria for our sample. Right: distribution of 0.5–2 keV X-ray luminosity as a function of redshift for Chandra legacy X-ray-selected AGNs at 0 < z < 4. The red
shaded region denotes the selection criteria for our sample.

Table 1
Properties of Galaxy Samples

Sample Name Redshift Range Mlog * Range Number 〈ngal〉 〈zmed〉 Mlogá ñ*
(h−1 Me) (h3 Mpc−3) (h−1 Me)

z ∼ 1 galaxy sample 0.6 < z < 1.4 ( )/M M9.5 log 10.0< <* 22,281 8.40 × 10−3 1.01 9.72
z ∼ 2 galaxy sample 1.4 < z < 2.6 ( )/M M9.5 log 10.0< <* 18,874 3.22 × 10−3 1.75 9.73
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3.2. CCF Between Galaxies and AGNs

To calculate the CCFs of galaxies and AGNs, we use the
S. D. Landy & A. S. Szalay (1993) estimator, which is
modified for the CCF (K. L. Adelberger et al. 2003;
N. Kashikawa et al. 2007; E. J. Bradshaw et al. 2011):

( ) ( )r
D D D R R D R R

R R
, , 9CCF p

G A G A G A G A

G A
x p =

- - +

where DGDA, DGRA, RGDA, and RGRA are the normalized
numbers of the galaxy–AGN, galaxy–randomized AGN,
randomized galaxy–AGN, and randomized galaxy–randomized
AGN pairs falling into the given (rp, π) bin, respectively. The
random sample for galaxies and AGNs is created with 100

times the number of our galaxy and AGN sample, to match
their redshift distribution. The PDFzs of the photometric
redshifts in the galaxy and AGN samples are treated in the
same way as the galaxy ACF case.
We then calculate the projected CF:

( ) ( ) ( )w r r d2 , , 10p,CCF p
0

CCF p
max

ò x p p=
p

where maxp is determined by the saturation of the integral. The
lower panels of Figure 3 show wp estimates for the CCF in
three rp bins as functions of maxp , in the same way as the ACF.
From this figure, we observe that the projected CCF estimates
saturate at h200max

1p ~ - Mpc for 0.6< z< 1.4 and at

Figure 2. Upper left: the spatial distributions of the X-ray-selected AGNs and galaxies for the 0.6 < z < 1.4 samples. The red and black circles represent X-ray-
selected AGNs and galaxies, respectively. Upper right: the redshift distributions of the X-ray-selected AGNs and galaxies for the 0.6 < z < 1.4 samples. The red and
black histograms represent the X-ray-selected AGN and galaxy samples, respectively. Lower: the same as the upper panels but for the X-ray-selected AGNs and
galaxies in the 1.4 < z < 2.6 samples.

Table 2
Properties of X-Ray-selected AGN Samples

Sample Name Redshift Range Llog X Range Number 〈nAGN〉 〈zmed〉 Llog Xá ñ
(h erg s70

2 1- - ) (h3 Mpc−3) (h erg s70
2 1- - )

z ∼ 1 X-ray-selected AGN sample 0.6 < z < 1.4 log LX > 42 718 2.71 × 10−4 1.02 42.71
z ∼ 2 X-ray-selected AGN sample 1.4 < z < 2.6 log LX > 42 626 1.23 × 10−4 1.80 43.2
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h300max
1p ~ - Mpc for 1.4< z< 2.6, respectively. We adopt

these maxp values for the CCFs for our subsequent analysis.

3.3. Errors and Covariance Matrix

We calculate the errors of ACF and CCF by using the
jackknife resampling technique. We divide the survey area into
N= 16 (4× 4) subsections. The kth (k= 1. .N) jackknifed
sample is constructed by excluding the objects (both from the
real and random samples) in the kth subsection and wpik is the
ACF or CCF, depending on the i value, calculated from the kth

jackknifed sample. The index i runs through rp bins of the ACF
followed by those of the CCF. The N jackknife-resampled CFs
define the covariance matrix, Mij:

[ ( ) ( ) ]

[ ( ) ( ) ] ( )

M w r w r

w r w r . 11

ij
N

N
k

N

ik i i i

jk j j

1

1
p p, p p,

p p, p p,j

å= - á ñ

´ - á ñ

-

=

The 1σ error bar for the ith bin corresponds to Mii . In
constructing the covariance matrix, we initially considered not

Figure 3. Upper: the ACFs of galaxies at 0.6 < z < 1.4 (left) and 1.4 < z < 2.6 (right) as a function of [ ]h Mpcmax
1p - . The black circles, blue squares, and red

triangles are the ACFs at 0.2 < rp [h
−1 Mpc] < 0.93, 0.93 < rp [h

−1 Mpc] < 4.30, and 4.30 < rp [h
−1 Mpc] < 20.0, respectively. Lower: same as the upper panels but

for the CCFs of galaxies and AGNs.
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only the errors in different rp bins within each of the ACF and
CCF but also those across the ACF and CCF to be correlated.
However, due to the inaccuracies of the off-diagonal elements,
especially those across the ACF/CCF, we only use the off-
diagonal elements within the CCF, as explained in the
Appendix.

3.4. The HOD Modeling

We perform the HOD modeling following an approach
similar to T. Miyaji et al. (2011). We model the two-point
projected CF as the sum of two terms:

( ) ( ) ( ) ( )w r w r w r , 12p p p,1h p p,2h p= +

where wp,1h(rp) and wp,2h(rp) are the 1-h term contributed by
pairs, where both the objects occupy the same DMH, and the
2-h term contributed by pairs, where the two objects occupy
different DMHs, respectively. We use the halo mass function of
R. K. Sheth et al. (2001) and the Navarro–Frenk–White DMH
profile (J. F. Navarro et al. 1997) for the DMH density
distribution in our HOD modeling. By performing a correlated
χ2

fit to both the ACF of galaxies and the galaxy–AGN CCF
jointly, we can constrain the HOD of X-ray-selected AGNs.

Note that there have been several improvements and
modifications of our HOD code after T. Miyaji et al. (2011).
The scale-dependent bias and effects of halo–halo collision
formulated by J. L. Tinker et al. (2005) have been included
since the version of the code used in M. Krumpe et al. (2018).
The Markov Chain Monte Carlo (MCMC) method for the HOD
parameter search has also been included and used in
M. Krumpe et al. (2023), where a two-step process was taken.
In the first step, the galaxy HOD was determined from the
galaxy ACF, and in the second step, the AGN HOD was
determined from the galaxy–AGN CCF, assuming the fixed
best-fit galaxy HOD parameters obtained in the first step, with
separate MCMC chains. In this work, we search for HOD
parameters and confidence ranges for the galaxies and AGNs
by means of a simultaneous MCMC parameter search over the
galaxy ACF and galaxy–AGN CCF.

3.4.1. The Parameterized HOD Model of Galaxies

One of the most common forms of the galaxy HOD is the
combination of a step function with a smooth transition for the
galaxies at halo centers and a power-law form multiplied by the
central HOD, as proposed by Z. Zheng et al. (2005). This form
is intended for luminosity-thresholding samples of galaxies,
where it is assumed that the centers of most massive halos are
always occupied by a galaxy in the sample. Since our galaxy
sample is not a luminosity-thresholding sample, the central
HOD at the highest-halo-mass end does not have to saturate at
unity. Since the HOD-predicted CF does not depend on the
absolute normalization of the HOD, we express the central
HOD with proportionality rather than equality. In comparing
the HOD-model-predicted CF with the observed one, we also
do not give the density constraint, since such a constraint is
meaningful when the central HOD saturates at unity, which is
not the case for our sample. Thus, our galaxy HOD has the

form (Z. Zheng et al. 2007)

( ) ( )N M
M M1

2
1 erf

log log
13

M
G,c DMH

DMH min

logs
á ñ µ +

-
⎜ ⎟

⎡

⎣
⎢

⎛

⎝

⎞

⎠

⎤

⎦
⎥

for the centrals and the following form for the satellites:

( ) ( ) ( )N M N M
M

M
, 14G,s DMH G,c DMH

DMH

1

s

á ñ = á ñ
a

⎜ ⎟
⎛
⎝

⎞
⎠

where Mmin, σlogM, andM1 are the characteristic minimum mass
of halos that can host central galaxies, the width of the cutoff
profile, and the normalization of the satellite HOD,
respectively.

3.4.2. The Parameterized HOD Model of X-Ray-selected AGNs

In our HOD model of X-ray-selected AGNs, we use the
occupation function for central AGNs as follows:

( ) ( )N f M M , 15A,c A DMH miná ñ = Q -

while the occupation function for satellite AGNs is expressed
as follows:

( )( ) ( )/N f M M M M , 16A,s A DMH min DMH 1 sá ñ = Q - a

where fA is the AGN fraction among central galaxies at
M MDMH min and Θ(x) is a step function that has the value of
0 at x< 0 and 1 at x� 0, respectively. We do not introduce the
smoothing of the step function through the parameter Mlogs for
the AGN HOD, because this parameter is found to be poorly
constrained and pegged at zero when it is made a free
parameter. Again, we fix M0 to 0. The HOD has implications
for the AGN population that are satellites. The satellite fraction
fsat is often calculated in the literature from the AGN HOD
analysis. The satellite fraction can be calculated by

( )

( )( )
( )

/

/
f

N d d M d M

N N d d M d M

log log

log log
,

17

sat
A,s DMH DMH

A,c A,s DMH DMH

ò
ò

f

f
=

á ñ

á ñ + á ñ

where /d d Mlog DMHf is the halo mass function. We note that
this satellite fraction depends on the form of the HOD model
and should not be interpreted literally. Because of the rapidly
dropping nature of the DMH mass function, fsat is dominantly
contributed by the satellite population at the low-DMH-mass
end, near Mmin. We calculate the satellite fraction as a rough
indicator of the importance of satellites among the AGN
population in M MDMH min~ halos and a comparison between
the satellite populations in the z∼ 1 and z∼ 2 samples.

3.5. The χ2 Minimization

To find the galaxy and AGN HODs from the galaxy ACF
and galaxy–AGN CCF, we minimize the joint χ2 to the ACF
and CCF. Unlike the case of, e.g., T. Miyaji et al. (2011), the
errors on the galaxy HOD parameters from the ACF are not
negligible. Thus, we choose not to fix the galaxy HOD
parameters to search for confidence ranges of the AGN HOD
parameters, but we fit the galaxy ACF and galaxy–AGN CCF

6

The Astrophysical Journal, 982:192 (16pp), 2025 April 1 Ikeda et al.



simultaneously by minimizing

[( ( ) ( )]

[ ( ) ( )] ( )

w r w r M

w r w r . 18
i j

i i i i ij

j j j j

2

,
p p, p,mdl p,

1

p p, p,mdl p,

åc = -

-

-

See Section 3.3 for the indices i and j. The subscript “mdl”
means the model value evaluated at the center of the bin. As
explained in the Appendix, for our final results, we use all the
diagonal elements of Mij and its off-diagonal elements within
the CCF only, while neglecting other off-diagonal elements.
Note that the ACF model depends on the galaxy HOD

parameters only, while the CCF model depends on both the
galaxy and AGN HOD parameters.
he χ2 minimizations and determinations of the HOD parameters

for the confidence ranges are made with an MCMC method
using the MCMC-F90 library by Marko Laine,16 modified by us
and linked to our HOD model calculation software.

4. Results

Using Equation (8) in Section 3.1, we calculate the ACF of
galaxies at 0.6< z< 1.4 and 1.4< z< 2.6, respectively. Also,

Figure 4. Upper left: the ACF of galaxies at 0.6 < z < 1.4, and the best-fit HOD model with residuals. The data points and error bars show our measurements of the
galaxy ACF. The circles show the data points that are used for the fit, while the crosses show those excluded. The short dashed (red), long dashed (green), and solid
(blue) lines show the 1-h term, the 2-h term, and the total, respectively. Upper right: same as upper left but for the CCF of galaxies and AGNs at 0.6 < z < 1.4. Lower
left: same as upper left but for the ACF of galaxies at 1.4 < z < 2.6. Lower right: same as upper left but for the CCF of galaxies and AGNs at 1.4 < z < 2.6.

16 http://helios.fmi.fi/~lainema/mcmcf90/
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using Equation (10) in Section 3.2, we calculate the CCF of
galaxies and AGNs at 0.6< z< 1.4 and 1.4< z< 2.6,
respectively. The jackknife resampling technique calculates
the errors of the ACF and CCF. Figure 4 shows our ACF/CCF
measurements with the best-fit models and fit residuals. The

measurements of the rp> 10 bin are plotted for reference, but
not included in the fitting process, because this bin corresponds
to angular scales comparable to or larger than those of the
jackknife zones. Due to the large error and low measured value
of the smallest angular bin of the 1.4< z< 2.6 CCF, this bin is
not included in the fit either. The corresponding angular scale
of this bin is comparable to the Chandra PSF at larger off-axis
angles, and the blending of multiple sources is a likely cause of
its low value.
Then we obtain constraints on the AGN HOD parameters,

such as Mmin and αs. Using these two parameters, we can

Figure 5. Upper: the confidence contours of the best-fit HOD model for
galaxies at 0.6 < z < 1.4. These confidence contours are estimated from the
joint fit to the galaxy ACF and the galaxy–AGN CCF for the 0.6 < z < 1.4
sample. The red crosses in each off-diagonal panel denote the best-fit values
in the corresponding two parameters, while the red vertical lines in each
diagonal panel are the best-fit values of the corresponding single parameter.
The blue and green contours are drawn at the χ2 levels below which 68% and
95% of the MCMC chain points fall, respectively. The small brown dots
represent the MCMC points. Each diagonal panel shows a histogram of the
distributions of the MCMC points in a single parameter space, as labeled.
Each parameter name label is accompanied by a “(1),” to indicate that it is for
the galaxy sample. Lower: same as the upper panel but for the 1.4 < z < 2.6
galaxy sample.

Figure 6. Upper: the confidence contours of the best-fit HOD model for the
0.6 < z < 1.4 X-ray-selected AGN sample. These confidence contours are
obtained from the joint fit to the ACF and galaxy–AGN CCF. The meanings of
the symbols and line colors are the same as in Figure 5. The attachment “(2)” in
each parameter name label indicates that it is for the X-ray-selected AGN
sample. Lower: same as the upper panel but for the 1.4 < z < 2.6 X-ray-
selected AGN sample.
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Table 3
The HOD Parameters

Sample Redshift Range Mlog min Mlog DMHá ñ αs Linear Bias Mlog typ ( )/M Mlog 1 min
(h−1 Me) (h−1 Me) (h−1 Me)

Galaxy 0.6 < z < 1.4 12.89 (12.31; 12.95) 12.85 (12.78; 12.86) 1.58 (1.42; 1.74) 1.50 (1.33; 1.52) 12.42 (12.16; 12.44) 0.82 (0.81; 0.93)
Galaxy 1.4 < z < 2.6 12.99 (12.83; 13.04) 12.45 (12.37; 12.46) 1.41 (0.57; 1.62) 2.03 (1.92; 2.06) 12.18 (12.06; 12.20) 0.82 (0.78; 1.03)
AGN 0.6 < z < 1.4 9.82 (8.54; 11.37) 12.84 (12.72; 12.92) 1.31 (0.90; 1.29) 1.16 (1.16; 1.31) 11.82 (11.82; 12.12) 1.69 (−0.93;1.82)
AGN 1.4 < z < 2.6 12.34 (11.67; 12.78) 13.01 (12.61; 13.13) 2.79 ( − 0.13; 2.77) 2.95 (2.30; 3.55) 12.80 (12.38; 13.06) 1.09 (−0.45;1.99)
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calculate the mean DMH mass occupied by the X-ray AGN
sample:

( ) ( )

( ) ( )
( )M

M N M M dM

N M M dM
, 19DMH

DMH A DMH DMH DMH

A DMH DMH DMH

ò
ò

f

f
á ñ =

á ñ

á ñ

while the effective linear bias parameters of galaxies and
AGNs, respectively, are calculated as follows:

( ) ( ) ( )
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The confidence contours of the HOD model parameters for
galaxies at 0.6< z< 1.4 and 1.4< z< 2.6 are shown in off-
diagonal panels in Figure 5 in two-dimensional projected

parameter spaces. The 68% and 95% confidence contours are
drawn along equal χ2 values. For each panel in each two-
parameter grid bin, we find many MCMC points, which have
different values of other parameters and, accordingly,
different χ2 values. We pick the smallest χ2 value to represent
this two-dimensional parameter bin and use these χ2 values
for contouring. The two χ2 contour levels are determined such
that 68% and 95% of all the MCMC chain points fall below
these χ2 levels, respectively. We also plot histograms of the
MCMC points in single parameters in the diagonal panels. In
the same way, the confidence contours and histograms of the
HOD models are shown for the 0.6< z< 1.4 and
1.4< z< 2.6 X-ray-selected AGN samples in Figure 6.
Table 3 summarizes the estimated HOD parameters, the
derived linear bias parameter, and the typical DMH mass
(Mtyp). Here, Mtyp is defined by bDMH(Mtyp)= blin, where blin
is the observed linear bias parameter for the sample. In

Figure 7. HODs of accepted models for the X-ray-selected AGN sample. The upper left and right panels show the HODs for the 0.6 < z < 1.4 and 1.4 < z < 2.6 AGN
samples, respectively. In each panel, the red dotted, blue dashed, and black solid lines show acceptable randomly selected models for central (〈NA,c〉), satellite (〈NA,s〉),
and the central+satellite HODs. The models are selected from the chain points of our MCMC run that are among the 68% smallest χ2 of all chain points. The lower
panels show the central+satellite HODs multiplied by the DMH mass function.
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Table 3, the best-fit value of each parameter is from the
minimum χ2 model, and the 68% confidence range is shown
in parentheses, which is derived from the marginalized

distributions of the MCMC chain. In rare cases, the
probability distribution is skewed and the nominal value can
be slightly outside the 68% confidence range.

Figure 8. Left: z ∼ 1 galaxy linear bias as a function of stellar mass. The red and black points represent our results and results in the literature (D. A. Wake et al. 2011).
The error bars of our results are at the 68% confidence level (between the 16% and 84% percentiles from the corresponding MCMC chains) for one interesting
parameter. Right: the same as the left panel but for z ∼ 2 galaxy linear bias. The red and black points represent our results and results in the literature (D. A. Wake
et al. 2011; W. I. Cowley et al. 2018).

Figure 9. Left: redshift evolution of X-ray-selected AGN bias. The red and black points represent our results and results in literature ordered according to redshift
(Y. Yang et al. 2006; A. L. Coil et al. 2009; R. Gilli et al. 2009; V. Allevato et al. 2011; G. Mountrichas et al. 2013, 2016; M. Plionis et al. 2018; A. Viitanen
et al. 2019). The error bars of our results are at the 68% confidence level (between the 16% and 84% percentiles from the corresponding MCMC chains) for one
interesting parameter. Right: redshift evolution of logMtyp for X-ray-selected AGNs. The red and black points represent our results and results in the literature ordered
according to redshift (Y. Yang et al. 2006; A. L. Coil et al. 2009; R. Gilli et al. 2009; V. Allevato et al. 2011; G. Mountrichas et al. 2013, 2016; M. Plionis et al. 2018;
A. Viitanen et al. 2019). The error bars of our results are at the 68% confidence level (between the 16% and 84% percentiles from the corresponding MCMC chains)
for one interesting parameter.
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Figure 7 (upper panels) shows random selections of
acceptable AGN HOD models for the central, satellite
components, and the total, where we consider models with
the smallest 68% χ2 in the MCMC chain acceptable. In the
figure labels and text, we express various HODs as “N(MDMH)”
generically. The N(MDMH) values have been normalized to
have the effective space density of the sample, which is the
number of AGNs divided by the total comoving volume in the
field over the redshift range (see Table 2). About half of the
initially accepted z∼ 2 AGN central HOD curves showed
NA,c> 1 (or fA> 1) upon the normalization, which is
unphysical. These have been excluded from the chain, and
the 68% confidence ranges are recalculated accordingly.
Table 3 (bottom row), Figure 6 (bottom row), and Figure 7
(right panels) show the results of the chain after the exclusion.
In the lower panels, we also show N(MDMH) multiplied by the
halo mass function. For the z∼ 1 sample, the fraction of
initially accepted HOD chain points that give NA,c> 1 is less
than 1% and therefore neglected.

5. Discussion

5.1. The Bias and DMH Mass

To investigate whether the calculated galaxy bias aligns with
previous measurements, we compare the galaxy bias and

Mlog typ of galaxies at approximately z= 1 and z = 2 with the
literature (D. A. Wake et al. 2011; W. I. Cowley et al. 2018).
The results of this comparison are illustrated in Figure 8. At
around z= 1, we find a galaxy bias of 1.50 (1.33; 1.52). At
z∼ 2, our analysis yields a galaxy bias of 2.03 (1.92; 2.06).

Similar findings were reported by D. A. Wake et al. (2011),
based on a galaxy sample from the NOAO Extremely Wide-
Field Infrared Imager Medium-Band Survey. Their analysis
resulted in a galaxy bias of 2.08 0.03

0.04
-
+ at z≈ 1. Furthermore,

W. I. Cowley et al. (2018) derived a galaxy bias of
2.07 ± 0.04 at z≈ 2. Consequently, our study confirms the
general consistency between the galaxy bias at z∼ 1–2 with
previous measurements.

Figure 9 shows the evolution of the AGN bias parameter and
the associated Mtyp from this work and from the literature.
From this work, the AGN linear bias bA and Mtyp are
significantly larger at z∼ 2 than at z∼ 1. Since the COSMOS
Legacy sample is essentially flux-limited, the z∼ 2 sample
contains more luminous AGNs than the z∼ 1 sample. To trace
the redshift evolution of the halo masses of AGNs on the same
ground, we need to combine the results from different surveys.
A caveat is that each sample from the literature covers different
X-ray-selected AGN selection criteria in terms of energy bands,
luminosities, and the redshift range.
In order to assess the consistency of the calculated AGN bias

with previous measurements, we conduct a comparison of the
AGN bias and the logarithm of Mtyp for X-ray-selected AGNs
at approximately z∼ 1 and z∼ 2, with reference to a study in
the literature (A. L. Coil et al. 2009). At around z∼ 1, we
determine an inferred AGN bias of 1.16 (1.16; 1.31), which
corresponds to a DMH mass of log(Mtyp/Me)
= 11.82 (11.82; 12.12). In comparison, the AGN bias and
log(Mtyp) values for X-ray-selected AGNs at z∼ 1, as reported
in A. L. Coil et al. (2009), stand at 1.48 ± 0.12 and
12.98 (12.76; 13.16), respectively. For X-ray-selected AGNs
at z∼ 2, our calculations yielded an AGN bias of 2.95
(2.30; 3.55) and a log(Mtyp/Me) of 12.80(12.38; 13.06). In
contrast, V. Allevato et al. (2011) investigated the AGN bias at
z∼ 2 using Equation (16) in V. Allevato et al. (2011), and they
estimated that the AGN bias at z∼ 2 is 5.18 ± 0.21, which
corresponds to log(Mtyp/Me) of 13.30 ± 0.11. We note that
the typical DMH mass derived from the large-scale bias may
not reflect the true distribution of the AGN host halo masses.
This is especially the case if the underlying AGN host halo
mass distribution spans a range of halo masses in different
large-scale environments. For example, A. Leauthaud et al.
(2015) found a skewed distribution of AGN host DMH masses
in COSMOS, where the typical DMH masses reported earlier
resided between their median (lower) and mean (higher) values.
Also, using DMHs from large N-body simulations and
empirically motivated AGN models, J. Aird & A. L. Coil

Figure 10. Comparison between the HODs of X-ray-selected AGNs at z ∼ 1 and z ∼ 2. In each panel, the blue and red solid lines show the 68% confidence ranges of
the central (〈NA,c〉), satellite (〈NA,s〉), and central+satellite HODs. The blue and red lines show the central+satellite HODs at z ∼ 1 and z ∼ 2, respectively. The black
circles show the HOD of X-ray-selected AGNs at z ∼ 0.7, as derived by A. Leauthaud et al. (2015). The green lines show the HOD of mock AGNs at z ∼ 1.2, as
derived by A. Viitanen et al. (2021).

12

The Astrophysical Journal, 982:192 (16pp), 2025 April 1 Ikeda et al.



(2021) found that the true bias calculated directly from the
DMHs is systematically lower than the observationally
measured one.

5.2. The HOD of X-Ray-selected AGNs at z∼ 1 and z∼ 2

To investigate the redshift-dependent behavior of the HODs
of X-ray-selected AGNs in detail, we present the HODs of
X-ray-selected AGNs at z∼ 1 and z∼ 2 in Figure 10. The blue
lines represent the HODs of X-ray-selected AGNs at z∼ 1.
Similarly, the red lines show the HODs of X-ray-selected
AGNs at z∼ 2.

Under this form of the HOD model (Equations (15) and
(16)), there are two peaks in the distribution of fsat for z∼ 1
AGNs, where all or mostly central models are highly unlikely,
with only 1.4% of the points in the MCMC chain giving
fsat< 0.05. At z∼ 2, the HOD analysis suggests a small
fraction of satellites, with all/mostly central models being
highly unlikely, with only 1.5% of the MCMC chain points
giving fsat> 0.95 (see the histograms in the lower right corners
in each row of Figure 6.) At these redshifts, the halo mass
function drops rapidly at group-/cluster-sized halos, thus there

are practically no z∼ 2 rich groups/clusters. Therefore, we
focus the discussion on Mlog 13DMH < .
A. Leauthaud et al. (2015) measured the X-ray-selected

AGN HOD at z∼ 0.7 in COSMOS using weak gravitational
lensing. A. Viitanen et al. (2021) also derived HODs of mock
AGNs at z∼ 1.2 with different Q values. They define
Q=Usat/Ucen, where Usat and Ucen are the duty cycles for
the satellite and central BHs, respectively. Since the HOD of
mock AGNs at z∼ 1.2 with Q= 1 agrees with that of other
studies (e.g., J. Aird & A. L. Coil 2021), we show it as a
representative example of the HODs derived by A. Viitanen
et al. (2021) in Figure 10. The HOD of our results at z∼ 1 is
generally consistent with that of A. Leauthaud et al. (2015) and
A. Viitanen et al. (2021).
We perform a comparison between our findings and the

theoretical results presented by T. Oogi et al. (2020). T. Oogi
et al. (2020) predicted the X-ray-selected AGN bias using semi-
analytic modeling of AGNs, verifying that their results are
broadly consistent with observational findings. Our results are
also in good agreement with the predictions made by T. Oogi
et al. (2020). We compare our HOD results with theoretical
predictions. To facilitate this comparison, we have constructed

Figure 11. Comparison between the HOD of our results and theoretical predictions from the Uchuu-nu2GC catalogs. In each panel, the dotted, dashed, and solid lines
show the HODs of central (〈NA,c〉), satellite (〈NA,s〉), and central+satellite HODs. The blue and red lines show the central+satellite HODs at z ∼ 1 and z ∼ 2,
respectively.
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HODs for theoretical predictions at z∼ 2. Since the z∼ 2 HOD
itself is not presented by T. Oogi et al. (2020), we generated the
HODs at z∼ 1 and z∼ 2 using the Ucchu + nu2GC galaxies
and AGN catalog (T. Oogi et al. 2023). This catalog is
generated by utilizing the Uchuu simulation, which is a 2.1
trillion N-body simulation that uses Planck cosmology
(T. Ishiyama et al. 2021). The comparison between our
observational results and the theoretical predictions is shown in
Figure 11. At z∼ 1, our observational data align remarkably
well with the theoretical predictions, falling within the margins
of error.

Next, we show the redshift evolution of αs in the left panel
of Figure 12. T. Miyaji et al. (2011) and M. Krumpe et al.
(2018, 2023) conducted HOD modeling of X-ray-selected
AGNs at z< 1 and reported 0 αs 1. In contrast, our
analysis estimates αs at z∼ 1–2, revealing a trend of increasing
αs with redshift, with αs at z∼ 1–2 being greater than 0. As
M. Krumpe et al. (2023) mentioned, αs> 0 indicates that the
number of AGNs in satellite galaxies increases with MDMH.
Conversely, αs< 0 suggests that AGNs in satellite galaxies are
more commonly found in lower-mass halos and are infrequent
in high-mass halos. Therefore, the results of this study suggest
that the number of AGNs in satellite galaxies gradually
increases with MDMH up to z= 2. We also show the redshift
evolution of log( /M Mmin ) in the right panel of Figure 12. We
find that log( /M Mmin ) of the X-ray-selected AGNs at z< 1 is
∼12.5–13.0, but that of X-ray-selected AGNs at z∼ 1–2
is <12.5.

6. Summary

We have calculated the ACF of galaxies and the CCF of
galaxies and X-ray-selected AGNs at 0.6< z< 2.6 in the
COSMOS field, to estimate the HODs of X-ray-selected AGNs
up to z∼ 2. The main results of our work are summarized
below.

1. We have performed the HOD modeling of X-ray-selected
AGNs by utilizing the ACF of galaxies and the CCF of
galaxies and AGNs at z∼ 1–2.

2. We have estimated AGN bias values of
b= 1.16 (1.16; 1.31) and b= 2.95 (2.30; 3.55), respec-
tively. These values correspond to typical host DMH
masses of log(Mtyp/Me)= 11.82 (11.82; 12.12) and
log(Mtyp/Me)= 12.80 (12.38; 13.06), respectively.

3. We have found a significant satellite AGN population at
z∼ 1 all over the DMH mass range occupied by AGNs.
While z∼ 2 AGNs in our sample are associated with
higher-mass DMHs, the satellite fraction is smaller.

4. The HOD analysis suggests a marginal tendency of
increasing αs with redshift, but larger samples are needed
to confirm this with sufficient statistical significance.

5. We have found that the best-fit values of αs in both
redshift bins are greater than 0, suggesting the tendency
of an increasing satellite AGN number with MDMH.
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Appendix
Covariance Matrix

The errors in different bins of the CFs are mutually
correlated and the χ2 in the presence of the correlated errors
can be treated with the covariance matrix (Equation (11))
constructed from jackknife resamplings with Equation (18). For
accurate measurements of the covariance matrix, a large
number of jackknife zones that are statistically independent
from one another would be ideal. However, the number of
jackknife zones is limited by the size of each zone, which
should be larger than the largest rp scale to be measured, so that
each zone is as statistically independent as possible. Strictly
speaking, when there are pairs across different zones, the
statistical independence is not met to some degree. This is a
fundamental limitation of using this method.

In the case of a small field such as ours, we can divide the
field into only a small number of jackknife zones (16, in our
case) and some off-diagonal regions of the covariance matrix
become noise-dominated (e.g., Y. Herrero Alonso et al. 2023).
This can cause the model with the minimum correlated χ2 to
significantly deviate from the data. To avoid this problem, we
clean the covariance matrix by ignoring some off-diagonal parts.
We have tried the following covariance matrices: (i) uncorrelated
χ2 (all off-diagonal elements are 0); (ii) full covariance matrix,

keeping all off-diagonal elements, including those between
different rp bins within each of the galaxy ACF and galaxy–
AGN CCF as well as elements across them; (iii) the off-diagonal
elements across the ACF and CCF are set to 0, while keeping
those within each; and (iv) only off-diagonal elements within the
CCF are kept. Figure 13 (left) shows the ratios of the actual
measurements with the models that give minimum χ2 using
covariance matrices (i)–(iv). Naturally, using uncorrelated χ2 (i)
gives the best apparent fits to the data. However, under the
existence of the correlations among the data errors, the parameter
errors/confidence ranges obtained using (i) may well be
misestimated. The correct method is to use the full covariance
matrix (ii), if it is accurate enough. However, we observe that the
best-fit model using this option significantly underestimates the
0.6< z< 1.4 ACF at rp 1h−1[Mpc] and the 1.4< z< 2.6 CCF
at rp 2h−1[Mpc]. Similar deviations remain for the
0.6< z< 1.4 ACF, even if the off-diagonal elements across
the ACF/CCF are set to 0. Yet another option is to keep the off-
diagonal elements within the CCF, while setting the others to 0
(iv). As seen in Figure 13 (left), the best-fit models with this
option are almost identical to those with option (i) for both
redshift ranges. Figure 13 (right) compares the AGN HOD
parameters that give minimum χ2 and confidence ranges
estimated by the marginal distributions of MCMC chain points
for options (i)–(iv). This panel shows that option (i) (uncorre-
lated χ2) gives distinctively different errors for some parameters,
while those from other options give approximately the same.
Option (iv) (only off-diagonal elements within the CCF are kept)
does not show significant residuals of the fit at the same time,
giving errors similar to those from option (ii) (full covariance
matrix). Thus, in this work, we choose to use option (iv) for
further analysis.

Figure 13. Left: ratios of the wp(rp) models giving minimum χ2 with different covariance matrix options to the measured values. The circles with 1σ error bars
represent the measurements used for the fits. The blue dotted, green dashed, magenta dotted–dashed, and black solid lines are the models divided by the measured
values corresponding to the covariance matrix options (i)–(iv) (see the text). Right: minimum χ2 parameter values for the AGN HODs and associated 68% errors for
the covariance matrix options (i)–(iv).
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