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ABSTRACT

We report the results of a cosmic shear survey using the 4.#8haw Herschel Telescope
on La Palma, to a depth @ = 25.8 (2, =~ 0.8), over 4 square degrees. The shear correla-
tion functions are measured on scales frono 15/, and are used to constrain cosmological
parameters. We ensure that our measurements are free fsoomnental systematics, by per-
forming a series of tests including @B decomposition. We find that the normalisation of
the matter power spectrum on/8 'Mpc scales isrs = (1.09 & 0.12)(0.3/9,,,)%-?L, with
Q.. > 0.25, where the 68%CL error includes noise, sample variancear@we between
angular scales, systematic effects, redshift uncertaintymarginalisation over other param-
eters. We compare these results with other cosmic sheagysuand with recent constraints
from the WMAP experiment.

Key words: cosmology: observations — gravitational lensing — largaesstructure of Uni-
verse.
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. 2 1 INTRODUCTION

>5Weak gravitational lensing by large-scale structure, oos*c

csmic shear”, has emerged as a powerful cosmological probe,

as it is directly sensitive to foreground mass (for reviewse

Bartelmann & Schneider_2000;_Bernardelau_1999: Mkzllier 1999
Refregien 2003;_Wittmah 2002). A measurement of cosmic rshea

is therefore closely tied to cosmological theories, whiod rin-
cipally concerned with the distribution of dark matter. larficu-
lar, the systematic biases of this technique are not lintitedin-

flexure or optical misalignment within the camera, even avell
that is acceptable for most purposes, can artificially distoages
and align the shapes of distant galaxies in a way that minoissc
shear.

The survey described in this paper represents a culmination
effort at the William Herschel Telescope. We have combirtes t
experience of instrumentalists with detailed image sitorta and

known physics such as biasirig_(Dekel & L ahiav 1999: Graylet al. careful data analysis to control the various sources okesyatic
2002; |Hoekstra et Al._2002k; Smith et al. 2003; Weinberglet al error. Our first cosmic shear paper(Bacon. Refregier & 2I080)

2000) or the mass-temperature relation for X-ray selectddxy
clusters I(Huterer & White _2003; Pierpaoli, Scott & White 200
Viana, Nichol & Liddl& 2002).

Cosmic shear surveys are rapidly growing
and precision [(Bacon etlal.| 2003;| _Brown et all

reported an initial detection of cosmic shear using a 0.5usde-
gree survey with the William Herschel Telescope (WHT). Tee-s
ond paperi.(Bacon etlal. 2003) compared the WHT shear sigttal wi

in size anindependent measurement using the Keck Il telescopegxand
2003; amined systematics from these two very different instruseim

Hamana et al| 2003 _Hoekstra et al. _2002a; Jarvis|et al. | 2003; this paper, we extend our WHT survey to cover 4 square degrees

Refregier Rhodes, & Groth |_2002;

Rhodes, Refregier & (sroth to constrain cosmological parameters, while paying grase

2001; | Van Waerbeke etldl. 2002). Cosmological parameter con Mmonitoring and correcting systematic effects.

straints from these surveys are now approaching the poeci
other methods.

However, cosmic shear surveys can be subject to several sys-

tematic biases of their own. Imperfect telescope trackiglgscope

* E-mail:rj m@stro. cal tech. edu

This paper is organised as follows. §&8 we describe our sur-
vey strategy and observational parameters@nwve present our
results and draw constraints upon cosmological parametef
we test for the presence of any systematic errors. Assuatthibse
are all negligible, we then conclude §fl.
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Figure 1. The locations of WHT pointings in our deep pencil-beam syrve
strategy. The galactic latitudes were tuned to providedefft foreground
stars within each image to successfully model and correctaoations in
the PSF.

2 OBSERVATIONSAND DATA REDUCTION

We have acquired 4 square degrees of imaging te 25.8 (for a
point source abo) with the Prime Focus Imaging Camera (PFIC)

of the William Herschel Telescope on La Palma. The median see
ing was0.69” and no exposures had seeing worse thanThe
pixel size is0.24". As shown in figur&ll, pointings were scattered
randomly in a pencil-beam survey between galactic lat&wd80°
and70°. This was tuned to provide 1.5 stars per arcmi with
which we could measure the Point Spread Function (PSF) acros
each field. The only selection criterion was to avoid foregiod
stars brighter tharR ~ 11 in the Digitised Sky Survey or APM
(Automated Plate Measuring machine) catalogues.

Cosmic shear statistics have already been presented feom th
first square degree of this surveyLin Bacon étlal. (2003). datt
consisted of eighg’ x 16’ images and elevem6’ x 16’ images
taken after the addition of a second, identical CCD to theCPFI
During June and August 2002, we added an additionalb4k 16’
pointings to this data set. The early, half-sized fieldstidel fewer
galaxy pairs on large scales than do the later, larger fig¢hisideal
way to weight their contributions is not clear; howeverréhare so
few that any weighting scheme makes little difference tofthal
result, so, for simplicity, we weight them 1:2.

For each survey field we took four 900s exposures, each

dithered by a few arcseconds from the last. This strategpleda
a continual monitoring of astrometric distortions withimettele-
scope, cosmic ray removal, and lower overheads in the event o
inclement weather. Data reduction then proceeded for tpe-ex
sures exactly as in_Bacon el al. (2003). After bias subtaciind
flat fielding, fringing remained in th&-band images. This could
have been prevented by observing at a shorter wavelengtfat bu
a cost to the observed number density of background sodufoes.
remove this, a fringe frame was compiled from all the expesur
in each night. A multiple of this was subtracted from each im-
age which minimised fringing, to a negligible level 0.05% of
the background noise. The four dithers for each field wene the
aligned (using linear interpolation between adjacentlpite@allow
sub-pixel offsets) and stacked (widlr-clipping to remove cosmic
rays).

Objects were located on the final images USHRINDPEAKS
from the IMCAT package by Kaiser, Squires & Broadhuist (1995,
KSB). Following the recommendationsiof Massey étial. (206/)

jects within 10’ of saturated stars or’sof the edge of the CCDs
were masked and removed. We also remove noisy objects from
the catalogue with cuts in size, signal-to-noise and dtligt of

rg > 1pixel, v > 15 ande < 0.5. After these cuts, 15 galaxies
remained per arcmfnwith a median magnitude @8.5+0.2. Ac-
cording td Cohen et al. (2000), this corresponds to a mediarce
redshift ofz; ~ 0.80 & 0.06. We fitted the moments of the PSF
across the field using polynomial interpolation from the suead
shapes of stars within each image. We then corrected evieyyom
shape for convolution with this PSF, and formed shear estiraa
~ using an implementation of the KSB method, including thé-cal
bration factor 0f(0.85+0.04) ! determined from simulated WHT
images by Bacon ethl. (2001).

Each set of four dithered exposures were also used to contin-
ually monitor astrometric distortions within the teleseohese
were observed in_Bacon eflal. (2001) to closely follow the en-
gineering predictions in the PFIC manual 9fangentiai = O,
Yradial = —8.2 X 10~°72 with » measured in arcminutes from
the field centre. This is already almost negligible but, te@ke, we
subtract it from the final shear catalogues using the sheiitiaul
and subtraction operatorslin Bernstein & Jarvis (2002).

3 RESULTS

3.1 Shear-shear correlation functions

9

The power spectrum of the weak lensing shear is given by
9(x)

(%) /OX’I [DA(X)} P(é’x) do @

wherey is a comoving distancey, is the horizon distance? 4 (x)

is an angular diameter distanggx) is the lensing weight function;
and P(k, z) is the underlying 3D distribution of mass in the uni-
verse. The shear correlations functions can be expressedns
of the power spectrum as

4
2

m

Ci(0) = % / h C7 [Jo(£0) + Ja(¢0)] € de )
Ca2(0) = ﬁ / h C7 [Jo(£0) — Ja(e6)] € de . @)

These can be measured by averaging over galaxy pairs, as

C1(0) (1) yi(r+0)) 4)
C2(0) (12(r) 72(r+6)), ®)

whered is the separation between the galaxies and the superscript
denotes components of shear rotated so tafy;) in the first
galaxy points along (at 45from) the vector between the pair. A
third shear-shear correlation function can be formed,

C3(0) = (7i(r)12(r+6)) + (n2(r)ri(r+6)), (6

for which the parity invariance of the universe requires i@ zég-
nal. C3(0) can therefore be used as a first test for the presence of
systematic errors in our measurement.

To perform the measurement in practice, we first measure the
shear correlation functions for all galaxy pairs in one fiatdl for
severalf bins. To obtain a combined result for the entire survey,
we then average the binned values for individual fields, With
clipping to remove outliers, and also excluding fields withitarly
outlying values ofC3(#) and of the star-galaxy cross-correlation
functionsCY (9) + C5°(0) (see§dd). The result is shown in fig-
urel@.
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Figure 2. Correlation functions of the shear field measured in our &sgu
degree WHT survey. The data points show our measurementinfiee
error bars are for statistical errors only; the outer errarskalso include
full non-Gaussian sample variance. The solid lines arerétieal predic-
tions for aACDM cosmology withQ,, = 0.3, Qx = 0.7, 08 = 1
andT" = 0.21, calculated from equation§l(2) arld (3), using the fitting
functions of_.Smith et al.. (2003), with a source redshift forgalaxies at
zs = {0.8,0.9,1.0} from bottom to top, respectively. The dotted lines
show the correlation of the galaxy shears with the (unctecstellar el-
lipticity of the PSF (se€Z2).

In order to derive constraints on cosmological parameters,
will also be necessary to know the covarianc€off) between dif-
ferent angular scales. Our pencil-beam survey stratedy miny
independent fields makes it easy to measure their covarmaatex

cov[Ci(0), C5(9)] ~
Ny

(et

f F=1

6) = ;0] [¢f(9) - C;(9)] @)

where the summation is over al; = 60 fields, and the super-
script/ denotes correlation functions calculated in one field alone
This matrix is depicted in figurigl 3, and shows the significant ¢
variance, especially between adjacent bins.

3.2 Cosmological parameter constraints

We now use a Maximum Likelihood method to determine the con-
straints set by our observations upon the cosmologicahpeters
Q., the total mass-density of the universe, and the normali-
sation of the matter power spectrum ah8' Mpc. The analysis
directly uses the observed correlation functiehg6) andC2(6),
proceeding as in Bacon eflal. (2003), except that theotgtiedic-
tions are calculated via the fitting functions|.of Smith et(@0D03)
rather than those hy Peacock & Dadds (1996) which are less acc
rate. This has the effect of lowering our final constrainief?;’
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Figure 3. Covariance matrix of the different angular bins (labelexirfiO to
15) of the shear correlation functions shown in fiddre 2.

by about5%. Note that, although we have performedfB de-
composition, we fitC; and C» rather than the® mode alone to
avoid degeneracies arising for the finite survey size. Weé wgi¢

the E/ B decomposition a posteriori as a consistency check for sys-
tematics (see discussion §d).

The theoretical correlation functions were first calcuddtem
equation [(ll) on a 2D grid across thk,—os plane. The median
redshift for source galaxies was fixed 49 = 0.8 for WHT and
zs = 0.9 for Keck, and the power spectrum shape parameter set
toI' = Q.,h = 0.21, consistent with recent observations of clus-
tering in galaxy redshift surveys (Percival etial. 2001;18zat al.
2003). Errors on these parameters will be propagated gepara
into our final constraints. Because of contamination fromstesy-
atic effects (seéd), we discarded the first and last data points from
figure[@. We chose to double the size of the angular bins as com-
pared to figurEl2, as it yields tighter cosmological constgithis is
due to the significant covariance between the angular biss@sn
in figure[3. We then fitted the observed shear correlationtions
J(e) to the theoretical predictions calculated at the centresaoh
bin £(6), computing the log-likelihood function

X2 = (J(H) - {(97 Qs ‘78))T
cov[Ci(0),C5(9)] (d(9) — {9, Um,08))  (8)

throughout the grid. We thus explore parameter space iptaig,
and minimisey? to find the best-fit cosmological model. To com-
pute confidence contours, we numerically integrate thditiged
function

L(Qm, o) = ¢ X7, ©)

Our constraints are presented in figllte 4, and the constraint
from our Keck surveyl(Bacon etldl. 2003) are reproduced in the
same format in figurEl5. In both cases, the contours show 68.3%
95.4% and 99.7% confidence limits, including statisticederand
non-Gaussian sample variance. They reveal the well-knog#n d
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Figure 4. Constraints upon cosmological paramet&s andosg, from a
maximume-likelihood analysis of our WHT cosmic shear surdeya. The
68.3% (solid), 95.4% (dashed) and 99.7% (dotted) confidimits include
statistical errors and non-Gaussian cosmic variance. Hawthey include
neither the calibration of the shear measurement methodjnuertainty in
the source galaxy redshift distribution. These sourcesrof @re consid-
ered separately in the text.

Figure5. Constraints upon cosmological parameters from the Keahimos
shear survey by Bacon ef &l. (2003), showing the 68.3%, 954d99.7%
confidence limits as in figufe 4. Only one edge of the 99.7% denfie
contour is visible inside this parameter range.

generacy betweef),,, andos when using only two-point statis-
tics, although the leverage created by the wide range oflangu
scales probed by our survey is beginning to exclude smalbgabf
Q. < 0.25 (at 68%CL).

A good fit to the 68.3% confidence level from our WHT data
is given by

0.2 0.4

Figure 6. Constraints upon cosmological parameters for the comibimat
of both WHT and Keck surveys, showing the 68.3%, 95.4% and%9.
confidence limits, as in figuld 4.

os (Q—m)o'm =1.11+0.10, (10)
0.3

for 0.25 < Q,, < 0.8, while the Keck data is well-fit by

os (Q—m)o'm =1.01£0.19, (11)
0.3

The multiplication of the respective likelihood functiopsovides
a constraint from a combined survey. Such confidence contrer
shown in figurd®, with the 68.3% confidence level well-fit by

Qm 0.52
O’g(ﬁ) =1.09£0.09,

for0.1 < Q. < 0.8.

Note that all of these constraints include only the sta@sti
error and sample variance. We can propagate other soureesof
by noting that

02(5/) o SLlTAL46O_§A45zsl.651ﬂ70.11(‘P’y)727 (13)

wherei = 1 and2 and P” is the shear calibration factor, in a
fiducial ACDM cosmological model with2,, = 0.3, 2,=0.7,
I' = 0.21 andos = 1.0. Adding in turn to our constrainf{12):
a 10% source redshift uncertainty, a 15% priorIdnand a 5%
shear calibration uncertainty gives a final 68.3% CL coistifar

the combined survey of
Q 0.52
o8 ( 075) 1.09 £ 0.09 & 0.073 £ 0.007 £ 0.044 (14)
(15)

where the various errors have been combined in quadratutteeon
second line. This result now includes all contributionshe total
error budget: statistical noise, sample variance, coneeidetween
different angular scales, shear calibration error, soredshift un-
certainty, and marginalisation ovEr

(12)

= 1.09+0.12,

3.3 Shear variance

For historical reasons, cosmic shear results are ofteresged as
the variance of the shear field in circular cells on the sky.aRmp-
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Figure 7. Shear variance in (circular, top-hat) cells, as a functibthe ra-
dius of the cells. Our results are compared to those fromailpideep sur-
veys by other groups (see text). The solid lines show the¢tieal predic-
tions, as before, for ACDM model withQ2,,, = 0.3, 2,=0.7," = 0.21
andog = 1.0, assuming a median source redshiftef= {0.8,0.9,1.0}
from bottom to top respectively, reflecting the dispersioad in these dif-
ferent surveys. The dashed lines show theoretical preditior the same
three median source redshifts, but in a universe wigh= 0.7, compatible
with recent measurements of X-ray selected cluster abwedan

hat cell of radiug, this measure is related to the shear correlation

functions by

= (pP) =2 / Cro) [hw)*ear ()
0
)
~ 932 / [C1(9) + Ca(9)] 9, 17)
0
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Figure 8. Gravitational lensing produces only modes in the shear field.
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4 TESTSFOR SYSTEMATIC BIASES

The validity of any cosmic shear result depends sensitiupign
the treatment of systematic errors and the control of olasienal
biases. Almost all systematic effects, whether they be dadoaick-
ground gradient, astrometric distortions within the tetgee or im-
perfectly corrected PSF anisotropy, act to increase therobd
correlations between galaxy shapes. All the effects canienios-

mic shear and the most important task incumbent upon any weak

lensing survey is to prove that its systematics are coetidib a

where we have used a small angle approximation involving the negligible level. As already described §8, the astrometric distor-

Bessel functions. Note that the shear variance is moregltraor-
related on different angular scales in this form than theyaarcor-
relation functions.

In practice, data is not available on all the scales necgssar
perform this integration. The correlation functions hawt been
calculated on scales smaller thdp dnd are contaminated by sys-
tematics on scales smaller thadr(@eefd). We determine the deficit
in the measured values as a functionfoby extrapolating the
data through these scales using the theoretical predictjoren
by the best-fit cosmological model determinedffad. This deficit
(~2x107% at3’ andl x 10~° at5’) is then added back on to our
measured data points.

tions in WHT have been corrected for, and the basic data teduc
was performed sufficiently carefully to eliminate most leissin
this section, we discuss further tests for other sourcegsitiual
systematics.

4.1 E-B decomposition

The correlation functions can be recast in term&dfradient) and

B (curl) modes of the shear field (Crittenden é{ al. 2000; Pe et
M), as illustrated in figufd 8. Gravitational lensingxpected to
produce onlyE modes, except for a very low level &f modes due

to lens-lens coupling along a line of sight (Schneider 52@02).

We present our results as the variance of shear in cells, andlt is commonly assumed that systematics effects would tiffeth

compare them to those from similarly deep lensing surveyigyin

E- and B-modes equally. The presence of a non-z&anode

ure[. These surveys use data from 8.5 square degree VIRMOS-would therefore be a useful indication of contaminatiomrfrather
DESCART survey on the 3.6m CFHT hy Van Waerbeke 2t al. sources.

M); the 1.25 square degree COMBO-17 survey on the 2.2m

La Silla telescope b amOS); the 0.36 squareadeg
Medium Deep Survey with th&de Field and Planetary Cam-

eraon HST by Refregier Rhodes, & Grath (2002); 0.27 square de-

grees of random fields observed in parallel-mode withSbace
Telescope Imaging Spectrograph (STIS) on HST b)mm.

dmo; and the 0.6 square degree pencil-beam survey using t
03). Most of thesgdee

10m Keck Il telescope
surveys appear to prefer a valuesgfaround unity.

E- and B-modes correspond to patterns within an extended

region on the sky, and cannot be separated locally. As atyéisis!
operation requires the integration of the shear correidtiactions
over a wide range of angular scales. In practice, we canmtirpe
the integrals exactly because our correlation functioma @atends
only between~ 2’ and16’. In other words, a given shear field
within a finite aperture can not be uniquely split into disti-
and B-mode components.

The aperture mas3/.,(#) provides a convenient and fre-
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quently used method to separate the two components, by sygnmi
the tangential4;) and radial §,-) components of shear relative to
the centre of a circular aperture. The shears are weightacbyn-
pensated filtetV (|J]). [Crittenden et 41/ (2000) showed that

/Oo W (19:6) v (9) @20

0

Map(0)

= (18)

contains only contributions from thE-mode signal and that

M, (6) z/m W (19];0) - (9) a7,

0

(19)

contains only theB-mode signall_Schneider et al. (2002) derived
expressions for the variance of these statistics using pensated
“Mexican hat” weight function
6 02 2
=——(1-=|H@O-9
w62 62 ( 02> ( )

W (9;0) (20)

where 6 defines an angular scale of the aperture and the Heavi-

side step functiorH truncates the weight function at high scales.
Following the notation of Crittenden etlal. (2000), we firsfide
Cy =Cy 4+ CyandC_ = C1 — Cs, then calculate

1 [ dvw
(Mz,) (0) = 5/0 TR

(M2 (6) = %/029 d;’%ﬁ [C+(19)T+ (Z) —C_(0)T- (g)} ,

where

_ 6(2—1527) 2 . [z
Ty (x) = — [1 — —arcsin (5)} + (23)

— 2
IVAZ T (190 + 232007 — 754z + 1322° — 92%)
1007
7/2
192 5 z?

forz < 2andT (z) =T-(z) = 0forz > 2.

Unfortunately, we find that these integrals are numerically
unstable when performed upon binned data. The funciipt)
places a lot of weight upon the value of the correlation fiomst at
small angular scales. Since this is changing rapidly, tideresult is
highly sensitive to the spacing of the bins. Furthermore,mea-
sured correlation functions are least reliable at smalassjons,
and are likely to be so in all real data at very small sepanatio
because of small-scale effects like overlapping galaxplistes.
These small scales are included in all integrals, and a baxet
would adversely affecth/Z,) on all scales.

We shall therefore prefer to use another methodH¢B de-
composition based on the correlation functions. Followaggin
Crittenden et &l (2000), we calculate

oo 2
Cg(0) = C1(0) + 2/ <1 — %) c-0) dd, (25)
0 9 9
which contains only thé’-mode signal and
_ =~ 302\ C_(v)

which contains only theéB-mode signal. The®'z(0) and Cz(6)
have the advantage that the only missing data comes frore larg
angular separations, where the expected signal (and tlesseay
correction) is small. As can be seen from the above equaition,
is generally necessary to add a functiorddfnot only a constant

2.5x1074
2.0x1074
1.5%1074

1.0x1074

R o \

1

Cg(0) and Cp(0)

5.0x10°%

NS o s o
T e

]

-5.0x10-% L L 1
10 15
8 [arcmin]

o
o

Figure 9. E-B decomposition of the shear field observed in our WHT sur-
vey. The points show the measuredtangential) modes of the shear field.
The solid lines show theoretical predictions for themodes for aACDM
model, withQ,,, = 0.3, Q,=0.7,T = 0.21 andog = 1.0, assuming a
median source redshift af, = {0.8,0.9, 1.0} from bottom to top respec-
tively. The dotted line shows our measurBemode (curl) signal which, in
the absence of systematics, should be consistent with zero.

0 0
[C+(79)T+ (5) +C- ()T~ (5)} (21) of integration) toC'z (9) and subtract it fronC'z (6)(c.f.[Pen et 2l.

2002). We calculate this function by using theoretical firéohs

( )for the best-fit cosmological model (as determined@) to ex-

trapolate our data to infinity. The size of this correctiomjgprox-
imately one third of the size of the measurBdmode signal. The
correction is 2.4107° at5’ and 1.5¢10~° at10’.

An E-B decomposition of our data is shown in figlile 9. On
scalesl.”’ < 6 < 15, we find aB-mode signal consistent with
zero, confirming the absence of systematics on these stNdés.
that because of the extra uncertainty introduced by thetigeldi
function, we have not use the derivéttmode signal to fit cos-
mological parameters. We instead direcly fit the measurésnan
C; andC> on those scales deemed free of systematic errors (see

£2).

4.2 PSF correction

The WHT PSF over long exposures can be quite anisotropib,avit
mean stellar ellipticity 00.05140.28, where the error quoted is the
rms stellar ellipticity within one field, averaged over adlléis. Ap-
plication of KSB reduces this @ 0056 £ 0.0012. However, uncer-
tainties remain about the KSB correction and shear caidnée.g.
Bernstein & Jarvis 2002; Van Waerbeke et al. 2002). Detaited
age simulations by Bacon et gl. (2001) or Erben Bt al. (20a¥g h
been used to study these isslies; Baconl et al.[(2001) foutevitia
our survey and telescope parameters, our implementatistsBf
requires a constant calibration factor(6f85 + 0.04) ! to all cal-
culated shear estimators.

The correction for the PSF anisotropy can be tested using
cross-correlation functions between corrected shgdrsm galax-
ies and stellar ellipticity; before correction,
oSG = (vier)?
T (eper)]

@7)

wherei = {1, 2}. These cross-correlation functions are shown as
dotted line in the top two panels of figurk 2, and is consistétit
zero on all scales. Note that PSF correction residuals walsid
have appeared d@-modes in figurgl9, which are instead consistent
with zero.
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Figure 10. Galaxy shears as a function of position on the WHT CCD. When
averaged over all the fields in our survey, this should be isterd with
zero everywhere in the absence of systematics concernirig I€&dout,
telescope vibration and tracking.

4.3 Shear asafunction of CCD position

Other systematics, including problems with read noise argh
transfer efficiency on the CCD and telescope flexure or vifmat
could cause the shear to vary as a function of position ontihe ¢

Enlarged Cosmic Shear Survey withthe WHT 7

1.50 with CMB results from the Wilkinson Microwave Anisotropy
Probe (WMAP) (Spergel et fll. 2003).

These recent cosmic shear results are, however, discrapant
the 30 level with measurements derived from the abundance of X-
ray selected cluster samples based on an observationat thtn
theoretical mass-temperature relation (Borgani et al12@@ljak
2001;Reiprich & Bohringer 2002; Viana, Nichol & Liddlle 28D
These suggests ~ 0.75.|Amara & Refregier|(2004) concluded
that even extreme non-Gaussianity in the mass distributiouid
be insufficient to explain this discrepancy, because thetegb-
niques probe similar mass scales. Further studies arefdhere
needed in both the cluster method, to understand the differbe-
tween the observed mass-temperature relation and that founu-
merical simulations; and in the weak lensing method, to ttans
more reliable and better calibrated shear measurementodseth
Such consistency checks will represent a crucial verificadf the
standardA\CDM paradigm, so resolving this issue is of paramount
importance.

The wide distribution ofss constraints from recent cosmic
shear surveys might also cast some aspersion upon theisiprec
For example, it might be argued that their dispersion lgrgekes
from unknown or poorly-understood systematic effectss inter-
esting to note that there is a possible trend in obsesyedith the
depth of the survey. Results from the deep surveys discadsmat
appear to be 2-8 higher than those from shallower surveys like
Hoekstra et all(2002a) ahd Jarvis €tlal. (2003). A similluevaan
also be obtained froin Hamana et al. (2003), once accourités ta
of their observed3-modes. This discrepancy might arise from one

even when averaged over many separate fields. FIglire 10 showsf two sources. One possibility is the differences betwéenvar-

plots of shear as a function af andy, which are consistent with
zero.

ious shear measurement methods and selection cuts usees@ th
separate analyses. It is possible that a further shearatidib fac-

The mean components of shear across the entire CCD aretor ought to be applied to more of these methods, similar ¢o th

(1) = (1.1 £7.1) x 107* and (y2) = (15.6 & 7.0) x 10~
After the catalogue cut at < 0.5, the rms shear within the survey
is o, = 0.293 ando,, = 0.292, orop,, = (|y]*)"/? = 0.413.
The main, and irreducible, component of this value is the in-
trinsic ellipticity dispersion of source galaxies. Fronhet work

one adopted in this paper. The analysis of simulated imagigls (

a known shear) has shown that the KSB method produces a par-
ticularly biased measurement of the shape of galaxies with |
S/N (Bacon, Refregier & Ellis 2000). To improve the accurang
agreement of future shape measurement methods, sevezpbimd

performed with high S/N space-based data (Rhodes &t all; 2004 dent techniques are currently being calibrated upon maitisre

Refregier Rhodes, & Groih_2002) and simulations_(MasseVl et a
2004), we estimate a fundamental lower limit for this figureusd
0.30.

5 DISCUSSION AND CONCLUSIONS

We have measured the weak lensing shear-shear correlation f
tions in four square degrees of deRgband imaging data from the
William Herschel Telescope. Our measurements constrai@iin-
plitude of the mass power spectrue(Q2,,,/0.3)°°% = 1.09 +
0.12, including all contributions to the total 68%CL error butige
statistical noise, sample variance, covariance betwdtarelit an-
gular scales, systematic measurement and detection psasase
redshift uncertainty, and marginalisation with priors oether pa-
rameters. We have examined our data for contamination bigrsys
atic effects using a variety of tests including ARB decomposi-
tion. These all demonstrate that the level of systematicsiirdata
is consistent with zero.

Our measurement is at the relatively high end of the dis-
tribution of published cosmic shear results, but is cossist
at the b level with those from equivalently deep surveys by
Van Waerbeke et al.L (2002). Refregier Rhodes. & Groth__(2002)
and [(Rhodes et al. 2004). Our results are also consistehtnwit

tic simulated images developed lby Massey =t al. (2004). Arskc
possibility for the observed trend with survey depth is utaiaty

in the redshift distribution of source galaxies in deep ditia dif-
ficult to determine the precise redshift distribution ofagéés after
excluding those smaller than a fixed apparent size. We hase be
conservative in this analysis and, as seen in equdfidn $bd)yce
redshift uncertainty is already a major component of oLaltetror
budget. However, the cosmic shear analysis of the deepaolaltir
COMBO-17 survey by Brown et al. (2003) could use photometric
redshifts for nearly all objects, and did indeed obtain a para-
tively low value foros (2., /0.3)%% = 0.7270:55. Of course, this
one result could also be explained as sample variance, ethe
COMBO17 survey contains only four independent lines of tsigh
The resolution of these issues will require extensive spscbpic
follow-up and more accurate image simulations. Such adsare
essential if the potential of the next generation of cosréas sur-
veys is to be fully realised.
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