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ABSTRACT

Understanding the relationship between galaxies hostitigeagalactic nuclei (AGN) and the
dark matter halos in which they reside is key to constraimiog black-hole fueling is trig-
gered and regulated. Previous efforts have relied on simgdemass estimates inferred from
clustering, weak gravitational lensing, or halo occupatitstribution modeling. In practice,
these approaches remain uncertain because AGN, no mattethey are identified, poten-
tially live a wide range of halo masses with an occupatiorcfiom whose general shape and
normalization are poorly known. In this work, we show thatéeconstraints can be achieved
through a rigorous comparison of the clustering, lensind,@oss-correlation signals of AGN
hosts to the fiducial stellar-to-halo mass relation (SHM&)wkd for all galaxies, irrespective
of nuclear activity. Our technique exploits the fact that tilobal SHMR can be measured
with much higher accuracy than any statistic derived fromNA§&mples alone. Using 382
moderate luminosity X-ray AGN at < 1 from the COSMOS field, we report the first mea-
surements of weak gravitational lensing from an X-ray getsample. Comparing this signal
to predictions from the global SHMR, we find that, contrarytevious results, most X-ray
AGN do not live in medium size groups —nearly half reside iatigely low mass halos with
Moo, ~ 1012 M. The AGN occupation function is well described by the samenfde-
rived for all galaxies but with a lower normalization—thadtion of halos with AGN in our
sample is a few percent. The number of AGN satellite galasdades as a power law with
host halo mass with a power-law index= 1. By highlighting the relatively “normal” way
in which moderate luminosity X-ray AGN hosts occupy halog; esults suggest that the
environmental signature of distinct fueling modes for lnmis QSOs compared to moderate
luminosity X-ray AGN is less obvious than previously claitne
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1 INTRODUCTION tivity relates to dark mattehalo masshecause both halo masses
and black hole masses are challenging to probe observiyidma

Strong observational evidence suggests a tight couplibgesa proved measurements of the BH-dark matter relation areehery

the growth of super-massive black holes (BHs) and the hupld- of great theoretical interest and are key in order to fat#ita more
of galaxy bulges (Gebhardt et al. 2000: Ferrarese & Mer@ie@ direct comparison between observations and theoreticdemmmf
In contrast, we only have a limited understanding of how BH ac
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Active-Galactic Nuclei (AGN) activity €.9., DeGraf et al. 2012; samples. Our approach relies on using a complete galaxylsamp
Chatterjee et al. 2012; Fanidakis et al. 2013; Hutsi etGil42. first constrain the overall connection between galaxy mass dod ha

The AGN - halo mass relation is typically probed by measur- mass. This model then serves as a fiducial base-line withhatbic
ing the clustering€.g.,Li et al. 2006; Coil et al. 2009; Gilli et al. explore the AGN - halo mass relation.

2009; Allevato et al. 2011; Miyaji et al. 2011; Krumpe et &012; From a global perspective that includes all galaxies, treme
Koutoulidis et al. 2013; Mountrichas et al. 2013; Shen e2@l 3) dous progress has had been made in recent years in terms of un-
or the weak gravitational lensing of AGN host galaxies (Malnd derstanding and modeling the connection between galaXarste
baum et al. 2009). Halo masses (hereaftér) are typically in- mass and dark matter halo mass outte- 1 and beyond (Man-

ferred from these types of approaches by measuring the raegan | delbaum et al. 2006; Yang et al. 2009; More et al. 2009; Moster
scale bhias of a given sample. Bias values are then trandlaied et al. 2010; Behroozi et al. 2010; Leauthaud et al. 2011, Bp12

an effective halo mass via the halo mass-bias relagan,Tinker At the core of these models is the stellar-to-halo mass (SHAR
etal. 2010). However, there are several important cavedalss ap- central galaxies. This may be constrained from measurenwént
proach. First, large scale bias is not a sensitive probelofrhass either the galaxy stellar mass function (SMF), galaxy-etisg,
at lower mass scales (the halo mass-bias relation flatt®aspnd, galaxy-galaxy weak lensing, satellite kinematics, or saombi-
converting large scale bias to halo mass requires assumstmut nation of these four probes. In detail, methods vary betvagiéer-
satellite fractions. Third, the effective halo mass meedun this ent groups, but all results yield the same global pictidgi( M..)
fashion corresponds to a bias-weighted average of the kyintgr is well described by a power-law at laiv.. and then transitions to
halo mass distribution. For samples which span a wateye of a more sharply rising function above a characteristic meale ©f

halo masses, there is no simple way to relate this effectasle h M. ~ 10'°® M. The logarithmic scatter in stellar mass at fixed
mass to more useful averages such as the mode, mean, or mediahalo mass is also constrainedaadei, ~ 0.18 with good agree-
value of the halo mass distribution. ment between different studies. In addition to the SHMRs¢he
In principle, these issues can be resolved by adopting an methods also constrain how satellite galaxies populatk wohet-
Halo Occupation Distribution (HOD) type approach which as- ter halos as a function of galaxy mass. Finally, the SHMR nisy a
sumes a parametric model to describe the probability Higion be constrained as a function of other properties beyonidsteass,
P(N|M,) that a halo of mas8/,, is host to N galaxies in a given such as galaxy color or star formation activity (Mandelbaatral.
sample (for a review, see Cooray & Sheth 2002). While an HOD 2006; More et al. 2009; Tinker et al. 2013; Hearin et al. 2013)
type approach may work well for galaxy samples defined by Emp In this paper, we suggest that whenever information about
luminosity thresholds, it is less clear which parametritrfehould host mass is available, the AGN-dark matter relation carrblequ
be adopted for occupation functions when considering Agdé&t most effectively byfirst constraining a fiducial SHMR. Once the
samples €.g., Allevato et al. 2011; Miyaji et al. 2011; Kayo &  SHMR is constrained, the distribution of AGN host stellarsses
Oguri 2012; Richardson et al. 2013). The AGN duty cycle rela- is all that is required to make predictions about AGN occigpat
tive to halos is unknown, which leads to large uncertairitidsoth statistics. The observed clustering, lensing, or croseetaions
theshape and normalizatioof the AGN occupation functions. Re-  between AGN and stellar mass limited samples may then be inte
cently, Shen et al. (2013) measured the cross-correlagbmezn preted in light of predictions from the fiducial SHMR. The kay-
Quasars (QSOs) and Luminous Red Galaxies (LRGs) from the vantage of this approach is that by using large samples akige
Sloan Digital Survey (SDSS) at= 0.5. Despite the high signal-  that are complete in terms of stellar mass, the SHMR can be bui

to-noise of their cross-correlation measurement, Sheh €Gi3) with much higher accuracy than by using any statistic meabsur
find that substantially different HODs provide equally gdits to from AGN samples alone. Statistics measured from AGN sam-
their data. The conclusions from this work suggest thattetirsy ples (which are necessarily noisy because of small sampés)si
data alone is insufficient to fully constrain the QSO HOD —emd are only used to constradteviationsfrom the fiducial model. Any
lining the difficulty of modeling AGN type populations. observed deviations would be of great interest and woulgligeo

For samples of less luminous AGN, such as those selected viaclues about the mechanisms that fuel AGN. Our method is &imil
deep X-ray imaging, these issues are even more pronounggd. T in many respects to the one adopted by Li et al. (2006) and ®land
ical sample sizes are small, commonly ranging from a few hun- baum et al. (2006) for analyzing optically selected anda-ddud
dred to a few thousand AGN which means that clustering mea- AGN.

surements are noisy. To compensate for small samples sizgy, The approach used here alleviates the difficulties raised by
studies measure AGN clustering over a broad range in redshif Shen et al. (2013) associated with HOD modeling of AGN cluste
(0 < z < 3is not uncommon), X-ray luminosity (hereaftér), ing. However, it can only be employed for samples with hoasitast
and host galaxy propertieg.@., Coil et al. 2009; Allevato et al. mass measurements and therefore cannot be applied in ttexcon
2011; Koutoulidis et al. 2013). Even greater caution is hegl of bright QSO type samples. For these, however, an altematid
when interpreting HODs or bias measurements in this context closely related approach has been recently developed byoZon
For moderate luminosity obscured (type-2) AGN samples, & White (2013) by combining the SHMR with a BH mass-stellar
however, information about the properties of the host gatzon- mass relation.
tains key additional information which has yet to be fullypbited We apply our methodology to a sample of X-ray selected mod-
for these types of studies. For obscured systems, the hizstyga  erate luminosity obscured AGN at< 1 from the COSMOS field
light is the dominant component in the optical/near-irdchEpec- (Scoville et al. 2007). Despite the small sample size (sgVem-

tral Energy Distribution (SED), meaning that the stellasmaf the dred AGN) we are able to place robust constraints on AGN halo
host galaxy (hereaftei/.) can be measured with relatively little  occupation statistics. Our choice of the COSMOS field is vabeid

contamination from the AGN component. by the fact that the galaxy SHMR has been previously comstchi
In this paper, we propose an alternative approach to analyz- for this field by Leauthaud et al. (2012b, hereafter L12). Th&
ing clustering and/or lensing measurements of moderatenbsn SHMR is determined from measurements of the galaxy mass func

ity obscured AGN samples that can be employed even with small tion, galaxy clustering, and galaxy-galaxy lensing:te- 1. Here,
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for the first time, we measure the galaxy-galaxy lensingaigf
X-ray selected obscured AGN. We use this signal to test fbr di
ferences between the dark matter environment of obscured AG
compared to the overall galaxy population.

The layout of this paper is as follows. The data are described
in §2 followed by the presentation of our methodologyg8 Our
main results are presentedg#f. Finally, we discuss the results and
draw up our conclusions i§b and§6.

We assume &ACDM cosmology withQ,, = 0.258, Qx =
0.742, og = 0.796, Ho = 72 km s~! Mpc~!. All distances are
expressed in physical Mpc units. The letfef, denotes halo mass
in general wherea8/,oo1, is explicitly defined asVlaoop = M (<
ra00n) = 200p37r500, Whereragos is the radius at which the
mean interior density is equal to 200 times the mean mattesite
(p). Stellar mass is notetl/,. and has been derived using a Chabrier
Initial Mass Function (IMF). Stellar mass scales1gg73. Halo
mass scales as Hy. All magnitudes are given on the AB system.

2 DATA AND MOCK CATALOGS
21 COSMOSX-ray AGN Sample

The AGN sample used for this work is selected by combining
the COSMOS XMMNewton(XMM-COSMOS, Cappelluti et al.
2009) andChandra (C-COSMOQOS, Elvis et al. 2009) X-ray cat-
alogs. The XMM-COSMOS survey covers 2 detp a limiting
depth of 5<107 ¢ ergem™2 s7! in the soft (0.5-2 keV) band
and 3x107 1% erg cm 2 57! in the hard (2—-10 keV) band. The C-
COSMOS survey covers 0.9 dew a limiting depth of 1.% 10~ ¢
ergecm ™2 571 in the soft band and 7:3107'¢ ergem™2 57!

in the hard band. The combined catalog of X-ray sources con-
tains~1800 objects from XMM-COSMOS and950 objects from
C-COSMOS. Details concerning the X-ray catalogs, the spec-
troscopic observing programs, and the spectroscopiapiiettic
classifications can be found in Brusa et al. (2010), Civanal.et
(2012), and Salvato et al. (2009, 2011).

Full band (0.5-10 keV) fluxes are provided in the C-COSMOS
catalog but are not available in the XMM-COSMOS catalog. We
compute the full band flux for XMM-COSMOS sources by sum-
ming fluxes in the soft and hard bands. If a source is not dedect
in one of the bands, only the detected flux is included. Resté
X-ray luminosities are homogeneously derived for bothlogtaas-
suming a power law spectral model with a slop&'eR and absorp-
tion from a Galactic column density of fNg.1=2.6x107°cm™2
(Kalberla et al. 2005). Given that a flat slope has been astume
no K-correction is needed.

The aim of this work is to consider moderately obscured
and moderate luminosity AGN for which the host galaxy light i
the dominant component in the optical/near-infrared SEB.S&¢
lect AGN in the redshift rang®.2 < z < 1. All spectroscop-
ically identified broad line AGN are removed from the sample.
A photometric classification (Salvato et al. 2009, 2011) sedi
to identify obscured AGN when a spectroscopic classificat®o
not available. Spectroscopic redshifts are available 166 of our
sample (272/382). We also impose a lower limit on host mass of
log,(M.) > 10.5 (see section 2.2). This cut is designed to (only
very) roughly match samples used in previous studies of lihe ¢
tering of X-ray selected AGN (see section 4). This mass cweis
above the COSMOS stellar mass completeness limitat1 en-
suring that our sample is complete in terms of galaxy mass.

In addition, we also limit our sample to AGN with a rest frame
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0.5-10 keV band luminosity in the rang®*'® ergs''< Lx <
10*35 erg s7*. The upper limit onL is set to avoid bright AGN
which might contaminate the host galaxy light. The lowerrmtary

on Lx is set to limit contamination from star-forming sources and
early type galaxies with pure hot gas X-ray emissiemy(,Civano

et al. 2014). Our results are reasonably robust to contaimima
from galaxies outside our sample, provided these span dasimi
stellar mass range as our AGN sample. In this case, a 5% contam
ination will have no impact on our mean/median halo mass esti
mates, and will simply modify the amplitude of our inferre®B

by 5%. Our mean/median halo mass estimates are more sensitiv
to contamination from galaxies with preferentially low ogln M7
values compared to our AGN sample. As an extreme example, if
all the most massive (least massive) galaxies in our samgleoa-
taminants (at the 5% level), our mean halo masses will besBias
by 8% (2%) and our median halo masses by 7% (6%).

The conclusions drawn in this paper are specific to the AGN
sample described above. In particular, we do not probe aNAG
down to our mass limit olog,,(M.) > 10.5. Because of the
lower limit imposed onL x, our sample will miss AGN with low
Eddington ratios (Aird et al. 2012). In total, our sample tedms
382 AGN with a mean redshift ofz) = 0.7, a mean-log X-ray
luminosity of (log,,(Lx)) = 42.7, and a mean stellar mass of
(M.) = 1.3 x 10" Mg. Figure 1 shows th& x andM.. distribu-
tions for our sample.

2.2 Stellar masses

In this paper, we use the stellar mass dependent SHMR models
and mock catalogs from L12. For consistency, we adopt thesam
galaxy stellar mass estimates as derived in L12. Contamimaf
the optical light by emission from the AGN is a potential issince
our masses were derived using galaxy templates without aN AG
component. However, this effect should be small — our samople
AGN have moderate luminositie€.{ r.; < 10**-° erg s') and
are not powerful enough to significantly affect the optié¢ght of
the host galaxy (Nandra et al. 2007; Bundy et al. 2008). Tftes
contamination effects, we compare our mass estimates hatet
from Bongiorno et al. (2012) which were derived using botlagga
and AGN templates. We find an overall offsetiof 8 dex between
our mass estimates which is within the expected range ofs\atic
uncertainties (Behroozi et al. 2010). More importantlywbuwer,
this mass offset does not exhibit any trends witk suggesting
that our mass estimates are robust at these moderate lutieis.0s
Here we only give a brief description of the stellar mass- esti
mates and refer the reader to L12 and Bundy et al. (2010) firdftl
details. Stellar mass estimates are based on PSF-mat¢beti-3
ameter aperture photometry from the ground-based COSM®GS ca
alogs (filtersu*, By, Vs, g™, r",iT, 2%, K,) (Capak et al. 2007;
lIbert et al. 2009; McCracken et al. 2010). The depth in afidsa
reaches at least 25th magnitude (AB) with thg-band limited
to Ks < 24. Stellar masses are derived using the Bayesian code
described in Bundy et al. (2006) assuming a Chabrier IMF and a
Charlot & Fall (2000) dust model. An observed galaxy’s sp#ct
energy distribution (SED) and redshift is referenced toid gf
models constructed using the Bruzual & Charlot (2003) sysith
code. The grid includes models that vary in age, star foondtis-
tory, dust content, and metallicity. At each grid point, fhreba-
bility that the observed SED fits the model is calculated, ted
corresponding stellar mass to K-band luminosity ratio aedles
mass is stored. By marginalizing over all parameters in i g
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Figure 1. Sample of 382 AGN host galaxies as a function of X-ray lumi-
nosity, stellar mass, and redshift. Our selection cuts laoe/s by the blue
dashed lines. The sample is not complete in terms of X-rayrasity but it

is complete in terms of host stellar mass. The redshift dégenstructures
that can be seen in this figure are due the relatively smalafizc OSMOS.
Our work accounts for sample variance using a a suite of mattags.

the stellar mass probability distribution is obtained. Tinedian of
this distribution is taken as the stellar mass estimate.

2.3 Weak Lensing Catalog

of the COSMOS photoz catalog (v1.8) of the photometric ritish
(hereafter photar's) presented in llbert et al. (2009) which have
been computed with over 30 bands of multi-wavelength détes T
update to the photo-z catalog does not affect any of thergnsi
results.

2.4 Mock Catalogs

The COSMOS ACS survey covers a relatively small volume. To es
timate sample variance, we use a series of mock catalogsiusc

in L11 and L12. These mocks are extracted from a #4fticle,
420h~! Mpc N-body simulation (“Consuelo” from the Las Damas
suite) with a particle mass of 1.8210° b~ M '? (McBride et al.

in prep). In this paper, we use 100 mock catalogs that argeztea
from from random lines of sight through the simulation vokRim
for three redshift intervalsz; = [0.22,0.48], z2 = [0.48,0.74],
andzz = [0.74, 1]. Mocks are populated with galaxies using the
stellar-to-halo mass (SHMR) HOD model of L12. By designsthi
suite of mock catalogs matches the the stellar-mass depecids-
tering and galaxy-galaxy weak lensing of COSMOS galaxiesfr
0.2 < z < 1.0. The mocks are largely complete in terms of stellar
mass for thdog,,(M.) > 10.5 sample considered in this paper.
Mock galaxies have stellar masses, redshifts, halo maasdsa
central/satellite identification flag.

3 METHODOLOGY

We begin with an outline of the rationale underlying our ste
gation. Our goal is to clearly sketch out the steps in our psep
methodology so that they may be easily followed by futurelisst
Although we focus here on a sample of moderate luminosity AGN
our methodology can be applied to any sub-population wihest
mass measurements.

Our approach begins with the assumption that AGN can be de-
scribed by the same SHMR as the overall galaxy populatione He
we use a SHMR parametrized as a function of stellar massaut o
could consider additional parameters, such as galaxy ¢elgr,
Tinker et al. 2013). The details of the SHMR-based mbtiet we
use and how it is constrained from COSMOS data are descnibed i
Leauthaud et al. (2011) and Leauthaud et al. (2012a). Otloelr m
els based on the conditional stellar mass function or amgela
matching techniques would also our purpasg(Yang et al. 2008;
Moster et al. 2010; Behroozi et al. 2010; Hearin et al. 2013).

The first step in our methodology is to choose a statistic (or
multiple statistics) to test the assumption that AGN can be d
scribed by the same SHMR as the overall galaxy population. In

The COSMOS program has imaged the largest contiguous areathis paper we use galaxy-galaxy lensing but our method capbe

(1.64 degreed to date with theHubble Space Telescope (HST)

plied to other statistics such as the AGN auto-correlatiorction,

using theAdvanced Camera for Surveys (ACS) Wide Field Chan- or cross-correlations between AGN and galaxies (ideaiindd by

nel (WFC)(Koekemoer et al. 2007). The imaging quality of ACS
and the stability of the HST PSF makes this a prime data-sét wi
which to perform weak lensing measurements at 1. The details

of the COSMOS weak lensing catalog are already described-in d

tail elsewhere (Leauthaud et al. 2007; Rhodes et al. 2008s8ia

et al. 2007; Leauthaud et al. 2012b). The COSMOS weak lensing
catalog containg.9 x 10° galaxies with accurate shape measure-

ments which represents a number densitgdsource galaxies per
arc-minuté.

The galaxy-galaxy lensing signals presented in sectioar 1
measured following the same methodology as L12. The onlpmin
difference compared to L12 is that here we use an updatetwners

stellar mass).

After computing the statistic of interest, the second stejpi
compare the results of this measurement with the predidtam
the fiducial SHMR-based model. The goal of this step is toquarf

1 In this paragraph, numbers are quoted fyy = 100 h km s~! Mpc—!

2 http://lss.phy.vanderbilt.edu/lasdamas/simulatiaimsl

3 The L12 model uses a SHMR for central galaxies and an HODebase
prescription for satellite galaxies. For convenienceotlghout this paper,
we refer to the combined model (for centrals and satellésur “fiducial
SHMR model”, even though technically speaking, the SHMR oefers to
central galaxies.
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a null-test of whether AGN populate dark matter halos in e
fashion as the overall galaxy sample. Predictions fromrioslel
can be computed both analytically or from mock catalogsetder
mainly rely on mock catalogs to generate our predictionseseh
have the added advantage of providing an estimate of thelsamp
variance.

An important point to stress here is that when performing thi
null-test, ideally the AGN sample should be independennftbe
sample used to derive the fiducial SHMR. However, the L12 SHMR
model was derived using all galaxies in the COSMOS field vidicl
ing the sub-set of AGN hosts considered here. A better approa
would be to use one half of the COSMOS survey to derive the
SHMR and the second half to compute AGN host statistics. Cer-
tainly, this type of approach can be easily adopted in futarge
area surveys which will have more than ample statisticattam-
ing power. In our case, however, the AGN sample only reptssen
~ 3% of the galaxy population wittog,, (M. ) > 10.5 and should
only have a minor impact on the overall SHMR.

A negative null-test would be highly interesting and wourd i
dicate that AGN (or more generally, the sub-population iegjion)
“know” something about the dark matter halos in which thesyde.

In this case, step three is to vary a sub-set of parameterse(tlie
expect might be different for active populations). Thisickocan
be informed by predictions from semi-analytic models ofagsl
formation (SAM) or from direct hydrodynamic simulations.d.,
DeGraf et al. 2012; Chatterjee et al. 2012). As discussedarem
detail in section 5.4, one parameter to consider is the AGé&llga
fraction fs.s. Another parameter of interest might bg;, the halo
concentration of satellite AGN (e.g, Chatterjee et al. 3082ep
three is to vary a small set of parameters (efgy, and/orcsat) to
fit the statistic of choice while marginalizing over othergae-
ters in the SHMR-based model. In this paper, however, steeth
is unnecessary because the null-test is positive (se@setfl).

The final step in our methodology is to use the fiducial SHMR
(or the modified version from step three) to study halo distions,
satellite fractions, and halo occupation statistics. Agéiis step
can be achieved both analytically or by using mock catal®gs
final step combines two key sets of information. These aréhe)
fiducial (or modified) SHMR-based model and b) the AGN fractio
as a function of stellar mass and redshift.

4 RESULTS
4.1 Galaxy-Galaxy Lensing of X-ray AGN

To obtain high signal-to-noise measurements, we stack #gakw
lensing signal around our sample of 382 AGN hosts as a fumctio
of radial transverse separation All of our stacks are performed
in physical coordinates. The galaxy-galaxy lensing sighat we
measure yields an estimate of the msarface mass density con-
trast profile for our AGN host sample:

AX(r)y=X(<r)—X(r)

1)
Here,X(r) is the azimuthally averaged and projected surface
mass density at radius r afi{ < r) is the mean projected surface
mass density within radius r (e.g, Miralda-Escude 1991 ;suvil
et al. 2001). For the radial ranges that we probe in this sfudg
Mpc), our lensing signals are mainly due to the dark mattésha
associated with the stacked galaxy sample (the “one-hafai)t
Uncertainties on the lensing signal are derived using to di
ferent methods. The first, most naive estimate assumesthdata
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bins are independent, and that measurement error and sbiee n
are the dominant sources of error. The uncertaintyAdnis then
simply oo, = 1/1/>_ w; where the sum is performed over all
lens-source pairs and wheug is an estimate of the shear variance
for each source (see L12). However, at larger radii, bins ey
come correlated due to the fact that the same source galaxpena
associated with multiple lens galaxies (“correlated shagpise”).
To test for the magnitude of this effect, we also derive jaoKe
uncertainties om\X, noted hereafter as;,. The two uncertainty
estimates are in good agreement with the jack-knife errensgo
somewhat larger for the outer radial bins suggesting sreadl$ of
correlated shape noise. Jack-knife estimates of covariforcthe
outer radial bins suggest that the correlation coefficiettvben
the three last radial bins is at mdst < 0.3. Throughout this pa-
per we quote values using both of these uncertainty estinzate
we neglect the small amount of covariance for the outernaasat
bins. Finally, we use 100 mock mock catalogs (described én th
previous section) to estimate the sampling variance fotensing
signal. These include both shot noise due to the small nuwiber
lens galaxies in our sample, as well as sample variance iarthe
derlying dark matter realization for a field the size of COSMO
These errors are sub-dominant (less than 10%) compareépe sh
noise.

Our weak lensing signal for the AGN sample is shown in
Figure 2. For this measurement, we have used 10 logarithignica
spaced bins from = 20 kpc tor = 1.3 Mpc. The weak lens-
ing signal is clearly detected out to the largest scales aitiean
signal-to-noise per data point 6§/ N ~ 2.4 using shape noise un-
certainties and/N ~ 2.1 using jack-knife uncertainties. As a test
for systematic effects, we also compute the lensing sigrealred
7000 random points that are drawn from the same redshifti-dist
bution as our AGN lens sample. The result is shown in the right
hand panel of Figure 2. No evidence for systematic sheagnpatt
are detected around random points.

4.2 Weak Lensing Signal of AGN Hosts Compared to
Fiducial Stellar-to-Halo M ass M odel

Given the host mass and redshift of each AGN in our sample,
we use the SHMR model of L12 to compute the predicted AGN
galaxy-galaxy lensing signal. The predicted galaxy-galaxsing
signal is shown in Figure 3 and is composed of three terms: 1)
a contribution from the stellar mass of the AGN host galayy, 2
a contribution from the dark matter halos associated wititraé
galaxies that follows the the standard Navarro-Frenk-@/pitfile
(NFW; Navarro et al. 1997), 3) and a contribution from thekdar
matter halos associated with satellite galaxies. The vegak lens-

ing signal is the sum of these three terms. Contributions fsab-
halos associated with satellites are neglected. The “@o*term

is negligible on these small radial scales.

The grey shaded region in Figure 3 shows the field-to-field
variance derived from mock catalogs; this is sub-dominamb-c
pared to the measurement errors on the lensing signal. Dweea
find that our fiducial SHMR model does an excellent job at match
ing the weak lensing signal of AGN. The between the measured
lensing signal and the SHMR prediction ¥ /d.o.f = 8.5/10
(x* = 11.6/10 for shape-noise errors). Since there are no free pa-
rameters in this model, the number of degrees of freedormiglgi
the number of data pointd,o.f = 10. As mentioned in section 3,
however, the AGN sample is not strictly independent fromdai
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Figure 2. Left First reported weak lensing signal of X-ray AGN as measiirech 382 X-ray selected hosts witliog(Lx)) = 42.7 from the COSMOS
field. Black error bars show shape-noise uncertaintiey, gm@r bars indicate jack-knife uncertainti€&ight As a test for systematics, we also compute the
lensing signal measured around random points.
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Figure 3. Left Lensing signal of AGN sample compared to the predictiomfiaur fiducial SHMR model (blue line). The grey shaded regibovws the
field-to-field variance derived from 100 mock catalogs. Ehescertainties are insignificant compared to shape noisertainties. The lensing signal has
contributions from the host stellar mass (dotted line) awndhfthe dark matter halos associated with both central @dhshe) and satellite (dash-dot line)
galaxies. We confirm the null hypothesis that the AGN hostipation is no different than that defined by galaxies withsame)/.., regardless of nuclear
activity. Right predicted lensing signal for varying satellite fractiombe satellite fraction of the fiducial SHMR modelfis.. = 18%.

used to infer the SHMR which does place a caveat on this compar decreases slightly on 1 Mpc scales. If we increase the isatetic-
ison. tion to 100% then the predicted signal increases on lardesbat
Our null-test is positive. Hence, we confirm the null hypethe decreases on small scales creating a clear scale-depesigeat
sis that the AGN host occupation is no different than thatneefi ture which should be easily detectable with the next geiteraif
by galaxies with the sam&/.., regardless of nuclear activity. lensing surveys. Small values ff.. may be difficult to detect with
Step three in our methodology in unnecessary for this sample lensing alone, but joint measurements of lensing and cingteill
(we do not need to vary any parameters to describe the lesgjng e able to pin dowifsa, with greater accuracy.
nal). As an example, however, of how step three might proeeed
the right hand panel of Figure 3 shows how the predicted hensi
signal of AGN hosts varies witlfs.c (keeping all other parame-
ters fixed). We find that reducing the satellite fractionfig = 0
only has a relatively small impact on the overall lensingnaigThe
predicted lensing signal is mostly un-changed on smalkscahd

4.3 Dark Matter Environment of AGN sample as I nferred
from Host M ass

In the previous section, we compared the weak lensing sigial
AGN hosts with the prediction from our fiducial SHMR model.

(© 0000 RAS, MNRASD00, 000—-000



Table 1. Mean and median halo masses

Halo mass  MeaiiMaoop) — Median Mot
(103 M) (103 Mg)
Centrals 0.59-0.08 0.22:0.01
Satellites 4313 1.9£0.5
Cen + Sat 1.30.3 0.29:0.02

Note: errors represent the field-to-field variance derivednfmock cata-
logs.

The fact that they are statistically indistinguishable grgis that
AGN in our sample populate halos in the same fashion as the ove
all galaxy population. One caveat, however, is that our AGhs+
ing signal is relatively noisy. Upcoming lensing surveyshijetter
signal-to-noise may find differences that we have been enabl
detect. In the meantime, given that we have no evidence @estig
otherwise, in the remainder of this paper we proceed undeash
sumption that host stellar mass and redshift are sufficteptedict
the mean dark matter environment for this AGN sample.

We now use our mock catalogs to investigate the predicted
halo mass distribution for this AGN sample. A mock AGN popula
tion is extracted from each mock catalog (see section 2.#)digh-
ing mock galaxies and AGN hosts in terms of stellar mass ashd re
shift. There are 100 mock catalogs in total, each mock hasatime
volume as COSMOS. Figure 4 shows the halo mass probability
density function as well as the complementary cumulatigérithu-
tion function for mock AGN samples. Errors in Figure 4 repres
the field-to-field variance between mock catalogs. Tableninsa-
rizes the mean and median halo masses for centrals, sstedind
for the combined sample (centrals and satellites). Forahgined
sample, we find that the mean halo maSkloo,) = 1.3x10"

Mo, is a factor of 4.5 times larger than the median halo mass,
Mped = 2.9%10'% Mg. We underscore the fact that the mean

and the median halo masses may be markedly different bec&use

the skewed tail in the halo mass distribution.

We stress that these values are specific to our particular AGN
sample selection. In our case, the most important factoeterd
mining the exact halo mass distribution is tlog,,(M.) > 10.5
cut that we applied to the AGN host masses. This cut drives the
sharp drop-off afog,,(Mz200n) ~ 12 in Figure 4. However, in
practice, COSMOS AGN catalogs do contain X-ray AGN in galax-
ies withlog,,(M.) < 10.5. According to the SHMR, on average,
these are expected to live in even lower mass halos.

Let us now turn our attention to the halo mass distributidns o
satellite AGNE. Our predictions are based on our fiducial SHMR
model where AGN hosts have the same satellite fractions-as in
active galaxies (see section 4.2 and Figure 3). We find th#t 50
of satellite AGN in our sample live in halos less massive than
log,4(Ma001) = 13.2. Figure 5 shows the predicted satellite frac-
tions for our sample. We find a mean satellite fractiod ff:) =
18% with a rms dispersion between mock catalogs of 2%. How
does this compare with previous results derived from ciusie
studies of X-ray AGN? Reliable constraints on satelliteti@ans
derived from HOD modeling are limited by modeling uncertain
ties (.9.,Miyaji et al. 2011; Shen et al. 2013). A perhaps more
robust estimate of satellite fractions may be obtained bysueng
the effects of satellite peculiar velocities on the 2d réftisipace

4 For satellites, halo mass refers to the mass of the paremtrinatisub-halo
masses.
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Figure 4. Top probability perlog;,(Maoon) that an AGN in our sam-
ple is hosted by a halo of mas&/g,. Note that this is a probability
density function and may take on values greater than 1.ibDusions are
shown separately for central (red line) and satellite AGNigHine). For
satellites,Msqo1, represents the mass of the parent halo (not the sub-halo).
The black solid line is the full sample (centrals plus saésl) with grey
shaded regions representing the variance from mock catalegtical lines
(dash-dot) indicate a mean halo mass. The dashed greeral/érée shows

a typical mass limit for galaxy groups. Note that the sharppebff at
logqo(Map0n) ~ 12 is simply due to the fact that we select AGN with
hosts mas$og;(Mx) > 10.5. This cut was motivated to select a sample
that is roughly similar to previous work on the clusteringXefay AGN.
The black and red curves would continue to rise had we indudeer
mass AGN hosts in our sampBottom Complementary cumulative distri-
bution function. Vertical lines (dash-dot) indicate a negdhalo mass. Only
~60% of AGN satellites are contained in halos witl; o (M200p ) > 13.

correlation function. Using this technique, Starikova let(2011)
report a 90% confidence level upper limit on the satellitetfom

of fsat < 8%. Their sample, however, is truncated to brighter hosts
than ours for which we do indeed expect lower satellite foast

As discussed in more detail in section 5, it is unclear howmthis
difference might be of genuine interest as opposed to sichysyto
sample selection effects.

4.4 Halo Occupation Functions

The occupation functions for AGN in our sample are shown in
Figure 6. For reference, we also show the occupation fumstio
for a galaxy sample withog,,(M*) > 10.5. We find that
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pend sensitively on our particular AGN sample selectiomy(vng
o — v T T ] the Lx cuts will affect the amplitude of the HOD for example). In-
] stead, our main point here is to demonstrate that, undesther-
tion that active and inactive galaxies inhabit similar diavdtter en-
vironments, the SHMR-based approach advocated here maies fi
predictions for theshape and normalizationf the AGN occupa-
I ] tion functions. Miyaji et al. (2011) investigated threefeient HOD
] parameterizations to model the cross-correlation fundbietween
ROSAT All-Sky Survey detected AGN and SDSS LRGs. Among
the three models explored by Miyaji et al. (2011), their midgle
provides the best description of the HODs presented heiis.i¥h
a model that is similar to those used for threshold galaxypdasn

N
[4)]
L
|

N
o

T T
|

Arbitrary normalization
[
3]
T
1

=
o

L S B B
|

5F ] but with an additional free parametgs that allows the global nor-
L ] malization of(Ncen) to float.
of L — . | ] Figure 6 shows that our HOD is reasonably well fit by an HOD
0.10 0.15 e o 0.20 0.25 of the form
Satelle fiacton (Neen) = JA |:1 Lerf (loglo (M200b / Min) ):| @)
2 OlogM

Figure5. AGN satellite fraction distribution from mock catalogs.€elimean
satellite fraction is(fsat) = 18% with a rms dispersion between mock

M200b)a (_Mcut)
Nsa = Ncen 3
catalogs of 2%. (Nsat) = ) ( Mot P Maoob ®)

with fa = 0.028, Muin = 1.2x10'2 Mg, o109 = 0.25,
My = 1.5x10" Mg, and Moy = 2x10'2 Mg. This model

Table 2. Halo occupation functions is similar to model B from Miyaji et al. (2011) except thaV.e,)
is modeled with an error function instead of a step functieomd
log; o (M2001) (Neen) (Nsat) (Neot) our satellite occupation includes an exponential cutoffnai scale
11.875 0.004310-5002 0.0 0.0042770-5006 setbyMeut. . o . .
12.125 0.017+0:002 0.0 0.017+0:002 One interesting feature in Figure 6 is that our empirically d
+0.002 +0.0008 +0.003 termined HODs displays a rise towards higher halo massghrati
12.375 0.025 oo 0.00147 02 0.0267 0005 ) ' X .
+0.005 +0.002 +0.004 well captured by a constants. This parameter is sometimes in-
12.625 0.028" " 0oa 0.0041% - ¢ 0.0347 " 00s - ;
$0.006 +0.004 +0.008 terpreted as an AGN duty cycle.f., Martini & Weinberg 2001;
12.875 0.0337 008 0.0127F " 0ox 0.046 " 00s v .
40.01 +0.008 +0.01 Shen et al. 2007; Miyaji et al. 2011; Richardson et al. 20118).
13.125 0.0367 (" 08 0.0247 008 0.0597 0y . ol e X
13.375 0.03910-02 0.0410-02 0.088+0:02 this case, the rising nature @V..) could indicate a varying AGN
13.625 0.05-0.02" 0.08+0-03 0.13-0.01 duty cycle with halo mass. We caution however that at leastgfa
13.875 0 0518385 0 1618:83 0 221838% this trend will be imposed by sample selections effectothiced
14125 0.06-0:03 0.9+05° 037027 by our Lx cut. AGN show a wide distribution of Eddington ratios
) Y —0.06 “—-0.1 0 —-0.2

(e.g. Heckman et al. 2004; Kauffmann & Heckman 2009; Schulze
& Wisotzki 2010; Aird et al. 2012). For a fixeAx cut we sample
10,0 (Maoo) ~ 12 halos will host on averagéVee,) ~0.01 cen- AGN in massive galaxies over a wide range of Eddington ratios
tral AGN in our sample and dbg,,(Maoon) ~ 14 this number while for less massive galaxies we only sample AGN with large
rises tO<Nccn> ~0.06 (See Table 2) |nc|uding both centrals and Eddlngton ratios (Schulze & Wisotzki 2010, Aird et al. 201-2D]|S
satellites, we expect thadg, ,(Maoo,) ~ 14.0 halos host on aver- ~ May lead to an apparent increasefinwith halo mass for x se-
age(Niot) ~0.3 AGN in our sample. The errors on the occupation lected samples.
functions due to field-to-field variance are non negligilolegroups
with masdog; ,(M2001) ~ 14.0 for a survey the size of COSMOS.

Our occupation functions are mostly comparable to those ob- 5 DISCUSSION
tained by Allevato et al. (2012) from direct counting of AGN i
groups within the COSMOS field. Allevato et al. (2012) measur
(Nyot) ~0.2-0.6° for halos with masses abot@'® M. Our val-
ues are in fair agreement with these estimates, especiadly that Before comparing with previous results, let us first brie@yiew
we apply different selection criteria to the COSMOS AGN sl8p  how clustering studies typically infer halo mass. What nstat-
(we apply host mass and X-ray luminosity cuts for examplegtvh  ies based on clustering measurements actually deisviae linear
can easily translate into factors of 2 differences in the laoge of effective biasp.s. The effective halo mass is then the mass which
the inferred HODs. satisfiesh(Meog) = beg Whereb(M,) is the mean bias of halos of

We stress that the goal of this paper is not so much the ex- massiM,, (e.g., Tinker et al. 2010). What exactly does this effec-
act values of the HOD presented in Figure 6 since these will de tive halo mass correspond to when considering samplespihatas

5.1 Comparison with Previous Results Based on Clustering
M easurements

5 Allevato et al. (2012) correct their HODs for incompleten@s L x but 6 Here we refer specifically to studies that infer halo masmftg as-
we attempt no such corrections here. The values quoted toeneXllevato suming thath(Meg) = begr. Studies that model clustering with an HOD
etal. (2012) are taken from their Figure 3 before any lumity@d redshift type approach may quote a mean, median, or a minimum haloinssad
evolution corrections of an effective halo mass.

(© 0000 RAS, MNRASD00, 000—-000
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Figure®6. Left Central and satellite halo occupation functions for outNd&&ample derived from mock catalogs based on our fiducial StdRel (solid lines).
Errors represent field-to-field variance for a COSMOS likevey Dashed lines indicate the occupation functions fogalaxies withlog;, (M) > 10.5.

The turn-over in the HOD aliog(Maooon) ~ 12 is set by thelog, o (M) >

10.5 cut that defines our AGN sample. The amplitude of the AGN HOD

({Ncen) ~0.01 - 0.06) indicates that X-ray obscured AGN from our sapily represent a few percent of all central galaxies in amgnghalo mass bin.
Right Comparison between the occupation function inferred foaimanalysis and a fit using a simple HOD given by Equationsi23an

wide range in halo mass? The effective bias measured byediugt
studies is:

b — J b(My)Nacn (M )n(My)dMy
o J Naan (M )n(My)dMy

4)

where Naan (M) andn(My) are respectively the mean number
of AGN and the number density of halos as a functiod6f (e.g.,
Baugh et al. 1999; Fanidakis et al. 2013). For our purposs, it
perhaps more clear to re-write Equation 4 so as to highligét t
AGN halo mass probability density functighaan:

Naan(Mn)n(My)

= 5

JaeN = o (Mnyn(My)dM, ©)
Using facn, Equation 4 simply becomes:

ber = /b(Mh)fAGN(Mh)th (6)

Written in this fashion, it is clear that/.g measured from
beg corresponds to a bias-weighted averagefofin. Halo bias
b(My) is not a simple linear function of halo mass. Broadly speak-
ing, b(My) is a shallow function at low halo mass and then rises
sharply at higher halo mass.§., Tinker et al. 2010). Hence\/.«
may be different than other, perhaps more useful averagdsasu
the mode, median, or mean valuefafan.

We now investigate the difference betwekfis, the median,
and the mean of our halo mass distribution. At our mean red-
shift of Zz = 0.7, our SHMR model predictd.s = 1.8 and
MY, = 5.0x10'% M. Hence, MSE, is roughly mid-way be-
tween the median and the mean halo masfefx.

Figure 7 compares our halo mass distribution withg val-
ues derived from clustering studies. We focus on samplegdhby
very roughly) span the same redshift and luminosity rangauas

(© 0000 RAS, MNRASD00, 000-000

(Coil et al. 2009; Allevato et al. 2011; Mountrichas et al13}.
We also compare with the results from Starikova et al. (2Git1)
0.5 < z < 1.0 which are inferred from the ratio of the projected
auto-correlation function integrated along and acrosslitree of
sight. The technique employed in Starikova et al. (2011)fferd
ent compared to the other studies mentioned above becausesit
additional information from the peculiar velocities of aliites.

Figure 7 shows that the halo mass values reported by previous
studies are typically larger than ours and tend to lie irwleen our
effective halo mass and our mean halo mass. Our results ast mo
different compared to Starikova et al. (2011) who reparti@imum
halo mas$, not an effective halo mass. However, our host sample
selection is also most different compared to Starikova.gRall 1)
who limit their selection to brighter hosts than we do. Thisgs
us to an important point, discussed in the following sectighnich
is that when comparing studies of AGN clustering — any cuts on
host galaxy mass/luminosity must be taken into accountuseca
host mass/luminositgorrelateswith halo mass.

7 Unless stated otherwise, we used a compilation of halo maaes pro-
vided in Table 2 of Fanidakis et al. (2013). For Allevato et(2D11), we

use their results from Table 3 of their paper for obscurecayXAGN at

z = 0.85. All halo masses have been converted to our mass definition,
Maoop-

8 Starikova et al. (2011) quote the halo mass that correspontie mini-
mMum Va2 (Maximum circular velocity) of halos that host an X-ray AGN
in their model.
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Figure 7. Left probability perlog;(Mapo1, ) that an AGN in our sample is hosted by a halo of m&6sg)g1,. The dotted, dashed, solid and dash-dot vertical
lines showM i, (Equation 2),M,eq, Meg and(Mogop, ) respectivelyRight comparison with with values inferred from studies of X-r$N clustering.
Previous results from clustering studies tend to lie inMeen our effective halo mass and our mean halo mass.

5.2 A Simple Selection Effect that Cannot be Neglected:
Brighter Hostslivein More Massive Halos

Studies of X-ray AGN clustering are typically limited to ghter
hosts simply due to the fact that such measurements reqpére s
troscopic redshifts. The samples we compare with in Figuaee7
typically limited to hosts with kg <21.5-23. More specifically,
Coil et al. (2009) make no explicit cut on host luminosity Huir
sample is roughly limited aRap < 22.6 due to the availabil-
ity of optical spectroscopy. The Allevato et al. (2011) AGahs
ple is limited to Lz <23 (with a spectroscopic completeness of
53%). Koutoulidis et al. (2013) make no explicit cut on hast |
minosity, but spectroscopic requirements drive an impbai on
host luminosity which varies between the different sunieytheir
compilation. Starikova et al. (2011) apply a host magnitoateof

I < 21.5 to their sample. There is not a one-to-one relation be-
tween stellar mass and optical luminosity, but to give sodea i
of the characteristic luminosity of our hosts, galaxies @SMOS
with log,,(M.) > 10.5 have a median magnitude bfiz ~ 21 at

z ~ 0.5. At z ~1 they have a median magnitudelofz ~ 22.6.

On average, hosts with brighter luminosities live in lardark
matter halos. In addition, samples defined by a fixed obsdrustl
luminosity threshold probe different stellar mass (herale mass)
limits as a function of redshift. We stress that these (somestim-
plicit) cuts on host properties need to be considered whempeo-
ing X-ray selected samples to one another, when comparing AG
samples selected at different wavelengths (e.g, X-ray A@isus
QSO0s), and also when comparing with theoretical predistfoom
SAMs or hydrodynamical simulations. Differences in AGN fum
nosities between samples are commonly taken into accoutt, b
cuts on host properties must also be considered.

5.3 TheDark Matter Environment of Moderate Luminosity
X-ray AGN Compared to UV luminous QSOs

The prevailing wisdom from clustering studies of X-ray AGH i
that moderate luminosity X-ray selected AGN populate group
sized dark matter halos with/, ~ 10'3M (e.g., Koutoulidis

et al. 2013; Fanidakis et al. 2013; Hutsi et al. 2014, to aite
few recent examples). In contrast, UV luminous QSOs in the 2D
and SDSS surveys are found to reside in lower mass halos with
My ~ 10'2Mg (Croom et al. 2005; dAngela et al. 2008; Ross
et al. 2009; Shanks et al. 2011). This environmental depeeda
has led to the suggestion that moderate luminosity X-ray AGN
and luminous QSOs may have different fueling mechanisgs, (
Fanidakis et al. 2013). In this scenario, QSOs are fueled frold-

gas reservoirs that are funneled to galaxy centers by caydst
events such as mergers or disk instabilities whereas mtediera
minosity X-ray AGN may be connected with an additional fogli
channel in which gas is accreted directly from a diffuseestat
massive dark matter halodf, > 10'? M@, the “radio” or “hot-
halo” mode).

Under closer consideration, however, the difference betwe
the dark matter environment of moderate luminosity X-rayMG
and QSOs may not be so clear. First, selection cuts on hgsépro
ties (see the previous section) must be taken into accopatt®-
scopic requirements impart different selections on hosp@rties
for X-ray and QSOs samples.{.,Hopkins et al. 2009) — this will
naturally lead to difference in the underlying dark mattistribu-
tions. Second, clustering studies often report a single hass
scale which may be difficult to interpret in the context of gphes
that span a wide range of halo masses.

The results of this paper favor a different picture for thekda
matter halos of galaxies hosting moderate luminosity XA&N.
Figure 4 suggests that most AGN in our samplaexddive in group
environments {4, > 10" M)—50% of the AGN in our sam-
ple are found in halos less massive thefge, ~ 3 x 1012 Mg
and hence live in relatively low-mass halos. Recently, Gpr&

(© 0000 RAS, MNRASD00, 000—-000
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White (2013) showed that a simple phenomenological model in
which QSOs live in a wide range of halos masses successiidly p [ ' ' ' ' ' ]
dicts both the QSO luminosity function and the two-pointreer 2.0k : Centrals ]
lation function from0.5 < z < 2. Taken together, these two re-
sults suggest that both QSOs and moderate luminosity X-ai{ A
may occupy halos in a relatively “normal” way compared tcagal
ies without active nuclei. The notion that they may shareilaim
dark matter environments calls into question the need féerdnt
physical mechanisms to explain the fueling of moderate hasity
X-ray AGN and QSOs.

f(log10 Mogon

5.4 Insightsfrom Galacticus SAM: Halo Mass Distributions
of Active Galaxies versus All Galaxies

2.0F

The approach adopted in this paper is valid if AGN populatican L —— Al 10.5<log(M.)<10.8 satelites ]
be described by varying a few simple parameters in the SHMR de L o=====- Active

scription for the overall galaxy population. How does thismis - —— 22}52‘840910(“"*)“1'1 ]
compare with theoretical models of AGN activity and which pa s All, 11.1<log(M.)<11.4

rameters in the SHMR are most likely to differ? To investitiiese S [ == Active

questions, we turn to the state-of-the art Galacticus SABhE®N 8

2012). We use Galacticus because its modeling of BH physics i
relatively realistic compared to other SAMs, comparablthde-
tailed BH evolution modeling developed by Fanidakis et201(1).
Specifically, for this work, we use v0.9.1 (revision 1456f3&lacti-
cus and the default set of parameters supplied with thatorera ' 115 12.0 125 130 135 140 145
description of the key features of this SAM relevant for thégper 10G15(M 100)

is given in the Appendix. The full details of the Galacticusdal

can be found in Benson (2012).

Our goal is not a one-to-one comparison between Galacticus Figure 8. Halo mass probability density functions for centrals (uppe
and our COSMOS results. Many aspects of the COSMOS data panel) and satellites (lower panel) from the Galacticus SAdlid lines
are not reproduced by this Galacticus model. For exampldisas ~ correspond to all galaxies in three stellar mass bins spgntfie range
cussed in the following section, the overall SHMR is diffare  10810(M«) = 10.5 to log; (M) = 11.4. Dashed lines correspond to
Also, at fixed stellar mass, satellites in Galacticus pdeutaore a sample of active galaxies selected to roughly mimic our ROS sam-
massive halos than in COSMOS. With these caveats in mind, we ple. Broadly S.'peal.“ng‘ aCt'\.’e gala?('e.s have similar halgswstributions
use Galacticus to investigate qualitative differencesben active compared to inactive galaxies of similar steflar mass.
and inactive galaxies that may be informative in interpggtour
observational results.

We select a sample of active galaxies from the Galacticus sim

14.0 T T T

ulation atz = 0.61 (close to our mean redshift af = 0.7) us- i COSMOS 2=0.66 /
ing the same host mass afid: cuts as our COSMOS AGN sam- [ == Fiducial Galacticus model o’ ]
ple. We do not however mimic the X-ray luminosity incomplete 135 ===""" E‘J%g:g';g‘@’ o W
ness in the COSMOS data. Figure 8 shows the halo mass distri- 3 [ =i = Faster merger rate . "\\\' 1
butions of active galaxies in three stellar mass bins coathéo § 13.00 = == = = Slower merger rate R 1
halo mass distributions for the overall galaxy populatibinere are o ,f ,o" 1
some small differences between these halo mass distnisutitor 2 i JRs

example, the central halo masses of active galaxies arerlasg E 12.5} ‘/' -
~0.15 dex compared to inactive galaxies in the lowest stelss ° i ]
bin (log,,(M.) ~ 10.6). Broadly speaking, however, the halo T L ]
mass distributions of active galaxies and inactive gatazie re- 12.0 7]
markably similar in this SAM. There is however one key diiece ]
between the two samples. The AGN satellite fractied®) is an 11.5 ) ]
prder of magnitude Iowgr than the saj[elllte fracltlon fomla?(les 105 110 115 120
in the SAM (note that this difference is not obvious from Fig8 Stellar mass log(M

which shows probability density functions).

The similarity between the halo mass distributions in Fégir
supports our approach of using a fiducial SHMR as a Startihg po Figure 9. Variations of the Galacticus SHMR with the star-formatidfi-e
to model this AGN population (at least when compared to this p ciency and galaxy merger timescales. Errors on the SHMRatelithe 1o
ticular SAM). The low satellite fraction of the active gajesample scatter in the model relation at fixed stellar mass and anersioaly on the
suggests hc;wever that in step three of our methodologydee- fiducial model for visual purposes. In this SAM, modifyingetaccretion
tiogg3) ! should'be left as 2 free parameter. The fa?that this efficiency onto black holes in radio mode only has a minorctftn the

! fsa_‘ ; p . ) . . SHMR and so these parameter variations are not displayed.

SAM predicts a much lower satellite fraction for active géds

compared to inactive galaxies also raises the possibifignoin-
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Figure 10. Impact of a few key parameters on the HODs of AGN selectedenGhlacticus SAM that have been roughly selected to mimicGiEMOS
sample. Note that we do not necessarily expect the Galadd€Ds to match the ones derived in this paper because outihaggalacticus model does not

reproduce the COSMOS SHMR. Our goal in this figure is to compalitative variations in the occupation functions.

teresting tension between this SAM and our weak lensindteesu

However, there are important differences between our datdhas

SAM that preclude a direct comparison. Above all, the SAMdsee

to better match other global properties of the galaxy distion
given the expectation that the same physical processesetipat
late galaxy growth may also affect AGN activity. To first ordhis
requires matching the galaxy mass function and its evalutiith
redshift — a non-trivial task (recent progress on this tdpide-
scribed by Vogelsberger et al. 2013; Benson 2014). In axdithe
AGN weak lensing signal is more sensitive to high satellitecf
tions than to low satellite fractions (Figure 3). An inteieg direc-
tion for future work would be to use a joint analysis of lergsand
clustering to pin dowrys,: With greater accuracy.

5.5 Insightsfrom Galacticus SAM: Physical Parameters that

Regulatethe AGN HOD

In Section 4.4 we derived the occupation functions for thGNA
sample (Figure 6). However, HOD functions are simply a stepp
stone towards the broader goal of improving observatiooal ¢
straints on mechanisms that fuel AGN activity. While a fuk-d
cussion is beyond the scope of this paper (for a related ssmu
using hydrodynamic simulations see Chatterjee et al. 200 2)is
section we provide a qualitative assessment of how AGN HODs
relate to theoretical models of AGN activity.

Figure 9 plots Galacticus SHMRs for X-ray AGN at~ 0.6
with the relation derived from the COSMOS data overlaid.eBiv
that the global SHMR in Galacticus does not match the datajove
not attempt a direct comparison but simply show how phyfical
informative parameters of the semi-analytic model mightbe-
strained by the AGN HODs. We vary the following key parameter
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related to AGN activity in Galacticus and show their relatim-
pact:

2) Star formation efficiency in burstslodels with efficiencies
10 and1/10 times the fiducial efficiency are considered. More ef-
ficient star formation in bursts tends to reduce the net docref
gas onto black holes (since gas becomes more quickly logkéd u
stars or ejected from the galaxy in winds).

3) Accretion efficiency onto black holes from the hot atmo-
sphere.Models with accretion from the hot atmosphere (which
drives the “radio mode” AGN) at ratd$) and1/10 times the fidu-
cial rate are considered. The radio mode accretion rateatsithe
efficacy of AGN feedback in the Galacticus model. We find how-
ever, that modifying the accretion efficiency onto blackedsoin
radio mode does not affect the SHMR because the strengtiiof ra
model feedback in this SAM is well above that required to com-
pletely shut down cooling in high-mass halos. As such, riedpihe
accretion rate (and, therefore, the feedback power) byge lec-
tor still leaves enough feedback power to shut down coolamg,
increasing feedback power makes no real difference (since o
cooling is shut down, more feedback can have no additiofed®f

4) Galaxy merger timescale§imescales for galaxy-galaxy
mergers (driven by dynamical friction and with timescalesne
puted using the fitting formula of Jiang et al. 2008) are \chbg
a factor10 above and below the timescales in the fiducial model.
Rapid merging of galaxies leads to more rapid build up of lblac
hole masses (both by direct merging of black holes and byrdyiv
gas into the spheroid where it may be accreted by the cenaeit b
hole).

Figure 10 displays the effects of varying these four parame-
ters on the Galacticus AGN HOD. One immediate point of irgere
here is that the genershapesf the HODs from Galacticus match
those found in this paper quite well. Most of the HODs dispthy
in Figure 10 would be relatively well described by Equati@rend
3 for Ncen and Ny, However, although the shape &t is well
described by a power-law, the overall amplitudeNof; is quite
low. As discussed already in the previous section, this isaifas-
tation of the fact that the satellite fraction for AGN is lowé@an
for galaxies in this SAM.

Figure 10 shows that radio-mode accretion efficiency has al-
most no effect on the AGN occupation functions. This is beedn
this SAM, radio-mode accretion mainly dominates for AGNHwit
lower luminosities. On the other hand, star formation edficy and
mergers have a large impact on the characteristic halo ncatsss
of the central occupation functions as well as on the anygitof
the satellite occupation function. Although we have notlesqul
this aspect in great detail, it is possible that a higher fetana-
tion efficiency reduces the HOD in lower mass halos becausésga
efficiently used up by star formation instead of accretintpdhe
black holes. A low star formation efficiency in bursts mayutem
an enhanced satellite contribution because there is nowe y&s
left in satellite spheroids to accrete onto their black hoknally,

a low merger rate for galaxies may reduce the central gala@@pH
in low mass halos due to the lack of major mergers which drage g
onto the back holes.

However, as can be seen from Figure 9, as we vary the star for-

mation efficiency in bursts and the Galaxy merger timescahes
SHMR also varies. As a result, it is difficult to know how mudh o
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to an interesting direction for future research. The sotutd this
problem will be to first calibrate the Galacticus model touaately
match the measured SHMR. Using MCMC techniques as described
in Benson (2014) would allow us to survey the entire model pa-
rameter space and locate those regions which adequateti that
measured SHMR. Sampling model parameters from these egion
of parameter space would then allow us to explore how the AGN
HOD depends on model parameters once the SHMR is fixed.

6 SUMMARY AND CONCLUSION

In this paper, we have developed a new framework for studying
black hole fueling may be tied to host dark matter halos bggyi
measurements of AGN host stellar masses to prior knowleoigat a
the SHMR. In contrast with previous work, which only conset
a single effective halo mass scale, the technique presaateccan
be used to infer the full halo mass distribution for AGN sagspl

HOD modeling of AGN populations is fundamentally limited
by model degeneracies driven by the fact that AGN may livedewi
range of halo masses with an occupation function whose gkener
shape and normalization are poorly knoveng(,Shen et al. 2013).
Faced with this difficulty, we propose that instead of tryingon-
strain a full HOD model from AGN samples, we can ask a more
simple, but no less fundamental question: how do AGN samples
differ from inactive galaxies of equivalent stellar massitsican be
achieved through a rigorous comparison of the clustergamgihg,
and cross-correlation signals of AGN hosts to the fiduciellat
to-halo mass relation (SHMR) derived for all galaxies,spective
of nuclear activity.

The key advantage of this approach is that by using large sam-
ples of galaxies that are complete in terms of stellar mdss, t
SHMR can be built with much higher accuracy than by using any
statistic measured from AGN samples alone. Statistics uneds
from AGN are only used to constradeviationsfrom the fiducial
model.

We have applied this technique to a sample of moderate lumi-
nosity ((log(Lx)) = 42.7) obscured X-ray AGN at < 1 from
the COSMOS field. Despite the small sample size (severalrednd
AGN) we demonstrate that our method can be used to constrain
AGN halo occupation statistics. For the first time, we meashe
galaxy-galaxy lensing signal of X-ray selected obscuredNA®/e
find excellent agreement between the AGN lensing signal hed t
prediction based on our fiducial SHMR. There is no evidenomfr
our analysis to suggest that AGN populate dark matter halos i
a different manner compared to galaxies with the sdme re-
gardless of nuclear activity. We discuss how similar testiiure
work could equally well be performed for the AGN auto-coat&in
function, or for cross-correlations between AGN and masgéd
galaxy samples.

In contrast with previous work which typically only pro-
vides a single effective halo mass scale, the techniquesipied
here can be used to infer the full halo mass distribution fGNA
samples. Contrary to conventional wisdom, our method stgge
that most X-ray AGN do not live in medium sized groups with
M, > 10" M. Instead, 50% of the AGN in our sample lives
in halos less massive thawg,,(Ma200) ~ 12.5 and hence in rel-

the change in the model AGN HODs is due to changing the nature atively low-mass dark matter halos. Ony60% of AGN satellites

of BH growth and activity and how much is due to simply chang-
ing the SHMR. In practice, we would need to only explore mod-
els with viable SHMRs to ascertain how these physical pseE®es
directly affect the growth and fueling of black holes. Thisnis
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are contained in halos witlog,,(Mao) > 13. We stress that
these values are specific to our particular AGN sample sefect
and that the lower halo mass limit described here is pripaet

by our choice to select an AGN sample with host masses above
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log,,(M.) > 10.5. Our work is consistent with moderate lumi-
nosity X-ray AGN occupying a wide range of halos masses. A
similar picture is supported for luminous QSO samples by-Con
roy & White (2013). Taken together, these two results sugipes
both QSOs and moderate luminosity X-ray AGN may occupy halos
in a relatively “normal” way, calling into question previ®glaims

for an environmental signature of distinct fueling modes@s0s
compared to moderate luminosity X-ray AGN.

We compare our results with previous halo mass estimates in-
ferred from X-ray clustering. We globally find that our preid ef-
fective halo mass (measured in a consistent fashion as wigkec-
ing studies) is lower than previous work. However, we aladgioa
that sample selection effects may be non negligible whefopar
ing such comparisons and need to be considered carefuligiest
of X-ray AGN clustering are typically limited to bright hassim-
ply due to the fact that such measurements require specpiasc
redshifts. As a result, samples from previous work are Bjpic
limited to hosts with k5 <21.5-23. In detail, there are important
variations in the selection functions applied to AGN sarafe-
tween different studies. Differences in the dark matteo futbtri-
butions between various groups are in fact expected—hoists w
brighter luminosities on average live in larger dark malti@ios. A
fixed I-band cut will also probe different host stellar masaedif-
ferent redshifts. We stress that these (sometimes imjpdicis on
host properties need to be accounted before meaningful @emp
isons can be made.

We derive the halo occupation functions for our sample and
show that they are well described by the same functional form
for galaxies but with an overall amplitude normalizationfaf ~
0.028. At group scales, the satellite occupation is well descrine
a power-law with a slope af = 1.

Finally, we investigate some simple models from the Galacti
cus SAM and find broadly consistent shapes for AGN HODs. How-
ever, in contrast with our lensing results, the SAMs prealicAGN
satellite fraction that is an order of magnitude lower coragdao
the overall galaxy population. This suggests a tensiontwovesti-
gating in future work using higher S/N weak lensing and @risty
measurements for AGN host galaxies.

ACKNOWLEDGEMENTS

We thank Phil Hopkins, Surhud More, and John Silverman for
insightful discussions while preparing this paper. We khé&u
Turner for valuable discussions related to statisticalhogs. \We
are grateful to lan Harnett for editing this manuscript. \Wank
Nikos Fanidakis for clarifications regarding halo mass ealin
Fanidakis et al. (2013). This work was supported by Worlditee
International Research Center Initiative (WPI Initia)iv&EXT,
Japan. AK is supported by the National Science Foundati@u-Gr
uate Research Fellowship, Grant No. DGE-1148900. FC adknow
edges financial support by the NASA grant AR1-12012X. RM is
supported by a Royal Society University Research FellgwsHR
was supported by JPL, which is run by Caltech under a contract
for NASA. ALC acknowledge support from NSF CAREER award
AST-1055081.

APPENDIX A: THE GALACTICUS SAM

In Galacticus, black holes are assumed to accrete from hetimt
terstellar medium in the spheroid of their host galaxy aredtbt

atmosphere of gas surrounding the host galaxy at rates rggver
by Bondi-Hoyle accretion (Edgar 2004) with a multiplicatipre-
factor designed to take into account the fact that the maakes dot
resolve the relevant length scales for accretion (Booth &age
2009). The nature of the accretion disk surrounding eadkfiale

is determined by the accretion rate onto the black hole. Ateac
tion rates below 1% or above 30% of the Eddington accretits ra
the accretion disk is modeled as a radiatively inefficieerget-
rically thick ADAF Narayan & Yi (1994), otherwise a radiagiy
efficient, geometrically thin Shakura & Sunyaev (1973) #ioluis
used. The evolution of black hole spin is also tracked, usirgy
method of Benson & Babul (2009) to account for spin-up by ac-
cretion and spin-down by jet production. During galaxy neesg
black holes are assumed to merge instantaneously. Theimgsul
merged black hole has a mass equal to the sum of the masses of
its progenitors and a spin computed using the method desthip
Rezzolla et al. (2008) assuming that the progenitor blatéshrave
randomly aligned spin vectors. In comparison with the blacle
evolution model of Fanidakis et al. (2011), our model igisattee
details of misaligned accretion disks—black hole spinsebploys

a more detailed model of accretibrin other respects, our model
and that of Fanidakis et al. (2011) are comparable in terntkeof
physics included and level of detail in the modeling.

Each galaxy therefore contains a supermassive black hdie wi
known mass, spin, and accretion rate. With the default param
ters of our model the correlation between black hole mass and
spheroid stellar mass (Haring & Rix 2004) is approximatedy
produced. The bolometric luminosity is computed from theckl
hole rest mass accretion rate and radiative efficiency fasduo
beeaa = 1 — Ersco(y) for a black hole of spiy accreting via a
thin accretion disk, wher&isco is the specific energy of material
at the innermost stable circular orbit of the black hole, leffior
a black hole accreting from a radiately inefficient thick r@tion
flow the radiative efficiency i9.01\/A¢nin Where\ is accretion
rate in units of the Eddington rate, angh;i, is the minimum such
accretion rate at which a thin disk occurs). An SED for an AGN
of this bolometric luminosity is then computed using the edod
of Hopkins et al. (2007). From this SED, a broad band lumimyosi
is computed in each X-ray band assuming a spectrum of the form
fv ox v* with @« = —0.4 as in the observational analysis.

Our COSMOS AGN sample is expected to be roughly ob-
scured by a mean column density/f; ~ 10%? cm~? with values
extending out taVy ~ 10** cm~2 (see Figure 2 in Lusso et al.
2011). Lusso et al. (2011) find a mean value\af ~ 102 cm™2
for a similarly selected sample of Type-2 AGN from the XMM-
COSMOS sample. In this Galacticus SAM, the X-ray lumingsity
Lx, is attenuated from a fixed overall column density (mimigkin
atorus + ISM) of Ny =10%? cm™2 assuming solar metallicity. The
photoelectric absorption cross-section per hydrogenrigoeed as
a function of photon energy using Wilms et al. (2000). Mu{tipg
by the hydrogen column density gives the net absorption asc f
tion of energy to the AGN.
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