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ABSTRACT

Aims. We study the spatial clustering of 632 (1130) XMM-COSMOS Active Galactic Nuclei (AGNs) with known spectroscopic
(spectroscopic or photometric) redshifts in the range z = [0.1 —2.5] in order to measure the AGN bias and estimate the typical mass of
the hosting dark matter (DM) halo as a function of AGN host galaxy properties. We create AGN subsamples in terms of stellar mass
M. and specific black hole accretion rate Ly /M., to probe how AGN environment depends on these quantities. Further, we derive the
M, — M, relation for our sample of XMM-COSMOS AGNs and compare it to results in literature for normal non-active galaxies.
Methods. We measure the projected two-point correlation function w,(r,) using both the classic and the generalized clustering es-
timator based on photometric redshifts as probability distribution functions in addition to any available spectroscopic redshifts. We
measure the large-scale (r, > 14 'Mpc) linear bias b by comparing the clustering signal to that expected of the underlying DM
distribution. The bias is then related to the typical mass of the hosting halo M, of our AGN subsamples. Since M, and Ly/M. are
correlated, we match the distribution in terms of one quantity, while split the distribution in the other.

Results. For the full spectroscopic AGN sample, we measure a typical DM halo mass of log(Myao/h™'Mo) = 12.79%035, similar
to galaxy group environments and in line with previous studies for moderate-luminosity X-ray selected AGN. We find no significant
dependence on specific accretion rate Ly /M., with log(Myao/h™'Mo) = 13.060 33 and log(Myae/h™' M) = 12.97*% ;2 for low and high
Ly /M., subsamples, respectlvely We also find no difference in the hosting halos in terms of M, with log(Mpa0/h™'"My) = 12. 93*8 2;
(low) and log(Myq0/h'Mg) = 12.901’8;2 (high). By comparing the M. — My, relation derived for XMM-COSMOS AGN subsamples
with what is expected for normal non-active galaxies by abundance matching and clustering results, we find that the typical DM halo
mass of our high M, AGN subsample is similar to that of non-active galaxies. However, AGNs in our low M, subsample are found

in more massive halos than non-active galaxies. By excluding AGNs in galaxy groups from the clustering analysis, we find evidence

that the result for low M, may be due a larger fraction of AGNs as satellites in massive halos.

Key words. dark matter — galaxies: active — galaxies: evolution — large-scale structure of Universe — quasars: general — surveys

1. Introduction

Supermassive black holes (SMBH) with M ~ 10°°M, re-
side at the centers of virtually every massive galaxy. SMBHs
reach these masses by growing via matter accretion and si-
multaneously shine luminously as an active galactic nucleus
(AGN). Interestingly, BHs and their host galaxies seem to co-
evolve, as suggested by the correlation between the SMBH
and the host galaxy properties (velocity dispersion, luminosity,
stellar mass). However, the co-evolution scenario, AGN feed-
back and accretion mechanisms are still poorly known (e.g.

Alexander & Hickox[2012).

AGN:s and their host galaxies reside in collapsed dark matter
(DM) structures i.e. halos. In the concordance ACDM cosmol-
ogy these halos form hierarchially "bottom up’ from the small-
est structures (density fluctuations in the CMB) that grow via
gravitational instability to the largest (galaxy groups and clus-

ters). AGNs and DM halos they reside in are both biased trac-
ers of the underlying DM distribution. By measuring the clus-
tering of AGN, and comparing that to the underlying DM dis-
tribution, the AGNs may be linked to their hosting DM halos
(e.g. [Cappelluti et al! 2012; [Krumpe et all 2014). Recent AGN
clustering measurements have not been able to paint a coher-
ent picture of the complex interplay of AGN and their envi-
ronment. It seems that optically selected luminous quasars pre-
fer to live in halos few x 10'24"'M, over a wide range in
redshift (Croom et all 2003; [da Angela et al! 2008; Ross et all
2009) while moderate luminosity X-ray selected AGN prefer
larger halos 10'23-13 ="M, at similar redshifts Mm,
Allevato et all2011; Koutoulidis et all2013).

Mendez et al! (2016) suggest that the clustering of AGN
could be understood as the clustering of galaxies with matched
properties in terms of stellar mass and star-formation rate and
redshift, and AGN selection effects. This would indicate that in-
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stead of the properties of the AGN itself, the properties of the
host galaxy, such as, stellar mass M., or specific black hole ac-
cretion rate Ly/M, have a more significant role in driving the
clustering of AGN.

Many authors have investigated the relation between the stel-
lar mass and the DM halo mass, the so-called M, — M}, re-
lation, for normal non-active galax1es via abundance matching

2013), clustering measure-
ments and HOD modehng (Zheng et alll2007; Wake et al!l2011))
or weak lensing (Coupon et alll20135). For X-ray selected AGNS,
the M., — Mo relatlon has only recently been studied observa-
tionally. (2014) argue that AGN environment
is closely related to M. However, they do not measure M, di-
rectly, but use the rest frame absolute magnitude in the J band
as a proxy for M,. Very recently, Mountrichas et al! (2019) mea-
sured the AGN clustering dependence directly in terms of M.,
and found that the environments of X-ray AGN at z = 0.6 — 1.4
are similar to normal galaxies with matched SFR and redshift.

In this study, we wish to build upon the previous X-
ray selected AGN clustering measurements in XMM-COSMOS
(Miyaji et all2007; |Gilli et al! 2009; |Allevato et al/2011), to in-
vestigate the clustering dependence on host galaxy properties
(M., Lx/M.). We compare this to the M, — My, relation for
normal non-active galaxies. In our clustering measurements, we
also investigate the new generalized estimator which has been in-
troduced (Georgakakis et al! [2014; [2016), where
photometric redshifts are included in the clustering analysis as
probability density functions. Clustering measurements using
photometric redshifts will be important in future X-ray AGN
surveys, where spectroscopic redshifts are not available either
due to AGN being optically faint, or because no extensive spec-
troscopic follow-up campaigns are available. In eROSITA, for
example, spectroscopic redshifts will be available only for a cer-
tain portion of the sky, and only at later stages of the survey

We adopt a flat ACDM cosmology with Q,, = 0.3, Q4 = 0.7,
og = 0.8 and h = 0.7. Distances reported are comoving distances
and the dependence in 4 is shown explicitly. The symbol ‘log*
signifies base 10 logarithm. DM halo masses are defined as the
enclosed mass within the Virial radius, within which the mean
density is 200 times more than the background density. DM halo
masses scale as h~!, while M, scales as h~2.

2. XMM-COSMOS Multiwavelength Data Set

To study the dependence of AGN clustering in terms of host
galaxy properties, we use the Cosmic Evolution Survey (COS-
MOS, [Scoville et al![2007). COSMOS is a multiwavelength sur-
vey over 1.4 x 1.4 deg? field designed to study the evolution of
galaxies and AGNs up to redshift z ~ 6. To date the field has
been covered by a wide variety of instruments from radio to X-
ray bands. XMM-Newton surveyed 2.13 deg” of the sky in the
COSMOS field in the 0.5 — 10keV band for a total of 1.55Ms
12007;Cappelluti et all2007,12009), providing an

unprecedented large sample of point-like X-ray sources (1822).
[Brusa et all (2010) carried out the optical identification and
presented the multiwavelength properties (24um to UV) of
~1800 sources with a spectroscopic completeness of ~50%
(e.g. Hasinger et all [2018). [Salvato et all (2009, 2011)) derived
accurate photometric _redshifts with o az/1+z,.) 0.015.
(2012) used a Spectral Energy Distribution
(SED) fitting technique based on AGN+Galaxy template SEDs
and estimated the host galaxy properties, i.e. stellar mass M,
and star-formation rate (SFR) of ~1700 AGN in COSMOS up

Article number, page 2 of 11

ms

DEC (J2000)

150°40' 20 00*
RA (J2000)

149°40' 20"

Fig. 1. XMM-COSMOS sensitivity map in the soft band 0.5 — 2.0keV

(Cappelluti et al!2009). Orange points mark the positions of 1130 AGN
with z = [0.1 — 2.5] used in this study.

to z < 3. The quantity Ly/M. corresponds to the rate of accre-
tion onto the central SMBH scaled relative to the stellar mass of
the host galaxy. Assuming a M. — Mgy relation and a constant
bolometric correction to convert from Ly to Ly, then Eddington
ratio (Agdd = Lpor/LEdd) can be expressed as:

AXhkpot _ Lx
Apgg = —————— . 1
P 13% 108 7 M, M
With A = 500 and kyo; = 25, Ly/M, = 10** erg s M’ cor-

responds to accretion at Eddington lummos1ty ie. /IEdd =1

(Bongiorno et al/2012).

In this paper we use the catalog presented in[Bongiorno et all
(IM), and we focus on 1130 AGN in the redshift range 0.1 <
z < 2.5, withmean z ~ 1.2. The redshifts are either spectroscopic
(632) or high quality photometric (498) ones. The 2-10 keV lu-
minosity Ly spans log(Lx/ergs™') = 42.3 — 45.5 with a mean
log(Lx/ ergs™") = 43.7. The typical host galaxy of our AGN is
a red and massive galaxy with mean log (M../ M) = 10.7. How-
ever, the host galaxies also span a wide range of stellar masses
with log (M../ Mg) = 7.6 — 12.3. The Ly and M. distributions for
our sample of 1130 XMM-COSMOS AGN are shown in Figure
[l It would be of interest to also study the clustering as a func-

tion of host galaxy SFR or specific SFR (SFR/M.) as recentl
done by Mountrichas et all (2019). However, Bongiomo cf al
m) conclude for XMM-COSMOS that while stellar masses

from SED fitting are relatively robust for both type 1 and type
2 AGNs, SFRs are more sensitive to AGN contamination from
type 1 AGN and are unreliable. Thus in order to increase statis-
tics in our clustering analysis, we will not consider the host
galaxy SFR, available only for type 2 AGN in XMM-COSMOS.

The recent Chandra COSMOS Legacy Survey (CCLS;
[Civano et all 2016; Marchesi et al! [2016) contains the largest
sample of X-ray selected AGNs to date. However, for CCLS
AGN, host galaxy propertles have only been estimated for
type 2 AGNs, while (2012) provide the es-
timates for both type 1 and 2 AGNs. Further, the clustering
of XMM-COSMOS AGNs is well studied (Mivaiji et all [2007;
Gilli et all 2009; |Allevato et all 2011, 2012, 2014), but not in
terms of host galaxy properties as in this work. For CCLS AGN,
[Allevato et al! (2016) measured the clustering at 2.9 < z <
5.5, and [Koutoulidis et al! (2018) used multiple fields including
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COSMOS to measure the clustering. Thus, there are no clus-
tering measurements for CCLS AGN at the redshift of interest
(z <2.5).

2.1. AGN Subsamples

The full AGN sample with known spectroscopic redshifts con-
sists of N = 632 AGNs with mean z = 1.19. For AGNs with
only known photometric redshifts, we take into account the full
probability distribution function Pdf(z). In this picture, the total
weight of an AGN is the integral over z. We limit ourselves to
z < 2.5 and the combined weighted number of AGNs with pho-
tometric redshifts is N = 488.64 with weighted mean z = 1.44

To study the dependence on host galaxy properties, we di-
vide our AGN sample effectively in two bins of M, and Lx /M.
which we refer to as the low and high subsamples. In detail, first
we bin the distribution of host galaxy stellar mass log M. of the
sample with binsize 0.1 dex. Then, each bin is split individu-
ally exactly in half based on the logarithm of the specific BH
accretion rate log Ly /M. to create the low and high Lx /M. sub-
samples. The low and high Ly /M. subsamples consist of 309 ob-
jects each. We find the average values for the low (high) Lx /M,
subsamples to be mean log Ly /M, = 32.53 (33.49), while the
difference in mean log M, is < 0.01. We then repeat this process
by binning the log Ly /M., and splitting in terms of log M.. The
number of objects in the low and high M, subsamples is 309.
The average values for the low (high) M. subsamples are mean
log M, = 10.39 (11.05) and the difference in mean log(Lx/M..)
is < 0.01.

COSMOS is known to be affected by cosmic variance that
influences the clustering measurements (e.g.
Mendez et all[2016). This means that it is also important to take
into account how our low and high M. AGN subsamples relate
to the large structures in the field. To this end, as an additional
test, we associate the AGN sample with known spectroscopic

redshifts with the co-added COSMOS galaxy group catalo
(seemwmm;mm@ﬁ@sm

2011)). An AGN is taken to belong to a galaxy group if the AGN-
group angular separation on the sky is < Rapo,deg (radius of the
group in degrees enclosing 200 times the critical density), and
the radial comoving distance separation is < mn,x (see Section
B). We find 22 (17) AGNs in our low (high) M. AGN subsam-
ples with spectroscopic redshifts in galaxy groups with a total
number of 39 AGNS.

We summarize the properties of the different AGN subsam-
ples in Table 1, and the Ly and M, distributions are shown in
Figures 2 and 3.

3. Methods
3.1. Two-Point Statistics

In clustering studies, a widely used measure to quantify cluster-
ing is the two-point correlation function &(r) which is defined as
the excess probability above random of finding a pair of AGNs
in a volume element dV at physical separation r, so that

dP =n[l +&@r)]av, (2)

where n is the mean number density of AGNs. To estimate &(r),
we use the Landy & Szalayl (1993) estimator
DD’ —2DR’ + RR’

RR’ ’

&) = 3

where
DD
DD = ————— 4)
Ng(Ng—1)/2
. DR
DR’ = 5)
N;N,
RR = RR (6)
~ NN, - 1)/2

and DD, DR and RR are the number of data-data, data-random
and random-random pairs with physical separation r, respec-
tively. Ny and N, are the total number of sources in the data and
random catalogs. This estimator requires the creation of a ran-
dom catalog to act as an unclustered distribution of AGNs with
the same selection effects in terms of RA, Dec, and redshift, as
present in the data catalog (see Section[3.4).

As the distances between AGN are inferred from their red-
shifts, the estimates are affected by distortions due to peculiar
motions of AGNs. To avoid this effect, we express pair separa-
tions in terms of distance parallel () and perpendicular (7)) to
the line-of-sight of the observer, defined with respect to the mean
distance to the pair. Then, the projected 2PCF, which is insensi-
tive to redshift space distortions, is defined as
[1983)
wy(ry) = 2]0‘ &(rp, m)dnm. @)
In practice, the integration is not carried out to infinity, but to fi-
nite value my.x. The estimation of the . 1S a balance between
including all of the correlated pairs and not including noise to the
signal by uncorrelated pairs. For the estimation of the 2PCFs, we
use CosmoBolognaLib[l(Marulli et all2016), which is a free (as
in freedom) software library for numerical cosmological calcu-
lations.

We note that another common way to measure the clus-
tering is to use the cross-correlation function where posi-
tions of both an AGN sample and a complete galaxy sam-
ple are used to decrease statistical uncertainties (e.g. m
2009; Krumpe et all2015; Powell et all2018; Mountrichas et all
2019). At our redshift of interest in COSMOS, especially at
1 < z < 2.5, it is difficult to build a complete galaxy sample
with known spectroscopic redshifts (see Sec.[3.2] for discussion
on the effect of photometric redshift in clustering measurements)
to measure the clustering with, and thus we are limited to the
AGN auto-correlation function.

3.2. Generalized Estimator

Motivated by recent progress in utlllzmg photometric redshifts in
AGN clustering studies [2014; |Allevato et al!
M) we use the full probability distribution function Pdf(z)
for AGNs with no known spectroscopic redshifts. In this ap-
proach, the classic ) estimator is replaced
by a generalized one, where pairs are weighted based on Pdf(z)
of the two objects. For the details, we refer the reader to
(2014, Section 3).

For the 498 AGNs with photometric redshifts, we discretize
the Pdf(z) by integrating the Pdfs in terms of z with an accuracy
of 6z = 0.01, and normalize the Pdfs to unity. Further, we only
consider the part of the Pdf with Pdf(z) > 107>. Using our red-
shift limit, we only use the part of the Pdfs with z < 2.5. This
means that the AGNs with Pdfs that span over this redshift limit

! https://github.com/federicomarulli/CosmoBolognaL.ib
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Fig. 2. Distribution of 2-10 keV luminosity (left) and host galaxy stellar mass (right) as a function of redshift for our sample of 1130 AGNs. Blue
(orange) points show 632 (498) AGN with known spectroscopic (photometric) redshifts.

Table 1. XMM-COSMOS AGN subsamples.

Yipdf, () (log(M./Mo)) (log %) typel/type2  x2,,  dof b log e
Specz
All 632 1.19 10.72 33.02 351281 15.14 7 2207030 12.79707¢
Low Ly/M, 309 0.88 10.73 32.53 88/221 691 6 2.14t8f35 13.06t8f2§
High Lx /M. 309 1.50 10.73 33.49 253/ 56 1.88 4 2.95f§% 12.97f§§§
Low M, 309 0.97 10.39 33.03 134175 796 6 211705 12,9303
High M, 309 141 11.05 33.02 211/98 10.25 5 2.69f§:$z 12.90f§:§§
Specz + Photz Pdfs
All 664 1.20 10.72 33.03 372/292  16.28 7 2.21f§f£ 12.77f§§$
Low Lx /M, 325 0.88 10.73 32.53 95/230  8.45 5 2.12f8:2§ 13'03t8:i§
High Lx /M. 325 1.52 10.73 33.51 268/57 1.22 4 2.91::7 12.93f8:$7
Low M, 323 0.98 10.39 33.03 139/184  9.76 6 2.25j§:ig 13.03f8:i§
High M, 323 1.42 11.05 33.03 224/99 13.36 5 2.18f0:§; 12.53f0:(3)8
Specz no groups
Low M, 287 0.99 10.37 33.06 130/157 620 5 1.6970%7 12.5070%7
High M, 292 1.45 11.05 33.05 207/85 9.12 4 2.48t§;§§ 12.73f§;§§

are cut, and for these AGNs, the Pdf does not necessarily sum to
unity i.e. }; Pdf(z;) < 1.

Large uncertainties in photometric redshifts may lead to loss
of not only accuracy, but also not being able to recover the full
clustering signal. This is highlighted by the use of large values
of max = 200 A~ "Mpc i 2014; [Allevato et all

) versus studies with only spectroscopic redshifts with
Tmax S 100 A~ "Mpc (e.g. [Coil et al! 2009; [Allevato et all 2011};
Mountrichas et al! [2016). Therefore, we select only Pdfs based
on the following quality criteria: the comoving distance separa-
tion between the zpi, and zm,x may not exceed a critical value of
Ad = 100 h’lMpc. We define zmin and zmax separately for each
AGN so that Pdf(z) < 107 for z < Zmin and z > Zmax.

In detail, from the total of 498 AGN with photometric red-
shifts, 32 AGN pass the quality criterion and are included in the
subsample including spectroscopic and photometric redshifts. In
terms of our Ly /M, (M,) AGN subsamples, a total of 32 (28)
AGN with photometric redshifts are kept and divided equally be-
tween the low and high subsamples in both cases. The number of
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AGN in each of our subsamples including photometric redshifts
are shown in Table[T}

This quality cut is suggested by the fact that including all
phot-z Pdfs will lead to large uncertainties in the measured clus-
tering signal for all the AGN subsamples. The investigation of
quality criteria for studies including phot-z Pdfs is beyond the
scope of this work. However, given the importance of photomet-
ric redshifts in future large surveys such as eROSITA, we will
explore clustering photz Pdfs in a future study (Viitanen et al., in

prep.).

3.3. Halo model
In the halo model (e.g./Cooray & Sheth[2002), the AGN cluster-

ing signal is the sum of the 1-halo and 2-halo terms, which arise
from the clustering of AGN that occupy the same halo, and two
distinct halos, respectively. On large scales (r, 2 1 h~'"Mpc), the
2-halo term is the dominant term, and the AGN projected 2PCF

may be related to the underlying DM projected 2PCF w3 F'° via




A. Viitanen et al.: XMM-COSMOS AGN Clustering and Host Galaxy Properties

x
() H —
: ‘ ‘ ‘ ‘ dlgdshﬁ; Az—‘0.05
© 40f 1 30 1
—_
I} 20F ]
2 5ol h
@ 10F ]
[= — L
307 10 11 12 0% 1 2
U T T T T T
:35, < > 4 35% 4
) PRSI P
S G s
S DA
34F o Wl 1 34f —
'n <
o P
Q 331 R 1 33p 1
*
% .
232 1 32F ]
()] <« low M. (specz)
o 3l » high M. (specz) 1 3l 1
‘ 10 11 12 0 10
log(M«/Mg) Counts per 0.1 dex
X
3 ‘ ‘ ‘ ‘ ,Redshift Az=0.05
— (HLW
o 20’ ""L | 307 1
—
I} i { 20F ]
%10’ 0" : 1 10b | 1
2 N { I s
0 - . L Loy oL Uy
g 10 11 12 0 1 2
o
35} 1 35p ]
10
E v u]
To3af . '’ .' 4 34 ]
1) A e
o CLE
9 33t o R ik { 33} ]
* M ';vv ".‘:.' SN
3 i A
X 32f e SR, 1 321 1
= VR
[)) ¥ low LyM- (specz) T
o 31l high Ly/M. (specz) Y 1 a1f 1
9 10 11 12 0 20
log(M«/M ¢ ) Counts per 0.1 dex

x
S ,Redshift Az=0.05
—
© 40 { 3% 1
—
8. 20F 3
20 ]
0 10F ]
IS
— L il
30 10 11 12 0% 1 2
U T T T T T
35 < 1 358 ]
1o PR P
= G te
— “<“Q 0: i L 4
LI e ::‘f’«‘- 34
o ot ‘::‘:3
5] R 33
33f S5 ] r ]
= R ¥
E ) »
=
X3 1 32} 1
=
[®)] <« low M. (specz + photz)
o 37 > 1ion - (apecz + phota) ‘ . ‘ 1 o5l ‘ ]
10 11 12 0 10
log(M«/M ) Counts per 0.1 dex
)
S 30, ‘ ‘ ‘ S 4J{§dShIfF Az=0.05
—
S 30F ]
= 20f ]
g_ 20F b
o 10 1 10 ]
IS il
L L L L L h
30 10 T 12 0% i 2
U T T T T T
357 1 350 ]
1 ©
=
o34t 1 34 ,
(%]
o
—
Q 33; 1 33f ]
P
=
=
4% 1 ]
o ¥ lowLyM. (specz + photz) W ¥ v
2 317 A h\?h Lx/M« (spe(z‘+ photz) ) v ) ] 312 ) ]
9 12 0

10 11 20
log(M«/M ¢ ) Counts per 0.1 dex
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the linear bias b

2—hal 2 2—hal
wy, 0(rp) = brwpy 0 (rp), ®)
2—halo ;

where wg* is estimated at the mean redshift of the correspond-
ing AGN subsample and integrated to the same value of myax.
The DM projected 2PCF is related to the DM one-dimensional
2PCF g el

Chalo ) é:Z—haIO(r)rdr
by =2 [

M
[42 _ 42
r }"p

where 512)&“1"(0 is in turn estimated using the linear power spec-
trum P27halo(ky:

. 1 . ink
glz)i}lmlo(r): b f P2hdl()(k)k2|:slz r]dk.

©)

22 r (10)
We base our estimation of the linear power spectrum
on [Eisenstein & Hu (1999), which is also implemented in
CosmoBolognalLib.

The 1-halo term (r, < 1 A~' Mpc) also contains important in-
formation on the AGN halo occupation and could be contribut-
ing towards the clustering signal up to scales r, ~ 37! Mpc.

However, due to low number counts of pairs especially at small
scales r, < 3h~! Mpc in our XMM-COSMOS subsamples (see
Fig.[B), we are not able to constrain the AGN 1-halo term and
excluding the 1-halo term from the modeling does not affect our
results significantly at large scales.

3.4. Random catalog and error estimation

The random catalog consists of an unclustered set of AGNs with
the same selection effects and observational biases. To this end,
we follow Miyaji et al! (2007). In detail, for each random object,
we draw right ascension and declination at random in the COS-
MOS field. In detail, right ascension is drawn uniformly, while
for declination we draw sin(Dec) uniformly. Then, we draw a
0.5 — 2keV flux from the data catalog, and if the drawn flux
is above the limit given by the sensitivity map
2009, see also Figure [I), we keep the object. Otherwise we dis-
card it. Each kept random object is given a redshift drawn from
the smoothed redshift distribution of the data catalog with gaus-
sian smoothing using o, = 0.3. For each of the data catalogs,
we create a random catalog with N, = 100N,;. We show the red-
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shift distribution of the data and random catalogs for our AGN
subsamples in Figure @l

Poissonian errors are readily assigned to the projected 2PCF,
but are known to underestimate the errors. For this reason we
adopt a Bootstrap resampling technique by dividing the XMM-
COSMOS survey into Nregion = 18 subregions (3 x 3 x 2 for
RA, Dec, and comoving distance, respectively) of roughly equal
comoving volumes. We resample the regions N, = 100 times. In
each of the resamples, the regions are assigned different weights
based on the number of times they are selected Mﬁﬂ]
). The elements of the covariance matrix C are then defined
as

Nis

1 1 Z wpk(rpz)

l’b k=1

wp> (”p»i)] [wp,k("p»j) - <wp> (rp,j)] ’
(11)

where i and j refer to the ith and jth 7, bins and the bar denotes
the mean over Nyegion resamples. The 1o error for w,(r,;) is the

square root of the corresponding diagonal element i.e. VCj;.

4. Results

For each of the AGN subsamples, we estimate the projected
2PCF w,(r,) with r, = 1.0 — 100 h~'"Mpc using 12 logarithmic
bins. We use one bin in the 7 direction, where the upper limit of
this bin is dictated by .. In order to set mp,x, we try out all the
values in the range ., = 20 — 75 h~'Mpc with an accuracy of
Amtpax = 5 h™'Mpe. For the full spectroscopic AGN sample, we
found that the signal converges at m,, = 40 h~'Mpc, which is
adopted for all the subsamples. This value is similar to revious
clustering studies involving XMM-COSMOS AGNs
12009; |Allevato et al![2011)). The AGN projected 2PCF wp(rp) is
then estimated using Eq.[7] and the 10~ bootstrap errors are esti-
mated using Eq.[T1l We show the estimated projected 2PCF for
our subsamples in Figure [5l Comparison between the spectro-
scopic subsamples and the specz+photz subsamples are shown
in Figures[3l (full) and [l (M. and Ly /M. subsamples).

We derived the best-fit large-scale bias (Eq.[8) using y? min-
imization for r, = 1-30 h’lMpc. In detail, we utilize the inverse
of the full covariance matrix C~! and minimize y> = ATC™'A,
where A is a with the same number of elements as the num-
ber of r, bins used in the fit. A is defined explicitly as A =

i’/i‘élg — b*wi o, With one free parameter, we estimate the 1o~
errors on the best-fit bias, given by the lower and upper bounds
of the region (y* — Xmm) /v < 1.0, where v = N — 1 is the num-
ber of degrees of freedom. To exclude noisy bins in the fit, we
require that the number of pairs in each bin is > 16. The large-
scale bias derived for all the XMM-COSMOS AGN subsamples
are summarized in Table[[land shown in Figure[7}

For the full spectroscopic AGN subsample (Figure [3), we
find a best-fit bias of b = 2.20"%37 Following the bias-
mass relation described inlvan den Bosch (2002) and |Sheth et al/
(2001)), this corresponds to a typical mass of the hosting halo
of log(Mhaio/h~ Mp) = 12. 79*8 ig Notice that in this work we
define the fypical mass explicitly as the DM halo mass which
satisfies b = b(Mya,) (e.g. Hickox et all [2009; |Allevato et al!
2016; Mountrichas et all 2019). Albeit with large uncertainties,
we find a small < 1o difference in the biases of the spectro-
scopic AGN subsamples split in terms of stellar mass (Figure

[3). The biases are b = 2. 11*8 ‘S‘g for the low stellar mass and

b=2. 69*8 % for the high stellar mass. However, it is worth not-

ing that the two subsamples peak at different redshifts (z ~ 1.0
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versus z ~ 1.4). In terms of the typical masses of the hosting ha-
los, we find no difference. For the M. subsamples, we find that
excluding AGNs that are associated with groups has a greater
effect on the measured best-fit bias of the low M. subsample.
We measure b = 1. 69*8 ‘7‘3 b =2. 48*8 3?) for the low (high) M.
AGN subsample. This lower value for the bias could be an in-
dication that AGNs in galaxies with lower stellar mass are more
preferably satellites in their DM halos.

Moreover, we derive an AGN bias b = 2. 14*8 Zf (atz ~ 0.9)

and b = 295" (z ~ 1.5) for the low and high Lx/M. sub-
samples, respectively (Figure[3). No significant difference is ob-
served in the typical masses of the hosting halos.

Similar results in terms of bias dependence on M, and Lx /M.
are found when using phot-z Pdfs in addition to any available
spectroscopic redshifts. In particular, in our full AGN subsam-
ples, an increase of ~5% in the weighted number of AGNs in-
troduces no systematic error in the estimation of the bias, but
decreases the 1o error of the bias by (0by — 6b,)/6b; ~ 10%,
where 6b; is the average error derived from the lower and upper
limits of the bias (see Table[I). However, since including photo-
metric redshifts do not change the conclusions drawn from our
clustering measurements, in the following sections we focus on
the results from the AGN subsamples with known spectroscopic
redshifts.

5. Discussion

We have performed clustering measurements of 1130 X-ray
selected AGN in XMM-COSMOS at 0.1 < z < 2.5 (mean
z ~ 1.2) in order to study AGN clustering dependence on
host galaxy stellar mass and specific BH accretion rate Ly/M..
For our AGN subsamples we find a typical DM halo mass
~ 10" =" M, that roughly correspond to group-sized environ-
ments. This is in agreement with similar studies using X-ray se-
lected AGNSs at similar redshifts (Coil et all2009; | Allevato et al
[2011; [Fanidakis et al! 2013; [Koutoulidis et al. 2013), as well as
at lower redshifts z < 0.1 (e.g. [Krumpe et all[2018; [Powell et al!
2018). We have also investigated including photometric redshifts
as Pdfs in the analysis in addition to any available spectroscopic
redshifts.

In COSMOS, [Leauthaudetal! (2015) use weak lensing
measurements on X-ray COSMOS AGN at z < 1 with
log Ly/ergs™ = [41.5 — 43.5] and logM./M, = [10.5 —
12]. They infer that 50 per cent of AGN reside in halos with
log Mha10/Mg < 12.5 in tension with the claim that X-ray AGN
inhabit group-sized environments with masses ~ 10> Mg. How-
ever, they also underline that due to the skewed tail in the halo
mass distribution, the effective/typical halo mass derived from
clustering measurements may be markedly different from the
median of the distribution.

In fact, they found an effective mass of Mg ~ 10'27 Mo,
which is close to the typical halo masses derived in this work.
It is worth noticing that they derived the effective halo mass
from modelling the AGN halo occupation (see Eq. (4) in
[Leauthaud et al| [2015), which may differ from the typical halo
mass inferred from the 2-halo term as in this work.

Also, they found that the effective DM halo mass of their
AGN sample lies between the median and the mean values of
the DM halo mass distribution, which are lower and higher than
the effective DM halo mass, respectively. Given the statistics in
our XMM-COSMOS AGN sample, we are not able to constrain
the median or the mean of the DM halo mass distribution. In the
future this could be done through HOD modelling, provided the
1-halo term is constrained.
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Fig. 4. Redshift distributions of the data and random catalogs for our AGN subsamples. The random redshifts are drawn from the smoothed redshift
distribution of the data catalog using a gaussian smoothing technique with o, = 0.3.

Moreover, different cuts in luminosity and host galaxy mass
may reflect in different hosting DM halo mass distributions. For
instance, our sample of XMM-COSMOS AGN spans a range of
host galaxy stellar masses log M../Mg = [8 — 12], including also
low-mass systems with masses < 10'%3 M, (that are likely satel-
lite galaxies in galaxy groups), and probes higher redshifts up to
z=2.5.

5.1. Clustering in terms of specific BH accretion rate

We divided the full sample in low and high specific BH accre-
tion rate subsamples with the same M, distributions and find
no significant clustering dependence on Lyx/M.,, and thus Ed-
dington ratio. Krumpe et al| (2015) also found no dependence
on Agqq for their sample of local (0.16 < z < 0.36) X-ray
and optically selected AGN in the Rosat All-Sky Survey. They
concluded that high accretion rates in AGN are not necessar-
ily linked to high density environments where galaxy interac-
tions would be frequent. Our result provides further evidence

that this is also true for non-local AGN at intermediate redshifts
z ~ 1.Mendez et all (2016) studied the clustering of AGN in the
PRIMUS and DEEP2 surveys (including the COSMOS field) at
z ~ 0.7 based on multiple selection criteria. In their X-ray se-
lected AGN sample, they did not find a significant dependence
on clustering in terms of specific BH accretion rate, in line with
our results.

5.2. Clustering in terms of host galaxy stellar mass

We also studied the AGN clustering dependence on host galaxy
stellar mass, probing the M. — My, relation for active galax-
ies. In Figure Bl we compare our results for XMM-COSMOS
AGN with recent studies in literature using normal (non-active)
galaxies. For our comparison, we convert the results to our
adopted & = 0.7 cosmology. DM halo masses defined with re-
spect to 200 times p.it have been re-defined to be with respect
to mean density of the background. The blue curve shows the
Moster et al| (2013) M, — My, relation for central galaxies es-
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Fig. 5. The measured projected 2PCF for the full sample and AGN subsamples. The errorbars correspond to 1o~ estimated via the bootstrap method.
The solid lines show the squared best-fit bias times the projected DM correlation function estimated at the mean redshift of the particular sample.
The grey datapoints are not used in the fit due to low number of pairs. The excess correlation at r, ~ 15~ '"Mpc is likely driven by large structure

in the COSMOS field.

timated using a multi-epoch abundance matching method which
we have calculated at the mean redshift z ~ 1.2 of our AGN
sample. The orange curve shows the galaxy M. — My, rela-
tion of Behroozi et all (2013) at z ~ 1.2.|Coupon et all (2015)
estimated the M, — My, relation in the CFHTLenS/VIPERS
field at z ~ 0.8 using constraints from several different meth-
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ods including galaxy clustering. Compared to our AGN sample,
their sample has a similar range in stellar mass and a slightly
lower redshift. Results from HOD modeling of galaxy cluster-
ing in DEEP2 (Zheng et all 2007) and the NMBS @mj

) at comparable redshifts (z ~ 1.0 — 1.1) are shown as

well. Using weak lensing methods, Leauthaud et all (2015) stud-
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Fig. 6. Effect of including photometric redshifts as Pdfs in the estimation of the projected 2PCF (crosses). Different symbols have the same
meaning as in Figure[3] The bins have been slightly offset in the r,, direction for clarity.

ied a sample of moderate-luminosity AGN in COSMOS at a
lower redshift z ~ 0.66 than our sample. At M, > 10'%° M,
they suggest that AGN populate similar DM halos as normal
galaxies. Similarly, we found that high M, (2 10'°> My) XMM-
COSMOS AGN follow the same M, — My, relation as normal
non-active galaxies. On the contrary, we estimated that low M,
(g 10'05M o) AGN are more clustered than normal galaxies.

(2019) measured clustering of AGN from the
XMM-XXL survey in terms of host galaxy properties (M., SFR,
sSFR) at z ~ 0.8 and find a positive dependence on the envi-
ronment with respect to M... Within errors, our results at slightly
higher redshift are in agreement with their measurements (see
Figure8).

The M. — Mp,, relation obtained from our clustering analysis
of XMM-COSMOS AGN is not consistent with results inferred
for normal galaxies at similar redshifts, at least for the low M,
bin. In fact, we found that AGN host galaxies with low M, reside
in slightly more massive halos than normal galaxies of similar
stellar mass. On the other hand, at high M., our results are in
good agreement with the M., — My, relation of normal galaxies.
Following Figure 8] we do not expect the observed discrepancy
at low M, to be due to the different mean redshift of the two sub-
samples (z ~ 1 and z ~ 1.4). If we exclude AGN that are asso-
ciated with galaxy groups from our M. subsamples, we see that

this affects our low M., bin more, while leaving the high M. bin
relatively unchanged. This could indicate that XMM-COSMOS
AGN with higher M, are more preferably found in central galax-
ies of their respective halos. For lower M., the fraction of AGNs
as satellites would be higher. Nevertheless, excluding the galaxy
groups from the analysis brings our result for the low M, closer
to the M, — My, of normal non-active galaxies.

It is important to note that our results for the M, subsamples
include both typel and type2 AGNs i.e. AGNs regardless of ob-
scuration are considered in the same subsample. With the limited
sample size of XMM-COSMOS, we are not able to further divide
the subsamples and examine the M, — My, relation for typel
and type2 AGNs separately, to see whether there are any differ-
ences between these to populations. However, this issue can be
revisited with Chandra COSMOS Legacy Survey AGNs.

6. Conclusions

We have measured the clustering of XMM-COSMOS AGN in
terms of host galaxy stellar mass M, and specific BH accretion
rate Lx/M.. Using these two quantities, we created AGN sub-
samples by splitting the full sample in terms of one quantity,
while matching the distribution in the other. In addition, we in-
vestigated including AGNs with photometric redshifts as Pdfs in
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addition to AGNs with known spectroscopic redshifts. From our sized environments and in broad agreement with previous
analysis, we make the following conclusions: results for moderate-luminosity X-ray selected AGN.

1. XMM-COSMOS AGN:s are highly biased with a typical DM 2. We find no significant clustering dependence in terms of spe-
halo mass of My, ~ 10'3 h~'M,, characteristic to group- cific BH accretion rate, consistent with a picture that higher
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accretion rates in AGNs do not necessarily correspond to
more dense environments.

3. Also we find no significant clustering dependence in terms
of host galaxy stellar mass. By comparing our results with
various M, — My, relations found for normal non-active
galaxies, we find that our low M, AGN subsample is more
clustered than what is expected of normal galaxies at similar
M.,. We investigate this further by excluding AGNs that are
associated with galaxy groups. We find that excluding ob-
jects in galaxy groups results in a lower AGN bias for the
low M, AGN subsamples, but does not aftect high M... This
could be due to a higher fraction of satellites for the lower
stellar mass systems.

4. Our selected quality criterion for including additional photo-
metric redshifts as Pdfs decreases the errors on the measured
best-fit bias and does not introduce a bias to the clustering
signal. Optimal quality cuts for including photometric red-
shifts will be studied in a future work.
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