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FROM GALAXY-GALAXY LENSING TO COSMOLOGICAL PARAMETERS

JAlYUL YoO!, JEREMY L. TINKER?, DAvID H. WEINBERG!, ZHENG ZHENG®>*, NEAL KATZ5,
AND ROMEEL DAvE®

accepted for publication in The Astrophysical Journal

ABSTRACT

Galaxy-galaxy lensing uses the weak distortion of backgdosources to measure the mean excess surface
density profile, AX(r), around a sample of foreground lensing galaxies. We dpwelmethod for combining
AY(r) with the galaxy-galaxy correlation functiafyg(r) to constrain the matter density paramefs and
the matter fluctuation amplitudes, going beyond the widely used linear biasing model to rehehavel of
accuracy demanded by current and future measurements. &g the halo occupation distribution (HOD)
framework, and we test its applicability to this problem byamining the effects of replacing satellite galax-
ies in the halos of a smoothed particle hydrodynamics (Skhilation with randomly selected dark matter
particles from the same halos. The difference between datkemand satellite galaxy radial profiles has a
~ 10% effect onAY(r) atr < 1 h™*Mpc. However, if radial profiles are matched, then the remmaiimpact
of individual sub-halos around satellite galaxies and mmrnental dependence of the HOD at fixed halo mass
is <5% in AX(r) for 0.1 < r < 15h™Mpc. We develop an analytic approximationAd(r) for a specified
cosmological model and galaxy HOD, improving on previouskweith more accurate treatments of halo bias
and halo exclusion. Tests against a suite of populldtbddy simulations show that the analytic approximation
is accurate to a few percent or better over the range<0r < 20 h™*Mpc. We use the analytic model to in-
vestigate the dependencedE(r) and the galaxy-matter correlation functi€ym(r) on Qm andog, once HOD
parameters for a given cosmological model are pinned downdighingégg(r). The linear bias prediction that

&gm(r)/&qq(r) = constant is accurate for> 2 h™Mpc, but it fails at the 36-50% level on smaller scales. The
scaling of AY(r) with cosmological parameters, which we modelas(r) o Q%‘f)crg(”, approaches the linear

bias expectatioa = 3 =1 atr > 10 h™*Mpc, buta and 3 vary from 0.8 to 1.6 at smallar. We calculate a
fiducial AX(r) and scaling indicea(r) and3(r) for galaxy samples that match the observed number density
and projected correlation function of Sloan Digital Sky &y galaxies wittM, < -20 andM,; < -21. Galaxy-
galaxy lensing measurements for these samples can be cednbith our predictions to constrafdy, andos,
taking full advantage of the high measurement precisiomaalisand intermediate scales.

Subject headingsosmology: theory — dark matter — galaxies: halos — graiaitet! lensing — large-scale
structure of universe

1. INTRODUCTION 2006).

In the current paradigm of structure formation, galaxies M & cosmological context, the strength of the galaxy-
form by the dissipative collapse of baryons in halos of cold 92l2xy lensing signalfor a given galaxy sample should dépen
dark matter (CDM). Understanding the relation between the Minly on the mean matter densi, and the amplitude of
galaxy and dark matter distributions is the key challenge in dark matter fluctuationss, since increasing either parameter
interpreting the observed clustering of galaxies. Largmar €nhances the average amount of dark matter around galaxies
imaging surveys have provided a new tool for untangling this 21d thereby amplifies the lensing sigraln this paper, we
relationship, galaxy-galaxy weak lensing, which uses tie s d€velop tools for constrainingm andos with galaxy-galaxy
tle distortion of background galaxy shapes to measure av-1€nsing and galaxy clustering measurements, using halo oc-

erage mass profiles around samples of foreground galaxiesCUPation models of galaxy bias that are applicable from the
The last few years have seen rapid growth in this field, with |neardreg|m§ into thle fully non-l||r_1ear regkm;)e. gflf ipp{)r;mac
the first tentative detections (Brainerd efal. 1996) givimy ~ £Xtends and complements earlier work lby_Seljak (2000),
to high signal-to-noise ratio measurements over a subatant ‘Guzk & Seliak (2001, 2002). Tasitsiomi et al._(2004), and
dynamic range (e.d.. Fischer et lal. 2000: McKay &t al. p001; Mandelbaum et all(2005). :
Hoekstra et al. 2002; Sheldon eflal. 2004; Mandelbaum et al. Ge}laxy-galaxy lensing measures the profiles of mean tan-
gential shear around galaxies. With knowledge of source and
1 Department of Astronomy, The Ohio State University, 140 wWes |€NS redshift distributions, this tangential shear can dre-c
18th Avenue, Columbus, OH 43210; jaiyul@astronomy.olétesedu, verted to excess surface density,
dhw@astronomy.ohio-state.edu
2 Kavli Institute for Cosmological Physics, University of ichgo, _5 -5
Chicago, IL 60637; tinker@cfcp.uchicago.edu AE(I‘) - E(< r) E(r)’ (1)
3 School of Natural Sciences, Institute for Advanced Studystin Drive,

Princeton, NJ 08540; zhengz@ias.edu whereX(< r) is the mean surface density interior to the disk
4 Hubble Fellow _ o of projected radius and>X(r) is the averaged surface density
° Departments of Physics and Astronomy, University of Masssetts,  jn a thin annulus of the same radilis (Miralda-EsHudé 1991a;

Amherst, MA 01003; nsk@kaka.phast.umass.edu
6 Steward Observatory, University of Arizona, Tucson, AZ 387

: " Hereog is the rms linear theory matter fluctuation in spheres ofusdi
rdave@as.arizona.edu

8 h™Mpc, with h = Hp/100 km $*Mpc™.
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Sheldon et dI._2004). The excess surface density profile is agree in shape, with an amplitude ratio that impb@sym =

itself related to the galaxy-matter cross-correlationction (1.3+£0.2)(Q2n/0.27) for galaxy samples of mean luminosity

&gm by (L) ~L,.

AT = 0.0 5 To circumvent the limitations of the linear bias approxima-
() = peflm @) tion, we model galaxy-galaxy and galaxy-matter corretegio

2 [T, - using halo occupati thods, following the lead of Skeljak
‘ 2 _ g pation methods, following the lead of Sklja
[rz/()[oor o (V1242) dz /_Ofgm(r’z)dz]7 ©000), [Berlind & Weinbeig [(2002), anfi_Guzik & Seljak
. . . ) (2002). The halo occupation distribution (HOD) provides
Whergpc is the critical density of the universe. Johnston étal. 5 fully non-linear description of the relation between gala
(2005) dlsquss and test methods of invertihg(r) to obtaln ies and mass by specifying the probabilRyN|M) that a
the three-dimensiongym(r). Here we treal\Xi(r) as the pri- - pao of virial massM containsN galaxies of a particu-
mary observable and concentrate on predicting it directly. |5, class, along with any spatial or velocity biases within
On large scales, where matter fluctuations are linear, thejngiyidual halo® Numerous authors have used this ap-
relation between the matter auto-correlation functign, the proach to compute analytic approximations for galaxy and

galaxy-matter cross-correlation functiggy, and the galaxy  qark matter clustering statistics (elg., Ma &Fry 2000; &¥j
auto-correlation functioggg may be adequately described by 000): [Scoccimarro etiall_2001;_Seljdk_2001;_Shethlet al.

the linear bias model, 2001k;[White 2001; see review hy Cooray & Sheth 2002),
ggg:bzgmm7 3) and to_model observed galaxy clustering (elg.. Jinglet al.

1998, 12002; | Peacock & Smith__2000; _Kochanek & White

Egm = BEmm, 4) 2001; [Bullock et dl.. 2002/ _Magliocchetti & Porciahi_2003;

Yang et al.| 2003; Porciani etlal. 2004; _Zehavi éetlal. 2004,
2005h] Zherlg 2004; Abazajian etlal. 2005; Collister & Lahav
200%; Lee et al. 2006; Tinker etlal. 2006). Theoretical predi

tions for the HOD of different galaxy types have been calcu-

where the linear bias factdris the same in both equations
(Kaiser 1984). Thus, measurementggf andAY o< Egmdm
can be combinedto yield,/b. Since the amplitude of galaxy

fluctuations isrg g = bog in the linear bias model, this method . . . e .

in turn constrains the produetQ.,. Redshift-space distor- lated using semi-analytic models, hydrodyn_amlc_smuimm
tions of the galaxy power spectrum and the abundance of rich%ns?,I CJ%E Ejeasr?(h;gggde' ng%’;ﬁﬁ?ﬁggr}i?ﬁg aer?r?z gaIA?géT
galaxy clusters as a function of mass both depend on a params: = “Whi Bl s hik S Al "
ater combination that is approximatein%e (Kaiser 1987; Benson et d[. 2000; White etlal. 2001; Yoshikawa &t al. 2001;

. L Berlind et all 2003; Kravtsov et al. 2004; Zentner et al. 2005
White et all 1993), so the combination of galaxy-galaxydens Zheng et al. 2005).

ing with either of these measurements can break the degenei= " . L
Our basic approach to modeling galaxy-galaxy lensing in

acy betweemrg and()n,. However, the linear bias approxima- C . ‘
tion may break down on the scales. severah™*Mpc where tggtl)—fo gggaémfe(;ll\’lorgi)geslilmIl?r:atlgstngt-|iad|’?[prt§t?02ya-llj:3kl’eela;i]?%l‘
AS(r) is measured with high precision. Moreover, if the rela- (2005,.2006) 1€ling 9

space distortions. Since measurements of the galaxy power

tion between galaxy and matter density contrasts is linetr b > ; ;
stochastic, then the linear bias factoin equation[l) should ~ SPECtrum, cosmic microwave background anisotropies, and
! the Lya forest yield tight constraints on the shape of the linear

be replaced byorgm, wherergy, is the galaxy-matter cross-
: ¢ I dga: T matter power spectruiin (k) (see, e.g.._Spergel etial. 2003;
correlation coefficient.(Pin 19, Dekel & Laflay 1399), and Tegmark et 2l. 2004; Cole etlal. 2005; Seljak et al. 2005), we

the constrained combination becomgg)mrgm even in the - - : !
linear regime. The addition af, as a free parameter re- take this shape to be fixed and investigate the parametes spac
spanned by}, andog. For a given choice of)y, and og,

duces the cosmological constraining power of A1 andzoq we first choose HOD parameters to match observations of

combination, and restoring it requires an independentrdete the projected galaxy correlation functiomy(r,) (see, e.q
mination of{mm. Cosmic shear measurements can provide Zehavi et all 2004, 2005a). We then predict the excess sur-

such a determination (Blandford ef lal. 1991; Miralda-Escud face densit flENS(1) for thi bination of) d
1991hb] Kaiser 1992), but these measurements are chal@ngink‘i‘gfD egg:nypgrr(i)sbn tcf%a?;xyl-sggl)gyl?:ng)ig; mméggh?gments
and suffer larger systematic errors than galaxy-galaxsien then determines the acceptable combinationgfand os.

Hoekstra et al.[ (2001, 2002) used imaging and photomet—W . the ob 4 qal | Iation funct
ric redshift data from the Red-Sequence Cluster Survey € Impose the observed galaxy-galaxy correiation function
as a constraint on the HOD, instead of taking ratios as in

(Gladders & Yee 2001) to measure aperture fluctuations pro-the inear bias analvsis. There is no need for an unknown
portional to&gg, {gm, andémm. They provided tentative evi- ! ! YSIS. ! u W

dence thab andr are each individually scale-dependent but CroSS-correlation coefficiemty, because any “stochasticity”
that the ratich/rgm is approximately constant, withyrgm ~ 1 between galaxy and mass density fields is automatically-inco

for Oy = 0.3. Using the Sloan Digital Sky Survey (SDSS porated in the HOD calculation. Our strategy complements
m = V.9. ’

York et al.[2000), which provides spectroscopic redshifts o tgg%f?f G“ﬁikf‘ Seliak (2001,{ 2002) ?“F Mandelbatﬁml etal.
lens galaxies and image shapes and photometric redshift 3), who focus on constraining halo masses, halo pro-

of source galaxies, Sheldon et 4. (2004) detected galaxy-|eS: and satellite fractions using(r) alone, rather than
galaxy lensing and measured the galaxy-matter correlationCOﬂStraumngan andog from the combination oAX(r) and

function from 0.025 to 1th™*Mpc (seel Fischer et &l 2000 Egg(r).

and McKav et all 2001 for earlier SDSS measurements. and Our eventual conclusions about the cosmological constrain
Mandelbaum et all_20D6 for more recent measuremer;ts afhg power of galaxy-galaxy lensing measurements rest on an

r < 2 h"Mpc). They found that the galaxy-galaxy cor- analytic model for computingA(r) given Pin(K), €m, os,
relation function and the galaxy-matter correlation fimrct 9 Throughout this paper, we use the term “halo” to refer to & daatter
8 ) ) ) ) structure of overdensity/sm ~ 200, in approximate dynamical equilibrium,

We interchangeably useto refer to a projected (two-dimensional) or a  which may contain a single bright galaxy or a group or a clustejalaxies.
three-dimensional radius.
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and the galaxy HOD. This model is similar in spirit to that to the population of stars and cold, dense gas partléles.
of IGuzik & Seljak (2002), but it differs in many details, in  Tests with simulations of varying resolution show that the
part because we define the calculational problem in difteren simulated galaxy population is complete above a baryonic
terms. We test the analytic model against numerical calcula mass (stars plus cold, dense gas)}-6# mspy, corresponding
tions, in which we use a specified HOD to populate the halosto 5.4 x 10'°M, (3.5 x 10'° h™M,,)) for this simulation.
of N-body simulations, placing “central’ galaxies at the halo The space density of galaxies above this mass threshold is
potential minimum and “satellite” galaxies at the locasaf Ny = 0.02 (W*Mpc)3, corresponding to that of observed
randomly selected dark matter particles. Both our analytic galaxies withM; < -18.6 (L > 0.18L,; Blanton et all 2003).
model and our method of populatibégbody halos ignore the  We use this mass-thresholded galaxy sample for the tests
impact of dark mattesubhalosaround the individual satellite  below.
galaxies orbiting in a larger halo. To begin, therefore, as# t We identify dark matter halos by applying the friends-of-
the validity of the “populated halo” approach itself, by com friends algorithm (FOF;_Dauvis etlal. 1985) to the dark mat-
paringA>(r) for the galaxy population of a smoothed particle ter particle distribution, with a linking length of 0.2 time
hydrodynamics (SPH) simulation to that found by populat- the mean interparticle separation, orty®kpc. We associate
ing the dark matter halos of this simulation with “galaxies” each SPH galaxy with the halo containing the dark matter par-
placed on randomly selected dark matter particles. This testicle closest to its center of mass. To create “populated’hal
shows that satellite subhalos have minimal impact\(r) galaxy catalogs, we replace the SPH galaxies in each halo
and that the populated halo approach is acceptable for oumwith an equal number of artificial galaxies positioned orkdar
purpose. We also show that any environmental dependencenatter particles. The first “central” galaxy of each occdpie
of halo galaxy content at fixed halo mass (Gao &t al. 2005; halo is placed at the location of the dark matter particldwit
Harker et al. 2006) has little discernible impact onthegy@a  lowest potential energy (computed using only halo members)
galaxy or galaxy-matter correlation functions in our SPiH-si  Any additional, “satellite” galaxies are placed on randgml
ulations. More generally, our SPH ahdbody tests indicate  selected dark matter particles. Satellites thereforeiothe
that the analytic model should be accurate at thé @ level radial profile of dark matter within each halo, while any de-
on scales > 0.1 h™*Mpc. This level of accuracy is acceptable tailed association between satellites and the centersréf da
for present purposes, since the current measurementareors matter subhalos is erased.
typically > 25% per radial bin (e.d., Sheldon eflal. 2004), but  The left panels of Figudg 1 compare the galaxy-galaxy cor-
still higher accuracy will be needed in the long term. relation functions, galaxy-matter correlation functipiasd
In ourN-body and analytical calculations, we use HOD pa- excess surface density profiles of the SPH galaxies and the
rameters for SDSS galaxy samples with absolute-magnitudepopulated halo galaxy catalogs. Results for the populaged h
limits M; < -20 andM, < -21 (Zehavi et gl. 2005b) for pur-  los are an average over 10 realizations of the galaxy latstio
poses of illustratio® The results presented i E 5 therefore and error bars show the dispersion among the ten realization
yield predictions of the weak lensing signal for these gplax (Note that these dootrepresent the uncertainty on the mean,
samples as a function 6f, andog. The analytic model can  which would be a factor of three smaller, and they do not in-
be used to make predictions for other galaxy samples givenclude the uncertainty owing to the finite simulation volume,
measurements of the projected correlation function aginpu since we are comparing galaxy catalogs in the same volume).
The galaxy-galaxy and galaxy-matter correlations of the tw
2. SPH GALAXIES VERSUS POPULATED HALOS catalogs are very similar at> 0.5 h™*Mpc, while at smaller

To test the validity of ouiN-body method for calculating ~ Separations the populated halo catalog has correlati@ts th
galaxy-galaxy lensing predictions (seEl§ 3), we first examin &€ stronger by up to 20%. The_ excess surface den5|ty_ profile
an SPH simulation of ACDM (inflationary cold dark mat- IS calculated by directly counting galaxy-dark matter part
ter with a cosmological constant) universe. This simuratio C!€ Pairs in projection to computg(< r) and X(r), not by
is described in detail by Weinberg ef 4l (2004), who, among intégrating the three-dimensiongjm(r). We count all pro-
other things, present predicted galaxy-matter correlatand  jected pairs through the 50'Mpc box and average results
compare them to recent observations. Here we want to knowfrom the three orthogonal projections of the box; noise from
whether the individual dark matter subhalos retained by-bar uncorrelated foreground and background particles cancgls
onic galaxies in groups and clusters make an important con-because we have many galaxy targets. Relative to the SPH
tribution to the galaxy-galaxy lensing signal. galaxy catalog AX(r) for the populated halo catalog starts

In brief, the simulation uses Parallel TreeSPH about 10% low, rises to 10% aboverat- 0.5 h™*Mpc, then
(Hernauist & Katz [1989; [Katz, Weinberg, & Hernaliist agrees closely beyord~ 1 h™Mpc.

1996; [Davé et Al 1997) to model a 30Mpc comoving The modest deviations between the SPH galaxy and popu-
cube with 144 dark matter particles and 134as particles.  lated halo results could reflect either the impact of satelli
The cosmological parameters afg, = 0.4, Q, = 0.6, subhalos or differences between the radial profiles of SPH

h = 0.65, n = 0.95, Quh? = 0.02, andog = 0.80. The grav-  Satellites and dark matter. To separate the two effects, we

itational forces are softened with a tD'kpc (comoving) adop; a different method of po.pulating halos_that ensures
spline kernel. Radiative cooling leads to the formation of identical radial profiles, by placing each satellite at the r
dense baryonic clumpb (Kaiz el al. 1982: Evrard Et al. 1994)’§1|al distance of the corresponding SPH satellite but choos-
which form stars according to the algdrithm described by iNg & random orientation for thg radius vector. Results are
Katz, Weinberg, & Hernquisi (1996). Galaxies are identified Shown on the right panels of Figuie 1. The differences in
by applying the SKID (Spline-Kerel Interpolated DEN- $oo(r), &gm(r), andAX(r) are greatly reduced, demonstrating
MAX; see [Kaiz, Weinberg, & Hernauist_1996) algorithm that they arise mainly from the different radial profiles &%

11 We use the implementation of SKID by J. Stadel & T. Quinn, laidé at

10 Throughout the paper, we quote absolute magnitudes fofl; more
nttp: /7 www hpcc. astro. washi ngt on. edu/ t 0ol s/ sKki d. ht m

generally, these thresholds correspont¥tie-5logh.
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FiG. 1.— Galaxy-galaxy correlation functiontop panely, galaxy-matter correlation functionsmiddle panelsy and A (r) profiles pottom panelsfor the
true galaxy population of an SPH simulaticsolid lineg and the populated dark matter halos of this simulatiottéd lines see text). Inset panels show the
fractional difference between the SPH and populated haldtse In the left-hand panels, satellite galaxies in theuteted halos are placed on randomly selected
dark matter particles, while in the right-hand panels theyfarced to follow the radial profile of satellite galaxiesthe SPH simulation.
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OF o N range 6x 102 ™M, <M <2 x 10" h™*M,, and measure
the galaxy-matter correlation function featellitesin these
halos above the baryonic mass threshold of the larger vglume
lower resolution simulation. The 30*Mpc box contains 78
— — — 50 h™'Mpc box halos and 188 satellite galaxies satisfying these cutslewhi
the 22222 h™*Mpc box contains 12 halos and 33 satellites.
As shown in Figur€&l2, the satellite galaxy-matter correlasi

are equal in the two simulations to within the statisticabes,
which are estimated by bootstrap resampling of the galaxies
in the smaller simulation. The average mass profiles around
satellites are therefore robust over a factor of eight inanas
resolution.

Standard HOD calculations assume that the halo occupa-
tion function P(N|M) has no direct dependence on a halo’s
larger scale environment. This assumption is motivated by
the excursion set derivation of the Extended Press-Schecht
formalism [Bond et all_1991), which, in its simplest form,
predicts that a halo’s formation history is uncorrelatethwi
its environment at fixed mass_(White 1996). The corre-
lation of galaxy properties with large scale environment
1 L] L Lo emerges indirectly from the correlation with halo mass be-

0.1 1 10 cause high mass halos are more common in dense environ-
r (h~'Mpc) ments. [ Blanton et &l (2006) showed that the observed cor-
relation of red galaxy fraction with overdensity measured a
6 h™Mpc is entirely accounted for by the correlation with
overdensity measured at thenl*Mpc scale characteristic of

22 h~'Mpc box

103

gm

1+¢
T \\\\H‘
L \\\\H‘

10

FiG. 2.— Comparison of galaxy-matter correlation functions Satellite
galaxies of our standard SPH simulatiomaghed lines which uses 14%
particles in a 5th*Mpc box, to those of a higher resolution, smaller vol-

ume simulation (128 particles in a 2222 h™*Mpc box, solid lineg. In individual large halos. However, while early-body stud-
both simulations we select halos in the mass rangel62h Mo <M < ies showed at most weak correlations between halo forma-
2 x 1083hIM, and satellite galaxies above thé& 101° h™M, resolu- tion time and environment at fixed mass for halos vith>

tion limit of the larger volume run. Heavy lines show the fditellite-matter 10%h*M,, (Lemson & Kauffmann 1999} Sheth & Tormen
qrqss-correlation function, while light lines include pmhatter in the satel- 2004), Gao et al. (20|)5) have recently shown that there is a
'S'fﬁfug%fnnbgafoggirggigsi{;ﬁ{r’,‘g Error bars are camplor the smaller o stronger correlation for lower mass halos, with theold
halos being more strongly clustered (see also Sheth & Tormen
2002;|Harker et al. 2006 discuss the potential origin of en-
vironmental correlations in the excursion set formalism).
satellite galaxies and dark matter; specifically, the SRelsa Berlind et al. (2003), examining the same SPH simulation and
lites are less concentrated towards the halo center than thg@alaxy sample that we have used here, showed that the mean
dark matter. With matched radial profiles, the populated ha-number of galaxies as a function of halo mg$$u, is inde-
los still have slightly largeggm(r) atr < 0.1 h™*Mpc, in part pendent of halo environment within the statistical underta
because there are usually offsets of this magnitude betweeties imposed by the finite simulation volume. However, in
the location of the SPH central galaxy and the position of the light of Gao et al.’s (2005) result, we have carried out an ex-
most bound dark matter particle. However, the differennesi periment to explicitly examine the possible impact of eomir

AY(r) are now smaller than 10% at all mental dependence &(N|M) on galaxy-galaxy and galaxy-
We conclude that it is safe to ignore the subhalos of in- matter correlations. _ o
dividual satellite galaxies when computidg®(r) for a full In the populated halo calculations shown in Figlire 1, the

galaxy sample. Indeed, the remaining residuals in Fiflire 1,number of galaxies assigned to each halo is equal to the num-
a consequence of the central galaxy offsets mentioned aboveber of SPH galaxies, so any environmental dependence pre-
are opposite in sign to those expected from satellite soishal dicted by the SPH simulation is also built into the populated
Satellites in the SPH simulaticsho reside in individual dark  halo distribution. We eliminate the environmental deperege
matter subhalod_(Weinberg ei Al. 2006), but these aretidall by shuffling the galaxy populations among halos of similar
truncated, and at small separatighs(r) is dominated by the =~ mass. Specifically, we sort the halos by mass and replace the
contribution of the more numerous, central galaxies (§e88 4 number of galaxied\; in the halo of rank with the number
below). The small impact of satellite subhalos Ak(r) is Ni+1 in haloi +1, then recalculat€yy(r), £gm(r), and AX(r),
therefore unsurprising, and was anticipated by earlielytina ~ averaging over ten realizations of galaxy positiarithin ha-
modeling [Guzik & Seligk 2002; Mandelbaum eklal. 2005). los. We repeat the exercise with the substitutiiips — N+,

Nonetheless, one might worry that the absencanyfsub- Ni-1, andNi_2 so that we can average over four different halo
halo signal in Figur&l1l is an artifact of our simulation’sfini  shufflings and compute the statistical error on the mean. The
mass resolution, leading to an artificially high degreedditi ~ sampling of the halo mass function is sparse for the highest
truncation. To test this possibility, we compare resultsrfr ~ mass halos in the simulation, so at high masses we cannot
this simulation to those of a simulation of the same cosmo- exchange the galaxy contents of halos without significantly
logical model with a factor of eight higher mass resolution changingP(N|M) itself. We therefore keep the galaxy popu-
but smaller volume. This simulation uses $28irk matter  lations of theNsx most massive halos fixed, witkx =5 or
particles and 128gas particles in a volume 2222 h™*Mpc 20. ForNsx =5, we are shuffling the contents of all halos with
on a side. In each simulation, we select all halos in the massM < 9.0 x 10" h™*M,, and forNg« = 20 we are shuffling the
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TABLE 1
PARAMETERS OFGADGET SIMULATIONS AND HOD PARAMETERS T T T T T T T T T T T
Model Qm o3 Mun(Mo) Mi(IMo) asat A T+ ( )
m 8 min( ®) 1( ®) sat vir 0.1+ EE égg r
1 0.10 095 BIx10 122x102 1.04 240
2 0.16 090 ®@&7x10" 173x108 1.03 210
3 030 0.80 M7x10%2 265x10% 1.04 190
4 0.47 069 187x102 349x108 1.05 165
5 0.63 0.60 241x10%2 385x108 1.09 155
0
NOTE. — The HOD parameters of the fiducial modéliddel 3
are chosen to reproduce the same clustering of the SDSSygsdax-

ple of My < -20 and to match the number density of galaxigs=
5.74x 1073 (h"IMpc)=3. HOD parameters of the other models are scaled
with Qn, from the HOD parameters of the fiducial model and adjusted to
matchgg andny.

-0.1

contents of all halos witM < 4.6 x 103 h™M,.

Figurel3 plots the fractional differencedgy(r), {gm(r), and
AY(r) between the shuffled halo realizations and the original
populated halos. We use the populated halos as the compari-
son standard rather than the SPH galaxies so that we can iso-
late the impact of environmental dependenc®@|M). Er-
ror bars show the error on the mean from the four shufflings,
but recall that we have only one realization of the original
populated halos. Fd¥i, =5, there is a 5% increase ggy(r)

atr < 0.5 h™*Mpc. However, these scales lie in the 1-halo
regime where environmental variationfN|M) should have
no impact at all, so the increase is probably a statistical flu
tuation that reflects the particular sizes and concentratid
the halos present in the simulation. It is only slightly karg
than the & error bars, and the errors from point to point are
highly correlated. FoNsx = 20, the changes i€yy(r) are less
than 3% over the range@ h™*Mpc < r < 3 h™*Mpc. The ]
three points at > 5 h™*Mpc are depressed by 5% on aver-
age, which suggests that shuffling may slightly lower thgdar
scale galaxy bias factor, but the statistical significarfabis 0.1
depression is difficult to assess with a singlel5tMpc sim-
ulation.

Shuffling changeggm(r) by less than 5%, usually much &
less, except for the largest scale point Wiy = 5. Most sig- ﬂ_ﬁ/ B
nificantly for our present purposes, the changeA¥r) are O =7~~~ L. L TR - ?ﬁ_
at most~ 2% forNsx = 20 at all scales, and only slightly larger : i/
for Nix = 5. We conclude that ignoring any possible envi-
ronmental dependence B{N|M) has minimal impact on the
calculation of galaxy-galaxy lensing observables for &giv
cosmology and HOD, for a galaxy sample defined by a thresh- _0.1
old in baryonic mass. There could be a few percent effect
on the large scale bias of the galaxy-galaxy correlatiorfun
tion, which might lead to small errors in inferring the HOD TR Y S S Y B S S W
from observations ofgy(r). Assessing the importance of this 0.1 1 10
effect will require larger simulations. _Croton, Gao & White 1
(2006) have carried out a similar shuffling experiment for r (h MPC>
semi-analytic galaxy populations in the 580Mpc Millen-
nium Run simulationl(Croton etldl. 2006), and they find few o _ o
percent changes in large scale bias for galaxy samples define FiG. 3.— Possible impact of environmental variation of the HOTEgy(r),

Egm(r), and AX(r). We shuffle the occupation numbers of halos of similar

by thresholds in mass or absolute magnitUde (it was the hear’mass, leaving the populations of the fiviligd circleg or 20 (open squares

ing about their shuffling experiment that inspired us toyarr most massive halos unchanged. Plots show the fractiorfatefice between
out our own). the shuffled halo results and the original results. Erros larthe points
show the uncertainty in the mean calculated from four differshufflings

3. N-BODY SIMULATIONS (see text).

To help us develop and test our analytic model, we have
carried out fiveN-body simulations of & CDM universe us-

ence
o

fractional differ
|
o
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FIG. 4.— Large panels shoM-body results fogg(r), £gm(r), and AX(r) for the five cosmological parameter combinations inditdtethe legend and
detailed in Tabl€ll. Attached bottom panels show the fraatialifference between the analytic model calculations thedsimulation results. Error bars
represent fractional statistical uncertainty on ieody results for the central modéb = 0.3 andog = 0.8, solid lineg, computed from the error on the mean
of the five simulations.

ing cApceT (Springel et all 2001). Each simulation begins details.

at expansion factoa = 0.01 with a scale-invariantn(= 1) Our simulations use 360particles to model a volume
fluctuation spectrum modulated by the transfer function of 253h™*Mpc (comoving) on a side. The dark matter particle
Efstathiou et &l1(1992) with shape paraméter0.2. Our an- mass is % x 101%Q,h™M,. We choose the mass resolution

alytic model calculations in@ 5 use thesrast transfer func- so that the lowest mass halos that host galaxiesMiitk —20,

tion (Sellak & Zaldarriaga 1996), which represents cosmo- according to our HOD fits (see below), contain at least 32 par-
logical predictions more accurately, but the Efstathioalet ticles. The gravitational force resolutionds 70 h™kpc (this
(1992) representation should be adequate for calibratidlg a is the approximate Plummer-equivalent value). The five sim-
testing the analytic model itself. The simulations end at ulations are identical except for the random number seedl use
a=10, whenQ,=0.1, Q5 = 0.9, and the linear theory nor-  to generate the initial conditions. We identify dark mattar
malization of the power spectrum ég = 0.95. We use ear- los using FOF with a linking length equal to 0.2 times the
lier outputs from the same simulations to represent modelsmean interparticle separation, or 1d8kpc, and set the halo
with the cosmological parameter combinations listed in Ta- mass equal to the total mass of the linked particles.

ble: ©m, 0g)=(0.16, 0.90), (0.30, 0.80), (0.48, 0.69), and  We populate th&l-body halos with galaxies using HOD pa-
(0.63, 0.60). Since we are adopting a fixed, observationallyrameters that are designed to reproduce the mean space den-
motivated form of the power spectrum instead of changing its sity and projected correlation function of SDSS galaxiehiwi
shape withQ2,, this procedure is exact. We would obtain the M, < -20, as measured hy Zehavi et al. (2005b). The adopted
same results if we ran a separate simulation for each motel buform of the HOD is motivated by the resultsiof Kravtsov €t al.
started it at expansion factar= 0.01/aqu, whereag,:= 0.84, (2004) and zheng et al. (2005). Halos below some minimum
0.64, 0.49, 0.40 for the fouf¥,, og) combinations. We re- masdV,, are devoid of galaxies. All halos aboMg,i, have a

fer the reader to Tinker etlal. (2005, 2006) for the simutatio central galaxy, which is placed at the position of the dark-ma
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ter particle with the lowest potential energy in each haloe T and satellite galaxies (see, e.q..
number of satellite galaxies is drawn from a Poisson distri- lYang et all 2003; Zheflg 2004),

bution with mean§/M;)*s=. Each satellite galaxy is placed ron

on a randomly sele/cted dark matter particle from the halo. (N F'(x) = (Neenh Fen() + (Neailm Feal). ()
Table[1 lists the values dflyin, M1, and asy for our five Pairs involving a central galaxy simply follow the radial $sa
(©m, og) combinations. Further details of the fitting proce- profile p(r), so Fg(X) x p(r)r The distribution E,(X) of
dure are given by _Tinker etlal. (2006). The specifics of the satellite galaxy-matter pairs is the convolution of theagsl
parametrization and details of the fitting method are not im- and matter profiles. We assume a spherical NFW profile
portant to our purposes here, since we will test the analytic (Navarro, Frenk & While. 1997), truncated BYj;, for both
model predictions using the same HOD parameters applied tadark matter and satellite galaxies. We compute the dark
the simulations. However, these parameter choices ensure matter concentration parameteg, using the relation of

Berlind & Weinberg 2002;

galaxy population with realistic clustering properties.

Figure[d showsyg(r), {gm(r), and AX(r) for the five N-
body models. The five galaxy-galaxy correlation functions
are nearly identical by construction, though with the HOD
parameters at our disposal it is not possible to exactly Imatc
the observed correlation function over our full rangesef
The galaxy-matter correlation function is higher for thereno
strongly clustered, higlrg models, as expected. However,
sinceAY(r) scales (approximately) with,og, andQp, falls
faster tharnog grows in our simulation outputs, the order of
models is reversed on th®X(r) panel. We discuss the com-
parison between thid-body and analytic model results in the
following section.

4. ANALYTIC MODELING OF GALAXY-MATTER
CLUSTERING
4.1. Formulation and Tests

Our analytic method of calculatinggm(r) for a given

cosmology and HOD is based on the methods that Zheng

(2004) and Tinker et al. (2005a, see Appendix B)
used to calculate the galaxy-galaxy correlation function.

Bullock et al. (2001). We allow the galaxy concentration to
be different,cgai = ocCam, but adopta, = 1 as our standard
assumption.

On scales much larger than the virial diameter of the largest
halo, the galaxy-matter correlation function is equaligi(r)
multiplied by a galaxy bias factor

Y dn
_ﬁ_g/o A (N)ubn(M), 8)

wherebp(M) is the bias factor of halos of mads. How-
ever, an accurate calculation on intermediate scales noust a
count for the finite extent of halos, for the scale dependence
of bn(M), and for halo exclusion — two spherical halos can-
not be separated by less than the sum of their virial radii. It
is convenient to do the calculation in Fourier space, wHheze t
convolutions of halo profiles become multiplications ofithe
Fourier transforms. Our complete series of expressiorthéor
two-halo contribution t@gm(r) is

160 () [1eio).

bgal

(9)

These methods are based, in turn, on ideas introduced byynhere

Scherrer & Bertschingerl (1991), Ma & FFry_(2000), _Seljak
(2000), [Peacock & Smith [ (2000) and__Scoccimarro bt al.
(2001). We present a full technical description of @yh

@0=5n [ ke, o)

calculation here but refer the reader to these earlier worksjs the Fourier transform of

for more general discussion. Our galaxy-galaxy correfatio
calculations follow Tinker et all (2005), with ellipsoidadlo
exclusion.

Contributions to¢gm can come from galaxy-matter paifs
residing in a single halo or in two distinct halos. We separat
these two contributions as

1+ &gm(r) = [1+Egm(n)] + [1+Em(M)] . (5)

noting that it is pair counts (proportional tot%,m) that add
rather than the correlatiodgn themselves. The one-halo con-

tribution is
1+§ (r)— r2n / dMm F<2Rvir)7
(6)

wheredn/dM is the halo mass function (Press & Schechter
1974;1Sheth & Tormen _1909; Jenkins etlal. 200y is
the mean number of galaxies in halos of mb&spn, is the
mean mass density, afdr /2Ry;;) is the average fraction of
galaxy-matter pairs in halos of makkand virial radiusR;
that have separation less thariBerlind & Weinberg 2002;
F’(x) is simply the derivative oF (x) with respect to its argu-
ment). We defindr;; such that the mean density withiRy;,

is Avirpm, @nd unless otherwise stated we assuxge= 200.
We further split the one-halo term by discriminating cehtra

dn

M 1
W<N>M

ﬁ_m 2Rvir

12 By which we mean pairs of galaxies and dark matter particles.

PR 1 =P | aM G N B 0410 o M)

XA dMZW

whereyy(k, M) andym(k, M) are the normalized Fourier coun-
terparts of the galaxy and the matter profiles, and

) oo dn Rl dn
nézz/o dMld—Ml<N>M1/0 szd—MZ<N>szno(X|MlvM2)'

(12)
In these expressiongno(x|M1, M) represents the probabil-
ity that two halos of mas#1; and M, with scaled separa-
tion x = r/(Riir 1 + Riir2) do not overlap. For spherical ha-
los, pno(X) would be a step function at= 1, but Tinker et &l.
(200%) found that an accurate separation of the 1-halo and
2-halo contributions t@gy(r) requires accounting for the non-
spherical shapes of halos identified by the FOF algorithm. We
adopt their expression, based on a fit to Monte Carlo realiza-
tions of ellipsoidal halo pairs with a reasonable distritwibf
axis ratios:pno(X) = 0 forx < 0.8, pno(X) = 1 forx > 1.09, and
Pno(X) = (3y?—2y®) with y = (x—0.8)/0.29 for 0.8 < x < 1.09.
The restricted number density is the mean space density of
galaxies residing in allowed (i.e., non-overlapping) haddirs
at separatiom. Sincepno(x|M1,My) and the halo bias factors
bn(M|r) depend orr, one must evaluate equatiohd (2)3(12)

M1

ﬁ—bh(M2|r) Ym(K, M2) pno(x|M1,M2), (11)
m
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separately for each value pivhere one wants to knogym(r).

The double integrals in equations111) afidl(12) are non-

separable because of tMy-dependence opn(X). In prin-

9

obtain accurate results. The same problem does not arise for
integrals involving(N)y because the mean occupation itself
goes to zero at low halo masses.

ciple, one should separately compute equafiah (11) for cen- We must make one further adjustment to the analytic model

tral and satellite galaxies and sum the results, sjgieM) is

before testing it against the populatéebody halos described

different in the two cases, but we have tested and found thain 8§ [3. These halos are identified by the FOF algorithm,

ignoring this subtlety has negligible effect.

which, roughly speaking, selects particles within an isede

For scale-dependent halo bias factors, we adopt the expressity surface. ThaneanoverdensityA,; within this surface

sion
[1+1.17Emm(r)]>*°

[1+0.69mm(r)]*%

from [Tinker et al. i(2005). We also use Tinker et al’s
(2005a; Appendix A) expressions for the asymptotic bias fac
tors basyr{M). These follow the formulation af Sheth ef al.
(2001b), but with different parameter values that yield la-su
stantially better fit to the simulations. For “concordance
cosmological parameters, these bias factors are similar t
those ofl Seliak & Warrenl (2004), but they are more accu-

bA(MIr) = bEgyn(M) x

(13)

”

rate for models with different matter power spectra. We use

Smith et al.'s (2003) approximation for the non-linear powe
spectrumPym(k) and correlation functiorgmm(r) in equa-
tions [I1) and[{l3). One could in principle uBg (k) in-
stead ofPhm(K); this would require a different (though still
scale-dependent) expression f{M|r) with a separateéN-
body calibration.
The calculation as we have described it is a straightfor-

ward generalization of thggy(r) calculation presented by

Tinker et al. (2005), who tested its accuracy over the range

og =0.6—-0.95 for both the = 0.2 simulations used here and
for a similar set witH" = 0.12. However, a significant techni-
cal, and to some degree conceptual issue arises with the eval
ation of the second integral in equatignl(11). Since we assig
all galaxy-matter pairs to either the 1-halo or 2-halo terms
we implicitly assume that all dark matter is in halos of some
mass, and thus

e dn
dM — M = pp,. 14
| am G m=m a4
More importantly for present purposes, the distribution of
matter is by definition unbiased with respect to itself, and

therefore dn M
o n

dM — —

0 dM pm

The LJenkins et al.| (2001) mass function &nd Tinkerlet al.

(200%) halo bias factors used here are fits to simulations ove

bn(M|r) = 1. (15)

a finite range of halo masses, and they do not satisfy either®

of these constraints. To impose the constrdint (15) exjlici
we break the second integral of equatibal (11) at a halo mas
Mprk = 10° h™*M, and evaluate it as

o dn M
/ AV M2 Mol yin(K, M) Pro( M1, M)
0 dMZ £Pm

/ dM,
Mork
. [1_

~
~

dn M
—— —2,(Ma|r) Ym(K, M2) Pro(X|M1, M2)
dMz pm

oo !
aM dn M
Mork

bh(M'r) | .

I o (16)

depends on the halo profiles. To compute the effective value
of Ay for our simulations, we calculate the mean density
within spheres centered on the most-bound particles of the
FOF halos that enclose the halo’'s FOF mass. The canoni-
cal value ofA; =200 is accurate for our central model with
Qm = 0.3 andog = 0.8. However, theA,; values for other
models, listed in TablEl 1, deviate by up to 20%. The trend is
as expected: halos in loR,, models are more concentrated
because they form earlier, and they have higher valugs;pf

0However, the-dependence of FOF halos selected with con-

stant linking parameter is much weaker than the variation of
virial densities predicted by the spherical collapse méelg).,
Bryan & Normah 1998). When calculating virial radii as a
function of halo mass, we use thg;; values in Tabl&ll.

The attached bottom frame in Figutk 4a shows the frac-
tional difference between the analytic model adbody re-
sults for the galaxy-galaxy correlation functiorfadaiytic =
EN-body) /EN-body: TOr the five cosmological/HOD models listed
in Table[d. Error bars represent the statistical uncestaint
in the mean value ofn-body, COmMputed from the dispersion
among the five independent simulations; for clarity, we show
these only for the central model with, = 0.3. The differ-
ences between the analytic and numerical results are ysuall
less than 5% at all > 0.1 h™*Mpc. The one deviation that
is clearly statistically significant is the rapid turn-up tbie
residuals ar ~ 0.1 h™Mpc, which reflects the smoothing
effect of the simulation’s gravitational force softeninghe
marginally significant~ 5% discrepancy at ~ 0.8 h™*Mpc
suggests that our ellipsoidal exclusion correction stiltier-
estimates the number of close halo pairs, even thoughwallo
halos to be separated by less than the sum of their virial radi
Without this correction, the deviation would fall off thetbo
tom of the plot (see Fig. 10 In_Tinker etial. 2005). Th&%
divergence of the models at~ 8 h™*Mpc results from the
deviations of thé_Smith et al. (2003) non-linear matter powe
spectrum from our simulation results. This difference doul
be partly an artifact of our finite box size, but the systemati
dependence on cosmological parameters and reconvergence
of results atr = 20 h™*Mpc suggest that it is mostly a result
f slight non-universality of the_Smith etlal. (2003) forraul
though it is hard to reach a definitive conclusion because of

ghe substantial statistical uncertainties at these scales

The bottom frames in Figuld 4b afll 4c show equivalent
fractional differences fo€ym(r) and AX(r). The residuals
for &ym(r) are similar to those fogy(r), with the rise at

r ~ 0.1 h™*Mpc, again reflecting the force softening in the
numerical simulation. SincAY(r) depends odym at all sep-
arations less than (see ed[[B]), and the deviation between
analytic anoN-body{ygm grows at smaller separations, a com-
parison between the pure analytic calculation and the mea-
surement ofAY(r) from the simulation shows a substantial
offset atr < 1 h™*Mpc. However, this offset reflects the lim-

For the term in brackets on the right hand side, we make theited resolution of thé\-body simulation, not the failure of the

(good) approximation thatho(X) = y(k,M) = 1 for halos with
M < My at all radii of interest for our calculation, then ap-

ply equation[(Ib). We find that this procedure is necessary to

analytic model. (Similar deviations at small scale werenfibu
bylMandelbaum et al. 2005.) To remove this numerical arti-
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fact from the comparison, we sétY. for the analytic model  below the central 2-halo term at nearly all separationsmFro
equal to theN-body value at = 0.1 h™*Mpc, then use the an-  Figurd®, we can understand why the individual halos of satel
alytic calculation of¢ym(r) to obtain the surface density for lite galaxies appear to have so little impact on the SPH tesul
r > 0.1 h™*Mpc. With this correction, the analytic model for discussed in El2. Satellite galaxies dominate the 1-haio ter
AX(r) is accurate to 5% or better for all five cosmological Of &m(r) only beyondr ~ 0.25 h™Mpc. However, the indi-
models at all radii 0L h™*Mpc < r < 20h™Mpc. vidual halos of satellites orbiting in larger groups arealisu
tidally truncated well inside this radius, on scales whéee t
. . . . signal is swamped by the contribution from central galaxies
4.2. Dissection of Correlation Functions Ngte that the sgtellitg fraction of galaxy samples is ?cha

It is interesting to examine the separate contributions of less than 30%, and hence the lensing signal of satellitexgala
central and satellite galaxies to the galaxy-galaxy anebyal  ies is smaller by an order of magnitude than that of central
matter correlation functions. Figuf@ 5a shows the familiar galaxies. The dark halos of satellites in groups and clsister
decomposition 0€yq(r) into 1-halo and 2-halo contributions can be measured by galaxy-galaxy lensing (Natarajar et al.
(see_ Berlind & Weinbely 2002 for extensive discussion). We 2002), but only by first identifying satellites and measgrin
adopt the fiducial model witk, = 0.3, 05 = 0.8, and the cor-  AX(r) for them specifically.
responding HOD parameters listed in Table 1, and we use
the N-body simulation measurements. The 1-halo term dom-5. FROM GALAXY-GALAXY LENSING TO COSMOLOGICAL
inates at small scales, but it drops rapidly towards larges PARAMETERS

halos with large virial diameters become increasingly.rate Having established the accuracy of the analytic model, we
large scales, the 2-halo term is a linearly biased versidtheof  can now use it to investigate the dependence\af(r) on
matter correlation function, but at small scales it turnerov Qm and og. We consider a well-defined sample of galax-
and drops because of halo exclusion. We plotlr) rather  jas choose HOD parameters for ea€hn( os) combination
than{(r) itself because pair counts are additive, so individual py fitting the mean space density and projected correlation
contributions sum to give the totak¥(r); this consideration  fnction of this sample, then predi&dX(r). In this sec-
becomes especially important for the central-satellisode tion, we focus on the sample of SDSS galaxies Wth<
positions shown in subsequent panels. The transition lsetwe _21 with the projected correlation function, error covada
1-halo and 2-halo dominance occurs at roughly the virial di- v and mean space density = 1.17 x 107 h3Mpc 2
ameter oM, halos, wheré, is the characteristic scale of the ;,an 'from Zehavi et 4l (2005b). We also present predic-

halc_> mass function. : . tions for a fainter luminosity thresholyl, < -20, again using
Figure [3b separates #¢q(r) into central and satellite  Zepaviatal [(200%b)'s observational constraiitsAt large
galaxy contributions. Central-satellite pairs domingr)  gcajes; we expect to recover the linear theory, linear tias r
atr < 0.4h™*Mpc, and central-central pairsez 1h™Mpc,  sylt, AX o /b o o8, but we can extend the predictions
while satellite-satellite pairs dominate by a small fadtor  tg intermediate and small scales using the full analytic ehod
the intermediate regime. Figu@ 5c &d 5d show the sepa- \we make two significant changes in our application of the
rate central and satellite contributions to the 1-halo and 2 analytic model. First, we use @uerasT transfer function
halo terms, revealing the origin of the behavior in Fiddre 5b (Seliak & Zaldarriada 1996), computed far, = 0.3,h=0.7,
Central-satellite pairs dominage"(r) at small scales because (), =0.04, in place of th& Efstathiou ef al. (1992) parametriza-
in this regime most pairs come from the most common ha- tijon adopted in ouN-body simulations. This change to the
los that are large enough to host a galaxy pair. These hatransfer function has little effect on the HOD parametefs in
los have(N)w < 3, and they therefore have more central- ferred by fittingwy(rp), but it has a noticeable effect on the
satellite galaxy pairs than pairs that involve only satedli 2 values of these fits, and it affects tle)(r) predictions

Conversely, satellite-satellite pairs doming#(r) at large  {hemselves. Note that we dot change the transfer function
scales because the halos with virial diameters large enoughynen changing, from our fiducial value of 0.3; because the
to host pairs at these separations haMey > 3. Finally, = oer spectrum shape is empirically well constrained, we as
pairs involving at least one central galaxy dominate the 2- ¢\, \a that any effect of changisig, will be compensated by
halo term by a large factor at all separations, because only,qj stingh, (2, or the inflationary index (which we set to
halo pairs in whictbothhalos havgN)w > 2 contribute, on 6 "second, we define halo virial radii assuming = 200
average, more sa'gelllte-satelllte pairs than centratrakor for all Qm, instead of the varying\y: values listed in Ta-
central-satellite pairs. Such halos are much less comn@mn th o and used in[§ 4. This change simply amounts to a slight
those with 1< (N)m < 2. Thus, satellite-satellite pairs make cpangein the halo definition: to identify these haloNibody
a major contribution to the totalg(r) only over the radial g jjations, one would need to adjust the FOF linking length
range in which 1-halo contributions from high mass halos are gjighy with (.. ThelBullock et al.[(2001) concentration pa-
dominant. . . . rameters are defined for differefitg-dependent)\,;: values,
Figure[® shows the equivalent dissectionggh(r). The e rescale them to ouxy, definition. We still adopt the

overall behavioris very similar to that seen in Figlire 5. 2he  [janing et 41 [(2001) halo mass function for all cosmoldgica
halo term extends to somewhat smaller scales because halq"'ﬁodels with no rescaling.

with mass neaMmi, can still form galaxy-matter pairs with FigureT illustrates the results for a sequence of models wit
lower mass halos that have smaller virial radii. The satel- o8 ranging from 0.6 to 1.0, all faP, = 0.3. The HOD param-

lite contribution to the 2-halo term is analogous to the sSim 0 otar values required to match {he Zehavi étlal. (200&6),)
central-satellite and satellite-satellite pairs §gy(r) because | casurements are listed in TaBle 2, and the mean occupation

there are no “central” dark matter particles. (The nornaaliz ¢ ; ; ;
S e unctions(N)u are shown in pangl 7a. For loweg, matchin
tion is lower than in FigurEl2 because we now calculate the (Now pantl 9

expected number of galaxy-matter pairs using all galaxiesi 13 gpecifically, we use th Zahaviel al_(2005b) measuremantshe
stead of satellites alone.) However, it is still a factor 863 M, < -20 sample with limiting redshifz = 0.06.
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FiG. 5.— Dissection of the galaxy-galaxy correlations for tliiial model. (a)
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Contributions of one-haldashed and two-halo otted galaxy pairs to the

full correlation function $olid). (b) Contributions of central-satelliteléshed, satellite-satellite dotted, and central-centraldpt-dashed galaxy pairs. Panels
(c) and (d) show the central/satellite decompositions efdahe- and two-halo terms individually.

the observed clustering requires a larger fraction of gatain

more massive, more biased halos, hence higher values of the

(Nsapm Slopeasa: The resulting galaxy correlation functions
are very similar for all five values ofg, as shown in Figuild 7d.
FigurelTb plots ¥ /pm) dn/dInM, the fraction of mass con-
tained in a (natural) logarithmic bin centered at mislssFor

og = 0.6, this function peaks nedt ~ 103 h™*M,, while for

og = 1.0 it peaks neaM ~ 10' h™M,. Figure[Tc plots the
same function multiplied byN)y, a product that is propor-
tional to the number of 1-halo galaxy-matgairsthat arise in
halos of mas#/1. This function peaks afl ~ 3 x 10 h™M,

for g = 0.6 andM ~ 10' h™*M, for g = 1.0. The trend of
asatWith og partly compensates the trend of the mass distribu-
tion in Figure¥b, reducing the order-of-magnitude shiftia
peak location to a factor of three. While high mass halos near
the peak contribute a substantial fraction of all galaxyttera

TABLE 2
HOD PARAMETERS FORDIFFERENTog MODELS

Model Mmin(h™Mg)  Mi(h™Mg)

Qm og Qisat

1 0.3 0.6 404x102 628x108 152

2 0.3 0.7 446x1012 7.98x10%8 1.40

3 0.3 0.8 471x102 958x10% 1.31

4 0.3 09 485x102 111x10% 1.25

5 0.3 1.0 495x102 123x10% 1.19
NoTE. — The HOD parameters are chosen to reproduce

the same clustering of the SDSS galaxy sampl&pf< -21
and to match the number density of galaximp= 1.17 x

1073 (h"IMpc) 3.

pairs, these pairs are spread over a larger projected area, s

the contribution in a given ~ r +dr bin is multiplied by an
additional factor that scales roughly B ~ M~%/3. For all
values ofog, the fraction of 1-halo galaxy-matter pairs is tiny
forM >5x 10" h™*M,,.

Figured¥e andl 7f show the galaxy-matter correlation func-
tions and excess surface density profiles, respectivelihi®
model sequence. At large scal€gn(r) and AX(r) increase
with og o< 1/b as expected from linear theory. A similar in-
crease appears on small scales because of the largerrirattio
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Fic. 6.— Dissection of the galaxy-matter correlations for tiidial model, in the same format as Hij. 5. In panel (b)-(dsheéd and dotted lines show
galaxy-matter pairs involving a central galaxy or a sdtetjalaxy, respectively.

galaxy-matter pairs in more massive halos. In fact, theeshiap though we again make slight adjustments towfi(ry). If

of &gm(r) andAX(r) appear remarkably constant over the full halo concentrations were independenfif, and we did not

range 01 h™*Mpc < r < 20 h™Mpc, a point we quantify be- ~ make those small adjustments, thgg(r) and{gm(r) would

low. be identical for all five models after this mass rescalinggsi
Figurel® showsAX(r) for three model sequences with dif- the halo mass function and halo bias factors are functions of

ferentvariations. In Figufd 8a, we consider the same seguen M/M, andM, x Qn (see Zheng et &l. 2002 for further discus-

of increasingos, fixed Qn shown in Figurdd7, but we al-  sion). In this case¥(r) would have a constant shape and an

ways keep halo concentrations fixed at the values predicted@mplitude proportional téXy. Figure[8b shows roughly this

for g = 0.8. We adjust HOD parameters slightly from the behavior, but the trend of higher concentration for logy

values listed in TablEl2 to obtain the minimugafit to the ~ produces a weak convergence of models at small
projected correlation function with the new halo concentra  We have so far assumed that satellite galaxies trace the dark

tions. In the large, 2-halo regime AX(r) is nearly identical ~ matter in halos, with the same NFW radial profile. We now
to that shown in FigurEl7f. However, fixing the concentra- relax this assumption and allow the satellite profiles toehav
tions to those of the central model has an important effecta lower concentration parameter, as suggested by some nu-
at small scales, causing theX(r) curves to converge. The merical studies (seed 2 ahd Nagai & Kravisov 2005). Fig-
constancy of shape in Figu 7f is thus partly a consequenceairelBc compares models withy, = 0.3, 0g = 0.8, and satellite
of the changes in halo concentrations in differepmodels; ~ concentration parametetg, = acCom With o =0.3, 0.5, 0.7,
higherog leads to earlier halo collapse and higher concentra-and 1.0. We again adjust HOD parameters tavfir,) af-
tion, boostingAX(r). ter changing galaxy concentrations. These adjustmenily par
Figure[Bb shows a sequence with fixegl= 0.8 andQ, compensate for the changes in galaxy concentration, so the
varying from 0.2 to 0.4 in steps of 0.05. For this sequence, effect of a radial profile change is somewhat smaller here
the HOD parametefdmi» andM; scale in proportion t&,, than in 82 (Fig.L), where we kept other HOD parame-
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FiG. 7.— Clustering contributions and clustering signals fertnodel sequence with fixélh, and varyingog. (a2) Mean halo occupation functions, determined
by fitting thewp(rp) data, withog increasing from top to bottom (see panel d legend). (b) Fnaaif matter per logarithmic bin of halo mass. (c) Fractidn o
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respectively.
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FiG. 8.— Excess surface density profiles for other model sequewe consider (a) the same model sequence as ilidFig. 7, buhalid concentrations held
fixed at the values fof2m = 0.3 andog = 0.8, (b) a sequence of models with fixeg = 0.8 andQ2m ranging from 0.2 dotted to 0.4 (ong dasheylin steps of
0.05, and (c) models witkim = 0.3 andog = 0.8 in which galaxy profile concentrations satisfys = ccCym, With ac = 0.3 (dotted, 0.5 (ong-dashed, 0.7

(dot-dashed, and 1.0 ¢olid). The inset panel shows fractional deviations fromdfae= 1.0 model.

ters fixed. Forac > 0.7, the impact omA>(r) is under 3%

at all r. For a¢ = 0.3, the effect rises to 7% at the scale
r ~ 0.5-1 h™*Mpc where satellite galaxies make a domi-
nant contribution tcgm(r) (see Fig[bb). Small differences

TABLE 3
THE WEAK LENSING SIGNAL

; M, < -21 M, < -20
be]EV\;een glalaxyfj arl;d o:ark mda_l;fter concentrat;}ons can thlljlsbbe logr TOgAY([M) 3 0gAST) o 3
safely nelg]I ected, tutt a;ghe_ll\;l erences can have a small but —-~c—— > —— —~— 1582 071 o84
measurable impact at< pc. _ -0952  1.870  0.68 1.10 1513 073 0.83
Observational studies of galaxy-galaxy lensing often exam -0.875 1.808 071 1.08 1.446  0.75 0.83
ine the ratiaggm(r)/&qq(r), which is equal tagm/b in the lin- -0.798  1.743  0.73 1.06 1378 077 0.83
ear bias model (e.d., Hoeksfra e(al 2001, 2002 Shelddh eta ~ 0721 ~ 1.674 076 1.04 1310 079 085
2004). FigurdD plots this ratio for the four model sequences %43 1802 079 1.0 1244 081 085
). Figu p : ' seql -0.567 1529  0.80 1.03 1181  0.83 0.87
shown in FigureBl7 arld 8. Figurk 9a shows the figg-in- -0489  1.453  0.83 1.03 1116  0.84 0.91
creasingog sequence of Figulll 7. Since HOD parameters -0.412 1379 085 1.02 1050  0.86 0.96
in each model are adjusted to match the projected correla- 79335 1.306 087 1.03 0982 088 1.00
; . . . -0.258  1.227  0.89 1.06 0922  0.89 1.08
tion, model differences are driven almost entirely by ceang 0181 1145 091 110 0.860 091 1.13
in &gm(r). At large scales, the ratigym(r)/&gq(r) is con- -0.104  1.064 092 1.15 0.806  0.92 1.16
stant as predicted for linear bias, afigh(r) increases in -8-8% g-ggi 8'3431 1-5’1 8-232 8-32 1-%2
proportlon2t0crg x 1/b. Cornpa_nson to the bias fagtor de- 0127 0793 095 131 0610 098 131
fined by b = £gq(r)/Emm(r) implies a cross-correlation co- 0.204  0.697 096 1.37 0535  0.99 1.38
efficientrygm ~ 0.9 for all five models. However, in every 8%2; 8-2(1)‘11 8-33 1-% 8-;:?2 1-8(1) 1-13
: -1 . . . . . . .
casegm(r)/Egq(r) rises sharply at a scafe~ 1 h™*Mpc near 0435 0419 1.00 1.8 0297 102 153
the 1-halo to 2-halo transition. F@gg(r), this transition is 0.512  0.330 1.00 1.49 0.218 1.03 1.55
fairly sharp, producing measurable deviations from a pewer 0589 0244 101 147 0137 104 155
law (Berlind & Weinberpy 2002; Zehavi etlal. 2004). These 0666 0162 102 1.43 0.059 104 151
deviations are smoothed out §gm(r) because the contribu- 0.743 0089 103 137 0018 105 143
levia Gm 0.820 0021 104 129 -0076 105 1.35
tion of halos belowMy,, allows the 2-halo term to overlap 0.897 -0.039 1.03 1.21 -0.131  1.06 1.27
more with the 1-halo term (compare Fifjk. 5a Bhd 6a), and the 0974 -0.094 105 1.14 -0.196  1.05 1.20
ratio £gm(r)/&qq(r) therefore shows a sharp feature reflecting 1051 -0.145 1.05 109 -0242 105 1.15
/ . 1128 -0.193 1.05 1.06 -0.288 1.05 1.12
the break inggq(r). For higherog, the 1-halo term extends 1205 -0241 104 105 0333 104 112
to largerr, and the jump irfgm(r)/&gq(r) is larger in ampli- 1282 -0.292 1.04 1.05 -0.382 1.04 1.12

tude but spread over a larger ranger ofThe break infgy(r)
is generally stronger for more strongly clustered galaxy-sa
ples (Berlind & Weinbelg 2002; Zehavi eflal. 2005b), and we
expect similar sample dependence forghg(r) /£yq(r) jump.

At small scalesggm(r)/Eqq(r) is again roughly flat, but at
a level higher than the large scale ratio. As noted earlier,

fixing halo concentrations causes the galaxy-matter @rrel tion function of differentrg models to converge (Fi@l 8a), so
the &gm(r)/&yq(r) ratios also converge in this case (Hifj. 9b).

NOTE. — The excess surface densitias>gp of the fiducial model Qm =
0.3, og = 0.8) for SDSS galaxy samples M; < -21 andM; < -20. The
projected radius is in h™*Mpc, andA S is in hMg pc2.
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FIG. 9.— The ratioggm(r)/Egg(r), which is equal togm/b in the linear bias model. Panels (a)-(d) show the four moelglisnces illustrated in Figd. 7 did 8.
Line types follow the same sequence as in those Figures,swithcreasing from 0.6dotted to 1.0 (ong-dashed in panels (a) and (bX2m increasing from
0.2 [dotted to 0.4 {ong-dashed in (c), andac increasing from 0.3dotted to 1.0 Golid) in (d).

Figured®c anf{l9d show that the effects(if or c4a varia- r. Here Ak p(r) is the excess surface density prediction of
tions are much smaller than thosesgfvariations. Thev 5% the fiducial model with), = 0.3 andog = 0.8, and we fita
model-to-model differences at small scales arise fromrthei andg using a full grid of models witlwg = 0.6, 0.7, 0.8, 0.9,
different halo concentrations, while the smaller differes at 1.0 andQ,=0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45. We assume
large scales reflect the slight changes in HOD parameters reega = Cam in all cases.
quired to matctwy(rp). Present observations (Hoekstra etal.  FiguredZIDa an10b plot the fitted valuescolnd 3, re-
2002;ISheldon et al. 2004) are consistent WigR(r)/&qy(r) spectively, as a function af. Results forM, < -20 galax-
that is approximately scale-independent, but the uncei¢si ies andM; < —21 galaxies are similar, though the underlying
are still fairly large, and testing for the feature preditte AYrp(r) is different in the two cases. There are two notable
Figurd® will require more careful replication of obseroatil departures from the linear bias valuess 3 = 1. At small
procedures. scalesy falls below one, reflecting the weak convergence of
Figure[® shows that the linear bias expectation of constantAX(r) curves seen in Figufd 8b. This convergence in turn re-
&gm(r)/&qg(r) holds accurately for > 4 h™Mpc but fails at flects theQ),-dependence of halo concentrations. At scales
the 26-50% level in the non-linear regime. We can also ask r ~ 2—-5 h™Mpc, 3 rises above unity, corresponding to the
how well the linear bias predictioAY. o« Qmog describes the  slight divergence oY (r) curves at these scales in Figlite 7f.
scalingof AX(r) with cosmological parameters. To answer Figure[IDc shows the rms and maximum fractional errors be-
this question, and to allow easy scaling of our predictioitisw  tween theQ), or og dependences predicted by the full ana-
cosmological parameters, we adopt the more general formuldytic model and the scaling relatioh{|17), calculated over o

a id. 0
A(r) _ O (ﬁ)ﬁ a7 full model grid. The rms errors range from 1% at large
AZHD(T) 0.3 0.8

r to ~ 3% at intermediate. The largest errors arise for the
Qm = 0.45, 0g = 1.0 model, and they are roughly twice the
and determine best-fit values afand 3 at each separation

rms errors. FigurEZ10d shows the result of adopting the tinea



16 YOO ET AL.
IIIIIII T T IIIIIII T T IIIIIII T T IIIIIII T T IIIIIII T T IIIIIII T T
L (@ 4 - (b) -
27 & M <-20 Sample 2
| O M,£-21 Sample i | i
SEE 1 « T T
() B 7 () B 7
o o,
2 1 — 2 1 _|
[72] N N n L u
O IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 O IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1
0.1 1 10 0.1 1 10
20 -I IIIIII T T IIIIIII T T IIIIIII T I_ 20 -I IIIIII T T IIIIIII T T IIIIIII T I_
[ & M,£-20, rms © - a=fp=1 @
9 [ O M,=-21, rms 1 3 i ]
~ 15 +— — M,£-20, max 4 7 15 F —
5 [ Ms-21, max 15 | )
o L 4 & L i
< ~
o i 1 9 i ]
— 10 1z o0 ’
0 - 1 .8 i ]
e i 15 i ]
T s . 4 © s5f .
P - = - 1@ - ]
=0 1= I ]
0 IIIIIII 1 1 IIIIIII ----- L 0 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1
0.1 1 10 0.1 1 10
r (A~'Mpe) r (h~'Mpc)

FIG. 10.— Parametera(r) ands(r) of the bias scaling relatioA X (r) oc Q%ag (eq.[I1) for samples matched to the SD8rp) measurements &f; < -20

(triangleg andM; < -21 (circles) galaxies. Panel (c) shows the rms and maxi

mum fractiomafsof this scaling relation, relative to the full analytilculation,

over a model grid with2y, varying from 0.15 to 0.45 andg varying fromog = 0.6 to 1.0. Panel (d) shows the same errors for linear biasnggalF 5 = 1. In

all cases the maximum error arises fof = 0.45,0g = 1.0.

bias scalingx = 8 =1 in equation[(lI7). The linear bias pre-
dictions are accurate at the 1% (rms) to~ 3% (maximum
error) level for > 10h™*Mpc, but the deviations become sub-
stantial at smaller, with errors of~ 5-16% atr = 3h™Mpc
andr = 0.1 h™*Mpc for theQ, = 0.45, 05 = 1.0 model. The er-
rors of the linear bias scaling are typically a factol.5-4.0
larger than those using our fitted valueswg§f) and3(r).
Table[3 listsAgp(r), the values ofAX(r) predicted by the
analytic model for theM, < -20 andM, < -21 galaxy sam-
ples assuming2, = 0.3 andog = 0.8. It also lists thex(r)
and §(r) functions shown in FigurEZ10. Equatidn]17) can
be used to scale these predictions to other valugs,pdnd
og, and measurements df>(r) for these galaxy samples
could then be used to obtain constraints in §hgog plane.
Our prediction ofAX g p(r) is weakly dependent on the HOD
parametrization that we adopt when fittiwg(r,). If we adopt
the alternative parametrization used by Zehavi =t al. (BP05
whereas, is fixed to one but théNsa)w cutoff is a fit param-
eter, then theAY(r) predictions change by less than 5% for
allr > 0.1 h™*Mpc. We have not yet explored more general
parametrizations, but we expect that the(r) predictions

would be robust at this level for all HOD models that fit the
observedvy(rp).

Galaxy-galaxy lensing measurements are often made for
flux-limited samples rather than absolute-magnitude &uhit
samples to increase the signal-to-noise ratio, but such mea
surements are difficult to interpret quantitatively beestingy
do not represent properties of a uniformly defined galaxy
population. Because our predictions apply on the non-tinea
scales where the measurement precision is higher, and be-
cause results from different radii can be combined, it sthoul
be possible to obtain precise constraintssgf),, from abso-
lute magnitude-limited samples, and to use different sampl
to check for consistency. Since the valuesaoénd 3 vary
with scale, it is possible in principle to break the degeogra
betweer},, andog. However, the deviations from linear scal-
ing are not large, so whileg2,, should be well constrained,
individual parameter constraints are likely to be impreeisd
sensitive to systematic uncertainties in the modeling.

Mandelbaum et al.| (2006) have recently presented SDSS
measurements for narrow bins of luminosity and of stellar
mass, which are well suited to their goal of constrainingphal
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virial masses and satellite fractions. For cosmologicehpa range 04 h™*Mpc < r < 1 h™*Mpc, satellite-satellite pairs
eter constraints, we think it is better to use luminosity ass: in large halos make the dominant contributionggg(r). In
threshold samples, which provide higher signal-to-naser similar fashion, central galaxies dominate the galaxytenat
and which are easier to model robustly because there is naorrelation function at small and large separations, while
uppermass cutoff o{Neen)m- satellite galaxies dominate in the rang@®h*Mpc < r <

1.5 h™*Mpc. The halos of individual satellites make negli-

6. SUMMARY gible contribution toAX(r) because they are usually tidally
We have developed an analytic model to predict(r) truncated below the scales at which the satellite conighut
for specified cosmological and galaxy HOD parameters anditself is important.
tested its validity using SPH and-body simulations. We 5. For samples with HOD parameters chosen to match

have used the analytic model to investigate the dependenceéhe M, < —21 SDSS sample of Zehavi el &l._ (2005b), the ra-
of A¥(r) onog andQ2, when HOD parameters are chosen to tio &gm(r)/&qq(r) is constant at > 4 h™Mpc, as predicted
reproduce the observational space density and projected co by the linear bias model, but it jumps by 280% at scales
relatlon.fur.lcnpan(rp) of the galaxy sample being measured. r ~ 1 h™Mpc near the transition from the 1-halo to 2-halo
Our main findings are as follows: clustering regime, before settling to a new, higher value at
1. In our SPH simulation, replacing the satellite galaxies 0 small scales. The magnitude of the jump dependsrgn
each halo with randomly selected dark matter particles has aand it is likely to depend on the galaxy sample as well, be-
10-20% effect ontgq(r) andégm(r) at scales ~ 0.5 h™Mpc, ing stronger for more highly clustered populations. In dine
and smaller impact at other scales. Most of this difference bias terms, the large scale valuesigf(r)/£go(r) correspond
arises from the differing radial profiles of satellite gaé  to a galaxy-matter cross-correlation coefficiegt ~ 0.9, if
and dark matter. If satellites are replaced in a way that pre-ye define the bias factdr= [€g(r)/Emm(D)] 12,
serves the radial profile but randomizes azimuthal position g \we fit the dependence Afy(r) on cosmological param-
then changes t@yq(r) angggm(r) ares 10% at all radii, and o0 5 \ith a scaling formulAS(r) o Qgos, wherea and3
g_hanges tah2i(r) are< 5%. Dark matter subhalos around in- are slowly varying functions of. This scaling describes the
vidual sateliites orbiting in larger halos are presentthey oq,t5 of our full analytic model with rms erraf 3% over
hagle Tfegl'g'ble impact on the globaPX(r). . the parameter rang@n, = 0.15-0.45,05 = 0.6 - 1.0. At large
-_If we randomly reassign tgg Q?Iaxy occupation num- scales,« and 8 approach the linear bias values= 3 = 1.
g?rn%fa?ﬁcg huaall(l) mggi <tr?é?1xc}1an hesMG :;) anoE?)erQr?cljo However, forcinge = 3 = 1 at all scales leads to errors that
y €q ' 1 9 .5&9( ' §_gm - are larger by factors of .5-4.0, relative to the scaling for-
AY(r) areg 2% at allr < 5h™Mpc. This result |mpI|e$ that  ula [LT) with our fitted values af and3.
any environmental dependence of the halo occupation func- 1ap|d73 lists our predicted valuesAE(r) for theM, < —20
t|on_P(_N|M) at f|xeq halo mass has minimal impact on th_ese andM, < —21 SDSS samples, assuming our fiducial cosmo-
statistics for_our simulated galaxy sample, which is def!ned logical model WithQm = 0.3 andog = 0.8. Equation[[1I7) al-
by a_lbaryonlc mass threshold. For our largest scale point afjgyg scaling of these results to other values@and,,, and
12h™Mpc, we find an effect of 10% ofyq(r), 5% on&em(f),  measurements ak(r) for these samples can be combined
and 2% onAX(r), but the statistical uncertainties of our esti- ity these predictions to obtain cosmological constraints
mate are of comparable magnitude at this scale, so larger simyyhich will be tightest on a parameter combination that is ap-
ulation volumes are needed to definitively establish thesichp proximatelyosQm. Given the growth of the SDSS since the
of any environmental dependence on the large scale bias faCSampIes analyzed hy Sheldon et Al. (2004) land Zehavi et al.
tor. Taken together, results 1 and 2 show thatdfer) and  @005h), it is probably preferable to extragi(r ) and AX(r)
AX(r) predictions of a full hydrodynamic simulation can be gstimates for matched galaxy samples from the latest data
reproduced to 5% or better (usually much better) by populat-gets, A full analysis should also investigate the effects

ing the halos of a purél-body simulation with the correct ¢ 4qding greater flexibility to the HOD parametrization it-
P(N|M), provided that satellite galaxy populations have the seff ysing, e.g., the 5-parameter formulatio_of Zhendlet a
correct radial profiles. , (2005). We have tested the effect of changing to a different 3
3. Our analytic _modeI foAX(r) is based on the methods parameter description (se€l§ 5), and we find changgsssh
introduced by Seljak (2000) and Guzik & Seljak (2001), but i, the Ax(r) predictions. We suspect that these predictions
it incorporates the scale-dependent halo bias and elipsoi  \yoyd remain similar for any choice of HOD parameters that
halo exclusion corrections introduced by Zhenhg (2004) and reproduces the observeg(r,). Our SPH andN-body tests
Tinker et al. (2005) fogg(r) calculations. We have tested the  gjcate that the analytic model predictions should be accu
analytic model against numerical results from a grid of pop- rate to 5% or better given our HOD parametrization, though
ulatedN-body simulations, which span the parameter range 555,mptions about galaxy profile concentrations havefsigni
og = 0.6-0.95 andQ2y, = 0.1-0.63, with HOD parameters — cant effect at < 2 h~Mpc. This level of accuracy is adequate
chosen to match the space density and projected Coﬁfelat'o'@]iven the statistical errors expected for current samjies,
function of SDSS galaxy witM; < —20 (Zehavi et L. 2005b).  yefinement and testing on large simulations will be needed to
The analytic model reproducias the numerical {esults t0 5% Origke full advantage of future analyses of even larger, deepe
better over the range of Dh™Mpc <r <20h™Mpc. The  g,ryeys. Precise determinationstf andag can play an im-
residuals are consistent with the statistical errors oftiraer- portant role in testing theories of dark energy and models of

ical calculations, except for the innermost bin, where §&av  infjation, making galaxy-galaxy lensing an essential eleime
tional force softening in thé\-body simulations artificially ¢ opservational cosmology.

suppresses correlations.

4. For theM,; < -20 HOD parameters, pairs involving at
least one central galaxy dominate the galaxy-galaxy cwrrel  This work was supported by NSF grants AST-0098584 and
tion function atr < 0.4 h™*Mpc andr > 1 h™*Mpc. Inthe  AST-0407125, and by NASA ATP grant NAGS-13308. Z. Z.
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