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Abstract We study the statistics of large-separation multiply-ieéguasars lensed
by clusters of galaxies. In particular, we examine how thgeobed brightest cluster
galaxies (BCGs) affect the predicted numbers of wide-sdjmarlenses. We model the
lens as an NFW-profiled dark matter halo with a truncatedwargsothermal sphere
to represent the BCG in its center. We mainly make predistfonthe Sloan Digital
Sky Survey Quasar Lens Search (SQLS) sample from the Data&eb (DR5) in
two standard\CDM cosmological models: a model with matter denstyt = 0.3
andos = 0.9, as is usually adopted in the literatureGDM1), and a model suggested
by the WMAP seven-year (WMAP7) data with; = 0.266 andos = 0.801. We also
study the lensing properties for the WMAP3 cosmology in otdecompare with the
previous work. We find that BCGs in the centers of clustersiB@antly enhance the
lensing efficiency by a factor &f ~ 3 compared with that of NFW-profiled pure dark
matter halos. In addition, the dependence of mass ratioC@3Bto their host halos
on the host halo masses reduces the lensing rate &% from assuming a constant
ratio as in previous studies, but considering the evoluitthis ratio with redshift out

to 2 ~ 1 would reduce it by~ 3%. Moreover, we predict that the numbers of lensed
guasars with image separations larger th@hin the statistical sample of SQLS from
DR5 arel.22 and0.47, respectively fohCDM1 and WMAP7 and).73 and0.33 for
separations betwedi)”” and20”, which are consistent with the only observed cluster
lens with such a large separation in the complete SQLS sample

Key words: cosmological parameters — cosmology: theory — galaxiesstels —
gravitational lensing — dark matter

1 INTRODUCTION

Clusters of galaxies provide some of the most spectaculamples of gravitational lensing.
Theoretical work was performed even before the discove@®0 0957+561 (Walsh et al. 1979).
Cluster lensing entered the observational realm with teeadiery of giant blue luminous arcs rep-
resenting the images of background galaxies (Paczynski)lif&he clusters A 370 and Cl 2244
(Soucail et al. 1987; Lynds & Petrosian 1986). So far, hudsla@ arcs lensed by clusters have been
confirmed. However, the search for multiply-imaged quabgrslusters of galaxies has been less
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successful. The number of quasars lensed by galaxies haweckeoughlyl 50 now and the typical
image separation of these systems ranges fidfito 7 (Li et al. 2007). Lensing of quasars by
clusters of galaxies was finally observed with the discoeery confirmation of SDSS J1004+4112
with an image separation @ft.7” found in the Sloan Digital Sky Survey (SDSS) (Inada et al.200
Oguri & Keeton 2004). By now two quasar lenses by clusterg hwaen discovered from the spec-
troscopically confirmed quasars in the SDSS data. The ote was SDSS J1029+2623 with a
separation 0£2.5” (Inada et al. 2006).

The statistics of strong gravitational lensing can be usambhstrain the density profile of dark
matter halos (Keeton & Madau 2001; Wyithe et al. 2001; Takhh& Chiba 2001; Li & Ostriker
2002; Oguri et al. 2002; Huterer & Ma 2004; Kuhlen et al. 20B8énnawi et al. 2007b; Li et al.
2007), the abundance of massive dark matter halos (Naray#hig 1988; Wambsganss et al. 1995;
Kochanek 1995; Nakamura & Suto 1997; Mortlock & Webster 200®pes & Miller 2004; Chen
2004; Oguri & Keeton 2004; Hennawi et al. 2007a; Li et al. 200& Chen 2009), or cosmological
parameters (Mortlock & Webster 2000b; Mitchell et al. 200%)ose aspects have been studied using
giant arc statistics where the sources were galaxies (Bwatm et al. 1998; Oguri et al. 2003). The
analysis of the statistics of lensed quasars and that of gias in fact complement each other in
several ways (see Oguri & Keeton 2004, for more detailsha@lgh there are many examples of
galaxies lensed by clusters, large-separation lensechargihave several advantages over arcs as
a cosmological probe (Inada et al. 2006). First, the pok&-$tructure of quasars and their well-
understood redshift distribution can make the large-s#jmar lensed quasars much cleaner probes
of cosmology and structure formation models (e.g., Oguri&eton 2004; Hennawi et al. 2007a),
while the statistics of arcs remain contentious (Bartelmetral. 2003). Secondly, the time-variability
of quasars allows the measurement of time-delays amonguligpha lensed images, thereby giving
a priori knowledge of the Hubble constant (e.g., Kochaneb220In this paper, we use quasars as
lensed sources to study the properties of gravitationaliherby clusters of galaxies.

The mass density profile of clusters has been a debated Adfiiough a typical value for the
inner slopes of clusters ranges frénT to 1.5 (Schmidt & Allen 2007), the inner slope and the
concentratiore,;, have been particularly controversial, with different ggewbtaining totally con-
trary results even for the same clusters (e.g., Bullock.&xG01; Broadhurst et al. 2005; Smith et al.
2005; Gavazzi et al. 2005; Zappacosta et al. 2006; Schmidtl@én/007; Umetsu & Broadhurst
2008; Bradac et al. 2008; Tu et al. 2008; Limousin et al. 2088vman et al. 2009). In addition, the
stellar mass of the central galaxy is often neglected siriseégarded as a negligible contribution to
the total mass. However, this is not the case in the innerrag&in where the gravitational potential
is dominated by baryons (Ahn et al. 2007).

A number of studies made predictions of the abundance oélaegaration lensed quasars by
dark matter halos on cluster scales. Oguri & Keeton (200#)tpd out that the triaxiality of dark
matter halos systematically enhanced the lensing prababiyl a factor of2 ~ 4, assuming dark
matter halos with NFW density profiles. In addition, the insguctures of dark matter halos were
proposed to be modified by introducing baryonic cooling amdgression (Porciani & Madau 2001;
Kochanek & White 2000; Sarbu et al. 2001; Oguri et al. 20021C2003b,a; Bowman et al. 2004).
Some studies involved supermassive black holes (SMBHs$leaténters of galaxies to explain the
influence of baryons on gravtitational lensing (e.g., Maale2001; Chen 2003b,a; Ahn et al. 2007).
Recent observations show that very luminous galaxiesegsithe deep potential wells of clusters
of galaxies and several groups (Hennawi et al. 2007b; Li.2@07; Sommer-Larsen & Limousin
2010) adopted numerical simulation methods to accounthereffects of such brightest cluster
galaxies (BCGs) and demonstrated that the introductiorGB8to dark matter halos increased the
lensing probabilities by 50%. Hennawi et al. (2007b) and Li et al. (2007) regarded the metss
of BCGs to their host halos to be a fixed value for simplificatilm this paper, we discuss in detail
the effects of BCGs on lensing efficiency and compare theigeai numbers of large-separation
lensed quasars as a function of image separation in threeodogical models.
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The remainder of this paper is organized as follows. In 8a&iwe describe the basic formulism
of gravitational lensing. In Section 3 we give the overadiués of our work. In Section 4 we present
discussions. In this paper we adopt three cosmologies: dpalar concordance cosmology with
Qn = 0.3, Q4 = 0.7, 08 = 0.9 andh = 0.7 (ACDM1), the cosmology favored by the seven-year
Wilkinson Microwave Anisotropy Probe (WMAP) observationgh Qy; = 0.266, Q5 = 0.734,
os = 0.801 andh = 0.71 (WMAP7) and also the WMAP3 cosmology withy; = 0.238, Qx =
0.762, 0g = 0.74 andh = 0.73 in order to compare with Li et al. (2007).

2 LENSING BASICS
2.1 Therectical Model and Lensing Equations

The lensing probability is extremely sensitive to the masssity profile of the lens, which is char-
acterized by the inner density slopeln previous work the inner slope was modified by introducing
a BCG in the center of a cluster and Hennawi et al. (2007b)tifiexhthe effect of BCGs on cluster
lensing efficiency under the assumption that the mass rlB&Gs to their host halos was a constant
value. However, since lensing rate is very sensitive to tiner density slope, we should carefully
handle BCGs which occupy the innermost region of clusters.

We place a BCG in the potential center of each cluster andhassioe correlation between the
mass of BCGs to that of their host halos follows the relatigm$§Wang & Jing 2010)

2

[ —3
(%) + ()
where M, is the mass of the BCG anilllf is the mass of the host dark matter haldgy, «, £
and k are parameters. The best fit model to the SDSS observatiothédsllowing parameters:
My =4x 10" b= Mg, a = 0.29, 8 = 2.42 andlog k = 10.35. We also consider the evolution
of mass ratios of BCGs to their host halos with redshift byuasag the double power law form
as described in Equation (1) and that the host midsand the corresponding paramekeevolve
with time linearly (Wang & Jing 2010). The model has paramefd, = 3.21 x 10" h=! My,
log k = 10.17 at redshift: = 0 andM, = 4.34 x 10 h=! M), log k = 10.15 at redshiftz = 0.83.
For halos at redshifts larger thar83, we assume the same mass ratio relationship as that atftedshi
0.83. The scatter of the mass of BCGHI},, at a given masd/ of their host halos was described
with a Gaussian function, but for simplification we do not sidker the distribution.

Baryonic effects should be substantially weaker in galdugters than in galaxies and density
profiles outside the innermost cores should still reflecs¢hof typical CDM halos found in nu-
merical simulations (Comerford et al. 2006). Therefore,BICG is modeled as a truncated singular
isothermal sphere (SIS), which accurately representsgtemsing by an elliptical galaxy (Hennawi
et al. 2007a), with a mass density

My, = X ka (1)

o2 1

plr) = 2nG 12’ @)

whereo, is the velocity dispersion (Turner et al. 1984). In the alosef a theory of BCG formation,
we scale the velocity dispersions of BCGs with the massesud chatter halos. Normalizing this
relationship to the Coma cluster gives (Hennawi et al. 2007b

o [ M \T -
300 kms=1  \ 1055 Mg ’

wherelM is the mass of the host dark matter halo.
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The truncation radius is given by Hennawi et al. (2007b)

GM,
max — &8 _ 5 - 4
" 20,2 “)
We model the cluster component as an NFW profile which wasqgs®ghin cosmological N-
body simulations (Navarro et al. 1997) with a mass density
3
PsTs
r)= — 5
P( ) . (’I’ n Ts)2 ( )
whereps andrg are constant with respect to radius. Heyés the scaled radius of the dark matter
halo which is also used as the length scale in the lens plane.

For a dark matter halo with an NFW profile, its mass diverggatithmically as* — oo. We
define the mass of a halo to be the mass inside a sphere witlth thie average mass densityis
times the critical density.,;; of the universe. Correspondingly,;, is the virial radius defined as
the radius of a sphere at which the average density interibig greater than or equal i, times
peris and we obtain (see Navarro et al. 1997; Li & Ostriker 2002)

Svi Cyir”
s — - cri Q 1 3 Q — 6
P, 3 Perit,0 [ m(142)°+ A} f(cvir)’ (6)
and .
1 3M 3
S = — 3 7
: Cvir (47T5virpcrit,o Qar(1+42)3 + QA]) )

wherecyi; = ryir /75 IS the concentration parameter afittyi,) = In(1 + cyir) — cvir/(1 + Cyir)-
Once we know the concentration parametet, ps andrs can be determined for a halo with mass
M.

The lensing selected cluster samples are likely to showfigignt concentration bias (Hennawi
et al. 2004). Since the cross section is a steep functionustenl mass, it is desirable to first nor-
malize out the mass dependence of cluster concentratiars. Wk should consider the distribution
of cyir/cvir (M), Wherecy; (M) is the median concentration parameter and the virial ovesitieis
Svir(2) = (1872 + 822 — 3922) /(1 + =) , with x = Q/(2) — 1 (Hennawi et al. 2007b). In prac-
tice, we do not implement this distribution but assume thidtalos with the same masses have the
median concentration parameter. In addition, the massararation should decline with increasing
cluster mass because in the hierarchical model massiveedusrm later, when the cosmological
background density is lower. We adopt a fitting formula gilbgrHennawi et al. (2007a):

12.3 / M\
vir M) = B 8
carlM) = 7775 <M*) ®

whereM, = 1.3 x 10*® h~! M, is the nonlinear mass at= 0 for our cosmologies.
The total surface mass density for an NFW halo with a BCG igrigvitational potential center
can be calculated analytically

¥(z) = ¥pm(z) + Epca (@), 9)

wherex = £/r is the dimensionless position vector of a pointin the leasipland is the physical
position vector in the lens plane. As the density profile &f lins model is spherical, we can use
x = |x| to take the place ok in Equation (9).Xpwm () is the surface mass density of the NFW-
profiled dark matter halo andpcc () is that of the center BCG, given by Li & Ostriker (2002)

Soule) =2, [ (4 22) H @+ ) 4] e (10)

0
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and )
UV Tmax Tmax
= < 2=
Ypca(x) Oz arctan o szl < - (11)
The lensing equation is given by
- (12)
xZ

wherey = |y| andy = n/(rsD§/D}) is the dimensionless position vector of a point in the
source planeD4 and D#* are the angular diameter distance between the source amisieever
and between the lens and the observer, respectively. @omdmgly,n = |n|, with n being the
physical position vector in the source plane and

xT E /
a(z) = 2/ (@ )x'da:' , (13)
0 ECr
whereX.., is the critical surface mass density defined by (Turner etG84)
c? D&
Yor = ——= s 14
=G DADR, (14)

WhereDﬁS is the angular diameter distance between the lens and threesduote thatDi +#
D{ + Di.
Inserting Equations (9), (10) and (11) into Equation (13),aktain the lensing equation for this

NFW+BCG density profile lens model

y =z 9@+ @) (15)

X

wherey, represents the strength of an NFW halo to produce multipégyas and is defined by Li &
Ostriker (2002)

4psrs
o=, (16)
Ccr
andg(z) is given by Bartelmann et al. (1998)
\/%1 arctan Va2 — 1 (x>1),
xZ o=
g(z) =1In 5 +<1 (x=1), a7)
\/ﬁarctanh\/l—ﬁ O<z<l1).
The functionay, (z) is given by
2 * rmax
ap(z) = Tf?OT/o arctan mdm’, (18)
where¢ is defined as
oy \2 DA DA
go=dm (Z) LA, (19)
S
and note that from Equations (14) and (19) we have
2
Oy
§o = oy (20)

Multiple images are formed if and only if the sources are imithe caustics, nameljy| < y.,,
wherey., = |y(zer)|; zer > 0 is determined byly/dx = 0. For each set of images, we define
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the dimensionless image separatibto be the maximum separation between any pair of images.
This is a convenient definition that depends only on obséevgiantities and is well defined for all
image configurations. In our case, image separation isetlezg the splitting of two outer images.
When|y| < y.., there are three real roots of the lensing equatigns x-» > x3 andd = r,Az/D2,
whereAx = x; —x3. The value ofAx is insensitive to the value gfwhen|y| < y.,. So in practice,

we can use\x = 2z, wherex is the positive root of)(z) = 0. Then for a lens with mask/ at
redshiftz, the cross section in the lens plane for image separétior, is

a(0; M, z) ~ wyfrrsg, (22)
where the image separation is given by
9 ~ 21707’5 (22)

DA
2.2 Magnification Bias and SQLS Sample

The magnification bias is one of the most important elemenpsedicting lensing probabilities. We
must take a proper account of the effect of lensing biases€fiet al. 1984; Kochanek 1995; Oguri
& Keeton 2004) to compare theories with observations. Aditgy to Oguri & Keeton (2004), we
not only count the sources but also weight them appropyiatedl the biased cross section can be

written as
¢(L/p) 1
o(L) u’

where the integral is over the multiply-imaged region ofgbarce plane. Hergeis the magnification
which can be chosen as total image magnification or the magtidn of the fainter or brighter
image depending on the observational quasar selecti@rtiardnds(L) is the luminosity function
of source quasarsy andY are dimensionless coordinates on the source plane.

Statistical analysis of lensed quasars requires a largedeghed lens sample that is selected
from a well-understood source population since strongitgnprobabilities are very sensitive to
the volume from the source to the observer. We adopt thet I82SS Quasar Lens Search (SQLS)
for the strongly lensed quasars statistical sample, whiak @onstructed from spectroscopically
confirmed quasars in the SDSS Data Release 5 (DR5). Otit4#9 quasars in DR5, the complete
sample consists a$6 287 quasars which are located in the redshift rafde < 2z, < 2.2 and
are brighter than the Galactic extinction correctdzthnd magnitude of9.1. A statistical sample
of 19 lensed quasars was derived at image separations betWesamd 20” and:-band magnitude
differences between the two lensed images were smalleritRarmagnitude, which is larger than
107°5 in terms of flux ratios of faint to bright lensed images. Egg of these lenses are galaxy-
scale lenses and one is a large separatidrv{) system which is produced by a massive cluster of
galaxies. In addition, the Data Reledsgpectroscopic quasars contain additional lensed quasars
outside the complete SQLS sample.

In order to match the selection function of the SQLS lenseasgu sample, the integral in
Equation (23) is performed over the region where the fluorattfaint to brightimages is larger than
10795 (Oguri et al. 2008). With the increasing number of high réfisfuasars that were discovered
in surveys with well-defined selection criteria, evidenasvalso found that the strong power-law
evolution did not continue beyond source redshift- 2 (Boyle et al. 2000). Thus we adopt the dou-
ble power law luminosity function constrained from the canalbion of the SDSS and 2dF (2SLAQ),
namely the 2SLAQ+Croom et al. (2004) model in Richards €P&I05) as our fiducial model (Oguri
et al. 2008)

Bo = / dXdy (23)

_ .
o(My) = 100-4(1=0n) (Mg —=Mg) | 100-4(1=5)(My—M3)’

(24)
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M} (z) = M;(0) — 2.5(k1z + k22?), (25)

with the parameters of¥,, 31, ¢, M;(0), k1, k2)=(3.31,1.45].83 x 10~5(h/0.7)*Mpc ™~ *mag~*,
—21.61 4 5log(h/0.7), 1.39,—0.29). The luminosity function is defined in terms of rest-frapge
—band absolute magnitudes: we convert it to the obseivmhd apparent magnitudes using the
K-correction derived in Richards et al. (2006). Since thraihosity function was derived assuming
Qu = 0.3 and, = 0.7, we adopt this set of values of cosmological parameters tgpcive the
absolute magnitudes no matter what cosmologies we corfsidére residual analysis.

In practice we use the cumulative luminosity function

@(L):/ ¢ (zs,L)dL, (26)
L
to calculate the biased cross section
_ ®(L/p) _/ ®(L/p)
Bo_/dXdY 7 =y (L) dy. 27)

The integral is performed over the region where the flux ratifaint to bright images is larger than
10795, Furthermore, the SQLS quasar sample adopts quasars widistiaextinction corrected
(Schlegel et al. 1998)band magnitude$5.0 < i, < 19.1, so we change the upper and lower
limits of the cumulative luminosity function in Equation®Rcorrespondingly. Since lens models
are circular, the integral is reduced to a one-dimensional o

In addition, i is taken to be the magnification of the brighter image dependin the SDSS
guasar target selection method. The SDSS quasar targetiselm Richards et al. (2002) used the
Point Spread Function (PSF) for the magnitude limit. Whenithage separation is larger thant
arcsec, the PSF magnitude of the targeted quasar shouldugklycequal to that of the brighter
image (Oguri et al. 2006).

2.3 Lensing Probabilities

Consider the probability that a quasar at a certain redshtstrongly lensed. The lensing efficiency
with image separation larger théns given by

Y 3dDr, /°° dn
P(>6;z) /0 (1+2) & o, dMBadM, (28)
where Bo is the biased cross section ahy, is the proper distance from the observer to the lens
object. The lower limit of the second integrdl (¢) is the mass of a lens with an image separation
6 at a given redshift. Calculations show that the lowest massid{6) capable of producing a
separation ofl0 arcsec is on the order df0'* A= M, in the context of this paper. The mass
function of dark matter halogn/dM, is given by

dn _po [20(2) A T 0C(2)
av - MV 7T AZ am A2 |

(29)

whereA? = A2(M,z = 0) is the present variance of fluctuations in a sphere congiaimean
massM andd.(z) is the density threshold for spherical collapse by redsh(Ei & Ostriker 2002).

The approximation of the redshift distribution of quasarsaiGaussian distribution and the
results using these approximations agree well with thosaimdd by fully taking account of the
observed redshift and magnitude distributions (Oguri & t§ae2004).

(25 — 1.45)2

1
p(z)dzs = 57 exp {_ 2 % (0.55)2

] dzs, 0.6 <z25<2.3. (30)
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Hence the lensing probability with image separation latgené is

2.2
P(>0) = /06 p(zs)dzs P(> 0; zs). (31)

3 RESULTS
3.1 Dependence on BCGs

We change the mass ratio of BCGs to their host dark mattestialexamine how the correspond-
ing lensing probabilities vary. First, we take the mass of8Qo be a fixed fraction of their host
halos, i.e.M;,/M is a constant value regardless of the mass of host halos éndata the lensing
probability. Then we can plot the lensing probability as adhion of M, /M, as shown in Figure 1.
In this example, we adopt theCDM1 cosmology, place the sources at redshift= 1.5 and com-
pute the probability for image separations larger thah, which is close to that of the discovered
large-separation lensed quasar SDSS J1004+4112 withtengptf 6 = 14.7” (Inada et al. 2003)
and also for image separations larger théfy, 20” and25”.

As we change the mass rafld,, /M, the corresponding variance tendencies of the total lgnsin
probabilities are similar in the four situations where iraaggparations are larger thaf’, 15",
20" and 25”. For My/M — 0, we recover the NFW case. As mass ratify /M increases, the
total lensing probability rises in all the four cases witffetient image separations. The significant
dependence of lensing probability on the varying distrdoubf this mass ratio indicates that it might
not be appropriate to assume a fixed mass ratio regardldss ofdss of dark matter halos, especially

for gravitational lensing on cluster scales (see Fig. 2).Wiedevelop discussions on this issue in
the second part of Section 3.

| NFW+BCG

n
[
LI ACDM1
x.
%
J
[
o
x.
—~™M
b= L
A
|
iy
o
x.
N
o |
]
o
A 8

o " " " L4 aal " "
107 2x10™* 5x107* 1073 2x1073
My/M

Fig.1 Predicted lensing probabilities of lensed quasars witlusgipnd > 10" (solid line), 0 >
15" (dot-dashed line), > 20" (dashed line) andd > 25" (dotted line) as a function of mass ratio
of BCGs to their NFW-profiled host dark matter haldd;, /M, in ACDM1 cosmology. The lens

is modeled as an NFW-profiled dark matter halo with a trurt&kS representing the BCG in its
potential center.
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0.01

M,/M
5x1073

n n n n 1 n n n n n n n n 1 n n n n
13 13.5 14 14.5 15

log(M/Mg)

Fig. 2 Mass ratio of the BCG to its host dark hald, /M as a function of the mass of host hald,
according to Eq. (1) (Wang & Jing 2010).

NFW+BCG NFW

Fig. 3 Caustics and critical curves for a typical cluster whichsists of NFW-profiled pure dark
matter with mass\/ = 4.5 x 10" h~' M, at redshiftz = 1.0 and for the same cluster with a
BCG in its potential center. The top panels show the souraegsl and the bottom panels show the
corresponding image planes.

In addition, working in dimensionless coordinates of thesland the source planes, we calculate
the critical curves and caustics for a typical cluster cstive) of NFW-profiled pure dark matter with
massM = 4.5 x 10'* b= M), which is the median value for the cluster lens sample (Henna
etal. 2007a) at redshift= 1.0. Furthermore, we also work out the corresponding critioaVes and
caustics of the cluster which include a BCG (modified as acinted SIS) in its gravitational potential
center. The results are shown in Figure 3. It can be seenhbdiaryonic matter can significantly
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enhance the cross section for a single cluster. This is pmaadause the cross section is sensitive to
the inner slope and the addition of the BCG increases the slope and thus the cross section.

3.2 Statistics of Lensing Probabilities

We consider the full influences of BCGs and the redshift ihistion of source quasars to compute
cumulative lensing probabilities of large-separatiorskzhquasars for the SQLS quasar sample. The
first important result is that BCGs located in the dark matt@ios can dramatically enhance the
lensing probability of large-separation quasar lensaspased to pure dark matter clusters of NFW
profiles. The total enhancement is a facto2oef 3 among image separatioh8” < 6 < 30”. This

is consistent with the previous work from Oguri & Keeton (2D@nd Hennawi et al. (2007b). Oguri
& Keeton (2004) pointed out that for pure dark matter halbs, triaxial model predicted larger
lensing probabilities for multiply-imaged quasars withearthancement of a factor @f~ 4 over a
spherical NFW model. Given these findings, for NFW-profiladdmatter halos, both triaxiality and
BCGs enhance the overall lensing probability to the sameegeddennawi et al. (2007b) showed
that BCGs increased the lensing probability 38/ and they used full ray-tracing simulations to
calculate the number of multiply-imaged quasars by clusiteed pure dark matter halos versus
clusters including BCGs. Another interesting result ist tie redshift distribution of quasars has
a small effect on the whole lensing probability. Moreovie evolution of the BCG-to-host mass
ratio with redshift extending te ~ 1 also has a small influence on lensing probabilities. However
the varying distribution of the mass ratio influences thaileg efficiency to a non-negligible extent,
when compared to the mass ratio taken to be a fixed fracticardézss of the mass of dark matter
halos as Hennawi et al. (2007b) and Li et al. (2007) did.

Many studies of clusters of galaxies preferred the NFW dgmsbfile (e.g., Comerford et al.
2006; Voigt & Fabian 2006; Sommer-Larsen & Limousin 2010) are also adopt it as the profile
of dark matter halos, but our study shows that the effect o6BCannot be ignored, as shown in
Figures 1 and 4.

We integrate over a redshift distribution as in Equation) @id consider the masses of BCGs
as in Equation (1). Note that the mass ratios of BCGs to thast halos are not a constant value, see
Figure 2. We calculate the lensing probabilities of largpasation lensed quasars in th€ DM1
cosmology with and without considering the total effectBGIGs. The expected cumulative number,
N, of quasar lenses for the SQLS sample from DR5 is shown agtidarof separatiofl in Figure 4.
From the figure, we can see that the expected numbers of geasas with separatioh> 10" in
the SQLS sample from DR5 which contains 36 287 quasars.a2efor the ACDM1 cosmological
model and).73 for 10” < 6 < 20”, which are consistent with the only observed quasar lensSSDS
J1004+4112 with9 = 14.7” in the complete sample. However, for the WMAP7 cosmologg, th
predicted numbers reduce@al7 for 6 > 10” and0.33 for 10” < 6§ < 20”.

We also calculate the dependence of lensing probabilitigh® redshift of the source quasars.
One interesting result is that the effect of the redshiftritigtion of the source quasars on the whole
lensing probability is less than several percent compared the sources being placed at redshift
1.5. The small effect is mainly because the redshift distridouts a Gaussian function and the mean
value of redshifts id.5 (a standard deviation 6X.55), which means most of the source quasars are
at redshiftz;, = 1.5. Given this knowledge, we hereafter place all the quasats at 1.5. Note
that the lensing probabilities are in fact very sensitivth®redshift of the source quasars. We place
all the quasars at the same redshift instead of considengig tedshift distribution and calculate
the lensing probability of image separation larger thatin the ACDM1 cosmology. Roughly, the
probability increases as the sources are placed at higtiehifeas expected. Moreover, the lensing
probability of image separation larger thas” for all quasars fixed at redshift = 2.0 is about
two times that of all quasars fixed at redshift= 1.5. Bearing these in mind, it is very important to
identify the median value of the quasar redshift distrituoiti
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Fig. 4 Theoretical cumulative number of large-separation lewgedars as a function of image sep-
arationd for the SQLS sample from SDSS DR5 in thA€DM1 cosmology. The heavy solid line
shows the only observed large-separation cluster lens ID@®BH+4112 of = 14.7” in the com-
plete quasar sample. The dashed line and the dash-dotéeshiaw the results for the NFW+BCG
and the NFW lens models, respectively. As a comparison, thiedl line shows the results for
the NFW+BCG lens model where the mass ratio of BCGs to thest halos is a constant value
(M, /M = 0.003) regardless of the mass of host dark matter halos.

Animportantresult is that the distribution of the massarafiBCGs to their host halos according
to Equation (1) can reduce the cumulative lensing prolgtil 20%, when compared to assuming
the mass ratio to be a fixed fraction@b03 as Hennawi et al. (2007b) and Li et al. (2007) did; thus
the effect of the distribution of mass ratio on the lensingbability cannot be ignored.

Figure 2 shows the mass ratio of BCGs to their host halos as@ifum of the mass of host
halos. On cluster scales, the mass ratlg/M roughly reduces as the mas$ of the host halo
increases. When the mass ralify, /M is 0.003, it requires the host halo to have a corresponding
mass of aboutt x 10'* K= M. For a dark matter halo with a mass more than that, the mass
ratio is less thaf.003 as can be seen from Figure 2, which means that the mass of ¥enB&G
in the innermost region is actually much less tliadD3 M/ and the lensing rate is expected to be
reduced compared to a fixed mass ratid.6f)3. Moreover, for dark matter halos with masses more
than several0'* h=! M, which contribute the most to the large-separation lenbesptass ratio
is only 0.001 or even less. Armed with the knowledge that lensing prolighd very sensitive to
the mass ratio in the first part of Secti@nespecially to those less than 0.001 and that for wide-
separation lenses, large mass dark matter halos conttheit@ost to lensing probabilities, so we
cannot suppose the mass ratio of BCGs to their host dark alws a fixed fraction. In particular,
we cannot assume the mass ratio to be a constant value of Sifi#it overestimates the mass
of BCGs and atrtificially enhances the lensing probabiliiguFe 4 shows the cumulative lensing
probabilities as a function of image separatibfor considering the varying distribution of mass
ratio and for a constant mass rafify, /A = 0.003. In this example, we place all the quasar sources
at redshiftz; = 1.5 and still adopt theACDM1 cosmology. We can see that, on average, lensing
probabilities are reduced 0% when we take into account the distribution of mass ratio from
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assuming a fixed ratidf;,/M = 0.003. Therefore, the distribution of mass ratio of BCGs to their
host halos according to Equation (1) has a non-negligiliéeebn lensing probabilities and is very
important in the quantification of the effects of BCGs on laggrobabilities.

Finally, we calculate the effects of the evolution of BCGhtst mass ratios with redshift on
the lensing efficiency. This time, we still place all the carasat redshift, = 1.5 and work in
the ACDM1 cosmology. It is feasible to take into account the etioluof BCGs out to redshift
0.83 as described in the evolution model and not to consider tioduton beyond redshiff.83
in this example where the sources are sef;at 1.5. The lensing probability peaks when lenses
are at redshift = 0.5 and lenses with redshift3 < z < 0.6 contribute more tha80% of the
total lensing probability. Our calculations show that tivelation of BCGs with redshift reduces
the lensing efficiency by abodt’. One explanation for the small effect of the evolution of BECG
with redshift on lensing efficiency is that since we are coned with large-separation images which
are believed to be produced by high mass clusters with ne83Gs, the mass ratio of BCGs to
their host halos towards the high mass end does not chandge aatito redshift 1.5 (Wang & Jing
2010). However, more quasars at higher redshifts will benkesl in the future and the mass ratios
of BCGs and their host halos on cluster scales are largeghtreidshift (Behroozi et al. 2010), so
the evolution of BCGs with redshift should have a more sigaiit effect on the lensing efficiency
at high redshifts.

3.3 Cosmological Dependence

We also calculate the lensing probability in the cosmologgwed from the most recent seven-year
WMAP data (WMAP7 cosmological model) and in the WMAP3 cosogital model.

"
L\

SaLs |

| \ SQLS(DR3/DR5) ~ — - AcDM1 |
\ Tt WMAP7
\ S WMAPS]

N(>8)

#(arcsec)

Fig.5 Predicted cumulative numbers of large-separation lensadags as a function of image sep-
arationf in the ACDM1, WMAP3 and WMAP7 cosmologies. The heavy solid line skdke only
observed large-separation cluster lens SDSS J1004+414&8 aomplete SQLS quasar sample from
SDSS DR3 or DR5 (both contain only one lens for large-sejmaratThe thick lines are predictions
for the SQLS sample from DR5 with6 287 quasars and the thin lines are for the SQLS sample from
DR3 with 22 683 quasars.
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Figure 5 shows the cumulative number of lens systems as ddaraf image separatiofh for
those cosmologies. In this endeavor, we still place all theesgrs at redshitt, = 1.5. The predicted
numbers of lensed quasars in the SQLS sample from DR5 withgersaparatiod > 10" are0.29 in
the WMAP3 model an@.47 in the WMAP7 model, much less than that in th€ DM1 cosmology,
which is1.22. Also, the expected numbers of lensed quasars for the samitple 0 < 6 < 20"
are0.10, 0.33 and0.73, respectively for WMAP3, WMAP7 andCDM1. In the SQLS samples
from DR3 and DR5, each has one lensed quasar with sepatdtion 6 < 20”. On the whole, the
ratio of lensing efficiencies between WMAP3 ahn@DM1 is1/5 ~ 1/10 for 10” < 6 < 20" and
1/3 ~ 1/4 for WMAP7 overACDM1. The reductions are mainly because of the smalig.801
in WMAP7 cosmology an@.762 in WMAP3 cosmology, bu®.9 in ACDM1 model) and lowef2y
(0.266 in WMAP7 and0.238 in WMAP3, but0.3 in ACDM1 model).

4 SUMMARY AND DISCUSSION

In this paper, we calculate the expected number of muliiplgged quasars lensed by clusters of
galaxies in the SQLS sample from SDSS DRS5, which is a completedefined sample for the
statistical analysis of quasar lenses. We work in three otmgies, theACDM1 cosmology and two
cosmologies derived from WMAP three-year and seven-yeia. @aevious studies were made by
Hennawi et al. (2007b) and Li et al. (2007). Our work exterdsrtstudies by making a detailed
analysis of the effects of BCGs on gravitational lensingbattilities, by adopting the most recent
cosmology determined by WMAP data and by using a complet@ksasuitable for statistical anal-
ysis.

In the frame of theACDM1 cosmological model in the paper, a spherical NFW-pedfitlark
halo with a BCG (modified as a truncated SIS) located in itd¢areran explain strong gravitational
lensing, in particular lensing probabilities. Pure darkterchalos with a circular NFW density profile
have a low efficiency in producing lens systems, but the ofeskbaryonic matter, here character-
ized by BCGs, can enhance the lensing probability by a famft@r ~ 3. This is equivalent to the
enhancement made by triaxiality of dark matter halos, wisclpproximately2 ~ 4; thus BCGs
cannot be ignored in calculating the lensing efficienciestddver, the lensing rate predicted by our
lens model considering both dark matter and baryonic mattevay circular NFW+BCG, matches
with the observations when we adopt the SQLS sample from DRé& predicted number of lensed
guasars imCDM1 cosmology with image separations betwééfi and20” is 0.73, which is con-
sistent with the only observed cluster lens with an imagassion of14.7” in the complete quasar
sample. This number i$.33 in WMAP7 cosmology, which is also reasonable except thagadri
og is preferable. Note that the present size of a strong lersangple suitable for statistics is too
small, which limits the actual precisions for constrainihg relevant physical parameters. However,
future observations will enlarge the quasar sample and etinods are useful for that.

The effects of BCGs on strong lensing are actually less dtiartean previous studies expected.
The dependence of the mass ratio of BCGs to their host haldardmmatter halo masses reduces the
lensing rate by0% from assuming a fixed mass ratib/(, /M = 0.003) (adopted by Hennawi et al.
2007b and Li et al. 2007) of BCGs to their NFW-profiled hostdsalin fact, for large-separation
lenses which are produced by massive clusters of galaxiesmass ratios are aroufidd01 or
even less. On cluster scales, the mass réfig M generally reduces as the magsof host halos
increases as shown in Figure 2 and the lensing rate reduties msss ratio decreases, so we should
handle the mass ratio carefully. As our results show, a dseref20% in lensing probabilities for
considering the distribution of mass ratio versus settlh§@Gs to be a fixed fraction of the mass of
spherical NFW-profiled host halos, the enhancement of tingrig efficiency by BCGs in the center
of dark matter halos should be less tl5@% in Hennawi et al. (2007b).

Our predicted numbers of large-separation multiply-inthgieasars for the SQLS sample from
DR5 are lower than those given by Li et al. (2007) roughly bacidr of2 in the ACDM1 cosmology
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and a factor ofi.5 in the WMAP3 cosmology. The difference is mainly due to thregsons. First,
Li et al. (2007) adopted an elliptical dark matter halo moddiile we use a spherical NFW model.
Oguri & Keeton (2004) concluded that the ellipticity of darlatter halos enhanced the lensing rate
by a factor of four for the spherical NFW model and their woitt dot account for the baryonic
matter. The ellipticity of dark matter halos should have aken effect on lensing efficiencies when
considering baryons in the inner most regions of halos thancase without taking into account
baryons, because our results show that baryons and theoi}ipf halos affect lensing rate at the
same level, the former by a factordf- 3 and the latter by a factor @ ~ 4. Another reason for the
difference is that Li et al. (2007) adopted a higher and @otshass ratio)(003) of BCGs for their
host halos, whereas we consider the mass ratio distribagaa function of the mass of host dark
matter halos. The third reason is that the quasar sampléajoarg 46 420 quasars) they used was
25% larger than the SQLS sample from DR5 that we use. Our res@tdifierent from those given
by Hennawi et al. (2007b) roughly for the same reasons. litiaddwe point out that they used a
different cosmology so there are more factors.

We show clearly that the NFW+BCG model we adopt can be imgtaveseveral ways. First,
we assume a spherical NFW density profile for dark mattershiald recent simulations prefer a
triaxial profile. Since the triaxiality has a significantexf on the lensing probabilities, this should
be included properly. Secondly, we consider that the cfustecentration is the mean concentration
cvir (M) as a function of mass of the dark matter halos, but we do natidenthe distribution of
the cyir /cvir (M). However, Hennawi et al. (2007b) pointed out that simply pating the mean
concentration in mass bins would be sensitive to outliedsvamy noisy at the high mass end where
we have few clusters. Another aspect that needs improvitigaisthere is a scatter, which was
described with a Gaussian function in Wang & Jing (2010)hefrhass of BCGs at a given mass
of their host halos, but we do not implement the distribution

Finally, although the circular NFW+BCG model can, to som&epk explain large-separation
lensed quasars in the SQLS sample, we still have severdiepnshihat require further study. First,
the spherical density profile can well explain the lensingoability of image separations of quasar
lenses, but it cannot account for image multiplicities vhice believed to be the result of the tri-
axiality. We are preparing another paper on it. Another ingott factor that needs to be considered
is the substructures of galaxy clusters. Oguri (2006) ptedithatl0% ~ 20% of lenses should be
caused by the subhalo population (satellite galaxiesadsdé central galaxies). However, we do not
take into account how substructures affect image mulit@& The third fact is the lack of knowl-
edge of BCGs. Although we suppose that each BCG is locateleipotential center of its host
halo, they might change their positions when two clustersgmevhich may also lead to interesting
lensing events. However, these intriguing issues are libffenscope of this paper and they can be
considered in the subsequent work.
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