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ABSTRACT

Correlations between intrinsic shear and the density field on large scales, a potentially impor-
tant contaminant for cosmic shear surveys, have been robustly detected at low redshifts with
bright galaxies in Sloan Digital Sky Survey (SDSS) data. Here we present a more detailed
characterization of this effect, which can cause anticorrelations between gravitational lensing
shear and intrinsic dlipticity (Gl correlations). This measurement uses 36 278 luminous red
galaxies (LRGs) from the SDSS spectroscopic sample with 0.15 < z < 0.35, split by redshift
and luminosity; 7758 LRGs from the 2dF-SDSS LRG and QSO (2SLAQ) survey at 0.4 <
Z < 0.8; and a variety of other SDSS samples from previous, related work. We find >3o
detections of the effect on large scales (up to 60 h~— Mpc) for all galaxy subsampleswithin the
SDSSLRG sample; for the 2SL AQ sample, wefind a 20 detection for a bright subsample, and
no detection for a fainter subsample. Fitting formulae are provided for the scaling of the Gl
correlations with luminosity, transverse separation and redshift (for which the 2SL AQ sample,
while small, provides crucial constraints due to its longer baseline in redshift). We estimate
contamination in the measurement of o g for future cosmic shear surveys on the basis of the
fitted dependence of Gl correlations on galaxy properties. We find contamination to the power
spectrum ranging from — 1.5 per cent (optimistic) to —33 per cent (pessimistic) for atoy cosmic
shear survey using all galaxies to a depth of R = 24 using scales | ~ 500, though the central
value of predicted contamination is —6.5 per cent. This correspondsto abiasinog of Aog =
—0.004 (optimistic), —0.02 (central) or —0.10 (pessimistic). We provide a prescription for
inclusion of this error in cosmological parameter estimation codes. The principal uncertainty
isinthetreatment of the L < L, blue galaxies, for which we have no detection of the Gl signal,
but which could dominate the GI contamination if their GI amplitude is near our upper limits.
Characterization of the tidal alignments of these galaxies, especially at redshifts relevant for
cosmic shear, should be ahigh priority for the cosmic shear community.

Key words. gravitational lensing — cosmology: observations — large-scale structure of

Universe.
1 INTRODUCTION
Weak gravitational lensing has emerged in recent years as a power-
ful tool for probing the distribution of matter in the Universe (see
*E-mail: chirata@sns.ias.edu e.g. thereview by Refregier 2003). Lensing directly traces the mat-
+Hubble Fellow. ter distribution, and thus is less sensitive to modelling of baryonic
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physics than other cosmological probes. Because of the relative
cleanness of the theory, several groups are engaged in a programme
to measure cosmological parameters using the two-point function
of weak lensing shear. Thefield has grown rapidly, with thefirst de-
tections (Bacon, Refregier & Ellis 2000; Kaiser, Wilson & Luppino
2000; Van Waerheke et al. 2000; Wittman et al. 2000) giving way to
more robust results with smaller statistical errors and better control
of observational systematics (Brown et a. 2003; Jarvis et a. 2003;
Heymans et al. 2005; Massey et a. 2005). Severa of the more re-
cent results provide competitive cosmological constraints (Hoekstra
et a. 2006; Jarvis et al. 2006; Sembolini 2006).

In principle, because the cosmic shear signal has the power to
constrain the matter power-spectrum amplitude at a particular red-
shift, it may be a powerful tool to constrain models for dark energy.
Splitting source samplesinto redshift dlices, and autocorrel ating and
cross-correlating each slice against itself and against the other slices
can constrain the growth of perturbations as a function of time. In-
deed, lensing tomography was shown to put significant constraints
onthe dark energy parameters (Hu 2002; Huterer 2002; Ishak 2005;
Song & Knox 2005) and to have the potential to test gravitational
physicson very large scales (Ishak et al. 2006; Knox & Song 2006).
Therefore, many future surveys are being planned to have suffi-
ciently high statistical power to measure dark energy using cosmic
shear.

The cosmological weak lensing signal issmall, with typical shear
of the order of 102 or less, and some of the more ambitious projects
under consideration will require measurement of the signal to very
high fractional accuracy (<1 per cent). This means that even very
small systematic errors can have a significant influence on cosmic
shear analyses. One of these systematicsis the problem of measur-
ing shape in the presence of an instrumental point spread function
(PSF), which can easily introduce spurious ellipticity correlations
between different galaxies and dilute existing correlations by mak-
ing the galaxies appear rounder. There is now a substantial litera-
ture on the subject of PSF-induced systematics (Kaiser 2000; Erben
et a. 2001; Bernstein & Jarvis 2002; Hirata & Seljak 2003a; 1shak
et al. 2004; Vale et al. 2004; Van Waerbeke, Méellier & Hoekstra
2005), including a detailed comparison of different measurement
agorithms (Heymans et a. 2006a; Massey et al. 2007). A second
problem is the determination of the redshift distribution of source
galaxies, d N/d z, which entersinto the equation for the cosmic shear
power spectrum. There are several ways in which this can be ad-
dressed, such as direct spectroscopic measurement of some fields
(Bernstein & Jain 2004; Ishak & Hirata 2005; Mandelbaum et al.
2005), self-calibration (Huterer et al. 2006) and possibly inthefuture
by large-scale surveysinthe H1 21-cm line (Rawlings et a. 2004).
Yet a third potential difficulty is the uncertainty in the theory: the
cosmic shear programme places very demanding requirements on
the accuracy of N-body simulations, and the effects of baryons will
beimportant on small scales (White 2004; Zhan & Knox 2004; Jing
et al. 2006).

Most of the above-described systematics are technical in nature,
and in principle can be overcome or at least suppressed with im-
proved modelling and data reduction techniques. Unfortunately,
there is another possible systematic in weak lensing, namely in-
trinsic alignments of the source galaxy population. It has been rec-
ognized for some time that if the intrinsic ellipticities of different
galaxies are correlated, then this can result in a spurious contribu-
tionto the‘shear’ power spectrum. Several theoretical modelswere
constructed (Croft & Metzler 2000; Heavens, Refregier & Heymans
2000; Catelan, Kamionkowski & Blandford 2001; Crittenden et al.
2001; Jing 2002) and the intrinsic aignment correlation function

was measured by several authors using low-redshift surveys (Brown
et al. 2002; Heymans et al. 2004). The severity of this problem is
lessened by the fact that such intrinsic dlipticity—intrinsic elliptic-
ity (1) correlations can only exist if the two source galaxies are
near each other in physical space, whereas the shape correlations
induced by cosmic shear exist between any two galaxies that are
near each other in angular coordinates, even if they have a large
line-of-sight separation. Thus several authors proposed that galaxy
pairs at neighbouring redshifts be downweighted or removedin cos-
mic shear analyses (King & Schneider 2002; Heymans & Heavens
2003; King & Schneider 2003; Takada & White 2004). However, it
was later found that cosmic shear is subject to another type of in-
trinsic alignment contamination, in which theintrinsic dlipticity of
anearby galaxy correlates with the quadrupole of the density field
surrounding it. Since this density field produces alensing shear on
more distant galaxies, it is possible to have a gravitational lensing—
intrinsic ellipticity (Gl) correlation. The Gl correlation can in prin-
cipleexist between galaxies at very different redshifts, and therefore
it cannot be eliminated by considering only shear cross-correlations
between different redshift slices (Hirata & Seljak 2004).

The cosmic shear community has proposed several methods
for addressing the GI problem, such as margindization over
parametrized models (King 2005; Bridle & King 2007) and removal
based on the redshift dependence of the signal (Hirata & Seljak
2004). At the same time, it would be useful to know how large a
Gl signal to expect, including dependence on the redshift and on
the source galaxy luminosity, colour, environment, etc. Models of
Gl correlation, either empirical or theoretical, would provide an in-
dication of how much of the contaminant needs to be removed in
order to realize the full potential of cosmic shear, and would help
guideremoval strategies(e.g. rejecting certaintypesof galaxieswith
theworst Gl contamination). At present, there are several analytical
(Hui & Zhang 2002; Hirata & Seljak 2004) and simulation-based
(Heymans et a. 2006b) models, while observationally the GI cor-
relation function relevant for lensing has been measured only by
Mandelbaum et al. (2006a). There is a much larger literature on
galaxy alignments that uses statistics other than the Gl correlation
function, or measurescorrelationsat very small scales(e.g. Pen, Lee
& Seljak 2000; Lee & Pen 2001; Bernstein & Norberg 2002; Lee
& Pen 2002; Hirata et al. 2004; Navarro, Abadi & Steinmetz 2004;
Agustsson & Brainerd 2006; Azzaro et a. 2007; Donoso, O’ Mill
& Lambas 2006; Yang et a. 2006). These studies are useful for
constraining theoretical models, but cannot readily be turned into
quantitative empirical estimates of contamination to cosmic shear
on large scales.

In a previous paper (Mandelbaum et al. 2006a) we obtained a
detection of the large-scale density-éllipticity correlation and pre-
sented a preliminary analysis of the expected contamination to cos-
mic shear results. This paper extends that original work by provid-
ing a phenomenological characterization of the intrinsic alignment
two-point correlation functions that is as comprehensive as can be
obtained with existing data. We use a variety of galaxy samples
fromthe Sloan Digital Sky Survey (SDSS) main spectroscopic sam-
ple, the SDSS spectroscopic luminous red galaxy (LRG) sample,
and the 2dF-SDSS LRG and QSO (2SLAQ) survey. In particu-
lar, we explore the luminosity, colour, environment® and redshift

1 Technically the ‘environment dependence of the two-point function’ is
some combination of higher order statistics, not atwo-point function. How-
ever, it can be treated by the same methods used to understand colour or
luminosity dependence, so we investigate it here.
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dependence of the signal. Thisis an important step in constructing
and validating models (either empirical or simulation based) of in-
trinsic alignments. In this paper wewill obtain scaling relations and
construct an empirical model for the intrinsic alignment two-point
functions for red gal axies, comparison to simulations and consider-
ation of three-point functions will be addressed in a future work.

We begin in Section 2 by reviewing briefly the formalism for
describing the cosmic shear andintrinsic alignment correl ation func-
tions. The sources of data used for this work are described in Sec-
tion 3. The methodology used for the measurement is detailed in
Section 4. The results obtained and systematics tests are discussed
in Section 5. The bias of the LRG samples, needed to estimate the
density, is estimated in Section 6. We present power-law fits for
the GI correlations in Section 7 and compare against theoretical
predictions in Section 8. Using these fitting formulae, we estimate
projected contamination for measurements of og with current and
future cosmic shear surveys in Section 9; we discuss how cosmic
shear analyses can marginalize over our estimates of Gl contami-
nation. We conclude in Section 10. Two appendices are included:
Appendix A providesour correlation function data, and Appendix B
provides the calculations for converting the Heymans et al. (2006b)
simulation results to the variables used in this paper.

2 FORMALISM

The formalism for the analysis of the lensing shear two-point func-
tion (Miralda-Escudé 1991) and the intrinsic alignment contami-
nation is well developed. We will briefly summarize the important
equations here, and then define some new variables that relate to
observables in galaxy surveys. Our notation is consistent with that
of Hirata& Seljak (2004) and Mandelbaum et al. (2006a).

2.1 Correlation functions

The observed shear « of agalaxy isasum of two components: the
gravitational lensing-induced shear v©, and the ‘intrinsic shear’ +',
which includes any non-lensing shear, typically due to loca tidal
fields. Thereforethe E mode shear power spectrum between any two
redshift bins « and 8 is the sum of the gravitational lensing power
spectrum (GG), theintrinsic—intrinsic and thegravitational—intrinsic
terms,

CF(eB) = CF=C(ap) + C="(aB)

+ ClEE,GI (@B). 1)
We consider only the E mode since the B mode shear power spec-
tra are much smaller (Cooray & Hu 2002; Schneider, van Waer-
beke & Méllier 2002; Cooray, Kamionski & Caldwell 2005). In
Mandelbaum et al. (2006a) we presented the Limber integrals that
allow usto determine each of these quantitiesin terms of the matter
power spectrum and intrinsic alignment power spectrum. Of greatest
interest to usisthe Gl contamination term,

™M d | +1/2
CH%p) = / r—gfu(r)Wﬂ(r)P(s,al (k = +r / )
0

o < B), )
where ry is the comoving distance to the horizon, f,(r) is the co-
moving distance distribution of the galaxiesin sample «, and

3 Mo
W,(r) = EszmHoz(1+ z)/ (
r

"
(The generalization of these equations to curved universes can be
found in Mandelbaum et al. 2006a.) The power spectrum P; 51 (K)

/_r) £,(r)dr. €)
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is defined as follows. If one chooses any two points in the SDSS
survey, their separationin redshift space can then beidentified by the
transverse separation r, and theradial redshift-space separation I1.2
The + and x components of the shear are measured with respect to
the axis connecting the two galaxies (i.e. positive + shear isradial,
whereas negative + shear is tangential). Then one can write the
density—intrinsic shear correlation in Fourier space as

Pys (k) = —27 / £, (1p. TT) Ja(krp) rp drp T, @

where &5, (rp, IT) is the correlation function between § and ﬂ.
Here 4' is the intrinsic shear weighted by the density of galaxies,
i.e. ¥ = (1+ 8g)v', and § and 8 refer to the matter and galaxy
overdensities, respectively. Itisoften convenient to do the projection
through the radial direction,

w5 () = / 6. (rp, T, ©)

A similar set of equations can be written for the intrinsic—intrinsic
terms; see e.g. equations (5), (7), (9) and (10) of Mandelbaum et .
(20062).

2.2 Cosmology dependence

Here we note the cosmological model and units adopted for this
work and the effect of changing it. Pair separations are measured
in comoving h~! Mpc (where Hy = 100hkms Mpc—1), with the
angular diameter distance computed in a spatially flat Lambda cold
dark matter (ACDM) cosmology with @, = 0.3. The correlation
function measurement depends on 2, viathe determination of both
rp and IT. If Qp, # 0.3, then our calculated rp and IT arein error via
the equations

rp(calc) _ Da(z Qm)
ro(true) ~ Da(z0.3)

Notethat sinceangular diameter distance D ismeasuredinh=! Mpc
and Hubble rate H(2) is measured in kms™! (=1 Mpc), there is
no dependence of these equations on h. The errorson r, and IT are
simple proportionalities and hence when we do power-law fits to
the projected correlation function, wg, (rp) = Ary, thereisno effect
on the power-law index «. The amplitude will however bein error
by

A(calc)  H(z0.3) [Da(z; 2m) ]”
Altrue) ~ H(z; 2m) { Da(z; 0.3)}

This equation should be used when interpreting our resultsin other
cosmologies. It should be noted however that the effect is rather
small: for « = —0.8 (roughly what we observe) and z = 0.6
(the cosmology matters most at high redshift), the ratio A(calc)/
A(true) = 1.05 for @, = 0.2 and 0.96 for Q,, = 0.4. Since this
encompasses the range of Qn, values from recent determinations
(e.0. Spergel et a. 2007), the error in our results due to uncertainty
in Qn, isthus at the ~5 per cent level, which is negligible compared
toour final errors. Thereforewe havenot included it explicitly in our
error analysis, and have not attempted to remeasure the correlation
function for different cosmologies.

M(cac)  H(z0.39)
f(true) ~ H(z; Q)

(6)

@)

2 The redshift-space separation is frequently denoted r; we use I to avoid
confusion since the number 7t = 3.14 appears frequently in this paper.
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3 DATA

Much of the data used here are obtained from the SDSS. The SDSS
(York et al. 2000) isan ongoing survey toimage ~t st of thesky, and
follow up ~10° of the detected objects spectroscopically (Eisenstein
et a. 2001; Richards et al. 2002; Strauss et a. 2002). The imaging
is carried out by drift-scanning the sky in photometric conditions
(Hogg et al. 2001; lvezit et al. 2004), in five bands (ugriz) (Fukugita
et al. 1996; Smith et al. 2002) using a specially designed wide-field
camera(Gunn et al. 1998). Theseimaging data are the source of the
large scale structure (L SS) sample that we use in this paper. In addi-
tion, objects aretargeted for spectroscopy using these data (Blanton
et al. 20034) and are observed with a 640-fibre spectrograph on the
same telescope (Gunn et a. 2006). All of these data are processed
by completely automated pipelines that detect and measure photo-
metric properties of objects, and astrometrically calibrate the data
(Lupton et a. 2001; Pier et al. 2003; Tucker et al. 2006). The SDSS
has had six major data releases (Stoughton et al. 2002; Abazajian
et a. 2003, 2004; Finkbeiner et al. 2004; Abazajian et al. 2005;
Adelman-McCarthy et al. 2006a,b). This analysis uses the spectro-
scopically observed galaxiesin the Value-Added Galaxy Catal ogue,
LSS sample 14 (Blanton et al. 2005), comprising 3423 deg? with
SDSS spectroscopic coverage, aswell as photometric catalogues to
be described below covering alarger area.

To determine density—shear correlation functions, one needs a
sample of galaxies that traces the intrinsic shear, and another that
traces the density field. Unlike in Mandelbaum et a. (2006a), for
this paper we use a variety of galaxy samples spanning redshifts
z = 0.05-0.8. The sources of these samples are the SDSS main
spectroscopic sample (z= 0.05-0.2), the SDSS spectroscopic LRG
sample (z= 0.16-0.36), and the 2SL AQ spectroscopic LRG sample
(z = 0.4-0.8). In the following subsections we describe each of
these samples, and Table 1 summarizestheir characteristics. In each
of these three redshift regions, the full sample is used to trace the
density field, but we break the galaxies down into subsamples based
on luminosity and (for the main sample) colour to tracetheintrinsic
shear field. This enables us to explore the possibility that different
types of galaxies show different intrinsic alignment signals.

3.1 SDSSmain subsamples

The first samples of galaxies we discuss are those used in
Mandelbaum et al. (2006&), subsamples of the SDSS main spectro-

scopic sample divided by luminosity and other properties. The Gl
correlation modelsin this paper are split into early- and late-types,
so we have presented here the Gl signals for the main galaxies split
both by luminosity, and by colour as ‘blue’ or ‘red’. (The differ-
ences between the main sample analysis of this section and that of
Mandelbaum et al. 2006a are the inclusion of the colour separator,
and the use of the full main sample rather than the luminosity sub-
samplesto tracethe density field.) For thiswork, we usethe galaxies
in L3 through L6, one magnitude fainter than L, (L3) through two
magnitudes brighter (L6). The sample properties were described in
full in that paper; for this work, we mention only that the luminosi-
ties described are Petrosian magnitudes, extinction corrected using
reddening maps from Schlegel, Finkbeiner & Davis (1998) with the
extinction-to-reddening ratios given in Stoughton et a. (2002), and
k-corrected to z = 0.1 using KCORRECT v3_2 software as described
by Blanton et a. (2003b).

We use an empirically determined redshift-dependent colour sep-
arator of u — r = 2.1 + 4.2z, where we use observer frame rather
than rest-frame colours; within these luminosity bins, the fraction
of red galaxiesis 0.40 (L 3), 0.52 (L4), 0.64 (L5) and 0.80 (L6).

3.2 SDSS spectroscopic LRGs

Another sample we use is the DR4 spectroscopic LRG sample
(Eisenstein et a. 2001). This sample has a fainter flux limit (r <
19) than the main sample, and colour cuts to isolate LRGs. We in-
clude these galaxiesin the redshift range 0.16 < z < 0.35, for which
the sample is approximately volume limited and includes atotal of
36278 galaxies.

In order to study variation within this sample, we use cuts on
severa parameters. First, we construct luminosities using the r-
band model magnitudes, and define three luminosity subsamplesas
shown in Table 1. The absolute magnitude cuts are defined in terms
of h = Ho/(100kms~* Mpc~?1) such that one can implement the
cuts without specifying the value of Hy. The magnitudes have been
corrected for extinction, and are (k + €)-corrected to z= 0 using the
sametemplates asin Wake et al. (2006). We exclude galaxies lying
inside the bright star mask. Random catal ogues were generated tak-
ing into account the variation of spectroscopic completeness with
position. Therandom pointswere assigned absol ute magnitudesand
redshifts drawn from a distribution consistent with the real sam-
ple. Shape measurements were obtained via re-Gaussi anization for

Table1. Description of different galaxy samplesand their subsamples used for the intrinsic alignment measurements. Included is a sample code
and a brief description of the sample, the redshift range spanned, the absolute magnitude and colour cuts [including the redshift to which the
absolute magnitude was (k + €)-corrected], the magnitude type (P for Petrosian, M for model), and the number of galaxies.

Sample Sample description zrange M; cuts M; type Nga
L3 SDSS main L3 (Section 3.1) 002 <z<012 —20 < M2t < —19 P 66312
L4 SDSS main L4 (Section 3.1) 0.02 <z<0.19 —21 <ML < —20 P 118618
L5 SDSS main L5 (Section 3.1) 0.02 <z< 029 —2 MOt 21 P 73041
L6 SDSS main L6 (Section 3.1) 003<z<035 23 <ML —22 P 7937

LRG SDSSLRG (Section 3.2) 0.16 <2< 0.35 M 36278

LRG1 Cut by magnitude MO > 223 16068

LRG2 Cut by magnitude 226 <MP0 < 223 13019

LRG3 Cut by magnitude MO < —226 7191

LRG.BG Cut by environment BG only 30849

LRG.non-BG Cut by environment Non-BG only 5429

2SLAQ Full 2SLAQ LRG (Section 3.3) 04<2<08 M 7758

2SLAQf Cut by magnitude MO0 > —22 M 3768

2SLAQDb Cut by magnitude MO0 < —22 M 3490
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96 per cent of this sample (see Section 3.4); the remainder failed
due to various problems, such asinterpolated or saturated centres.

Besides |luminosities, we also use measures of local environment
to understand variation of intrinsic alignments within the sample.
In particular, one question we may ask is whether intrinsic align-
ments are properties only of the central galaxy inahalo, or if satel-
lite galaxies have intrinsic alignments as well. Unfortunately it is
very difficult to actually measure which galaxies are ‘central’. A
related quantity that we can measure is whether the galaxy is a
brightest group/cluster galaxy (BG) or non-BG. To isolate BGs,
we require that a given LRG be the brightest spectroscopic LRG
within 2 h~* Mpc projected separation and & 1200 km s*. This
cut designates 83 per cent of the sample as BGs and 17 per cent
as non-BGs; the ‘BGs’ are either in the field or host groups and
clusters. One limitation to this cut is fibre collisions, for which the
relevant radius is 55 arcsec (corresponding to ~ 200h~ kpc at the
range of redshifts of the sample), which may cause us to mistak-
enly identify non-BGs as BGs. This is, however, only relevant on
small scales. We emphasize that this distinction between BGs and
non-BGs does not place any significant constraint on the ‘non-BG’
gaaxy luminosity, which may be quite close to the BG luminosity;
the median luminosity gap is 0.3 mag. Unfortunately, the sample of
non-BGsistoo small to obtain meaningful resultswhen splitting by
luminosity gap. It isencouraging that our ‘non-BG’ fraction of 0.17
agrees with the satellite fraction estimated from halo modelling of
the LRG three-point function (Kulkarni et al. 2006). However, in
interpreting the results, it must still be remembered that there could
be cases where the BG is not actually the central galaxy (in some
cases, such as merging clusters, there may not even be such athing
asa‘central’ galaxy), and that our selectionisrestrictedto LRGs. In
principle one could have increased the signal-to-noise ratio for the
non-BGs by increasing the transverse separation cut to > 2h~! Mpc
so as to obtain equal numbers in the BG and non-BG samples, but
this would have had the undesired effect of cutting on large-scale
environment (i.e. far beyond the virial radius), thereby including
many central galaxiesin the ‘non-BG’ sample.

Finaly, in order to constrain redshift evolution more tightly, we
have split each of the three LRG luminosity samplesat z= 0.27 to
create atotal of six spectroscopic LRG samples.

3.3 2SLAQ LRGs

The 2SLAQ survey has produced samples of roughly 10000 LRGs
with zneq ~ 0.55 with spectroscopic redshifts, and 10000 faint
quasars. For thispaper, weusethe2SL AQ L RGs, whichhavesimilar
cuts to the SDSS spectroscopic LRG sample, with a fainter appar-
ent magnitude cut of m(model) < 19.8 and with a slightly bluer
rest-frame colour cut ¢, than in the SDSS LRG selection.

Cannon et al. (2006) includes further details of the 2SL AQ selec-
tion and observation; Wake et al. (2006) shows afirst analysisof the
LRG luminosity function evolution using this samplein comparison
with the SDSS spectroscopic LRG sample. While roughly 10000
LRG redshifts have been measured, several of our criteria reduce
the sample size: we require that they pass the cutsto bein the LRG
primary sample (Wake et al. 2006, sample 8) rather than secondary
sample (sample 9, which hasfar lower compl eteness); we eliminate
repeat observations; we reject those in fields with significant in-
compl eteness; we reject those with poor redshift quality; werequire
that those with redshifts lie in the range 0.4 < z < 0.8; we require
that they have shape measurements with sufficiently high resolution
factor (Section 3.4). The last of these cuts reduces the final sample
from the canonical 8656 to 7758 gal axies. Random catal ogues with
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the same compl eteness as a function of angular and radial position
asthe real sample were used for the random points.

Due to the faintness of this sample, we use model magnitudes.
These are (k + €)-corrected to z= 0 using predictions derived from
Bruzua & Charlot (2003); the limitations of these models in de-
scribing this sample are discussed more fully in Wake et al. (2006).

3.4 Ellipticity data

In addition to a sample of galaxies, we aso need their ellipticities.
For this purpose, we use the measurements by Mandelbaum et al.
(2005), who obtained shapes for more than 30 million galaxies in
the SDSS imaging data down to extinction-corrected magnitude
r = 21.8 (i.e. far fainter than the spectroscopic limit of the SDSS).
A minor modification to the REGLENS pipeline as described in
Mandelbaum et al. (2006a) was also used.

The REGLENS pipeline obtains galaxy images in ther and i fil-
ters from the SDSS ‘atlas images (Stoughton et a. 2002). The
basic principle of shear measurement using these imagesisto fit a
Gaussian profile with elliptical isophotes to the image, and define
the components of the ellipticity

1—(b/a)’
1+ (b/a)?
where b/a isthe axisratio and ¢ is the position angle of the major
axis. The ellipticity isthen an estimator for the shear,

(er.e) = (cos2¢, sin2¢). ®

(1) = 5 (@1 8, ©

where R ~ 0.87 is called the ‘shear responsivity’ and represents
the response of the ellipticity (equation 8) to asmall shear (Kaiser,
Squires & Broadhurst 1995; Bernstein & Jarvis 2002). In practice,
a number of corrections need to be applied to obtain the elliptic-
ity. The most important of these is the correction for the smearing
and circularization of the gal actic images by the PSF; Mandelbaum
et a. (2005) uses the PSF maps obtained from stellar images by
the psp pipeline (Lupton et al. 2001), and corrects for these using
the re-Gaussianization technique of Hirata& Seljak (2003a), which
includes corrections for non-Gaussianity of both the galaxy profile
and the PSF. A smaller correctionisfor the optical distortionsin the
telescope: ideally the mapping from the sky to the CCD is shape-
preserving (conformal), but in reality thisisnot the case, resultingin
anon-zero ‘camerashear’. Inthe SDSS, thisisasmall effect (of the
order of 0.1 per cent) which can beidentified and removed using the
astrometric solution (Pier et al. 2003). Finally, avariety of system-
atics tests are necessary to determine that the shear responsivity R
hasin fact been determined correctly. We refer the interested reader
to Mandelbaum et al. (2005) for the details of these corrections and
tests.

4 METHODOLOGY

The basic methodology in this paper is very similar to that in
Mandelbaumet al. (2006a): wecorrel ateasampl e of gal axiesagainst
some subset of itself, using the subset to trace intrinsic alignments
and the full sample to trace the density field. We use the same set
of estimators asin Mandelbaum et al. (2006a), generalizing the LS
(Landy & Szalay 1993) estimator commonly used for gal axy—gal axy
autocorrelations.

The generalization of this estimator to the galaxy—intrinsic cor-
relation is

ggﬁ—("pa ) =

S(D-R) _SD-SR

RR RR (10
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where S; D is the sum over all pairs with separations r, and IT of
the + component of shear:

e (jli)
SD= D>, S D
AT

where e, (j| i) is the + component of the ellipticity of galaxy j
measured relative to the direction to galaxy i, and R is the shear
responsivity. S, R is defined by a similar equation. We emphasize
that positive &4, indicates atendency to point towards overdensities
of galaxies (i.e. radia alignment, the opposite of the convention in
galaxy—galaxy lensing that positive shear indicatestangential align-
ment).

We also generalize this large-scale correl ation function estimator
to cross-correlations. In this case, we use one sample to trace the
intrinsic shear, and other to trace the density field. Thus in equa-
tion (10), we find pairs of galaxies such that one is in the shear
sample and the other in the density sample, so that the S, is deter-
mined from the former, and the D — Rfrom the |atter; the RR in the
bottom is determined using one random point corresponding to the
shear sample and the other corresponding to the density sample.

This correlation function estimator is then integrated along the
line of sight to form the projected intrinsic shear—density correlation
functionwg, (rp). Wemodel thisfunctionasapower law, wq, = Arg,
where fits for A and « are done using the full jackknife covariance
matrix.

For this paper, we used the same two software pipelines as in
Mandelbaum et a. (2006a) to compute the large-scal e density—shear
correlations. We independently generalized both pipelinesto allow
different galaxy samples to be used to trace the intrinsic shear and
the density field. In summary, the pipeline for which we present
results computes the correlation functions over a 120 h~* Mpc (co-
moving) range along the line of sight (=60 < IT < 4+ 60h~1 Mpc)
divided into 30 bins, then integrates over I1. The range of trans-
verse separationsis from 0.3 to 60 h~* Mpc, in 10 logarithmic bins.
Covariance matrices were determined using ajackknife with 50 re-
gions; as demonstrated there, results were relatively robust to the
number of bins, with 100 regions giving approximately the same
detection significance as 50 regions. For more details about these
pipelines, see Mandelbaum et al. (2006a).

5 RESULTS

In this section we describe the results of the galaxy density—shape
correlation functions for the SDSS main samples, the SDSS LRGs,
and the2SL AQ LRGs. The measured correl ation functionsand their
uncertainties and correlation matrices are presented in Appendix A.

5.1 SDSS main sample

Here we present results of the measurements of the galaxy density—
shape correlations wg, (r,) using the main sample split not only
into luminosity bins, but also into colour samples. There are eight
subsamplestotal, sincewe havefour luminosity binsand two colour
bins. We attempt to address the issue of whether blue galaxies show
any density—shape alignment when correlated against the full L3—
L6 (al colours), and to place constraints if there is no detection.
The Gl signal wg.(rp) for each of the eight subsamplesis shownin
Fig. 1. Fig. 2 shows the confidence contours for fitsto a power law,
wg (rp) = Ar ;@ as discussed in Mandelbaum et a. (2006a).

As shown, for both colour subsamples there is hardly any de-
tection in L3 and L4, consistent with previous works. There is a
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Figurel. TheGl correlation functionsfor the SDSS main subsamples, split
into colour and luminosity bins.
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Figure 2. Confidence contours for power-law fitsto wg, (rp) for main sam-
ple galaxies. Contours are shown for various subsets of datalabelled on the
plots; in each case, 1, 2 and 3o contours are shown.

hint of a signal in L3 for the red sample: when we fit the whole
range of scalesto an arbitrary power law there is no detection; how-
ever, as we will see in Section 7 if we fit to large scales (rp, >
4.7h~* Mpc) where the bias is expected to be roughly linear, and
restrict to the power law « = —0.73 observed for the LRGs, there
is amargina (2.40) detection. For L5, the detection with the red
subsampleisrobust whereasthere is no detection with the blue sub-
sample. For L6, the constraints are weak with the blue sample due
toitssmall size, so while the magnitude of the alignments are con-
sistent with the red subsample, they are also marginally consistent
with zero. The rest-frame colour distribution of the L6 blue sample,
and the distribution of pPHoTO pipeline output frac_deV (a measure
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Figure 3. The density—shape correlation function wg, (rp) from 1 to
60 h~1 Mpcwith thefull spectroscopic LRG sample and various subsamples
as labelled on the plot. Errors are 1o but are somewhat correlated on large
scales.

of the degreeto which agalaxy profileis closer to an exponential or
de Vaucouleur profile), suggest that this small L6 blue sample may
contain galaxies that are on the edge of the blue versus red galaxy
distinction, which could explain this consistency of results.

5.2 SDSSLRGs

Here we present results of the measurements of density—shape cor-
relations for the SDSS spectroscopic LRGs (the measurement is
otherwise similar to that of Mandelbaum et al. 2006a). The plots of
wg (rp) iINFig. 3areinthe sameform asin that paper, including 1o
errors. Fig. 4 shows the confidence contours for fitsto a power law,
wgy = Arg.

In the top panel of Fig. 3, we show wg.(r,) for the full spec-
troscopic LRG sample, and the BG and non-BG subsamples. As
shown, the full sample and the BG subsamples are robustly de-
tected on all scales, out to 60h~! Mpc. The non-BG subsample has
a significantly lower signal-to-noise ratio due to its small size, but
the amplitude appears roughly comparable to that of the BG sub-
samples. In Fig. 4, the contours for the full LRG sample are shown
in the upper left-hand panel, and for BGs and non-BGs separately
in the lower left-hand panel. As shown there, the constraints on the
non-BG sample are indeed quite weak, but the detection is still ro-
bust at dightly higher thanthe 3o level. Theamplitudeishigher and
the power law steeper than for the BG sample, but is still consistent
with it at the 1o level.

In the middle panel of Fig. 3, we show wg, (r,) for the spectro-
scopic LRG sample split at the median redshift. The purpose of this
test is that, since this sample is roughly volume limited, with the
same luminosity distribution in each of the halves, any evolution in
theintrinsic alignment amplitude should be dueto redshift evol ution.
While the amplitude appears higher for the higher redshift sample,
the differenceis not large; we must see the confidence contours on
the fit parameters (which take into account the error correlations)
before deciding if the difference is statistically significant, and will
also later account for evolution of bias with redshift in Section 7.
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Figure 4. Confidence contours for power-law fits to wgy (rp) for SDSS
spectroscopic L RGs. Contoursare shown for various subsets of datalabelled
on the plots; in each case, 1, 2 and 3o contours are shown.

These contours appear in the upper right-hand panel of Fig. 4, and
indicate that the differenceis, indeed, not statistically significant.
Finally, the bottom panel of Fig. 3 shows wg. (rp) for the spectro-
scopic LRG sample split into luminosity subsamples. These results
appear to have roughly the same power-law index, with a multi-
plicative differencein amplitude, and the confidence contoursin the
lower right-hand panel of Fig. 4 indicate that thisisindeed the case.

5.3 2SLAQ LRGs

Inthissection, we present results of the measurement of the density—
shape correlation using the 2SL AQ LRG sample. Unfortunately, we
cannot obtain meaningful resultsby comparing thefull 2SLAQ sam-
ple results against the full spectroscopic LRG sample, because the
samples do not cover the same range of absolute magnitudes. The
2SLAQ sampleis, on average, fainter and bluer than the spectro-
scopic LRG sample. Thisdifferenceis problematic sinceit will tend
to givealower intrinsic alignment amplitudefor the 2SLAQ sample
that we will need to separate from redshift evolution effects.

To illustrate this point, Fig. 5 shows a comparison of the (k +
e)-corrected (to z = 0) model r-band absolute magnitude distribu-
tions of the samples. Firgt, the upper |eft-hand panel, which shows
scatter plotsof magnitude M0 versusredshift z. Asshown, the spec-
troscopic LRG sample has roughly constant mean absolute magni-
tudeasafunction of redshift for thefull redshift rangeused here. The
2SL AQ sample, on the other hand, shows a trend of being fainter
at the low-redshift end and brighter at the high-redshift end. The
mean absolute magnitude is roughly 0.2 mag fainter for the 2SLAQ
sample than for the SDSS spectroscopic LRG sample (this can also
be seen in the bottom right-hand panel, which shows histograms of
the absolute magnitude values). This difference is aconcern for our
work, since in the previous subsection we showed that the intrinsic
alignment amplitude has a very strong scaling with luminosity.

One might wonder whether this difference that we observeis due
to some systematic, such as uncertainty in the (k + €)-corrections.

© 2007 The Authors. Journal compilation © 2007 RAS, MNRAS 381, 1197-1218



1204

|
[
o

|
[
e

M20 (k+e—corrected)
&
W ©

|
[\
N

C. M. Hirata et al.

Comparison: SDSS spectroscopic LRGs versus 2SLAQ LRGs

0.2 0.4 0.6 0.8
Z

SDSS LRGs

2SLAQ LRGs

1000

500

600

(TR

08 1 12
g—i (rest frame)

14 16

400

200

T RN SRR RN

PRI RRRTUINN SRR M
-R3 -2 -21
M29k+e—corrected)

Figure 5. A comparison of the r-band absolute magnitudes and colours of
the SDSS and 2SLAQ LRG samples. The upper |eft-hand panel shows the
absolute magnitudes as a function of redshift. The upper right-hand panel
shows the distribution of g — i rest-frame colour, and the lower right-hand
panel shows the absolute magnitude histograms over the full samples.

Wake et al. (2006) explore the difference in more detail, and it
does not seem possible to design a plausible modd with different
formation times, levels of star formation, or other differences that
would reduce the difference between the samples to zero. They are
inherently different.

Because of this difference between the samples, rather than com-
paring intrinsic alignment amplitudes directly, we choose instead to
fit to amodel of the intrinsic alignment amplitude as a function of
luminosity and redshift separately. Thiswork can be aided by split-
ting the 2SL AQ sampleinto bright and fainter subsetsat M, = —22
in addition to using the six redshift and luminosity samples of SDSS
spectroscopic LRGs. Fig. 6 shows rp wg.(rp) for the two 2SLAQ
luminosity samples, and Fig. 7 shows the confidence contours for a
fitsto a power law for each subsample.

Resultsfor the luminosity and redshift-dependent fitswill be pre-
sented in Section 7.

5.4 Systematicstests

Asin Mandelbaum et al. (2006a), we have done severa systemat-
ics tests to ensure that the detections have not been contaminated
by spurious instrumental or other effects. The first is the standard
45° test, whereby we rotate all source elipticities by 45° before
computing the correlation functions (to obtain wg, instead of wg, ).
Thisrotated correlation function reverses sign under parity (i.e. the
sign of the correlation function isflipped depending on whether one
rotates clockwise or counterclockwise) and therefore cannot appear
unless there is a systematic, or galaxy formation violates parity in-
variance.® This test was done for the six subsamples of the SDSS
spectroscopic LRGs (splitting jointly into three luminosity and two

3 Note that for intrinsic-intrinsic ellpiticity correlations the rotated corre-
lation function wy « is parity-allowed and so this would not be a good
systematics test; rather onewould use w «, i.€. rotate the ellipticity of only
one of the two galaxiesin question.

2SLAQ sample density—shape correlation
20

pe

r, w,.(r,) [h-2Mpc?]
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Figure6. The galaxy density—shape correlation function rpwg, (rp) from 1
to 60 h~1 Mpc with the luminosity subsamples used to trace the shapes and
the full 2SL AQ sample used for the galaxy density g. Errors are 1o but are
slightly correlated on large scales.

Power law fits to intrinsic alignment signal w,,(r;)
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Figure 7. Confidence contours for power-law fits to wg, (rp). 1, 2 and 3o
contours are shown for both luminosity subsamples.

redshift bins), for the ‘BG’ and ‘non-BG’ subsamples of the SDSS
LRGs, and for the two luminosity subsamples of the 2SLAQ LRGs,
giving 10 wg, computationstotal. For each computed wg, we com-
puted the x2 for a fit to zero signal, and found the associated p-
values (the probability of getting a larger value of x2 by chance).
We note that, asin Mandelbaum et al. (2006a), the x 2 values do not
follow the usual x?2 distribution because of noise in the jackknife
covariance matrices. The formalism to describe this effect and ac-
count for it with simulations was developed in Hirata et al. (2004).
The 10 p(> x?)-values computed taking into account the modified
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distribution of x? ranged from 0.2-0.94; thelack of very low values
indicates that we do not have significant B-mode contamination.

Another test from Mandelbaum et al. (2006a) istheintegration of
the three-dimensional correlations & 4, over large line-of-sight sep-
arations, 30 < |ATI| < 90h~* Mpc. A signal that is of astrophysical
origin should be dominated by the results from smaller |ATT|, and
hence should be consistent with zero for this range. This test will
allow us to rule out, e.g. some optical effect causing an apparent
alignment of galaxy images (which would not depend on the rel-
ative line-of-sight separation). For this test, in all cases, the signa
when integrating over large line-of-sight separations was consi stent
with zero, with p(> x?) values ranging from 0.07 to 0.94.

Asin Mandelbaum et a. (2006a), we return to the question of the
size of jackknife subsamples. This was primarily a concern for the
lower redshift subsamples, for which ajackknife region of apartic-
ular size corresponded to a small comoving transverse separation.
None the less, despite the higher average redshift of the samplesin
thispaper, werevisit thisissuebriefly. A particular concernisfor the
2SL AQ samplewhich, while at higher redshift than any of the other
samples, also covers amuch smaller area overall, so independence
of the jackknife regions may be a concern. For the samples used
here, changing the number of jackknife samples by afactor of 2 did
not change the size of the errors by more than 5-10 per cent, which
suggests that we are using the jackknife in a regime where it has
converged.

A final concern we may havein comparing resultsfrom the SDSS
spectroscopic LRG at z~ 0.3 and the 2SLAQ LRGs at z~ 0.55 is
that the shape measurements, which areaveraged over r and i bands,
are for different sets of rest-frame wavelengths. In principle, these
may then be dominated by different stellar populations within the
same galaxy that have different intrinsic alignment properties. To
test for this effect, we have cal culated the anal ogy of the Gl correla-
tion function in equation (10) for SDSS LRGs using the difference
between r- and i-band shears rather than their average asis usually
done. Assuming that intrinsic alignments do not vary across this
range of wavelengths, this quantity should then be consistent with
zero. (We remind the reader that r band for the SDSS LRGs corre-
sponds roughly to i band for the 2SLAQ LRGs when considering
the rest-frame wavelengths.) For the six SDSS LRG subsamples,
these correlation functions were consistent with zero, with p(> x?)
values ranging from 0.29-0.81.

6 BIAS OF DENSITY TRACERS

To convert the observed wg,. to the more relevant (for cosmic shear)
ws, we need to know the bias of the sample used as the density
tracer. This needs to be done for the two LRG samples, and for the
SDSS main sample. Due to the much higher signal-to-noise ratio
in the LRG samples, we have measured the bias from the LRG
projected autocorrelation function. The SDSS main sample has a
much lower signal-to-noise ratio detection of Gl alignments, and so
we have constructed a crude bias estimate by combining previously
published results.

6.1 LRGs

Besides computing wg, , our code computes wgg, the galaxy—galaxy
autocorrelations. We have compared our results for the full SDSS
spectroscopic LRG samplewith thosein Eisenstein et al. (2005) and
Zehavi et al. (2005) and found agreement at the 1o level. Likewise,
our results for the 2SL AQ sampl e are consistent with those in Ross
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et a. (2006), though the central value of derived bias does not pre-
cisely agree due to significantly different analysis methodologies.
We determine consistency by computing the best-fitting power law
t0 wqq and comparing the x 2 for our best-fitting parameters versus
the x 2 for the best-fitting parameters in Ross et al. (2006), and find
p(>Ax?) =02

The projected autocorrelations are computed for 0.3 < rp, <
60h~* Mpc using

wiglry) = / (T, ) T, 1)

where £ o4 has been estimated using the LS estimator,

R (D-R? DD-2DR+RR
I, [1) = = )
ool 1) RR RR

Integration along the IT direction is carried out for —60 < IT <
+60h~1 Mpc. Asfor the wg, calculations, covariance matrices are
determined using a jackknife with 50 regions.

We did three types of fits to obtain the bias from wgy for each
of the four samples (low-z SDSS LRGs, high-z SDSS LRGs, faint
2SLAQ LRGs and bright 2SLAQ LRGs). The first method isto fit
the bias b to the linear correlation function,

(13)

k dk
) = 5 [ 5 PalOW, 09+ C. 14
The second method is to use the Q model from Cole et al. (2005),
k dk 1+ Qk?
weg(rp) = b? / e P S Weo(K) + C, (15)

wherefor areal-space power spectrum A= 1.7 h~* Mpc (Coleet al.
2005); the x2 is minimized with respect to both b and Q. The third
method is to use equation (14) but with the non-linear power spec-
truminstead of thelinear. Thewindow function for two-dimensional
projection for an infinitesmally thin range in radius is smply a
Bessel function: W, (k) = Jo(krp). For afiniterangeinr,, the win-
dow function is the weighted average (by area) over r:

W) = ff;’;,"j* 2ntr  Jo(kr ) dr
P [P 2y dr

p.min
— 2[Jl(kr p,max) - ‘Jl(kr p,min)]
kz(l’ ;2),max - l’s,min) (]_6)

The constant C accounts for the effect of the integral constraint on
the numerator of equation (13). There are in principle additional
corrections associated with the uncertainty in the denominator (see
Hui & Gaztafiaga 1999, for a thorough discussion), which are rele-
vant if the correlation function is of the order of unity on the scale of
the survey region. Thisis not the case here so we have not included
them.

We used the Wil kinson Microwave Anisotropy Probe (\WMAP) +
al’ ACDM cosmology (Spergd et a. 2007) for the bias determina-
tions, which has @, = 0.262,h = 0.708, 2, = 0.0437,n, = 0.938
and og = 0.751; in general for other values of og, the bias scales
asb o« og*. The projected correlation functions and best-fitting Q
models are shownin Fig. 8. Thelinear theory fit used the Eisenstein
& Hu (1998) transfer function; the two non-linear fits differ only
in their use of the non-linear mappings of either Peacock & Dodds
(1996) or Smith et al. (2003).

The biases of the LSS tracers are displayed in Table 2; note that
two valuesof theminimumr, wereused, withthelinear fit restricted
to the largest scales. The by values are consistent with each other
and the x2 values are reasonable. The Q values obtained with the
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Figure 8. The projected galaxy—galaxy correlation functions wgqy(rp) for the three samples and the best-fitting non-linear power spectrum (using the Smith
et al. 2003 mapping) to the 7.5-47 h—1 Mpc. Note that the error bars are correlated.

Table 2. The bias of the various tracer samples for four fits. The error
estimatesare 1o . Thefitting methodsare‘lin’ (linear theory), ‘ Q" (Q model),
‘PD’ (Peacock & Dodds 1996) and ‘'S’ (Smith et al. 2003).

Sample rp range Method by x2/d.of.
(h~*Mpc)

SDSS low-z 1247 lin 1.84+0.15 0.924/1

(2) =022 7.5-47 Q 2.05+0.12 0.809/1

7547 PD 197 +0.12 1.476/2

7.547 S 201+ 012 1.428/2

SDSS high-z 1247 lin 1.94 + 0.09 0.001/1

(2 =031 7.5-47 Q 1.97 + 0.08 0.068/1

7.547 PD 1934+ 0.07 1.405/2

7547 S 197 +£0.07 1.257/2

2SLAQ 1247 lin 198+ 0.25 0.879/1

(2 =055 7.5-47 Q 2224024 0.798/1

7547 PD 210+ 0.20 1.026/2

7.547 S 213+ 0.20 0.953/2

Q-model fits are 61 + 48 (SDSS low-2), —24 + 49 (SDSS high-2)
and 50 + 128 (2SLAQ), i.e. Q is poorly constrained at these scales
but is consistent with other determinations for similar galaxy types
(Padmanabhan et al. 2006).

As a gystematics test, we aso computed the integral
f £(rp, T1) dIT over the range 60 < |I1| < 120h~* Mpc and com-
puted bg using thisin place of wy(rp). (For thefit we used the Smith
et a. 2003 non-linear mapping.) In the absence of systematics, this
should give aresult close to zero since the galaxies considered are
well separated along the line of sight, but could be non-zero if (for
example) there are spuriousangular fluctuationsin the galaxy distri-
bution. The procedure gives* bg’ values of +0.07 £+ 0.15, —0.06 +
0.16, and +0.17 & 0.34 (10) for the SDSS low-z, SDSS high-zand
2SL AQ samples, respectively. Theseareall consistent with zero and
much less than the actual bj values.

For the rest of the paper we have used the biases from the
7.5—- 47h~* Mpc fit with the Smith et al. (2003) non-linear power
spectrum.

6.2 SDSSmain sample

The density tracer for the SDSS main sample is the combined L3—
L6 sample. The bias of this tracer varies as a function of redshift
because the nearby part of the sampleisdominated by galaxieswith
L < Ly and the more distant part is dominated by galaxies with L
> L4, which show stronger clustering. This should be taken into

Table 3. The effective bias bes; of the L3-L6 density tracer
used in the Gl correlation analysis. As explained in the text,
bess depends on the SDSS main subsample used to trace the

ellipticity field because the sample is not volume limited.
Values are normalized to WMAP (o g = 0.751); for other val-

ues of og, these values should be rescaled as bes o o5~

1

The weighted effective redshift zg; at which the correla
tion is measured is defined by replacing bs in equation (17)

with z

Ellipticity tracer Deft Zeft
L3.red 1.08 0.07
L3.blue 1.08 0.07
L4.red 111 0.09
L4.blue 112 0.09
L5.red 114 0.10
L5.blue 1.16 0.12
L6.red 116 0.12
L6.blue 1.19 0.13

account when converting wg, (rp) to ws(rp); in particular it results
in an effective bias by that varies according to sample whoseintrin-
sic aignments are being measured: the L3 Gl correlation function
measurement isdominated by nearby pairs of galaxies, hence bg; is
low, while for L6 b is high. A very crude way of estimating this
effective biasis to take the pair-weighted average of the bias of the
density tracer,

_ j b;n>MngMdV
[ nompemdy

where b; is the bias of the density tracer, and n,f,"m and ni°™ are the
comoving number densities of the ellipticity and density tracers,
respectively. For the bias of the density tracers, we use the results
from Tegmark et al. (2004) and Seljak et a. (2005), namely that
ogh = 0.764 (L3), 0.848 (L4), 0.968 (L5) and 1.427 (L6). The
resulting values of b for each of thedllipticity tracersare shownin
Table 3. The biases of the L3-L 6 samples are generally determined
to an uncertainty of several per cent; we do not explicitly propagate
these uncertaintiesasthey will contribute negligibly to thefinal error
inwsy(rp).

Dt (17)

7 POWER-LAW FITS FOR LRGS

In this section we present an empirical parametrized model for the
large-scale Gl correlation of LRGs, with power-law dependence on
the galaxy’s luminosity, redshift (technically 1 + z), and transverse
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separation. It should be noted that such amodel is purely empirical,
in the sense that it reproduces the correct correlation between the
Gl amplitude and the specified galaxy properties. This is al that
is needed to predict GI contamination for cosmic shear surveys,
however, when considering theoretical interpretation of the results
presented here, it must be remembered that our fits represent cor-
relations, not causal relationships. For example, we find that the
Gl amplitude scales as roughly L5, but this does not mean that the
alignmentis‘caused by’ thegalaxy’sr-band luminosity —in practice
both the GI amplitude and the gal axy luminosity are both products of
the process of galaxy formation and hence are correlated. In partic-
ular, different scalings might be obtained if we also fit dependence
on, e.g. colour, velocity dispersion, surface brightness, etc., since
these are correlated with luminosity and redshift.

The simplest model including luminosity, redshift and scale de-

a2 () (255)

Here there are four parameters {Aq, «, 8, v}, and L is the galaxy
luminosity. We use the r-band luminosity (k + €)-corrected to z =
0.0. The normalization Lo corresponds to absolute magnitude —22,
i.e

L

0
For reference, typical (k + €)-corrections for a completely passive
z=0.3LRG are(1.51,1.00,0.15, —0.05, —0.11) in the five bands,
and for a z = 0.55 LRG these are (2.73,1.59,0.77,0.05, —0.15).
If the LRG has some constant low level of star formation, the
(k + e)-corrections are (0.86,0.92,0.15, —0.04, —0.10) from z =
0.3 and (1.04, 1.40,0.73,0.05, — 0.13) from z = 0.55. In practice,
(k 4 e)-corrections are obtained by considering the observed value
of g — i for each galaxy, and doing linear interpolation using its
relationship to the predicted observer-frame g — i values for the
completely passive and the passive plus star-forming models at that
redshift (at z= 0.3, the models predict g — i = 2.30 and 2.14 for
the two models, respectively; at z= 0.55, they predict g — i = 2.79
and 2.53). The pivot points selected here are zivo = 0.3 and rpivet =
20, h~1 Mpc.

We have performed a least-squares fit of this ws,(r,) to eight
LRG samples: the SDSS LRGs split into six samples (the three
binsin luminosity and two in redshift), and the 2SLAQ LRGs split
into afaint and bright sample (separated at M; = —22.0). We have

[ 1+z

1 + Zpivot

ws+(Tp) = Ao < (18)

r pivot

= 10042 M), (19
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converted the observable wg, (r,) to ws,.(rp) by dividing by the bias
of the density tracer. For details on the bias determinations, see
Section 6. Note that the bias determination assumed g = 0.751; if
one wishes to have a constraint on w;.,. for other values of o it is
necessary to multiply themeasurement of A in Table4 by o g/0.751.

Therelation ws,.(rp) = wgy(rp)/bg isthe  obvious” way to do the
conversion from correlation functions involving galaxies to those
involving matter, but it is worth considering the specific assump-
tions this makes. It is valid provided that (i) galaxies are locally
linearly biased, i.e. the probability distribution for g(r) conditioned
on a particular realization of the density field depends only on §(r)
and not on § at other locations, and that the dependence of the
mean galaxy density islinear, (g(r))|s = byd(r) and (ii) theintrinsic
shear of agalaxy depends only on the surrounding density field (or
equivalently onthetidal field, which containsthe sameinformation)
and not on the placement of the galaxies, P('|8) = P(v'|8, @) (i.e.
specifying the positions of other galaxies provides no additional
information not in the density field). Note that the dependence of
intrinsic shear on the density field is allowed to be non-local. Given
these two assumptions we may write, for r #0,

&+(r) = (7409(r)) = ([1+ 301~} (0)g(r))

- / D5 Dg P, 9){(7,(0))1s.s[1 + 9(O)]g(r)
- / D5 P(3)(~,(0))15([1+ gOIa(r )]s
- / D5 PO, Ol (1 + 9O )l

- / D5 P(3)(~, (L1 + 9(0)]), by3(r)

= by(74(O[L + g(0)]8(r)) = bg&s-(r).

Here the first two lines only involve definitions; the third line uses
assumption (ii) to remove the conditioning of (v, (0)) on g; the
fourth line makes use of assumption (i) that the galaxy density de-
pends locally on the matter density to split the expectation value
([14 9(0)]a(r))s; thefifth line usesthe linearity of thebiasing from
assumption (i) to introduce by, and uses assumption (ii) to combine
two of the expectation values into (v!, (0)[1 + g(0)])s and the last
line again only use definitions. The projected (two-dimensional)
relation ws(rp) = wgy(rp)/by then follows. (Here fm repre-
sents a functional integral over realizations of the density field.)

(20)

Table 4. The best-fitting parameters to equation (18) using SDSS and 2SLAQ LRGs. Error bars are 95 per cent confidence limits. The
first set of fit parameters uses the most conservative cut on transverse separation. The A x2 value in the second to last columns is the
improvement in x?2 relative to no Gl correlation, and the Ad.o.f. value indicates the number of parameters in the fit. The amplitude Ag
is given in units of 0.01h~1 Mpc. The Axiz values in the last column indicate the degradation of x2 used to compute the 95 per cent
confidencelimitson A, o, 8 and y, respectively. These are greater than 3.84 for one parameter because of noise in the covariance matrix

(see text).
Fit region Ag/(0.01h~1 Mpc) o B y x2/d.of.  Ax?/Ad.of. Ax?
Fits to SDSS+2SLAQ
rp>11.9h~*Mpc +6.075%5 -088703%  +1517078 1007310 33.3/28  171.8/4  4.38,4.74,4.16,4.47
rp > 7.5h~TMpc +6.472% -085'02  +1.41708 —02773% 42836 21584  5.10,4.89,507,5.02
rp > 4.7h"tMpc +5.9723 0737015 +14870%%  —05673% 54944 21924  504,5.08,4.92 557
Fitsto SDSS onl

r,>11.9h"1M 7.1+34 —0.957032  41.43%073 1y94+4-75 21.3/20 173.9/4 4.49, 4.67,4.27,4.27
p> 1L pc +71557 90 o35 tlASgzr +19415 : : 49, 4.67,4.24, 4.
rp > 7.5h"1Mpc +7.4129 0887028 +1.31%05T 12397452 27.9/26 208.7/4  4.66,5.13,4.91, 4.66
rp > 47h"1Mpc +6.6157 0747010 +1.447088 11817355 34.0/32 213.3/4  4.88,5.10, 4.66, 5.00
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Gaussianity is not assumed; however, Gaussianity combined with
scale-independent bias (defined by by = /&y/&ss) and unit
stochasticity ry = 1 would imply the validity of assumption (i)
sincethey completely specify the two-point behaviour of the galaxy
field. We aso note that (i) implies by = constant and rq = 1. Of
our assumptions, (i) is consistent with (though not uniquely proven
by) simulation results suggesting by = constant and ry = 1 down to
~5h~1 Mpc (Tasitsiomi et al. 2004); at smaller scalesthereisahint
of decrease in the bias. The status of assumption (ii) is unknown;
however, since galaxy aignments are expected to be determined
by tidal fieldsit is physically reasonable. In the future it would be
desirable to do amore detailed analysis, perhaps fitting the wg. (rp)
results directly to simulations; for this reason the correlation func-
tions are given in Appendix A. We have also not attempted to use
the conversion ws, (rp) = wgy (rp)/by at smaller scalesthan the 4.7—
7.5~ Mpc bin, although these inner bins are provided in the data
tables.

We perform severd fits to equation (18). In each case, since the
galaxies used to trace the dlipticity field do not all have the same
luminosity or redshift, we actualy fit
rs) (L) (1+2))
r[o;ivot Lg (1 + Zpivot)y '
wherethe luminosity and redshift averages are taken over the gal ax-
iesinthesample, andther, averageisweighted by area(analogously
to equation 16). In principle one should al so weight the redshift av-
erage by the comoving number density of the density tracer (full
SDSS LRG or 2SLAQ sample) but in practice the comoving num-
ber density isnearly constant for theformer and the statistical errors
are very large for the latter, so we did not implement a correction
for this effect.

The fits were done including the correlations between different
radia bins for the same subsample, but not including the correla-
tions between different subsamples. The correlations between dif-
ferent radial bins of wg(rp) for the same subsample are clearly
seen in any of the covariance matrices and are expected because
galaxies are clustered. They must beincluded to get meaningful re-
sults. However, we do not expect significant correlations between
wg (rp) in different subsamples, so long astheintrinsic alignments
are sufficiently weak. In order to test this, we computed the corre-
lation coefficients pia jg by the jackknife procedure, where we have
used thei, j, ... indices to denote radial binsand A, B, ... to de-
note L RG subsamples. We consider the six radial bins used for fits
here (4.7 < r, < 60h~ Mpc) and the six SDSS LRG subsamples.
Thisprovides 315 cross-correlation coefficientswith A # B. In each
case we then calculate the Fisher z coefficient, defined by pia jg =
tanhz A js. These 315 coefficients have a sample mean of +0.019
=+ 0.008 and a standard deviation of 0.14. For comparison, with
50jackkniferegionsof the same size and Gaussian errors, we should
have a standard deviation of ~1/4/50 — 3 = 0.15, and the mean
value of the {za ;g } should be zero if the samplestruly are indepen-
dent. In fact we observe the correct standard deviation and a hint of
correlation between bins at only the ~2 per cent level. For the two
2SLAQ LRG binsthere are 21 z coefficients with a sample mean of
+0.016 + 0.046 and a standard deviation of 0.21. Therefore we
have not included correlations between different samples.

Thefit resultsare shownin Table4. We haveincluded both SDSS-
only and SDSS+2SLAQ constraints; it is clear from the fit that
the SDSS LRG sample provides essentially all of the constraint on
a and B, with the addition of 2SLAQ providing significant new
information about the redshift evolution parameter, y. Thisis not
surprising sincethe 2SL AQ sampleissmall but addsalarge baseline

ws4(rp) = Ao (21)

in redshift. Note that the error bars on A are rather non-Gaussian,
so the apparent ~ 60 effect is actually stronger than that (see the
Ax? values).

The error bars in the table require some explanation. The usual
way of constructing error bars on a single parameter is to change
its value until the 2 (minimized with respect to the other param-
eters) increases by an amount A 2 = 3.84 (the 95th percentile of
the x 2 distribution with one degree of freedom). The problem with
this procedureisthat if the error bars are determined by resampling
(jackknife or bootstrap), the resulting covariance matrix C of the
wg4 (rp) valuesis noisy (but still unbiased). This leads to a system-
atic overestimate of C* (Hirata & Seljak 2004; Hartlap, Simon &
Schneider 2007; Mandelbaum et al. 2006a). In particular, if one has
aset of parameters {p'} being fit, the shift Ax? (i.e. the x2 using
the true value of parameter i minimized over the other parameters,
minus the x2 minimized over all parameters, and using the esti-
mated covariance matrix) is not distributed as a x 2 with one degree
of freedom, even for Gaussian-distributed errors. A solution to this
problem was proposed by Hirata& Seljak (2004) and Mandelbaum
et al. (2006a) who showed that if the data have Gaussian errors, the
covariance matrix is obtained from Gaussian data, and the model
is linear in the parameters, then the distribution of A x? does not
depend on the covariance matrix C and hence can be obtained from
a Monte Carlo simulation. Unfortunately their procedure does not
apply directly to our problem because we only estimated the covari-
ance matrix entries between wg, (rp) values for the same subsample
— the cross-entries between different subsamples are zero. We have
circumvented this problem by doing a Monte Carlo simulation as
follows. First, we take the jackknife covariance matrix C to be the
fiducial model and simulate the resampling by the procedure de-
scribedinappendix D of Hirata& Seljak (2004) withM = 50regions
to get aresampled matrix C. We then set the cross-entries between
different subsamples to zero. We also generate a simulated set of
estimated {ig. (rp)} according to a Gaussian distribution with mean
given by the best-fitting power-law model and covariance C. From
this simulated data and simulated covariance matrix, one can then
compute a x 2 surface and find A x 2 for each of the four parameters
{p'}2_,- Repeating this procedure 1024 times allows us to compute
the A x2 distribution for each parameter. The 95th percentile of this
distribution is shown in Table 4 for each fitting region and each pa-
rameter, and is used to compute the 95 per cent confidence limits
on the parameters.

The question naturally ariseswhether thefitstothe LRG signal in
Table 4 apply to the GI correlation for the red galaxies fainter than
the LRG1 and 2SL AQ-faint samples. Certainly in making a model
for the Gl correlations for cosmic shear purposes it is necessary to
have amodel for thesefainter objects, which are after all much more
numerous. The best way to assess this is to take our LRG models
and compare them with the measurements for the L3, L4, L5 and
L6 samples of red main galaxies. It is seen from Fig. 2 that our
best-fitting value of @« = —0.73 is consistent with the slope in all
four cases, so it remains to test the amplitude. We do this by taking
the GI measurements for each of these samplesat rp > 4.7h=* Mpc
and fitting to them a power law

w51 (Mp) = Ws(Mpivor) ( Tb ) ) (22)
rpivc:)t

where « is fixed to —0.73 and the normalization ws. (I piver) IS &-

lowed to vary to minimize the x2. The resulting amplitudes are

shown in Table 5. The L5 and L6 samples actually include some of

the SDSS LRGs, so only the comparisons for L3 and L4 represent

an independent test of the power-law model. There are detections at
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Table5. The Gl correlation amplitude measured from the L3-L6 red main
samples of galaxies, and that predicted by the best LRG fit (to SDSS +
2SLAQ, rp > 4.7h~1Mpc data). The pivot radius is rpiver = 20h~1 Mpc.
Note that the L5 and L6 samples have some overlaps with the LRG sample,
so that for these samples the two columns are not independent. Errors shown
are 95 per cent confidence limits, which for 50 jackknife regions, six radial
bins and one parameter (the amplitude) being fitted correspond to A x2 =
5.02.

Sample ws+(Fpivat) (N~ Mpe)}

Measured (95 per cent confidence limit)  Predicted from LRGs
L3.red +0.035 £ 0.032 +0.004
L4.red +0.013 + 0.019 +0.013
L5.red +0.024 + 0.022 +0.044
L6.red +0.144 £ 0.078 +0.132

>20 for the L3, L5 and L6 red samples, although the significance
isfar greater for L6 than for the others. We have also displayed, in
the last column, the amplitude predicted by the best LRG fit, after
converting the Petrosian magnitudes measured for the SDSS main
galaxiesto model magnitudes by dividing by 0.8 (thefraction of the
flux captured by the Petrosian method for atypical eliptical galaxy;
Blanton et a. 2001). This amplitude is consistent with all of the
samples at the 95 per cent confidence level.

8 COMPARISON TO THEORY
AND SIMULATIONS

In this section we compare our results to analytical and simulation-
based models of intrinsic alignments.

8.1 Analytical models

It isworth comparing the results of thisanalysisto theoretical expec-
tations. Hirata& Seljak (2004) presented an analytic ‘ linear passive

model for red galaxies, which assumesthat agalaxy’sédlipticity isa
linear function of the local tidal quadrupole when the galaxy forms
and then remains unchanged. In this case we expect that on linear
scalesweshould have P; ;1 (k, 2) o k™' D(2), whereng isthescalar
spectral index corrected for the transfer function, i.e. " = ns +
2d[InT(k)]/d Ink, and D(2) is the growth factor. The redshift de-
pendence is simply the growth factor because § increases but 7'

does not, and the scale dependence is simply that of the underlying
power spectrum. [This should be equivalent to equation (18) of Hi-
rata& Seljak (2004), sincethere p o« (1+2)%, D(2) = (1+2)D(2),
and PI"(k, 7) o k"' D2(2). Thereis still afactor of (1 + ) that is
missing from equations (14)—(18) of Hirata& Seljak (2004) because
of the conversion from comoving to physical scalein the potential—
density relation.] Transforming to real space, this predicts

_dInD(2)
Y= din(t1 2

[Thereis a 2 instead of a 3 in « because w;.(rp) is a projected
quantity and hence is obtained from P; ;i (k) by a two-dimensional
Fourier transform.] For a ACDM cosmology, this predicts that y
should rise from —1 at high redshift (matter domination) to 0 in the
far future (A domination). Across the range of redshifts considered
here, 0.2-0.7, we expect y ~ —0.7. The prediction for o depends
somewhat on scale since n" is not constant. We can find the value
of o relevant to our observations by taking P; ;i (k) o« P (k) and

a=-2-n" and (23)
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using the Hankel transform
1
wsi(rp) = — o / Ps 51 (K) Jo(krp)k dk (29)

to get w;, (rp). Measured across the range from 11.9 to 60h~* Mpc
(i.e. using the largest scale cut-off from Table 4), we find « =
—0.65 for the fiducial cosmology. Including smaller scales leads
to an increase in o because the power-spectrum curves downward,
d?[InP(k)]/d (Ink)? < 0: we have « = —0.52 over the range (7.5~
60)h~1Mpc, and « = —0.41 over the range 4.7-60h~* Mpc. The
linear model does not give a prediction for 8, which requires an un-
derstanding of how the proportionality constant between ellipticity
and tidal field relates to the luminosity.

Our results for red galaxies are entirely consistent with the pre-
diction y = y passive ~ —0.7, athough given the large error barsin
Table4 thisisnot aparticul arly impressive accomplishment. Froma
practical perspective, we have at | east set an upper limit on y, which
enables upper bounds on contamination to be placed in cosmic shear
investigations. From atheoretical perspective, we are still unableto
answer perhaps the most interesting question: is y larger or smaller
than the passive evolution prediction? A value of y > y passve Would
imply that the intrinsic alignments of red galaxies were greater in
the past, and were being reduced, perhaps due to relaxation, merger
or figure rotation processes that destroy pre-existing correlations.
Conversely, avalue of y < y passve Would imply that some process
was causing the LRGsto align themselves with the large-scale den-
sity field, even at low redshift where LRGs are generally believed
to be passively evolving.

By contrast, the linear theory predictions for « are only in
marginal agreement with observations, withthedatagivingasmaller
(more negative) . The discrepancy is not significant if one uses
the range 11.9-60h~! Mpc; however, one finds a discrepancy of
Ax?=9.02 (p=0.005 using the distribution from the Monte Carlo
simulations) if one includes data down to 7.5h~*Mpc or Ax? =
13.11 (p < 107%) down to 4.7h~* Mpc. The direction of this dis-
agreement iswhat onewould expect if non-linear clustering onsmall
scales enhanced ws. (rp), since this would tilt « to more negative
values than predicted by linear theory. Indeed if one substitutes the
non-linear power spectrum PY' (k) of Smith et al. (2003) into equa-
tion (24) then the predicted values of « are —0.72, —0.68 and —0.67
for rpmn = 11.9, 7.5 and 4.7h~1 Mpc, respectively. These are in
very good agreement (<1o) with the measured slopes; however,
the theoretical justification for believing P; ;1 (k) to trace the matter
power spectrum in the non-linear regime is dubious.

The data on GI correlation for blue galaxies are too noisy to
constrain their shape, so we have not attempted to compare this
to theoretical models. We also note that the main theory for aign-
ments of these galaxies, namely the tidal torque theory (Peebles
1969; Doroshkevich 1970; White 1984), generically predicts zero
Gl correlation up to second order in perturbation theory (Hui &
Zhang 2002; Hirata & Seljak 2004). Thus more detailed theoretical
calculations will be necessary to predict the scale dependence of
ws(rp) for blue galaxies.

8.2 Simulations

The Gl contamination to the lensing signal has been investigated in
simulations by Heymans et al. (2006b). They used ACDM N-body
simulations populated using the Cooray & Milosavljevic (2005)
conditional luminosity function and several different models for
determining the galaxy (as opposed to halo) ellipticity. They then
computed the GI correlations using various models: an ‘elliptical’
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Figure 9. The GI correlation functions w4 (rp) for the full SDSS LRG
sample and the L4 blue sample, with the galaxy-to-density conversion using
biasesof 1.99 and 1.12, respectively. Thelinesare the curvesfrom Heymans
et a. (2006b) at z = 0.27, interpreted using the procedure in Appendix B.
The median redshift of the LRGs is zneq = 0.27; the L4 blue galaxies have
Zgt = 0.12, although we expect that evolution between 0.12 and 0.27 would
make a small effect.

model for which galaxies were assigned the same ellipticity magni-
tude and direction as the parent haloes; a ‘spira’ model for which
they were considered to be disks with some random misalignment
with the parent halo angular momentum vector; and a‘mix’ model
with amixture of the above. They concluded that only the mix model
was consistent with the measurements from Mandelbaum et al.
(20063).

Here it is possible to do a more detailed comparison. In Ap-
pendix B, we derive the conversion from theintrinsic shear—lensing
shear correlation functions measured by Heymans et a. (2006b) to
ws(rp). We have applied this conversion to the elliptical and mix
models, and plotted thesein Fig. 9. Overplotted are the w;, (r,) data
for the LRGs (median magnitude ~2 magnitudes brighter than L)
and the L4 blue galaxies (i.e. ~ Ly). The LRG data are consistent
with the Heymans et al. (2006b) ‘elliptical’ model, which isthe one
with the strongest Gl correlation. This may seem surprising since
the‘elliptical’ model was designed to be amaximal estimate of Gl,
in the sense that the gal axies were assumed to trace the ellipticity of
their host hal oes perfectly — one would expect that in the real Uni-
verse there would be some misalignment. However, the ‘elliptical’
model is also averaged over a range of halo masses. Since LRGs
typically occupy the most massive hal oes, and simul ations have sug-
gested that the density—halo ellipticity correlationis stronger at high
masses (Hopkins, Bahcall & Bode 2005), it ispossiblethat Heymans
et al. (2006b) would have found a much stronger Gl correlation if
they had only considered LRGs. Simulation results broken into lu-
minosity bins should thus be a priority: until they are available we
cannot say whether our LRG measurements confirm the Heymans
et a. (2006b) ‘elliptical’ model, or if there is substantial misalign-
ment in thereal Universe that fortuitously resultsin agreement with
Heymans et a. (2006b) because of their lower typical halo mass.
In any case we note that LRGs show the strongest alignment signal
of all galaxy types considered and make up only asmall fraction of
any flux-limited sample of galaxies, so for aredlistic weak lensing
survey the Gl contamination would be lower. The more abundant
L, blue galaxies are consistent (within 20°) of either zero alignment

or the Heymans et al. (2006b) ‘mix’ model, and it is evident that
more data will be needed to distinguish these possibilities.

We are not aware of any simulation results that explore the
luminosity dependence of the Gl correlation. Studies of cluster
alignmentsin N-body simulations(Hopkinset al. 2005) find aprefer-
ential alignment of the major axis of the cluster with thedirection to
neighbouring clusters with a strength that increases with halo mass.
Thisis qualitatively consistent with what we observe for the align-
ments of LRGs, which increase with luminosity, but a quantitative
comparison would require one to popul ate the haloes with galaxies,
assign dllipticities, and convert alignment angles to density—shape
correlation functions; each of these (but especially the latter two) is
asignificant source of uncertainty.

9 ESTIMATES OF CONTAMINATION

In principle, with knowledge of the GI correlation scaling with lu-
minosity, colour, redshift and transverse separation, combined with
knowledge of the joint luminosity—colour—redshift distribution for
a particular survey, we can predict the contribution of Gl contami-
nation to the measured cosmic shear power spectrum. In principle,
this contamination then carries over to an underestimate of o or,
if the evolution of the amplitude is measured to constrain the equa-
tion of state of dark energy, there will be errorsin the measurement
of wo and w,. In future work, we will attempt to quantify more
precisely the effects on the dark energy parameter estimates. For
now, we merely present the fractional contamination of the cosmic
shear power-spectrum measurement for model surveys with realis-
tic redshift and luminosity distributions, and present a prescription
for marginalizing over Gl uncertainties in measurements of og.

9.1 Contamination models

To make a prediction of contamination to cosmic shear results, we
start with a flux limit, and must assume our model fits for intrin-
sic alignment amplitude as a function of separation, redshift and
luminosity; a luminosity function as a function of spectral type;
the underlying cosmology (to get the distance modulus); and (k +
e)-corrections. From this, we can predict the redshift distribution
and the magnitude of the GI correlation contribution to the mea-
sured cosmic shear power spectrum. In principle, there is also a
correction associated with the types of magnitudes used, e.g. Pet-
rosian versus model. For example, the Petrosian system typically
misses ~20 per cent of the flux for well-resolved elliptical galaxies
(Blanton et a. 2001). Since the Gl signal for red galaxies scales as
roughly L*®, thiswould translate into roughly a 30 per cent error in
the Gl amplitude, which is small compared to the redshift extrapo-
lation uncertainty in our models. To the extent that it matters, users
of these models should note that our contamination estimate for red
galaxiesisfitted to the LRGs, for which we used model magnitudes;
for blue galaxies the constraints on Gl are so weak that changes of
this order are unimportant.

For the r-band luminosity function as a function of spectral type
(including luminosity evolution), and for k-corrections, we rely on
the results from COMBO-17 for 0.2 < z < 1.2 (Wolf et al. 2003).
For atypical cosmic shear survey that isdominated by galaxieswith
0.8 < z < 1.2, the galaxies that are most important for the intrinsic
alignments are those at the lower end of the redshift range, where
our assumptions about luminosity evolution, etc. are most likely to
be valid. For the purposes of thiswork, the spectral typesland 2in
that paper are considered ‘red’, types 3 and 4 are considered ‘bluge’ .
The reason for this distinction is that at z = 0, integration of the
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Table 6. The four GI models used here to assess contamination. The power-law indices are defined by ws.(rp) o< r5(1 + 2. The

amplitudes are normalized to og = 0.751; for cosmologies with different values of o g, the bias of the density tracer scalesas b agl
and the Gl contamination scales as ws4 o« o'g. * Fractional contamination’ here is defined by C'/CEC.

Model Galaxy Power-law indices ~ w;,(20h~*Mpc,z= 0.3) Fractional contamination

type o % (h~1Mpo) R<23,1=500 R< 24,1 =500

A Pessimistic Red —071 4147 +0.056(L/Lg)%8 —0.420 -0.332
Blue —-071 4147 4+0.028 (L3-L5); 4+-0.61 (L6)

B  Centra Red -073 056 +0.059(L/Lo)+*8 —-0.103 —0.065
Blue -073 070 +0.005 (L3-L5); +0.25 (L6)

C  Optimistic Red —-073 -056 +0.059(L/Lg)+*8 —0.042 —0.021
Blue -073  —-0.70 0(L3-L5); +0.25 (L6)

D  Veryoptimisic  Red -073 —329 +0.055(L/Lo)+*3 —0.034 —0.015
Blue -073 -329 0(L3-L5); +-0.03 (L6)

templates to obtain observed AB u — r colours (which were used in
this paper for colour separation) suggests that all type 1 and nearly
all type 2 galaxies would have been classified asred, whereas types
3and 4 would have been classified asblue. At redshift 0.1-0.25, the
classification of the type 2 template as red versus blue is no longer
clear, but this uncertainty is in part due to certain features of the
spectrum below 300 nm redshifting into the u band. These features
have changed significantly in updated versions of the spectra used
by the COMBO-17 team, since the templates of Wolf et al. (2003)
were found to be inadequate for full galaxy classification,* so we
define our correspondence between SDSS and COMBO-17 types
using the z = 0 colour (which is not susceptible to influence by
these uncertainties in the 2 < 300nm portion of the spectrum).
With this classification scheme, roughly 25 per cent of the galaxies
in aflux-limited survey to R = 24 are classified as red.

The intrinsic alignment signal for the red galaxies is very well
constrained at z~ 0.3, with the major uncertainty being the scaling
of thesignal with redshift. Thesituationisvery different for the blue
galaxiesfor which we have no detection, and for whichweonly have
a low-redshift constraint: the GI correlation for these objects may
be near present upper limits, or aternatively could be negligible. In
light of these uncertainties, we have defined four different models,
all based on thefitsat rp, > 4.7h~! Mpc.

(2) In the ‘pessimistic’ model A, we assume that the redshift
scaling of Gl for the red galaxiesisthe 95 per cent confidence upper
limit from the SDSS + 2SLAQ fit with r, > 47h™*Mpc, y =
+1.47. The GI values for the blue galaxies are taken to have the
sameradial scaling « and redshift scaling y asfor thered galaxies,
with the amplitude taken to be the 95 per cent confidence upper limit
from SDSS main. The use of the sameradial scaling « is motivated
by the expectation that the alignment on large scales should trace
the tidal field, which has the same spatial dependence for all types
of galaxies. A single amplitude isfitted to the L3-L5 blue galaxies
to improve statistics since there is no sign of a detection in any of
these bins. A separate amplitude is used for the L6 blue galaxies as
these have amarginal detection when « isfixed.

(2) In the ‘centra’ model B, we use the best-fitting values of
amplitudes and power-law indices «, 8, y from Table 4 using both
SDSSand 2SLAQ and including radii down to 4.7 h—1 Mpc. For the
blue galaxies we use the same value of «, as explained above, but
fix y to the passive value, y pasive = —0.7 and use the best fit rather

4 Christian Wolf, private communication.

than worst case value for the amplitude. The L3-L5 galaxies are
combined, just as for model B.

(3) Inthe ‘optimistic’ model C, we treat the red galaxies and the
L6 blue galaxies just as for model B. We assume the L3-L5 blue
galaxies have no Gl signal, since noneis required by the data. (We
do not view the detection in the L 6 blue galaxies asrobust since the
significanceis <2.5¢ and only appearsin one of thefour bluebins.)

(4) Inthe‘very optimistic’ model D, we take the minimum value
of y alowed by SDSS + 2SLAQ at the 20 level (y = —2.81),
and use the values of the other parameters that minimize the x?2
constrained to fixed y: Ag = 0.056,« = —0.73 and 8 = 1.44. Just
as for moddl C, we assume no alignment for L3-L5 blue galaxies.
We take the 20 lower limit for L6 blue galaxies.

Note that in each model, we used constrained (i.e. « and y
fixed) fits to the blue galaxies in each of the luminosity bins
in the r, = (4.7-60) h~1 Mpc regime. The best-fitting amplitudes
A = w;,(20h~1 Mpc) assuming the model A scale dependence
(¢ = —0.71) are +0.003 £+ 0.026, +0.017 + 0.022, —0.015 +
0.035 and +0.27 £ 0.25h~*Mpc for the L3, L4, L5 and L6 blue
samples, respectively, where 95 per cent confidence errorsaregiven.
For model B/C/D scale dependence (¢ = —0.73), wefind very sim-
ilar results: ws, (20h~1 Mpc) = +0.003 & 0.026, +-0.017 + 0.022,
—0.015 + 0.034 and +0.27 4 0.25h~1 Mpc for the same samples.
For presentation (Table 6) we have rescaled all values to z = 0.3
using the specified choice of y and the mean redshifts of the sam-
ples (see Table 3). In each case we have used the ‘L3-L5 blue’
amplitude for the blue galaxies fainter than L3, since we have no
better constraint for them (the SDSS main sample does not probe
an interesting volume at fainter luminosities).

The models are summarized in Table 6, along with estimates of
the fractional Gl contamination as quantified by theratio C®' /G®°.
For most cosmic shear studies, model A can be taken as a ‘20’
estimate of the Gl contamination. Model B should be viewed as a
‘best guess', with the caveat that we have no detection of Gl in the
L3-L5 blue samples. If the reason for this non-detection is that the
Gl signal inthese samplesismuch lessthan the current upper limits,
then model C may be more redistic than B.

As an example of these models, we show in Fig. 10 the GI con-
tamination for a cosmic shear survey that measures galaxies down
to R = 24 (median redshift 0.6). The results in the figure are not
necessarily representative of cosmic shear surveys to the specified
depth, since the sourceswill not all be weighted equally (and some
may be rejected from the analysis due to being poorly resolved, or
having poorly constrained photo-zs with the particular bandpasses
used in the survey). The fractional contamination C®'/CP€ is —33,
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GG and Gl power spectra for R<24 WL survey
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Figure 10. Upper panel: The cosmic shear power spectrum (solid line) and
Gl power spectra (dashed lines) for al galaxies with R < 24. We plot the
absolute value of Gl since it is negative for al models. Lower panel: The
fractional contamination of the power spectrum |G®'|/CCC (solid lines),
compared to the change produced by several changes in the cosmological
parameters | AGSC|/CEC (dashed lines). This ranges from ~33 per cent for
model A to ~1.5 per cent for model D. We have plotted therangeout to | =
2000 (k~ 1hMpc—1 at thetypical sourceredshift) sinceat smaller scaleswe
cannot convert from wg. (rp) to w4 (rp) (See Section 7). For the variations
of cosmological parameters, Qn is varied at fixed Qmh? and ng is varied at
fixed og.

—6.5, —2.1 and —1.5 per cent for models A-D, respectively, at
| = 500 (these values are given in Table 6). As can be seen from
the figure, these fractions are almost independent of | because the
intrinsic alignment power spectrum P ;i (k) oc k=27 = k=1-27£0.19
(95 per cent confidence limit) has roughly the same k dependence
as the matter power spectrum. This was actually measured for
the LRGs; setting the blue galaxies (which have no detection) to
the same slope asthe red gal axies was amodelling assumption. The
fraction of the contamination coming from blue galaxiesis 93, 69,
3.3 and 0.4 per cent for models A-D. It is clear that refining the
models for blue galaxies should be a high priority for future work
since these dominate the uncertainty in the Gl estimates (though it
isnot clear whether they dominate the GI contamination). Note that
the contamination estimates presented are on the power spectrum;
the fractional contamination on the amplitude o'g will be less by a
factor of ~2 since the power spectrum is roughly proportiona to
o2. Inparticular for the survey to R= 24 at | = 500, thereductionin
shear power spectrum C/'” is equivalent to changing o by Acg =
—0.10, —0.02, —0.005 and —0.004 for models A-D, respectively.
Integrated over all scales, the GI contamination we predict in the
pessimistic model A resultsinalo error for asurvey measuring al

Gl contamination vs. survey depth
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Figurell. TheGl contaminationat| = 500 for thefour modelsasafunction
of survey depth. We considered all galaxieswith R-band magnitude lessthan
the specified cut-off, and z < 1.2.

galaxies to R = 24 with combined shape and measurement noise
yms = 0.3 over aregion of sky of only 4deg?. Thus if model A
is correct then Gl contamination may already be important for the
current generation of lensing surveys. Models B, C and D predict
anerror of 1o for sky coverage of 100, 1000 and 2000 deg?, respec-
tively; thus even in the optimistic cases Gl contamination will be
significant and will have to be removed in future surveys.

We have also investigated the dependence of the contamination
estimates on the magnitude cut, as shown in Fig. 11. For this cal-
culation the COMBO-17 luminosity function was also used, hence
a cut-off in the redshift distribution at z = 1.2 was imposed. The
amount of contamination generally decreases with survey depth:
for our ‘central’ model it istwice as severe at Ry = 22.5 than at
Rinax = 24.

Wealso could have constructed amore extreme pessimistic model
than model A by taking the 95 per cent confidence upper limit in
each of binsL3, L4 and L5 separately; for the above-mentioned toy
cosmic shear survey to R = 24, this‘AA’ model leads to —41 per
cent contamination at | = 500 instead of —33 per cent. Such amodel
would of course be unrealistically pessimistic for surveys covering
a broad range in galaxy luminosity, since by taking the 20 upper
limit in each luminosity bin and averaging these numberswe obtain
a >2o upper limit on the average.

9.2 Constraining og

Finally we come to the issue of greatest practical importance in
the near term: how should one account for Gl contaminationin og
measurements from cosmic shear? We have already seen that if our
more pessimistic models are correct then the contamination may be
significant compared to the uncertaintiesin some of the recent mea-
surements. In thiscaseit is essentia to correct for the Gl effect and
includetherange of allowed GI modelsin determining the error bars
on og. Since the present surveys are measuring a single amplitude
o'g (with some dependence on other cosmological parameters such
as Qm) what we really need is a probability distribution for Aog
(which also may depend on other parameters) over which one can
marginalize. In future surveys that measure several parameters we
will need a multivariate distribution. Therefore we view the model
here as afirst step: it leaves much room for future work to reduce
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theuncertaintiesin Ao g, particularly to pin down the severa o tails
of the distribution (which are treated rather crudely here), and to
extend the model to incorporate multiple parameters.

In constructing this distribution for Acg, we first note that the
error bar on the Gl contamination is highly asymmetric due to the
nature of the redshift extrapolation: if the redshift exponent y is
very negative or zero there is very little contamination, but if it
is positive then it is possible to have very large contamination. In
all cases the central model predicts relatively small contamination
(afew per cent) but the pessimistic model based on the 20 upper
limit to y could be a factor of several worse, and the optimistic
models are afactor of several better. Therefore we recommend that
for measurements of o g one should marginalize over contamination
Ao g with alognormal probability distribution. To be more explicit,
we recommend the following prescription: for the distribution of
galaxy luminosities, redshifts and colours in a particular cosmic
shear survey, compute the pessimistic (A) and central (B) power
spectraC®' (A, B). Then compute the induced error Ao g(A, B) for
these two models. One can then write

og(observed) = og(true) — x, (25)
where x islognormally distributed:

1 1 X \?
PO = e [—ﬁ (|nx—o> } (26)

for x > 0 and P(X) = O for x < 0. The median of thisdistributionis
the central model, i.e. X = — Ao g(B), and the standard deviationis
chosen to place the pessimistic model at 20°:

1  Aocg(A
_lnas()

Usually one usesaMarkov Chain Monte Carlo (MCMC) method to
estimate cosmological parameters from a combination of data sets;
in this case one should marginalize over x with the prior given by
equation (26). This could be done by including x as a nuisance pa-
rameter intheMCMC, or (probably faster) by including theintegral
over x as part of the cosmic shear likelihood function.

Notethat thismethod hasnot explicitly used the optimisticmodels
in constructing the probability distribution for x, assuming instead
that the distribution in Inx is symmetric. In practice thisis probably
not a serious deficiency for two reasons. First, for the caseswe have
investigated, the ratio of contamination for model A to model B is
indeed similar to that of model B to model D (5.1 versus 4.3 for
R < 24,1 = 500; 4.1 versus 3.0 for R < 23,1 = 500), i.e. the error
in ‘log contamination’ is close to symmetric. Secondly, the error in
og inthe optimistic and very optimistic models is usually <0.01,
whichisnegligible compared to the purely statistical errorsfromthe
current generation of weak lensing surveys. This means that while
the details of the pessimistic tail of the distribution matter (because
they affect whether cosmic shear can rule out high o), the details
of the optimistic tail do not — the optimistic tail might as well be
‘piled up’ at zero contamination.

We believe the method described here is adequate for the current
generation of cosmic shear surveys in which the cosmological con-
straint isasingleamplitude, generally reported asavalue of o g with
some dependence on 2,. However, it will not be adequate for future
surveys that will measure the redshift and scale dependence of the
signal, in which the GI contamination must be described by more
than one number. Also these surveys will push the statistical errors
on the cosmic shear signal to the <1 per cent level, i.e. according to
the models presented here the GI contamination will dominate over
statistical uncertainty. In order to make use of thisdata, wewill need
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more external information to better constrain the GI models, or use
internal information from the cosmic shear surveys themselves to
simultaneously constrain the pure lensing signal, the Gl signal and
(if applicable) the Il signal. Strategies for this are discussed in the
literature (Hirata & Seljak 2004; King 2005; Bridle & King 2007).

In summary, we have constructed a basic model for the Gl con-
tamination that can be practically integrated into current and near-
future lensing constraints on o'g. It isaminimal model, making the
simplest assumptions in some cases (e.g. power-law scale, lumi-
nosity and redshift dependence). Nevertheless, it fulfils the basic
criteria of being consistent with the data and covering the range of
allowed values of themost important uncertain parameter (). Aside
fromimproving the statistical uncertaintieson Gl model parameters,
future work covering a range of redshifts would also improve the
robustness of the model by enabling us to constrain more model
parameters, such as deviations from the power law ~(1 + 2)” or
different values of « and y for blue and red galaxies.

10 CONCLUSIONS

In thiswork, we have attempted to further characterize the correla-
tion between the intrinsic shear and the density field on both small
and large scales. To this end, we have characterized the strength
of this alignment as a function of galaxy transverse separation, |u-
minosity (focusing on the bright end, where it is most prominent),
colour and redshift to z~ 0.6. In addition, we have established that
the Gl amplitude of LRGs is not significantly different for BG and
non-BG galaxies for scales above the virial radius, though we were
unable to verify the degree to which this statement is true for cases
of largeluminosity gap. We found that the shape—density alignment
signal for red galaxies increases strongly as a function of the lumi-
nosity. The scale dependence wg, (rp) o< r=27%%17 isvery similar
to that of the matter power spectrum, which is expected if galaxy
alignment isdetermined by thelocal tidal field. Our findingsthat the
density—shape alignment effect is present for non-BGs up to large
scales imply that our origina hypothesis that the effect is due only
to BGs needs to be revised.

Thereisno detection of Gl correlation for blue galaxies, with the
possible exception of the very brightest bin (L6 blue). In this case
thereisa~2.40 detectionif onefixesthescaling withr, tothevalue
for the red galaxies. If one does a ‘blind’ search over power laws
ry (asdonein Section 5.1) the signal is not statistically significant.
When combined with the fact that we have no detection in the lower
luminosity blue bins which have many more galaxies, we believe
that the L6 blue Gl signal is not robust, and observationally many
of these galaxies are quite close to the blue versus red division.
In any case the L6 blue galaxies are very rare (despite their lumi-
nosity, they comprise <1 per cent of the flux-limited SDSS main
sample!) and their measured Gl signal would contaminate the toy
cosmic shear survey considered in Section 9 at the <0.1 per cent
level if taken at face value. Much more important for the cosmic
shear programme are the numerous fainter (L ~ L) blue galaxies.
The Gl signal for these objects is consistent with zero; however,
if the signal is near our upper limits, they may affect the observed
shear power spectrum by of the order of 10 per cent for surveys
to R = 24. Reducing the uncertainties in the measurements for the
L ~ L, blue galaxies should be a priority for future work. It would
aso be desirable to learn more about the Gl correlation w;.(rp)
at very small scales where linear galaxy biasing (which underlies
the methodology of Section 7) breaks down; this would likely in-
volve both the wg, (r,) measurements presented in Appendix A and
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simulation or halo model results on the relation between galaxies
and mass at small scales.

We have presented several models of the Gl signal in Section 9,
spanning the range from pessimistic assumptions (model A) to opti-
mistic (model D). We believe these modelswill be useful for others
in comparing against other data setsand/or estimating levels of con-
tamination in various surveys. In particular it would be useful for
lensing surveys to repeat the calculations in Section 9, taking into
account their actual redshift/luminosity/colour distribution instead
of the toy distributions used here.

These results should also be useful in comparing against simula-
tions to determine the physical cause behind this effect, especially
in conjunction with previous results on | contamination and future
work on contamination of three-point functions, which may give
additional power to discriminate between intrinsic alignment mod-
es. A fuller understanding of the physics behind these effects may
alow us to extend these fitting relations to higher redshift than is
currently allowed by the data.

M ethods have been proposed (e.g. King 2005) to removeintrinsic
alignment contamination using parametrized Gl and |1 correlation
models. Our determination of the redshift evolution and luminos-
ity scaling of Gl correlations will help make these methods more
feasiblein practice.

Finally, the GI models presented here (and any improved models
that incorporate future observations) may be used to determinecrite-
riafor excluding galaxiesfrom future cosmic shear surveysto obtain
agalaxy samplewith thelowest possiblelevel of intrinsic alignment
contamination. Surveyswith imaging datain multiple bands should
fairly easily be able to remove the bright red galaxies that seem to
show the strongest GI contamination. Future work with simulations
will be necessary to determine the efficacy of thisplan. Thisplanis
most likely to be effectiveif the blue galaxy contamination isfound
in future work to be negligibly small; if this is not the case, then
more sophisticated methods to remove Gl such as templates (King
2005) and separation based on redshift dependence (Hirata& Seljak
2004) will be essentia to realizing the promise of the cosmic shear
programmes.
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APPENDIX A: GALAXY DENSITY-SHAPE
CORRELATION FUNCTION DATA

Thisappendix liststhe correlation functions wg, (r,,) for the samples
used in our fits, and their correlation coefficients. The table head-
ers describe the subsamples used to trace the intrinsic shear field;
the galaxy density (‘g') wastraced using the full sample (i.e. SDSS
main, SDSSLRG low-z, SDSSLRG high-zor 2SLAQ). Itisthebias
of the latter (described in Section 6) that should be used to convert
to ws,.(rp). Table Al lists the measured correlation functions and
their error bars, while Table A2 shows the correlation coefficients
plwsy(rp), s (ry)] between different radial binsfor the same sam-
ple. Theinnermost bin from the 2SL AQ-bright sample did not have
enough datato determine abootstrap error; sothisanditscorrelation
meatrix elements are marked with a‘*’ in these tables.

APPENDIX B: RELATION OF LENSING
SHEAR-INTRINSIC SHEAR AND
DENSITY-INTRINSIC SHEAR CORRELATION
FUNCTIONS

The purpose of this appendix isto relate the lensing shear—intrinsic
shear correlation function (v®(zs) -~' (z1))s measuredinsimulations
by Heymans et al. (2006b) to the density—intrinsic shear correlation
functionws,.(r,) consideredinthispaper. In particular wewould like
to know whether theresults of Heymanset al. (2006b) are consistent
with our observations. Inthisappendix, wewill use z; for the source-
plane redshift and z; for the lens-plane redshift (i.e. the redshift
at which Gl contamination is being assessed) for consistency with
Heymanset al. (2006b); however, for consistency with our paper we
will write ' where Heymans et al. (2006b) would write e [defined
by their equation (4); note that the ellipticity components before
correctionfor the shear responsivity, whichwedenotee, aredenoted
by €; in Heymans et al. (2006b)].

Our conversion proceeds in two steps: first from (v%(z) - '
(22))o 10 (k(z)y".(22))6, and then from (x(z)y', (z1))s tO ws. (rp).
Thefirst stepisastraightforward but tedious cal culusexercise, since
~€ and « are different derivatives of the lensing potential and hence
are simply related in Fourier space; the second step is trivial and
involves the usual convergence to surface density conversion from
galaxy—galaxy lensing studies.
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Table Al. The correlation functions wg (rp) for each sample. Thefirst column shows the range of rp, and the remaining columns show
wg4 (rp) and its 1o uncertainty (i.e. square root of diagonal covariance matrix element). Units are h~1Mpc for al columns.

I'p,min — I p,max Main.L3.blue Main.L4.blue Main.L5.blue Main.L6.blue Main.L3.red Main.L4.red
0.3-0.6 0.145+0.198 —0.177+0.194 0.494 + 0443 —-1.127 +6.011 0.117 + 0.330 0.032 + 0.212
0.6-1.2 —0.081+0.129 0.118 +£0.108 —0.106 + 0.215 1.604 + 1.854 0.259 + 0.147 0.070 + 0.100
1224 —0.038 £ 0.069 —0.020 + 0.067 0.100 + 0.134 1.588 + 0.761 0.003 £ 0.101  —0.005 + 0.053
2447 0.033+0.035 —0.0124 0.035 0.018 + 0.088 0.590 + 0.653 0.053 + 0.057 0.008 + 0.053
47-75 0.017 £+ 0.034 0.061 +£ 0.036 —0.030 + 0.060 0.948 + 0.395 0.103 £ 0.048 0.024 + 0.036
7.5-11.9 0.059 + 0.042 0.016 + 0.030  —0.040 4 0.050 0.585 + 0.329 0.110 + 0.042 0.036 + 0.026

11.9-18.9 —0.000 4+ 0.032 0.036 +£ 0.026  —0.048 + 0.046 0.227 + 0.313 0.073 £ 0.041 0.014 + 0.024
18.9-29.9 —0.010 + 0.025 0.015+0.021  —0.000 =+ 0.045 0.177 £ 0.214 0.059 + 0.040 0.011 + 0.018
29.9-47.4 0.003 + 0.020 0.007 £ 0.021  —0.007 + 0.029 0.176 £+ 0.155 0.010 £ 0.034 0.008 + 0.013
47.4-59.6 0.017 + 0.026 0.003 £ 0.019 0.007 +£0.034 —0.04640.164 —0.044 4+ 0.035 0.010 + 0.019
I p,min— p,max Main.L5.red Main.L6.red LRG1,low-z LRG2,low-z LRG3,low-z LRG1,high-z
0.3-0.6 0.744 + 0.224 7.676 + 1.387 5.075 + 9.556 1.365 + 8.740 29754+ 6.866 —1.277 +8.148
0.6-1.2 0.278 + 0.127 2.906 + 0.644 3.590 + 1.753 1.007 + 2.188 17144+ 3.181 2.784 + 1.583
1224 0.212 + 0.087 0.956 + 0.288 1978+ 0.873 —0.216 + 0.606 1.633 4+ 0.769 0.370 + 0.526
2447 0.149 + 0.051 0.619 + 0.158 1.03340.327 0.105 + 0.312 0.957 £ 0.302 0.693 + 0.242
4.7-15 0.039 + 0.036 0.420 + 0.132 0.270 + 0.189 0.182 + 0.187 0.362 + 0.190 0.441 + 0.191
7.5-11.9 0.062 + 0.028 0.243 £+ 0.107 0.274 + 0.130 0.078 + 0.164 0.708 £ 0.135 0.388 + 0.133
11.9-18.9 0.046 + 0.030 0.306 + 0.076 0.339+0.100 —0.001 4+ 0.100 0.250 + 0.087 0.349 + 0.076
18.9-29.9 0.092 + 0.027 0.239 + 0.063 0.135 + 0.063 0.035 + 0.059 0.209 + 0.062 0.209 + 0.071
29.947.4 0.036 + 0.018 0.120 + 0.060 0.053 + 0.050 0.106 + 0.055 0.164 + 0.043 0.138 + 0.035
47.4-59.6 0.010 + 0.016 0.016 + 0.038  —0.036 4 0.057 0.115 + 0.045 0.092 £ 0.041 0.107 + 0.047

I'p,min — I p,max LRG2,high-z LRG3,high-z 2SL AQ-faint 2SLAQ-bright
0.3-0.6 —7.429+ 7872 21.379+9.708 —3.713 + 8.009 *
0.6-1.2 4.603 4 3.609 7.346 + 3589 —3.2354+3.722 5.380 + 3.223
12-24 2,940 + 1.125 2.634 + 0.792 0.425 + 1.327 2.717 + 1.287
2447 1.950 4 0.444 11504+ 0.406 —0.1554 0.499 0.598 + 0.621
4.7-15 0.629 + 0.296 0.890 + 0.308 0.506 +0.385 —0.230 4+ 0.396

7.5-11.9 0.518 + 0.208 0.539 +£ 0.155 —0.3354 0.333 0.469 + 0.214
11.9-18.9 0.592 + 0.113 0.365+ 0.107 —0.168+ 0.161 0.087 + 0.155
18.9-29.9 0.344 + 0.103 0.290 + 0.084 0.004 £ 0.172 —-0.0204+0.138
29.9-47.4 0.094 + 0.080 0.257 £ 0.054 —0.085+ 0.157 0.209 + 0.116
47.4-59.6 0.103 + 0.077 0.144 £ 0.060 —0.129 4 0.207 0.112 £+ 0.143

For our first step, we recall that the shear components (+, x) can
be easily converted to E and B modes in Fourier space by
v £iyS) = O [yS0) +ivg ()], (B1)

where ¢(1) = arctan(l,/l) is the position angle of |, and a similar
formulais written for the intrinsic shear. The convergence-density
correlation function isthen the Fourier transform of the cross-power

spectrum,

(x(0)y;(0)

- _/ %cﬂ'az(m). (B2)
0

Here we have assumed parity invariance, i.e. that the convergence
is correlated only with the E mode of theintrinsic shear. (The latter
may have a B mode but this cannot be correlated with ascalar.) We
have also chosen 6 to lie along the x-axis (i.e. the axis along which
stretching corresponds to positive 4--component shear) and used
the integral representation of the Bessel function (equation 8.411
of Gradshteyn & Ryzhik 1994). A similar result holds for the y
correlation:

d

(+%(8) - ~'(0)) = / 'Z—T[q”' J(16); (B3)
0

once again we have used only the E mode since thelensing shear ¢
is derived from the scalar density field and has only E modes (aside

from small corrections due to non-weak shear or multiple deflec-
tions). We have replaced CﬂG”' — C,”I since~¢E and « have equal
numerical values mode by mode (they are both second derivatives
of the lensing potential), and we have a Jo function instead of —J,
because there is no factor of €¢® in this equation [the dot product
of the lensing and intrinsic shears is unaffected by the angle ¢(1)
rotation of equation (B1)].

The conversion between equations (B2) and (B3) proceeds asfol-

lows. The cross-power spectrum C,“’I can be obtained from equa-
tion (B3) by the Hankel transform pair,

¢ = 2n / " (4500) - ' (O) o190 . (82)
0

from which we find

k(@)1 (0) = — /j("/G(ﬂ) 7' (0)G(6, )v dv, (BS)

where the Green's function is

GO, 9) = /0 T 1 30(19)J(16). (B6)

This Green's function has a closed-form analytical expression
that can be obtained using the recursion, differentiation and
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Table A2. Correlation matricesfor the datashown in Table A1. The unit isper cent (i.e. al correlation matrix elements have been multiplied by 100) for all the
data presented in the table. In each of the four blocks of thistable, thereis an upper (above-diagonal) triangle, which applies to the sample designated ‘ upper’,
and alower (below-diagonal) triangle, which applies to the sample designated ‘lower’. Note that the diagonal correlation coefficients are equal to unity (100

per cent).

Main.L3.blue (upper); Main.L4.blue (lower)

Main.L5.blue (upper); Main.L6.blue (lower)

100 4 9 -10 22 41 11 47 -1 =15 100 18 18 6 26 7 -9 -10 -11 -12
7 100 2 -15 —6 16 15 1 -12 -19 26 100 20 -2 10 11 1 5 1 4

6 21 100 24 -7 -13 0 -2 =33 -12 —14 11 100 30 25 8 8 -2 =10 16
—24 12 27 100 10 3 7 8 -7 -16 27 37 9 100 45 40 7 6 5 0
—18 20 22 33 100 50 24 17 3 5 40 42 15 41 100 38 -14 -22 -10 6
-13 -10 14 -5 17 100 56 25 1 -8 33 23 -16 30 46 100 35 8 -7 -2
2 -3 20 3 16 26 100 26 -3 -22 37 15 8 12 43 37 100 65 19 2

12 -18 12 -16 7 11 37 100 25 -30 35 16 5 8 15 7 56 100 29 4

1 14 8 -7 16 8 0 20 100 51 43 13 4 0 25 9 18 29 100 47
—-11 10 -13 20 16 -12 7 1 49 100 6 14 -7 5 21 -2 4 24 39 100

Main.L3.red (upper); Main.L4.red (lower) Main.L5.red (upper); Main.L6.red (lower)

100 34 -23 -3 6 -22 2 -1 19 9 100 39 0 14 13 7 -15 -18 -1 8
20 100 16 8 24 -1 -1 -5 3 -9 45 100 15 22 14 13 1 9 -7 =24
12 8 100 8 2 26 -5 -5 -4 -7 34 47 100 37 -18 10 -5 -2 18 -17
13 -19 44 100 15 7 18 5 -8 -6 40 14 37 100 -21 -14 -14 -20 2 =12

-22 -29 11 55 100 27 7 6 -6 -—18 33 31 13 24 100 36 0 16 -2 1
-7 0 8 16 46 100 50 28 4 1 12 -16 11 13 39 100 43 22 15 -25
—6 12 1 8 4 19 100 69 8 7 14 11 8 0 29 53 100 53 32 5

0 22 -8 1 -2 5 63 100 24 4 12 11 17 -9 7 17 54 100 44 0
25 24 -3 -2 15 —6 27 46 100 40 -5 -2 0 -17 -5 8 33 51 100 20
17 —4 23 -1 -11 -13 0 -19 18 100 11 0 17 -5 10 7 20 20 32 100

LRG1,low-z (upper); LRG2,low-z (lower) LRG3,low-z (upper); LRG1,high-z (lower)

100 -8 -23 -8 11 3 -9 -5 -8 9 100 -32 5 25 =17 4 3 -4 24 -4

—-13 100 —6 -6 -19 -12 8 9 2 7 4 100 14 -5 4 -11 17 2 -15 -25
-2 16 100 -9 -14 -8 22 9 2 -3 7 4 100 20 -33 -11 -10 3 =21 0

—16 24 4 100 1 23 27 12 13 19 8 3 -13 100 9 -33 -8 2 -15 -20
-8 -2 23 11 100 27 13 -6 1 -9 1 2 -8 11 100 13 1 2 20 4
27 -3 -8 -21 4 100 11 —6 3 -2 -1 11 26 —6 21 100 -11 -2 26 3
27 -14 -12 -10 -12 23 100 9 -13 1 7 30 1 16 -15 -11 100 3 -20 -1
29 -5 9 11 6 18 26 100 3B 12 —-17 8 9 20 0 19 30 100 -11 -20
-9 0 5 8 7 -12 -3 -10 100 33 -27 11 3 26 -5 2 -5 0 100 39

8 2 15 12 0 2 12 11 9 100 5 10 -2 2 -15 4 1 9 42 100

LRG2,high-z (upper); LRG3, high-z (lower) 2SLAQ-faint (upper); 2SLAQ-bright (lower)

100 10 -3 -10 -5 15 -1 -20 -11 6 100 -39 -9 -3 13 -30 -16 6 -9 0
18 100 -20 -16 -—-22 0 -15 -4 2 5 * 100 -7 7 -1 28 8 -—-13 5 =15
10 2 100 22 5 —6 10 28 16 13 * 13 100 27 18 -1 -11 13 25 27
-6 —-26 -1 100 -3 14 23 9 -5 -1 * 0 -11 100 19 2 27 6 42 18

—18 9 -16 9 100 18 28 -1 2 11 * 4 16 30 100 25 20 35 37 32

-11 2 14 3 20 100 41 -9 -1 -8 * 5 6 -—18 9 100 27 19 7 -8
-9 -19 5 11 7 28 100 0 1 11 * 3 13 31 5 -2 100 44 26 9

3 5 0 10 27 12 1 100 53 44 * 0 -23 13 -8 -17 24 100 54 37

3 17 23 14 4 11 15 4 100 33 * =17 3 13 1 -30 20 58 100 59

2 29 6 31 21 -17 -6 16 16 100 * 1 -32 0 18 31 -3 -5 -1 100

orthonormality relations for Bessel functions: where © isthe Heaviside step function. (The third line has used the
00 2 fact that —J; isthe derivative of Jo.) Therefore
G, v) = / d 1 3o(19) [— Jo(16) + —Jl(le)]
0 16 (K(@)yL(0) = —(v¢(6) - 7'(0))
8@ —-v) 2 [7 o ) . .
== + 5/ d / dw | J;(1w)JL(16) Heymans et al. (2006b) fit their results to the functional form
0 D2
0 AE
__do=9) 2 / Gl (o) A @ = 57 (89)
0 0 J, 0 0
86 — ) 2 B7) where Aand 6, arefree parametersand £ = D, D5/ Dsisthelensing
== T ﬁ(”)(g =), strength. Plugging this into equation (B8) yields
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- = B10
0160 0 0 % (B10)

(K(zs)yi(@))e = AE ( 1 2 20, 0+ 90) .

Our second step is to convert this into a density—intrinsic
shear correlation function. To do this, we recall the Born (single-
deflection) approximation for the convergence,

2
Kk(z5) = 392";50 / dr £5(r), (B11)

where § isthe density perturbation. If the correlations between « (z)
and the intrinsic shear field at a particular redshift z arise near z,
then we may change variables from distance from the observer r to
radial separation IT =r — r(z), multiply both sides by theintrinsic
shear field, and take the average:

3QmHZ
2c?

where r, = r0 is the separation and we can pull £ (which varies

slowly with lens redshift) out of the integral because only a small

rangeat z~ z contributes. Thelast integral isws. (r,), S0 combining
with equation (B10) we have

262A 1 2 26 646
)=~ (= 2T, . B13
ws+(p) 3QmH2 (9+90 ot 2" g (B13)

This is the equation we have used to compare the Heymans et al.
(2006b) resultsto oursin Section 8.2.

(k(Z)y; (@) = 5/dl'l &5+ (rp, ), (B12)

This paper has been typeset from a TEX/IATEX file prepared by the author.
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