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Lensing Magnification and QSO-Galaxy Cross-Correlations:
Observations, Theory and Simulations

Antonio C. C. Guimaies
Departamento de Astronomia, IAG, Universidade @® aulo,
Rua do Ma#io, 1226, CEP 05508-900,a8 Paulo, SP, Brazil
(Received on 23 October, 2005)

We review observations and gravitational lensing theory related to the magnification of background QSOs by
intervening overdensities, and the induced cross-correlation between sources and foreground galaxies. We pay
special attention to simulations, and present some preliminary results from high resolution cluster simulations,
which show the role of the halo core and substructure on non-linear magnification. For massive clusters, devia-
tions from the weak gravitational lensing regime are significant on arcmin scales and bellow. The accumulated
knowledge in the field already shows that gravitational lensing magnification is an important astrophysical and
cosmological tool.

I. OBSERVATIONS
0

10

If we take two populations of astronomical objects sepa-
rated by a sufficiently large distance (for example galaxies at
low redshift and QSOs at large redshift) we expect that there »
will be no physical connection between them, and therefore
the positions in the sky of the members of these two popula—~
tions would be uncorrelated. However this is not the case ir'ﬂ)
reality. = 10

In fact, several groups have been measuring the croséo
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correlation between the angular positions of objects at high®
redshits with objects at low redshifts. Bellow follows an in-
complete, but representative, list. Some of the data sets are
shown in Figures 1 and 5 ¢efers to the double log slope of
the cumulative number count as a function of flux for back-
ground luminous sources).
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-1979, Seldner & Peeble8 || found anexces®f galaxies
within 15 arcmin of 382 QSOs.

-1988, Boyle, Fong & Shank®[?] (CS99 in the legend of
Figure 1) found amnticorrelationbetween faint high-redshift
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FIG. 1: Compilation of some observational determinations of QSC

QSOs §=0.78) and low-redshift galaxies from machine mea- gajaxy cross-correlatior?[]. The solid lines show theoretical predic-

surements of photographic plates.
-1997, Beifitez & Martinez-Gonzalesq] (BMG97 in Fig-
ure 1) found gpositive cross-correlatiotetween 144 radio-

tions from analytical calculations assuming weak gravitational lens
ing, ACDM (Qm = 0.3, Qp = 0.7, Q, = 0.019/h?, n=1, h=0.7,
og = 1.0), and foreground lens populations of power spectrum equ:

loud PKS QSOsg= 3.5) and COSMOS/UKST galaxies, and to the APM Galaxy survey (lower curve) and Abell-ACO Galaxy
no correlationwhen using 167 optically selected LBQS QSOs Cluster Survey (upper curve).

(s=25).
-1988. Williams & Irwin [? ] (WI98 in Figure 1) found

a strong cross-correlatiorbetween optically selected QSOs tween~ 200,000 QSOs and- 13 million galaxies from the

(s= 2.75) from the LBQS Catalog and APM galaxies.
-2001, Beifitez, Sanz & Maiinez-Gonzales? ] (BSMO00
in Figure 1) foundpositive cross-correlationsetween radio-
loud quasars from 1-Jw & 1.93) and Half-Janskyg= 1.42)

samples and COSMOS/UKST galaxies.

-2003, Gaztanaga?[ ] found a strong positive cross-
correlation between QSOss(= 1.88) and galaxies from the
SDSS early data release.

-2003 and 2005, Myers et al? [? ] found strong negative
cross-correlationganticorrelations) betweer 22 000 faint
2dF QSOs ¢ = 0.725 and ~ 300 000 galaxies and galaxy
groups from APM and SDSS early data release.

-2005, Scranton et al.?[] found cross-correlations be-

SDSS ranging fronmpositive to negative signaldepending
of the magnitude limits of the QSO population subsampl
(s=1{1.951.41,1.07,0.76,0.50}).

Il. THEORY: ANALYTICAL

The most successful hypothesis to explain the observe
cross-correlations and anti-correlations is gravitational len:
ing. It generates two competing effects that can explain bo
positive and negative cross-correlations between objects
two redshift distinct populations, in what is called magnifi-
cation bias.
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The presence of a gravitational lens magnifies sources baveighting function

hind it, bringing to view sources that would be too faint to
. . _ . . . Z

be detected in a magnitude-limited survey. This effect works 3 /(Ho 2 Yo Gq(Y) fr (Y —y) f(y)
to produce @ositivecross-correlation between objects physi- W(y) = 5 Om aly) fe(y')
cally associated to the foreground lenses and background ob- y K
jects that are magnified. Qn the other hand, the lens also €I, is the source distributiom, is the scale factor, antk is the
larges the solid angle behind it, therefore the source dens'té{Jrvature-de endent radial distance ’
behind the lens is diluted, what works to produceegative P . ' .
background-foreground cross-correlation. The shear can be obtained from a convolution of the_co_r

The factor that determines which of the two competing ef-vérgence ], and therefore the knowledge of the mass distri
fects (magnification or dilution) is preponderant is the slopebUtlon be_tween the ob._c,erver an_d t_he source plane allows 1
of the magnitude number count of the sources. If this slopgomputatlon of the desired gravitational lensing effects.
is steep then many faint sources are brought to view, but if If we assume weak gravitational lensing< 1, some ana-
the slope is low (flatter) then few extra sources are brought td/tical calculations become much simpler. The magnificatio
view and the dilution effects wins. (4) becomesi= 1+ 2k and the QSO-galaxy cross-correlation

To compute the cross-correlation between two populationél) can be expressed &57 ]
we calculate the correlation between the density contrast of

dy . (6)

c

2 Z
the two groups 6xg(6) — (s— 1)§<ﬁ) a ywdng(y)c;q(y)
ng(9) ng(¢+6) U 2\¢ 0 a(y)
Wg(8) = ( | = -1| | T=—>-1|), @ ®
’ <[ g } { g D x . dkkRum(k.y) Jo[fi (v)K8), )

whereng and ng are the background and foreground popu-
lations (e.g. QSOs and galaxies or galaxy groups) densitie
A bar over a quantity indicates its mean value, &nd rep-
resents the average owgrand the direction o (but not its
modulus). This definition is equivalent to the cross-correlatio
estimator P ]

Wherey is the comoving distance, which here parameterize
time (Y. represents a redshift= «), andk is the wavenum-
ber of the density contrast in a plane wave expansigris
rfhe zeroth-order Bessel function of first kind; afidy) is the
curvature-dependent radial distaneey( for a flat universe).
Pgm(K,y) can be seen as the galaxy-mass cross-power sp
DD(6 trum [? ], and under some assumptior?s|[may be expressed
Wqg(6) = DR®) 1, @) asPym(k,y) = 1/Py(K)Pm(k,y), wherePy(K) is the power spec-
trum for galaxies or galaxy groups ama(k,y) is the non-
where DD(8) is the observed number of background- linear time evolved mass power spectrum.
foreground pairs, an®R(6) is the expected number of ran-  Expression (7) indicates that the background-foregrour
dom pairs. cross-correlation due to lensing is dependent on several qui:
The ratioDD(8) /DR(8) is the enhancement factor due 1o tities of cosmological relevance. Guindas et al. 7 ] ex-
the magnification bias, and under the assumption that the Cihlores these cosmological dependences and Figure 2 illL
mulative number counts by flux is of the fol(> S) 0S™°  trates the sensitivity of the cross-correlation between a po
we have that ulation of QSOs at z=1 and galaxies at z=0.2.
s1 Higher order terms can be added to the Taylor expansic
(gg(8) = (8™ " —1, ©) of the magnification 4, producing a better approximatiom [
which cleary indicates that in an overdense regipn-(1): How.everthe full accoqnting of non-linear magnificatior) is no
s> 1 leads to positive cross-correlation, ase 1 leads to feasible by this analytlcal path. Seg Takada &'Talfashl (200:
negative cross-correlation (anticorrelation). [? 1] fqr a'study into the full non-linear contribution to the
The magnification can be written in terms of the gravita-magnification.
tional lensing convergengeand sheay,

ue) = ! . (4) . SIMULATIONS

[1-k(6))*—¥2(6)
The magnification can be calculated in the cosmological con- The a_nalytlca_l qpproach has some I|m|t_at|ons at f_uIIy n
. L . : corporating deviations from the weak lensing approximatio
tQXt’ assuming the B‘“T‘ apprommaﬂon, as aweighted Integra<ind properly modeling lensing selection issues. Therefor
tion of the matter density field computer simulations can be a useful complement for a bett
2y, understanding of the problem. We describe, in the sequenc
k(@) = . W(y)&(8,y)dy, (5)  two kinds of simulations: one aiming at very large region:
and many lenses, collectively analyzed, but somewhat sh
whered is the density contrasy, is a comoving distance/, on resolution on small scales, and another kind of simulatic

is the comoving distance to the horizon, aNidly) is a lensing  aiming at individual clusters and their substructure.

=~
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FIG. 3: Average magnification around mock galaxy grouk [The
number ranges in the legend are the number of galaxies for the set:
groups. Thick lines with filled symbols include departures from the
weak lensing approximation, and thin lines with open symbols ar
the weak lensing approximation for the magnification calculation
Errors are the standard deviation of the mean.

distribution in a redshift cone from the observer{0) to a
source plane at high redshift. A galaxy mock catalog can &
generated from the simulated density field and the adoptic
of a bias prescription for the galaxy population. This galax
mock will have the galaxy density and auto-correlation func
tion desired, which can be set to mimic a chosen real galay
survey. Also from the simulated density field the gravitationg
lensing for a chosen source plan can be calculated in the for
of a lensing map (convergence, shear, or magnification) usil
the formalism of the previous Section.

Guimages et al. ? ] used the Hubble Volume Sim-
ulation, a N-body simulation withl0° particles of mass
Mpart = 2.25-10'?h~IM, in a periodic300Gh~3Mpc® box,
initial fluctuations generated by CMBFAST, force resolutior
FIG. 2: Cross-correlation due to weak gravitational lensing depengs 0.1h~Mpc, and a “concordance model” parameter set

dence on cosmological model (top plot) and matter density (bottonhwI —03, Qn =07, T = 0.21, 05 = 0.90. The magnifi-
plot) [? ]. The internal plots are the results for the mass power spec-

. . Eation map was calculated for a source plane at redshift
trum normalized to the cluster abundance (main curves use COB d th ificati d d cho:
normalization).Top plot Solid lines are foSCDM, Qn=1,h=0.5 an € average magnification was measured around chos

(0g = 1.1); dashed ones fo\CDM, Qm — 0.3, Qp — 0.7, h—0.7  Sets of lenses (galaxies or galaxy groups of varying membe
(0g = 1.0); and dotted ones faddCDM, Qm = 0.3, Qy =0, h=0.7  ship identified in the projected sky mock) to determine th
(0s = 0.46). Bottom plot Dependence on matter density in a flat expected source-lens cross-correlation.
universe with cosmological consta® + Qa = 1). Solid lines are Figure 3 shows the average magnification around gala
for Qm = 0.6 (0g = 1.4); dashed ones fdyn = 0.4 (0g = 1.2);dot-  groups, and Figure 4 shows the corresponding cros
ted ones foQm = 0.3 (0 = 1.0); and dot-dashed ones f@m = 0.2 correlation. Groups of larger membership trace denser r
(08 = 0.72). Other parameters a@, = 0.019/h*,h=0.7,n=1. gions, so have a higher magnification and stronger cros
correlation amplitude.
Figure 5 compares the simulation results for galaxies ar
A. Galaxies and Galaxy Groups galaxy groups with observational data from Myers et al?|
]. Simulation results for angles smaller than 1 arcmin cann
Both the mass and light (galaxy) distributions in the uni-be obtained due to limited simulation resolution; however fo
verse can be mocked from N-body simulations, and fromangles from 1 to 100 arcmin the comparison with data give
those the cross-correlation between background and forex large disagreement between the amplitudes of observed ¢
ground objects due to gravitational lensing can be obtainedimulated cross-correlations.
[?]. This disagreement between some observed QSO-gala
The first step is to generate a representation of the masmd QSO-group cross-correlations were already visible in Fi

Caal®)/(s-1)
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I T T ] Guimages et al. [1] used high resolution cluster halo sim
ulations carried out by the Virgo Consortiurdd || to study
102F . i%-ozo e the gravitational lensing magnification due to galaxy clus
r —— 912 ] ter halos. These halos were generated by high mass re
C T ig ] lution resimulations of massive halos selected from a larg
& [ . NNy 1 (479~ Mpc)® N-body simulation.
5 TN Yo f\\ 1 The magnification maps generated by the simulated clust
3 3 \‘Y\'C}\ halos were calculated using equation (4), assuming a soul
10 Pmem1o Nt e E plan at redshift 1 and the cluster halo at redshift 0.15. To eva
[ . IS ] uate the role of substructure it was also calculated the ma
L T S l nification of the homogenized halo in concentric rings, so th
Ses density profile is maintained, but the substructure is washe
. away. The weak gravitational lensing approximation was als
10"‘1 S ‘1‘0 - 100 used to calculate the magnification, so the departure from tf

8 (arcmin) regime can be quantified in the case of massive clusters.
Figure 6 shows for three cluster halos seen by three ortho
FIG. 4: Cross-correlation between QSO and mock galaxy grd2ips [onal directions each, the average magnifications describ
]. The number ranges in the legend are the number of galaxies for th@bove as a function of the angular distance to the halo cent
sets of groups. Thick lines include departures from the weak lensin§ive other simulated clusters examined show similar curve
approximation, and thin lines are the weak lensing approximationyresults not presented).
for the magmﬂcatlc_m <_:a_1|cu|at|on. Curves for groups of membe_rshlp Departures from the weak lensing regime become impo
1 to 4 are shown indvidually (from bottom to top for low 10 high 5+ ot angles of few arcmin. At these same scales the cont
membership). Errors are the standard deviation of the mean. . e o
bution of substructure to the magnification can also be signi
icant in some cases.

100 L _ *——e oroups, simuluti‘(?n
A4 ¥V groups, observation
v galaxies, observation
_ o—o galaxies, simulation IV. DISCUSSION
10" ¢ f 1
Y f We reviewed some of the accumulated history of QSC
o K _ { galaxy cross-correlation observations, and the gravitation
33 102 | l I f | lensing theory associated with it.
T [\} L The observations of cross-correlation in the sky betwee
\{\i | T f populations of objects that are very apart in depth are ol
el | numerous, and are becoming precise. The gravitational ler
ing explanation for the cross-correlation phenomenon is mo
recent and carries with it the possibility of using these kinc
0 ‘ of measurements as a tool for cosmology and astrophysit

01 10 10‘.0 100.0 However, even though the magnification bias hypothesis
in qualitative agreement with observations in general, se
eral measurements of the QSO-galaxy cross-correlation ha
a higher amplitude than what is predicted.

FIG. 5: QSO-galaxy and QSO-group cross-correlatir}. [Obser- The most recent and largest measurements of QSO-gale

i > 015 1 itk fiald taf _ _ _ _
vational data is from Myers et al?[? ] with field-to-field errors. oo crrelation carried out using the approximately 200,0(
Simulation uses groups with 9 or more galaxies and estimated er-

ror with same source density as observed data. Some observationar 25&" and 13 mllllpn galaxies of t.he Sloan Plgltal Sll(y.Sur
points fall below the shown logarithmic scale. vey (SDSS) P ] are in agreement with theoretical predictions

based on a “concordance model” and weak gravitational len
ing (non-linear magnification was not taken into accountby [
], but is considered to be necessary by the authors for a mc
accurate modeling).
On the observational side, further work with the existing
data may clarify the reason for disagreements among differe
B. High Resolution Galaxy Clusters measurements of QSO-galaxy cross-correlation. If systema
errors are to blame for the huge amplitudes measured by va
One limitation of the simulations described in the previ- ous groups, then it is fundamental to identify and characteriz
ous Section is the low resolution at small scales. To be ablthem.
to probe small angular scales, and therefore regions near theOn the theoretical side, both analytical work and the us
cluster core or the halo substructure, it is necessary to use sirf simulations are helping to provide a realistic description o
ulations of much higher resolution. the phenomenon. This theoretical framework in conjunctio

6 (arcmin)

ure 1 and is source of controversy.
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FIG. 6: Magnification curves for three simulated clusters viewed from three orthogonal direGaiuscurvegake in account the non-linear
magnification due to cluster substructuleashed curveare for the homogenized mass inside concentric ridgiged curvesise weak lensing
approximation.

with observational data may be useful in determining quanand most promisingly the average mass of lens populatio
tities of astrophysical and cosmological interest, for examplend the galaxy-mass power spectrum.

[1] work in preparation, to be published in detail elsewhere



