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In this brief review I con.-.ider the advances made in weak gravitational lcu.~ing OV£'r the la.."t 8 
years, conccnt.ratiog on the large :-:cale- - coornic ~hear. I outline the theoretical devclopn,en1s: 
ol»;ervational ~tatus. ancl the challenges which coomic shear roust overcome to reaJi~ its full 
Jmt.entit'll. Pi11ally T t:o11si<ler the prospects tC~ prohiug Dark E11ergy aml t>xtrrtli11u-;usiu11al 
gravity theories ~·itl1 future exµerimt'11ts 

1 Introduction 

Weak lensing refers to the coherent distortion of images of distant objects, caused by the passage 
of light through the non-uniform mass distribution in the Universe. It is a particularly valuable 
probe because it is blind as to the nature of the mass, and is therefore useful for studying Dark 
'.\fatter. Less obviously, it is also sensitive to the properties of Dark Energy, as it depends on 
both the geometry of the Universe and the growth rate of perturbations: the more non-uniform 
the U nh·erse, the bigger the distortion, but also for a given redshift of source, the longer the 
path-length, the greater the distortion. This dual sensitivity is a grE>,at advantage, particularly 
for studies of gravity theories, as it <'3.11 lift some degeneracies which otherwise exist if one probes 
only the geometry of the Universe (for example, by Baryon Acoustic Oscillations or supernova 
la observations). Another theoretical advantage is the fact that the physics is very simple, 
being dominated by gravity without complex astrophysics. The exception to this is the shear­
intrinsic shape correlation. which we e>..-plore later in this review. Observationally, weak lensing 
is challenging, with careful measurement and removal of optical distortions being required, and 
accurate measurement of galaxy shapes. Finally, in order to exploit the full power of weak 
knsing mr.asnrement.s, it. is nccffi«ary to have <liMa.ncP. PSt.imatffi for in<livi<lnal sonrcPS, a.n<l t.hl' 
accuracy required places stringent constraints on systematic photometric redshift errors. 

It is easy to forget that cosmic shear is a very yow1g subject. The first measurements were 
published only in 2000 (see Table 1), and progress in theory, observation and control of system­
atics is rapid. Nevertheless, weak lensing is still catching up with other cosmological probes, 
and is not yet quite at the stage of providing the most stringent constraints on cosmological 
parameters. For a recent full review, see Munshi et al. 41 . 

1.1 Theory 

Assuming General Relativity, and some weak conditions on the constituents of the Universe, the 
equation of motion for a photon is given in !lat space by d2x/dTJ2 = -2'\J~/Cl, where T/ is the 
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2000 
2002+ 
2003 +-

2001 
2004+ 
2005 
200fi+ 
2007 

Tahlf' 1: \\"r.::ik lf'nsin,e.: I hf' Bush y1:::irs 

First dek't:tions 2 •
0 
"'' ·'"' 

Weak-leusi11g selected duster catalob'lles ·10•52 

Dark matter power spL'Ctrum 8 2 I ,2G ·IJ 

Bullet cluster challenge to MO:"D 11 

3D potential rcconstmction ~8 :JR 

Evolution of structure 3 

3D analyse;; 16,18.33.48 

100 square degree surveys, small errors 4 1·' 

conformal time d71 = dl/ R(l), R(l) is the cosmic scale factor, and <I> is the peculiar Newton.i;in 
gravitational potential. "i1 here is a comoving transver5e gradient operator (D~,oy)· 

The distortion of the source (coordinates /J;) to image (Oj) is given by the distonion matrix 

8/3; ( I - r> 0 ) ( -1'1 
A;j :: 881 = li;j - </l,ij = 0 l - " + -1'2 

-12 ) 
1'1 

where" is the convergence. which controls the image si:re (and brightness, si11ce lensing preserves 
surface brightness), and -y - -Y1 + i/2 is the complex shear, which distorts the shapes. ¢ is the 
cosmologic.al lcnsinp; potential, ¢>(r) = 2 J; dr'(r - r')<I>(r')/(c2rr'), and Gl,ij(r) = 82¢(r)/80;8()j· 
The integral is understood to be along a radial line (Born approximation), which is a very good 
approximation for weak lensing 5•44.oo. 

The com·ergenee and shear are therefore related to second derivatives of the potential. which 
means there should be only E-rnodes (to a good approximation). and no B-modes, which provides 
a useful check on systematics. For lensing dominated by a single object along the line-of-sight, 
the convergence is proportional to the surface density of the lens. Shear is normally used for 
cosmological parameter estimation, rather than size or brightness, as it has higher signal-to­
noise. Note that typically K and 1 are only ~ 0.01. 

1.2 Sensitivity to Dark Energy 

The lensing potential evidently probes both the growth rate (via <I>), and the distance-redshift 
relation r(z), since r is not directly observable. The radial distance is related t.o the Hubble 
expansion parameter H(t) = R- 1dR/dl by r(z) = cf0= dz'/H(z'), For an equation of state 
parameter u; = p/ p for Dark Energy which changes with scale fact.or, w(a), the Hubble parameter 
is give.n by 

(1) 

where Om. f1ve and nk arc the present matter, Dark Energy and curvature density parameters. 
We see therefore that. the Dark Energ_y sensitivity is via the Hubble parameter, or equivalently 
through its effect on the expansion history of the Universe. 

The Dark Energy also affects the growth rate via the Hubble parameter, since in General 
Relativity, the fractional ovcrdcnsity li =lip/ p - 1 (where pis the me.an density) grows to linear 
order according to J + 2H6 - 41CGprnli = 0, where Pm is the matter density and we assume the 
Dark Energy density is not perturbed. 



2 Shape measurement and shear estimation 

Apparent shapes of stars arc used to correct for PSF distortions, and very accurate shape 
!Ilf~~nreme.nt. is re.qniroo. The inrl1L~1 ry st.anrlarrl for n1P.a.~11ring shapt'fi is KSB ao, which <!P.liurs 
an elliptidty in terms of the moments of the surface bright.ness distribution. For My shape 
measurement statistic, one needs to know how it is changed under shear. For one definition 42 , 

the complex ellipticity e transforms according toe= (c8 + g)/(1 t g*e,), where e8 is the source 
ellipticity, and g = -y/(l - 1<.) is the reduced shear. If we average o\·er many galaxies, {e) = g. 
:'\ote that. e is <laminated by the intrinsic ellipticity, and mMy source galaxies are ueecled to 
get a robust measurement of cosmic shear. Large-area surveys are therefore required for high 
accuracy, and substantial depth. as the lensing signal drops rapidly for sources at z < 0.5. The 
requirements on accurate shape measurement arc quite severe for the error on Dark Energy 
properties not to be dominated by it. The ellipticitics need to be measured with a systematic 
error which is rat.her less than 19' of the shear signal - i.e. to a systematic accuracy of< 10-4 • 

This seems achievable with the latest shape me.asurement methods such as lensfit J 9•34 . 

3 Current observational status 

3.1 2D and 3D mass reconstruction 

It has beeu known for mauy years that weak lensing data can be used to measure the surface 
mass density, aud this has perhaps been used to greate;;t effect 11 with the Bullet cluster (Fig. 1 ). 
This image, showing two clusters after a recent collision. demonstrates that the main baryonic 
material, the x-ray emitting gas, is displaced from the concentrations of convergence (contours). 
Thi;; pict.nre is con.•iRt.e.nt. with the Rt.andilXd model of crnmology with colliRion1'>s.• Dark Mal.I.er, 
and presents difficulties for the ~10:-i'D/TeVeS theorie.s, but note that the convergence is not 
proportional to the surface density in such theories. 

Figure 1: Bullet du."ter in X-rays (image) and sur­
face mass <lcn.c;ity (contours). as measured by Clowl' 

<?I. al (2004) from weak lensing. 
Figure 2: :JD reconstructiou of mattrr density from 

I.he COSMOS ACS rlata (Massey et al 2007). 

Remarkably, the weak shear data from galaxies with distance information can be inverted 46 

to yield the :~D gravit.at.iunal puteutial aud lteuce tltc matter deusity. This 111etltod was first 
applied to COMB0-17 data 47 , and recently to COSMOS HST data :is - sec Fig.2. 

3.2 Cosmological pammeler estimation 

In many respects the CMada-France-Hawa.ii-Telescope legacy survey (CFHTLS) represents the 
state-of-the-art :is far as ground-based weak lensing surveys are concerned. The latest results 15 

from 57 square degrees are represented by Fig. 3, which shows the angular shear correlation 
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function, indmling an l'.Rt.imate of the B-morl!'S (open), which are c:on.~ietenl wit.h z<>ro exc:ept ~I. 
the plate scale. The constraints on flm and the amplitude of matter fluctuations, us, are shown 
in Fig.4, showing the normal banana degeneracy expected from a 2D analysis, and compared 
"ith WMA.P 3-year data. In combination, they yield l!m = 0.25 ± 0.02 and o-8 = 0.77 ± 0.03. 
Previous tensions with WMAP's us have disappeared \\ith better determination of the redshift 
distribution of the lensed sources, which were previously estimated using the Hubble Deep Field, 
which has large sample variance 4. 
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Figure 3: Shear correlation function from the 
CF HT LS wide SJrvet (Fu el: al 2008). 
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Figure 4: Cosnological paramet..-s from CFHTLS 
(Fu et al 2008) and WMAP (Sp..-gel et al. 2007). 

4 More Systematics: Intrinsic alignments and photometric redshifts 

The main signature of weak lensing is a small alignment of the images, at the level of a correlation 
of ellipticities of - 10-4 • Physical alignment of ne.arby galaxies may mimic t.his, and was 
first investigated theoretically 17•13•12·9•28 , and found to be non-negligible, and observationally 7 . 

However, with photometric redshifts, one can remove galaxies which may be physically close 
from pair statistics 20•32 , as was done in 22 • Thus one essentially completely removes a systematic 
error in favour of a slightly increased statistic.al error, so this systematic i5 not a concern. More 
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Figure 5: N-body shear-intrinsic alignment correla­
tiou. Predic..tiO!Ui depeuJ 011 how galaxies are plac.:e<l 
in halos: thin disk with angular momentum aligned 
(top): ellipticity of galaxy same as halo (uuttom): 
mixture (middle). The soJid curve is minus the lens-

ing signal (Heymans et al 2006) 
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Figure 6: E.-xpt>ete<l com1trai11ts from Planck (dark­
est), EUCLID weak lensing (lightC!'t), combined 

(smalle;t). From Kitching et al. (2008a). 



Tahir. 2: S1·1~1Nf ful11n~ 1•xpc~rimr.nl!", wil.h Mr.al c-m·c1a~c dq>lh a.ncl m1mhc:r of ~ala.x.ic·s wilh mc~a. ... urahlr shttpt:~ 
and pho10-7,,"i 

Area/sq. deg. Median= N uruber density/ arcmiu 
, Start elate 

Pan-STARRS I 20000 ~ 0.6 >5 2008 
KIDS 1700 ~o.o >5 2008 
DES 5000 -07 ~ lU 20!0 
Hypersuprimecam 2000 >l 20-:30 201:3 
EUCLlD (DUNE) 20000 ~ 09 '10 2011 

pruLle1m1.t.ic is,. subtle con.,Jatiun hetw""n hac.kg;rumul shear aml foregrotmd ellipt.ic:ity. This 
was first pointLx.l out by Hirata & Scljak 24

. and arises if the forci;round i;alaxy is conclat<.xl with 
the local ti<lal field. This field contributes to the backgrouncl shear. and this effect ha.;; hceu 
seen in simulations2'1 (Fig.Ci) and inferred from SDSS ohservations:i7 2

''. It is much more dillicult 
to cleal with, as it. cannot <'.Mily he removed, hut it. should have a clilforent. rcdshif1 clcpcnclcncc 
from ln1<iug. arnl tef'hniqnPS t.o c1 .. .;.1 wil.h it are h~inning t.o emnge 629 . 

We have cmphasi&.x.l the uccd for photometric rLxlshifts, in order to improve the statistical 
power. and also to help remove systematics G. A major source of error may occur if the photo­
mel ri" redshifts arc syst.cmatically in error. This puts severe constraints on lhe calibration of 
photomP.t.ri<- rooshifts, rnqniring ~ 10'; SpPct.roscopic rooshifls. This is not a fnndamPntal limi­
tation, but an exp<msive one to fix. Cncertainty in the highly nonlinear nrntter pow<'r sp<>ctrum 
also limits the rnngP. of S<'.a.les which can be probed 

5 :Future surveys 

A sclcx'tion of future survey:; is presented in Table 2, to which coul<l he a.cldLxl LSST and SKAP. 
Given that the largest optical weak lensing surveys arc now - 100 square degrees, the increase 
hy two orders of magnitnclc is impressive (alhdt at shallower cicpth). The expected crrorn on 
t ht> Dark Ent>rK)' "'!Hat.ion of st.at.t> param<'t.ns (a.~smning w(a) = w0 + (1 - a)m0 

10 ) are very 
small - aronnci a percent or so 33 for w at z ~ 0.4, see Fig. 6. This high accuracy is possible 
through treating the shear field in 3D, using photometric redshifts 27·16. 

An exciting possibility of some of these expcrimcnl.s is lhal. Gc>nr.ral Rdativily conld he 
te;ted. sincP. mo<lifiecl gr:n-ity models, such as those inspirP.d b~· brnnteworlcls, genPrically prnclict 
a different growth ml•· fuuu GR.,''"'• ould iu prin!'iple he dist.ingttishecl from GR hy WPak lensini; 
obse.rvations. Using t.h<> ron•E'Dient .\linimal Modified Gravity paramPtrization :i.;, it has bren 
shown that Pan-STARRS I might make a marginal detection of DGP, but EUCLIJ) (formerly 
named DUNE) should distinguish DGP from GR at high significance 19·1 . 
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