
Gravitational lensing - cont’d

Abell 2218 (Hubble Space Telescope image)
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WEAK GRAVITATIONAL LENSING 647

Figure 1 Illustration of the effect ofweak lensing by large-scale structure. The photon
trajectories from distant galaxies (right) to the observer (left) are deflected by interven-
ing large-scale structure (center). This results in coherent distortions in the observed
shapes of the galaxies. These distortions, or shears, are on the order of a few percent
in amplitude and can be measured to yield a direct map of the distribution of mass in
the universe.

describes overall dilations and contractions. The shear �1 (�2) describes stretches
and compressions along (at 45� from) the x-axis. Figure 2 illustrates the geomet-
rical meaning of the two shear components.
The distortion matrix is directly related to the matter density fluctuations along

the line of sight by

9i j =

�hZ

0

d� g(� )@i@ j8, (2)

where8 is theNewtonian potential,� is the comoving distance,�h is the comoving
distance to the horizon, and @i is the comoving derivative perpendicular to the line
of sight. The radial weight function g(� ) is given by

g(� ) = 2
�hZ

�

d� 0 n(� 0)
r (� )r (� 0

� � )
r (� 0)

, (3)

where r = a�1DA, and DA is the angular-diameter distance. The function n(� ) is
the distribution of the galaxies as a function of the comoving distance � from the
observer and is assumed to be normalized as

R
d�n(� ) = 1.

As we discuss in Section 4, galaxy shapes can be averaged over a patch of the
sky to measure the shear, which is thus an observable. The shear pattern expected
in a standard cold dark matter (SCDM)model is shown in Figure 3 for a 1⇥1 deg2
region. Jain, Seljak & White (2000) derived this map from ray tracing through
N-body simulations. Tangential patterns around the overdensities corresponding
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Weak lensing

Refregier (2003, ARA&A 41, 645)



Weak lensing
• Potential gradients along the line-of-sight modify the 

brightness, shape and position of distant galaxies

• Sensitive to distribution of mass (not just galaxies!)

• Statistical technique - needs large samples of galaxy 
images.

• Idea dates to lecture by Richard Feynman at Caltech 
in 1964

• Effect first successfully detected (for galaxy clusters) 
in 1990; then for “random” field in 2000



Mellier 1999, ARA&A 37, 127

Strong and weak lensing
True orientation of shear

Average measured orientation

Simulation of galaxy cluster at z=0.15 and background galaxies at <z>=1



Quantifying the shear
Define quadrupole moments of light distribution:
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For a circularly symmetric source, we have 

q
xx

= q
yy

<latexit sha1_base64="W08WaaGnNbRhgMqczMTmL2cDews=">AAACE3icbZDNSsNAFIUn/tb606pLN4NFcFUSEXUjFHXhsoK1hSaUyWTSDp2ZxJmJNoS8hhu3+hauxK0P4Ev4DE7bLLT1wIWPc+/lXo4fM6q0bX9ZC4tLyyurpbXy+sbmVqW6vXOnokRi0sIRi2THR4owKkhLU81IJ5YEcZ+Rtj+8HPfbD0QqGolbncbE46gvaEgx0sbqVSv3vWw0yuE5NJCmea9as+v2RHAenAJqoFCzV/12gwgnnAiNGVKq69ix9jIkNcWM5GU3USRGeIj6pGtQIE6Ul00ez+GBcQIYRtKU0HDi/t7IEFcq5b6Z5EgP1GxvbP7X6yY6PPMyKuJEE4Gnh8KEQR3BcQowoJJgzVIDCEtqfoV4gCTC2mRVdgV5xBHnSASZe5Vn7viA5FmQ52UTkDMbxzy0juondfvmuNa4KJIqgT2wDw6BA05BA1yDJmgBDBLwDF7Aq/VkvVnv1sd0dMEqdnbBH1mfP9lHnwg=</latexit><latexit sha1_base64="W08WaaGnNbRhgMqczMTmL2cDews=">AAACE3icbZDNSsNAFIUn/tb606pLN4NFcFUSEXUjFHXhsoK1hSaUyWTSDp2ZxJmJNoS8hhu3+hauxK0P4Ev4DE7bLLT1wIWPc+/lXo4fM6q0bX9ZC4tLyyurpbXy+sbmVqW6vXOnokRi0sIRi2THR4owKkhLU81IJ5YEcZ+Rtj+8HPfbD0QqGolbncbE46gvaEgx0sbqVSv3vWw0yuE5NJCmea9as+v2RHAenAJqoFCzV/12gwgnnAiNGVKq69ix9jIkNcWM5GU3USRGeIj6pGtQIE6Ul00ez+GBcQIYRtKU0HDi/t7IEFcq5b6Z5EgP1GxvbP7X6yY6PPMyKuJEE4Gnh8KEQR3BcQowoJJgzVIDCEtqfoV4gCTC2mRVdgV5xBHnSASZe5Vn7viA5FmQ52UTkDMbxzy0juondfvmuNa4KJIqgT2wDw6BA05BA1yDJmgBDBLwDF7Aq/VkvVnv1sd0dMEqdnbBH1mfP9lHnwg=</latexit>

and q
xy

= 0
<latexit sha1_base64="/YdDwlZ9RKpS53yaQa2aLuXl8m0=">AAACDHicbVDLSsNAFJ3UV42vqks3g0VwVVIRdSMUdeGygrHFJpTJZNoOnZnEmYkaQr7BjVv9C1fi1n/wJ/wGJ20X2nrgwuGce7n3niBmVGnH+bJKc/MLi0vlZXtldW19o7K5daOiRGLi4ohFsh0gRRgVxNVUM9KOJUE8YKQVDM8Lv3VPpKKRuNZpTHyO+oL2KEbaSLd33ewxzeEpdLqVqlNzRoCzpD4hVTBBs1v59sIIJ5wIjRlSqlN3Yu1nSGqKGcltL1EkRniI+qRjqECcKD8bXZzDPaOEsBdJU0LDkfp7IkNcqZQHppMjPVDTXiH+53US3TvxMyriRBOBx4t6CYM6gsX7MKSSYM1SQxCW1NwK8QBJhLUJyfYEecAR50iEmXeRZ16xQPIszHPbBFSfjmOWuAe1o5pzdVhtnE2SKoMdsAv2QR0cgwa4BE3gAgwEeAYv4NV6st6sd+tj3FqyJjPb4A+szx9x8Zwc</latexit><latexit sha1_base64="/YdDwlZ9RKpS53yaQa2aLuXl8m0=">AAACDHicbVDLSsNAFJ3UV42vqks3g0VwVVIRdSMUdeGygrHFJpTJZNoOnZnEmYkaQr7BjVv9C1fi1n/wJ/wGJ20X2nrgwuGce7n3niBmVGnH+bJKc/MLi0vlZXtldW19o7K5daOiRGLi4ohFsh0gRRgVxNVUM9KOJUE8YKQVDM8Lv3VPpKKRuNZpTHyO+oL2KEbaSLd33ewxzeEpdLqVqlNzRoCzpD4hVTBBs1v59sIIJ5wIjRlSqlN3Yu1nSGqKGcltL1EkRniI+qRjqECcKD8bXZzDPaOEsBdJU0LDkfp7IkNcqZQHppMjPVDTXiH+53US3TvxMyriRBOBx4t6CYM6gsX7MKSSYM1SQxCW1NwK8QBJhLUJyfYEecAR50iEmXeRZ16xQPIszHPbBFSfjmOWuAe1o5pzdVhtnE2SKoMdsAv2QR0cgwa4BE3gAgwEeAYv4NV6st6sd+tj3FqyJjPb4A+szx9x8Zwc</latexit>

✏1 ⌘ q
xx

� q
yy

q
xx

+ q
yy

<latexit sha1_base64="i/Zh6n3UNK3JA+CCZDbsbiqS1y0="></latexit><latexit sha1_base64="i/Zh6n3UNK3JA+CCZDbsbiqS1y0="></latexit>

✏2 ⌘ 2q
xy

q
xx

+ q
yy

<latexit sha1_base64="5Jm5/imlx+cmvR0ElrqRML0RT+0="></latexit><latexit sha1_base64="5Jm5/imlx+cmvR0ElrqRML0RT+0="></latexit>

Define parameters ε1 and ε2:

These will both be zero for symmetric sources





Figure credit: Dodelson, Modern Cosmology

Note that the radial 
coordinate is here called χ 
(instead of r, or really D).

Coordinates in plane 
perpendicular to χ are
xi = χθi.



Geodesics and shear
To study the path of a light ray, we start again from the geodesic eqn:

d2xi

d�2
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dx↵
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dx�
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Here we are interested in the coordinates perpendicular to the line-of-sight,
x
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We also have
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with

(a light ray travels a co-moving distance (c)dt/a in a 
small time step dt)

d�

dt
= �1/a(t)
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Geodesics and shear
To study the path of a light ray, we start again from the geodesic eqn:
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we get, for the left-hand side of the geodesic equation:
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and, for small Ψ and θ, 
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Left-hand side of geodesic equation so far:
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Next, the right-hand side of the geodesic equation:

p

2 d

d�


1

a

2

d

d�
(✓i�)

�
= �i

↵�
dx↵

d�

dx�

d�
<latexit sha1_base64="xyRuvxrP4wbVHfyu+oXexlRJhlU="></latexit><latexit sha1_base64="xyRuvxrP4wbVHfyu+oXexlRJhlU="></latexit>



Geodesics and shear
Next, the right-hand side of the geodesic equation:
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Looking at α=β=0:
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we get (right hand-side, λ derivatives):
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Collecting terms, combining with the left-hand side, and leaving out Ψ2 terms:
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The light ray travels along a straight line, as it should.
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Outer integral: over all χ” from observer (χ”=0) to source (χ”=χ).

Inner integral: over all χ’ from observer (χ’=0) up to χ’=χ”.
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We see that the constant must be θi, since θSi=θi  if there is no
potential (gradient)
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Outer integral: over all χ” from observer (χ”=0) to source (χ”=χ).

Inner integral: over all χ’ from observer (χ’=0) up to χ’=χ”.
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We can change the order of integration, with χ” then going
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We now define the transformation matrix Aij:

A maps angles at the source to those seen by the observer.
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Usually written as

with convergence κ (describing the magnification) and 
shear (γ1 ,γ2), describing the distortion.

The shear parameters are thus
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Can also be written as

We can now calculate the shear parameters, given the potential 
(variations) along the line-of-sight.



Ellipticity as an estimator of shear
Still to do: connect the theoretical shear parameters (γ1 ,γ2) to the 
observed ellipticities (ε1 and ε2).

We start from the definitions:
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- but mix of angles in the source and observer planes



Ellipticity as an estimator of shear

For small angles, we can write
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(a similar relation exists for ε2 and γ2)



Weak lensing - summary

• Measurements of galaxy shapes (corrected for 
instrumental effects) yield the ellipticity 
parameters ε1 and ε2

• These are (very!) closely related (on average) 
to the shear parameters, γ1 and γ2

• The shear parameters depend on variations in 
the potential along the line-of-sight (really 
along the slightly curved light ray)



Weak lensing - applications

• Mapping of mass in clusters (e.g. bullet cluster) - 
independent of assumptions about virial 
equilibrium, x-ray properties, etc.

• Statistical studies of large-scale structure - still in 
its infancy, but several upcoming surveys (e.g. 
Euclid, to be launched by ESA in 2019)

• Weak lensing measurements are sensitive to 
intrinsic galaxy alignment - a whole research 
discipline by itself.
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Figure 3 Shear map derived by ray-tracing simulations by Jain, Seljak & White
(2000). The size and direction of each line gives the amplitude and position angle of
the shear at this location on the sky. The displayed region is 1�

⇥ 1� for an SCDM
(Einstein-De Sitter) model. Tangential patterns about the overdensities corresponding
to clusters and groups of galaxies are apparent. A more complex network of patterns is
also visible outside of these structures. The root-mean-square shear is approximately
2% in this map (from Jain et al. 2000).

space (e.g., Kaiser 1998) to Equation 2 and using the Poisson equation, one can
easily express the shear power spectrumCl in terms of the three-dimensional power
spectrum P(k, � ) of the mass fluctuations �⇢/⇢ and obtain
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where a is the expansion parameter, and H0 and �m are the present value of the
Hubble constant and matter density parameter, respectively. The lensing power
spectra for four CDM models are shown in Figure 4 (see Bacon, Refregier &
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The only meaningful model-data 
comparison is a statistical one.

Various shear statistics are being used.

2X

i=1

h�̃i(~l)�̃i(~l0)i = (2⇡)2�(~l �~l0)Cl
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For example, power-spectrum Cl:

- here, the Fourier components of 
the shear are being used



Weak lensing and large scale structure

Refregier (2003)

1 Aug 2003 14:14 AR AR194-AA41-16.tex AR194-AA41-16.sgm LaTeX2e(2002/01/18) P1: GJB

WEAK GRAVITATIONAL LENSING 653

Figure 5 Example of an deep image in the cosmic-shear survey by Bacon, Refregier
& Ellis (2000). This corresponds to a 1 h exposure with the EEV camera on theWilliam
Herschel telescope (WHT). The field of view is 80

⇥160 and achieves amagnitude depth
of R ' 26 (5� detection). The bright objects are saturated stars. The faint objects
comprise approximately 200 stars and approximately 2000 galaxies that are usable for
the weak-lensing analysis (from Bacon, Refregier & Ellis 2000).

The first step in the KSB method is to correct the observed galaxy ellipticity
✏
g
i

0 for the anisotropy of the PSF. The corrected galaxy ellipticity ✏g is given by

✏g = ✏g0 � Pg
sm(P

⇤

sm)
�1✏⇤, (9)

where ✏⇤ is the PSF ellipticity derived from the stars, and Pg
sm and P⇤

sm are the smear
susceptibility tensors for the galaxy and star, respectively, and can be derived from
highermoments of the images. The shear in a patch of the sky can then bemeasured
by averaging over the (corrected) ellipticities in the patch of the sky using

� = (P� )�1h✏gi, (10)

where the tensor P� quantifies the susceptibility to shear acting before isotropic
PSF smearing and is given by
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WEAK GRAVITATIONAL LENSING C-1

Figure 4   Shear power spectrum for different cosmological models and for source
galaxies at zs 5 1. The SCDM model is COBE normalized and thus has a higher
amplitude than the three cluster-normalized models LCDM, OCDM, and tCDM.
The thin dashed line shows the LCDM spectrum for linear evolution of structures.
Notice that for l . 1000 (corresponding approximately to angular scales u , 109)
the lensing power spectrum is dominated by nonlinear structures.
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Refregier (2003)

Different cosmological models 
predict different power spectra.
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8

Three two-point correlators can be formed from the two 
shear components, γγ⟨ ⟩t t , γ γ⟨ ⟩× ×  and γγ⟨ ⟩×t . The latter vanishes 
in a parity-symmetric universe, where the shear field is sta-
tistically invariant under a mirror transformation. Such a 
transformation leaves γt invariant but changes the sign of γ×. 
The two non-zero two-point correlators are combined into 
the two components of the shear 2PCF (Miralda-Escude 
1991b),

R
ξ θ γγ θ γγ θ γ γ θ
ξ θ γγ θ γγ θ γ γ θ

( ) = ⟨ *⟩( ) = ⟨ ⟩( ) + ⟨ ⟩( )
( ) = [⟨ ⟩( ) ] = ⟨ ⟩( ) − ⟨ ⟩( )ϕ

+ × ×

− −
× ×

;

e .

t t

4i
t t

 (32)

The two components are plotted in figure 4. We note here 
that from the equality of the shear and convergence power 
spectrum and Parseval’s theorem, it follows that ξ+ is identical 
to the two-point correlation function of κ.

An estimator of the 2PCF (Schneider et al 2002a) is

ξ θ
ε ε ε ε

( ) =
∑ ( ± )

∑±
× ×w w

w w
ˆ .ij i j i j i j

ij i j

t, t, , ,
 (33)

The sum extends over pairs of galaxies (i, j) at positions on 
the sky ϑi and ϑj, respectively, whose separation ϑ ϑ−i j  lies in 
an angular distance bin around θ. Each galaxy has a measured 
ellipticity εi, and an attributed weight wi, which may reflect 
the measurement uncertainty. Using the weak-lensing relation 
(26) and taking the expectation value of (33), we get terms of 
the following type, exemplarily stated for ξ+:

ε ε ε γ γε γγ⟨ *⟩ ⟨ *⟩ ⟨ *⟩ ⟨ *⟩( ) ( ) ( ) ( ); ; ; and .i j i j i j i j
s s s s (34)

We discuss the first three terms in section 3.11, in the con-
text of intrinsic alignment (IA). In the absence of IA, those 

three terms vanish and the last term is equal to ϑ ϑξ (∣ − ∣))+ i j . 
The analogous case holds for ξ−.

The main advantage of the simple estimator (33) is that 
it does not require the knowledge of the mask geometry, but 
only whether a given galaxy is within the masked area or not. 
For that reason, many other second-order estimators that we 
discuss in the following are based in this one.

Using (28) and (30), we write the 2PCF as Hankel trans-
forms of the convergence power spectrum,
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Figure 3. (a) The scaled tomographic convergence auto- and cross-power spectrum πℓ(ℓ + ) ( ) (ℓ)κP1 / 2 ij,  for two redshift bins i, j with 
redshift ranges z   =   [0.5; 0.7], and [0.9; 1.1], respectively. Solid (dashed) lines correspond to the non-linear (linear) model. (b) Derivatives 

κP pd log /d log k of the convergence power spectrum with respect to various cosmological parameters pk, as indicated in the figure. The 
corresponding redshift bin is [0.9; 1.1].

Figure 4. 2PCF components ξ+ and ξ− (32) measured in 
CFHTLenS. The dotted lines show the WMAP7 model prediction 
(Komatsu et al 2011). From Kilbinger et al (2013). © 2013 Oxford 
Universiy Press.
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for galaxy pairs separated by 
an angle θ at orientation ϕ

Results - 2PCF
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WMAP (Wilkinson Microwave Anisotropy Probe) results in 
typical reduction of error bars on Ωm and σ8 of up to 50%, 
similar to other low-z cosmological probes such as Baryonic 
Acoustic Oscillations (BAO). For example, the WMAP7 
constraints of Ω = ±0.273 0.03m  and σ = ±0.811 0.0318  
(Komatsu et al 2011) get tightened when adding CFHTLenS, 
resulting in Ω = ±0.274 0.013m  and σ = ±0.815 0.0168  
(Kilbinger et al 2013). Similar constraints were obtained 
with DLS   +   WMAP7   +   tight priors on h and Ωb, with 
Ω = ±0.278 0.018m  and σ = ±0.815 0.0208  (Jee et al (2013); 
see figure 8). Planck’s cosmological findings from temperature 
anisotropies (together with CMB lensing and WMAP polariza-
tion) correspond to a higher matter density and normalization 
compared to most previous pobes, with Ω = ±0.315 0.017m  
and σ = ±0.829 0.0128 , or σ (Ω ) = ±/0.27 0.89 0.038 m

0.46  
(Planck Coll 2014a). This is consistent with CFHTLenS at the 
σ2  level, see figure 9. Further, Planck’s counts of Sunyaev-

Zel’dovich (SZ) clusters results in a lower normalization of 
σ (Ω ) = ±/0.27 0.78 0.018 m

0.3  (Planck Coll 2014b). Section 7.3 
discusses whether adding extra-parameters such as massive 
neutrinos are needed to reconsile recent high- and low-z data.

A model with variable curvature does not change the cos-
mic-shear constraints on Ωm and σ8 by a lot. Pre-Planck CMB 
data alone cannot constrain the curvature of the Universe, 
and adding other probes such as measurements of H0 or weak 
lensing are required. Planck and high-resolution ground-based 
millimetre-wavelength radio telescopes of similar sensitivity 
and resolution such as SPT (South Pole Telescope) and ACT 
(Atacama Cosmology Telescope) have detected weak-lensing 
of the CMB by large-scale structures ( CMB lensing), which 
helps to break the geometrical degeneracy. This results in tight 
constraints on ΩK from CMB alone (Sherwin et al 2011, van 
Engelen et al 2012, Planck Coll 2014a). Figure 9 shows joint 
cosmic shear and CMB constraints for a free-curvature model.

The dark-energy parameter of state w0 has been measured 
with cosmic shear already in 2006 (Semboloni et al 2005, 
Hoekstra et al 2006). However, since the effect of dark energy 

on the supression of the growth of structure is relatively small, 
2D weak lensing is not very sensitive to dark energy, and 
68% confidence intervals on w0 are typically of order unity, 
which furthermore is degenerate with other parameters such 
as σ8. However, weak lensing can rule out some combinations 
of parameter values, and substantially reduce the allowed 
region of parameter space when combined with other probes. 
Figure 10 shows how CMB constraints from WMAP7—with 
an additional prior on H0 from Riess et al (2011)—are reduced 
by CFHTLenS six-bin tomography. The parameters Ωm and 
w0 are measured to better than 10% accuracy, for both a flat 
and free-curvature wCDM model. The improvement is similar 
to adding Baryonic Acoustic Oscillation (BAO) data from the 
SDSS-III Baryon Oscillation Spectroscopic Survey (BOSS; 
Anderson et al 2012) to CMB data.

Constraints on modified gravity using the parametrization in 
(7) and (8) showed consistency with GR (Simpson et al 2013). 
A simple model was considered where Σ and μ did not vary 
spatially, and at early times tend towards GR, so that deviations 
of GR are allowed at late times where the accelerated expansion 
happens. The present-day values of those two parameters were 
measured to be Σ = ±0.00 0.140 , and μ = ±0.05 0.250 , com-
bining CFHTLenS weak-lensing tomographic data (Benjamin 
et al 2013), redshift-space distortions from WiggleZ (Blake  
et al 2012) and 6dFGS (Beutler et al 2012), WMAP7 CMB 
anisotropies from small scales, ⩾ℓ 100 (Larson et al 2011), and 
the (Riess et al 2011) H0 prior (see figure 11).

All measurements presented so far are based on real-space 
second-order shear correlations, with the exception of Brown 
et al (2003) who directly estimated the shear power spectrum 
from the data. In the following sections, we present results from 
higher-order shear and other, non-traditional lensing statistics.

7.2. Third-order correlations

The motivation behind higher-order shear statistics has been 
argued for in section 3.13. Even though the measurement is 

Figure 8. The near-orthogonality of Ωm and σ8 constraints from 2D cosmic shear and CMB. (a) CFHTLenS, WMAP7, BAO from BOSS 
(Anderson et al 2012), and a HST H0 prior [305, `R09']. From Kilbinger et al (2013). (b) DLS including tight priors on Ωb and H0. From 
Jee et al (2013). Figure used with permission from Jee et al (2013 ApJ 765 74). © 2013 IOP.
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σ8 = amplitude of density perturbations at scale of 8 Mpc
ΩM = Matter density



KiDS
Kilo-Degree Survey: 
- Survey of 1500 deg2 to measure weak lensing
- OmegaCam on VLT Survey Telescope (VST)





KiDS image quality

Better than 1”
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Table 4. Setups for the di↵erent MCMC runs. The first column gives a short descriptive name to the setup and the second and third
column refer the reader to the section and figure in which the setup is discussed. Columns 4–6 indicate which astrophysical systematics
are marginalised over in each run. Column 7 and column 8 report the choices for the redshift distribution and the covariance matrix,
respectively. Column 8, 9, and 10 indicate whether the equation-of-state parameter w is varied, the KiDS results are combined with
Planck (TT + lowP), and 2 ⇥ ⇠B is subtracted from ⇠+. The last column gives the angular scales used for ⇠+. For ⇠� we use scales of
4.2–300 arcmin for all setups.

Setup Sect. Fig. baryons IA photo-z n(z) covariance w comb. w. B mode scales
error Planck subtr. ⇠+

KiDS-450 6.2 6
p p p

DIR analytical – – – 0.05 – 720

DIR 6.3 7 –
p p

DIR analytical – – – 0.05 – 720

CC 6.3 7 –
p p

CC analytical – – – 0.05 – 720

BOR 6.3 7 –
p

– BOR analytical – – – 0.05 – 720

BPZ 6.3 7 –
p

– BPZ analytical – – – 0.05 – 720

no systematics 6.4 – – – – DIR analytical – – – 0.05 – 720

N -body 6.4 – – – – DIR N -body – – – 0.05 – 720

DIR no error 6.5 8 –
p

– DIR analytical – – – 0.05 – 720

B mode 6.5 8 –
p

– DIR analytical – –
p

0.05 – 720

⇠+ large-scale 6.5 8 –
p

– DIR analytical – – – 4.02 – 720

wCDM 6.7 9
p p p

DIR analytical
p

– – 0.05 – 720

+Planck 7 –
p p p

DIR analytical –
p

– 0.05 – 720
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WMAP9+ACT+SPT

Planck15

Figure 6. Marginalized posterior contours (inner 68% CL, outer 95% CL) in the ⌦m-�8 plane (left) and ⌦m-S8 plane (right) from the
present work (green), CFHTLenS (grey), pre-Planck CMB measurements (blue), and Planck 2015 (orange). Note that the horizontal
extent of the confidence contours of the lensing measurements is sensitive to the choice of the prior on the scalar spectrum amplitude As.
The CFHTLenS results are based on a more informative prior on As artificially shortening the contour along the degeneracy direction.

pact on the overall result, and since for a sensitivity test
we are more interested in parameter changes than in actual
values, we revert to a dark-matter only power spectrum in
this comparison. This choice also enables us to switch from
HMcode to the faster Takahashi et al. (2012) model for the
non-linear power spectrum.

For each of the three calibration methods (DIR, CC,
BOR) we estimate statistical errors from a bootstrap re-
sampling of the spectroscopic calibration sample (see Sec-
tion 6.2 for details of the implementation). Including those
uncertainties will broaden the contours. As can be seen in
Fig. 2 these bootstrap errors are very small for the BOR
method. This is due to the fact that a lot of information
in that technique is based on the photometric P (z) and the
re-calibration is more stable under bootstrap re-sampling of
the spectroscopic calibration sample than for the other two
methods. Hence to further speed up the MCMC runs we ne-
glect the BOR errors in the following with no visible impact
on the results. The uncertainties on the DIR method – while

larger than the BOR errors – are also negligible compared
to the shot noise in the shear correlation function (see Ap-
pendix C2). We nevertheless include these errors here (as
before) since DIR is our primary calibration method. The
statistical errors on the CC method are larger than for the
two other methods, owing to the as yet small area covered by
the spectroscopic surveys that we can cross-correlate with.
More importantly, we estimate that the limited available
area also gives rise to a larger systematic uncertainty on the
CC method compared to the DIR technique. All major re-
quirements for the DIR technique are met in this analysis
whereas the CC method will only realise its full potential
when larger deep spec-z surveys become available.

The resulting confidence contours in the ⌦m-�8 plane
for the four cases are shown in Fig. 7. All four cases give
fully consistent results although there are some shifts in
the contours with respect to each other. However, with
��2

e↵ ' �10, we find that the DIR and CC methods provide
a better fit to the data as compared to the BPZ and BOR

MNRAS 000, 1–49 (2016)

Tension w. Planck 
results

Hildebrandt et al. (2015)
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Figure 3. The measured ESD profiles of isolated centrals with 1� error bars (black), compared to those predicted by EG in the point
mass approximation (blue) and for the extended mass profile (blue, dashed). Note that none of these predictions are fitted to the data:
they follow directly from the EG theory by substitution of the baryonic masses Mg of the galaxies in each sample (and, in the case of the
extended mass profile, reasonable assumptions for the other baryonic mass distributions). The mean measured galaxy mass is indicated
at the top of each panel. For comparison we show the ESD profile of a simple NFW profile as predicted by GR (red), with the DM halo
mass Mh fitted as a free parameter in each stellar mass bin.

when the number of free parameters is taken into account,
the EG model performs at least as well as the NFW fit.
However, in order to really distinguish between these two
models, we need to reduce the uncertainties in our measure-
ment, in our lens modelling, and in the assumptions related
to EG theory and halo model.

In order to further assess the quality of the EG predic-
tion across the M⇤-range, we determine the ‘best’ amplitude
AB and index nB: the factors that minimize the �2 statistic
when we fit:

�⌃EG(AB, nB, R) = AB
CD

p
Mb

4

✓
R

h�1
70 kpc

◆�nB

, (33)

We find that the slope of the EG prediction is very close to
the observed slope of the ESD profiles, with a mean value
of hnBi = 1.01+0.02

�0.03. In order to obtain better constraints on
AB, we set nB = 1. The values of AB (with 1� errors) for
the point mass are shown in Table 2. We find the amplitude
of the point mass prediction to be consistently lower than
the measurement. This is expected since the point mass ap-
proximation only takes the mass contribution of the central

galaxy into account, and not that of extended components
like hot gas and satellites (described in Sect. 2.2). However,
the ESD of the extended profile (which is shown in Fig. 3 for
comparison) does not completely solve this problem. When
we determine the best amplitude for the extended mass dis-
tribution by scaling its predicted ESD, we find that the val-
ues of Aext

B are still larger than 1, but less so than for the
point mass (at a level of ⇠ 1�, see Table 2). Nevertheless, the
comparison of the extended ESD with the measured lensing
profile yields a slightly higher reduced �2: 45.50/40 = 1.138.
However, accurately predicting the baryonic and apparent
DM contribution of the extended density distribution is chal-
lenging (see Sect. 4.3). Therefore, the extended ESD profile
can primarily be used as an indication of the uncertainty in
the lens model.

6 CONCLUSION

Using the ⇠ 180 deg2 overlap of the KiDS and GAMA sur-
veys, we present the first test of the theory of emergent

MNRAS 000, 1–14 (2016)

Mass profiles for early-
type galaxies apparently 
(also) consistent with 
Verlinde’s emergent 
gravity theory.

Brouwer et al. (2016)



Euclid

- Launch ~Q4 2020
- 1.2 m primary mirror 
→ 0.2” resolution

- Image ~15000 deg2 
(~1/3 of the sky)

- ~ 109 galaxies to z~2

Science goals:
- Use weak lensing to map distribution of dark matter and constrain 

nature of dark energy (e.g. w, equation of state), test GR vs. alternative 
theories of gravity, etc.

- BAOs (baryonic acoustic oscillations) - “wiggles” in the power-spectrum 
in the distribution of baryonic matter


