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OUTLINE

Weak gravitational lensing

The CFHT Lensing survey; galaxy shape measurement, 
systematics

Monte-Carlo sampling (PMC)

CFHTLenS results: constraints on dark energy + Modified Gravity 
(+ Wiggle-Z); mass maps; galaxy bias

Outlook, future lensing surveys
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ALL THE FUSS ABOUT 
LENSING

 3

Euclid Mission Summary 
 

Main�Scientific�Objectives
Understand the nature of Dark Energy and Dark Matter by: 

� Reach a dark energy FoM > 400 using only weak lensing and galaxy clustering; this roughly corresponds to 
1 sigma errors on wp and wa of 0.02 and 0.1, respectively. 

� Measure �, the exponent of the growth factor, with a 1 sigma precision of < 0.02, sufficient to distinguish 
General Relativity and a wide range of modified-gravity theories 

� Test the Cold Dark Matter paradigm for hierarchical structure formation, and measure the sum of the 
neutrino masses with a 1 sigma precision better than 0.03eV. 

� Constrain ns, the spectral index of primordial power spectrum, to percent accuracy when combined with 
Planck, and to probe inflation models by measuring the non-Gaussianity of initial conditions parameterised 
by fNL to a 1 sigma precision of ~2. 

SURVEYS
 Area (deg2) Description 
Wide Survey 15,000 (required) 

20,000 (goal) 
Step and stare with 4 dither pointings per step. 

 
Deep Survey 40 In at least 2 patches of > 10 deg2 

2 magnitudes deeper than wide survey 
PAYLOAD

Telescope 1.2 m Korsch, 3 mirror anastigmat, f=24.5 m 
Instrument VIS NISP 
Field-of-View 0.787×0.709 deg2 0.763×0.722 deg2 
Capability Visual Imaging NIR Imaging Photometry 

 
NIR Spectroscopy 

Wavelength range 550_ 900 nm Y (920-
1146nm), 

J (1146-1372 
nm)  

H (1372-
2000nm) 

1100-2000 nm 

Sensitivity 24.5 mag  
10� extended source 

24 mag 
5� point 
source 

24 mag 
5� point 
source 

24 mag 
5� point 
source 

3 10-16 erg cm-2 s-1 
3.5� unresolved line 
flux 

Detector 
Technology 

36 arrays 
4k×4k CCD 

16 arrays 
2k×2k NIR sensitive HgCdTe detectors 

Pixel Size 
Spectral resolution 

0.1 arcsec 0.3 arcsec 0.3 arcsec 
R=250 

SPACECRAFT
Launcher Soyuz ST-2.1 B from Kourou 
Orbit Large Sun-Earth Lagrange point 2 (SEL2), free insertion orbit 
Pointing 25 mas relative pointing error over one dither duration 

30 arcsec absolute pointing error 
Observation mode Step and stare, 4 dither frames per field, VIS and NISP common FoV = 0.54 deg2 
Lifetime 7 years 
Operations 4 hours per day contact, more than one ground station to cope with seasonal visibility 

variations;  
Communications maximum science data rate of 850 Gbit/day downlink in K band (26GHz), steerable HGA 

Budgets�and�Performance�
 Mass (kg) Nominal Power (W) 
industry TAS Astrium TAS Astrium 
Payload Module 897 696 410 496 
Service Module 786 835 647 692 
Propellant 148 232   
Adapter mass/ Harness and PDCU losses power 70 90 65 108 
Total (including margin)  2160 1368 1690 

 

From the Euclid Red Book:

The primary science driver for the design of this project has been weak gravitational lensing.

From the ESO description of KiDS:

The Dark Energy Survey

E. Sánchez for the DES collaboration
CIEMAT, Ed. 2; Avda. Complutense 22; E-28040 Madrid, Spain

E-mail: eusebio.sanchez@ciemat.es

Abstract. The Dark Energy Survey (DES) is a next generation optical and near infrared
survey that will image 5000 deg2 of the South Galactic Cap in five broad bandpass filters. In
order to perform such a survey, a CCD camera of 3 deg2 field of view is being assembled at
Fermilab and will be mounted on the Blanco 4m telescope at Cerro Tololo (Chile). The survey
will start in the fall of 2011 and will study the dark energy properties using four independent
methods: galaxy clusters counts and distributions, weak gravitational lensing tomography,
baryon acoustic oscillations and supernovae Ia distances. Obtaining the four measurements
from the same data set will allow a strict control of the systematic uncertainties to obtain a
robust and precise determination of the cosmological parameters.

1. Introduction
The current set of cosmological observations solidly establishes an amazing result, the cosmic
acceleration. At cosmological distances, the receding velocities of galaxies are increasing. The
implications of this observed fact are profound. Either gravity behaves far diferently than what
is expected from the general theory of relativity, or some mysterious fluid with negative pressure,
the dark energy, fills the universe and produce repulsive gravity. Anyway, new physics is needed.
Therefore, the cosmic acceleration puzzle motivates an important fraction of current research
which will grow in the near future. Usually, the cosmic acceleration problem is called dark
energy, but we should not forget that the observed e⇥ect can be due to an unexpected behaviour
of gravity at very large scales.

The current standard model of cosmology, �CDM, describes the cosmic acceleration using a
non-zero cosmological constant, the � of its name. CDM stands for Cold Dark Matter, the other
dark component of the universe. This model is compatible with all the present cosmological
observations [1]. However, in this model about 96% of the universe (dark energy but also
dark matter) remains unexplained, despite the succesful theories of fundamental physics. It
is generally expected that the next advance in knowledge about dark energy come from the
observations, and a rich program of di⇥erent cosmological surveys has already started and is
planned for the future. One of the most important projects for the near future is the Dark
Energy Survey (DES) [2].

2. The Dark Energy Survey
DES1 is a next generation survey aimed to unveil the nature of the dark energy. The DES
collaboration consists of approximately 120 scientists from USA, UK, Spain, Brazil and Germany.
1 http://www.darkenergysurvey.org

1

From Sanchez et al. (2011), “The Dark Energy Survey”:

[The CFHTS Wide] allows the study of the large scale structures and matter distribution in the universe 
through weak lensing and galaxy distribution, as well as the study of clusters of galaxies through 

morphology and photometric properties of galaxies.

From the CFHTLS web page:
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WHY ALL THE FUSS?

... probes the matter distribution on 
large scales

... is sensitive to the total (dark + 
baryonic) mass

... probes the Universe between z ≈ 0.1 
and ≥ 1

... measures the expansion
history and growth rate

Weak gravitational lensing outskirts of
galaxies, clusters, 

large-scale structure,
cosmology

no assumption
needed for relation
between galaxies
and dark matter

epoch of
acceleration          

can
distinguish between

dark energy and
modified gravity
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HOW DOES IT WORK?

Mass deflects light (Einstein 1915) 

�̂ =
4GM

c2�

Point mass:

Mass M

Extended mass distribution: z

Deflection angle depends on
integral over the
projected mass distribution

impact parameter

Deflection angle
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GALACTIC LENSES

CASTLES survey,
http://www.cfa.harvard.edu/castles

MG0414+0534 HE0435-1223 RXJ0921+4529

2.64
0.96

1.689
0.46

1.65
0.31

zsource
zlens
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A CLOSER LOOK

Lens equation:

Deflection angle is a gradient:

First order effect: Deflection 
of a point source

Second order effect: 
Differential deflection of an 
extended source, distortion

Mass M

�� = �� � ��(��)

�� = ���
2D lensing potential

(2D angular coordinates)
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LENSING DISTORTIONS

SLACS (Sloan lens ACS Survey)
Bolton et al. 2009 

0.47
0.21

?
0.49

zsource
zlens

CFHTL12k image
Czoske et al. 2001 
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CLUSTER LENSINGExample of very strong distortion: arcs

The cluster of galaxies Abell 2218
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APPLICATIONS OF WEAK 
LENSING

… by clusters
Mass, profile, substructure

… by galaxies
Average mass,
halos, bias

… by the large-scale structure
Cosmology

Weak lensing

Gravitational lensing: strong & weak

8/30

Simple sketch

picture by Henk Hoekstra

Patrick Simon (Institute for Astronomy, Blackford Hill, Edinburgh)Galaxy-galaxy lensing
DUEL kick-off meeting, October 9th 2007 2

/ 13

background galaxy

foreground galaxy

Cosmic shear

Distortions lead to observable mutual
alignment or correlation of orientation
of background galaxy images.
Amplitude of correlation depends on
“lumpiness” of large scale structure. 3 Mpc

13/30
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A CLOSER LOOK

The lens equation

is a mapping from the image  
plane (θ) to the source plane 
(β)

Linearize this mapping, 
define Jacobian     :

Mass M

�� = �� � ��(��)

��i

��j
= Aij =

��i

��j
� ��i

��j

= �ij �
�

� + �1 �2

�2 �� �1

�

A

mapping of light distribution
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CONVERGENCE & SHEAR

Convergence     : isotropic magnification

Shear    : anisotropic stretching

    and     are second derivatives of the
lensing potential !.

Lensing
by
the
large-
scale
structureLensing by the large-scale structure Shear and convergence

Shear and convergence
Liouville’s theorem: Surface brightness is conserved

I(⇥) = Is(�(⇥)) ⇥ Is(�(⇥0) + A(⇥ � ⇥0))

E�ect of lensing

• isotropic magnification (convergence ⇥)
• anisotropic stretching (shear �)

Shear transforms a circle into an ellipse.
Define complex ellipticity

� = �1 + i�2 = |�|e2i�;

|�| = |1� ⇥|1� b/a

1 + b/a

κ

γ

source
image

ϕ

x

y

a

b

Weak Lensing and Cosmology 12 / 126

�

��

�

�
� + �1 �2

�2 �� �1

�

Lensing mapping is given to first order by
Jacobian

[Actually,      is the scaled projected mass density, related to !
via a Poisson equation: 2     = ∆!]

�
�

Typical in weak cosmological
lensing: 3% distortion, γ ≈ 0.03
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MASS AND SHEAR CONVERGENCE & SHEAR

Projected matter density
convergence ⇥

−0.041 0.095 0.23

Distortion field
shear �

Source galaxies at z = 1, ray-tracing simulations by T. Hamana

Allows reconstruction of projected mass distribution

tangential distortions around mass peaks

Wednesday, November 9, 2011

overdensity
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GALAXIES ESTIMATE SHEARLensing
by
the
large-
scale
structureLensing by the large-scale structure Shear and convergence

Ellipticity and local shear

[from Y. Mellier]
Galaxy ellipticities are an estimator of the local shear.

Weak Lensing and Cosmology 14 / 126

strong
lensing

weak lensing

Noise: intrinsic galaxy shapes

|!|, |"| ≪ 1
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COSMIC SHEAR

Continuous distortion along light
ray path

Coherent distortions of galaxy images
→ measure shape correlations

Weak lensing by the large-scale structure

Lensing
by
the
large-
scale
structureLensing by the large-scale structure (Weak) gravitational lensing in a nutshell

Probing matter distribution using distant galaxies

• Light from distant galaxies is continuously deflected on its way
through an inhomogeneous Universe

• Light bundles are di�erentially distorted due to gravitational
lensing by tidal field of large-scale structure (LSS)

Weak Lensing and Cosmology 6 / 126

�(��) =
� �lim

0
d�G(�)�(���, �)

G(�) =
3
2

�
H0

c

�2 �m

a

� �lim

�
d�� p(��)

�(�� � �)
��

�
�2

�
(�) =

�
|�|2

�
(�) �

�
�2

�
(�)

lensing efficiency

comoving coordinates

redshift distribution of background galaxies

shear variance

Geometry
Growth (<delta^2>)

density contrast
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MASS AND SHEAR 

overdensity

CONVERGENCE & SHEAR

Projected matter density
convergence ⇥

−0.041 0.095 0.23

Distortion field
shear �

Source galaxies at z = 1, ray-tracing simulations by T. Hamana

Allows reconstruction of projected mass distribution

tangential distortions around mass peaks

Wednesday, November 9, 2011

"
!

!

Shear correlations <!!>(")
∼ <##> ∼ <$$> (projected)

∼ total matter power spectrum

"
"

"

overdensity
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SHEAR TOMOGRAPHY

Lensing efficiency depends 
on redshift distribution

Split galaxies into redshift 
bins: measure growth of 
structure

For ΛCDM models: 2-3 
bins already sufficient.
But (many?) more bins 
desired: w(z), modified 
gravity, intrinsic alignment

2

1

1

2

2

D
0 0.5

0.1

1

2

3

0.2

0.3

1 1.5 2.0

g i
(D

)
[  n

i d
z/d

D
 ](

D
) (a) Galaxy Distribution

(b) Lensing Efficiency

Fig. 1.— Subdividing the source population. Partitioning the
galaxies by the median redshift (or distance D) yields lensing effi-
ciencies with strong overlap.

assumes that the redshift distributions are sufficiently wide
to encompass many wavelengths of the relevant fluctua-
tions (2π/k!) along the line of sight so that the Limber
equation holds even tomographically (see Kaiser 1998).

These power spectra define the cosmic signal. Shot noise
in the measurement from the intrinsic ellipticity of the
galaxies adds white noise to the cosmic signal making the
observed power spectra

Cij(") = P
κ
ij(") +

〈

γ2
int

〉

δij/n̄i , (4)

where
〈

γ2
int

〉1/2
is the rms intrinsic shear in each compo-

nent, and n̄i is the number density of the galaxies per
steradian on the sky in the whole distribution ni(z).

The distributions ni(z) need not be physically distinct
galaxy populations. Consider a total distribution n(z)
with

[

n
dz

dD

]

(D) ∝ Dα exp[−(D/D∗)
β ] , (5)

which roughly approximates that of a magnitude-limited
survey, and take α = 1, β = 4 for definiteness (assumed
throughout unless otherwise stated). One can subdivide
the sample into redshift bins to define the distributions
ni(z). The power spectra for cruder partitions can always
be constructed out of finer ones: if the j and k bins are
combined, then

n̄2
j+kP

κ
(j+k)(j+k) = n̄2

jP
κ
jj + 2n̄jn̄kP

κ
jk + n̄2

kP
κ
kk ,

n̄j+kP
κ
i(j+k) = n̄jP

κ
ij + n̄kP

κ
ik . (6)

In Fig. 1, we show an example where the galaxies with
z < zmedian are binned into n1 and the rest into n2. Here
and throughout we will take our fiducial cosmology as an
adiabatic CDM model with matter density Ωm = 0.35,
dimensionless Hubble constant h = 0.65, baryon density
Ωb = 0.05, cosmological constant ΩΛ = 0.65, neutrino
mass mν = 0.7 eV, the initial potential power spectrum
amplitude A, and tilt nS = 1.

We also plot in Fig. 1 the lensing efficiency func-
tion gi(D). Notice that despite having non-overlapping

22

11

12

1000.6
0.8
1.0

1000 104

10–5

10–4

l

l(2
l+

1)
 P

ijκ    
  /4
π

R
ij

Fig. 2.— Power spectra and cross correlation for a subdivision in
two across the median redshift zmedian = 1 and errors for a survey

of 5◦ on the side,
〈

γ2
int

〉1/2
= 0.4, and n̄ = 2 × 105 deg−2. Note

the strong correlation Rij between the two power spectra make the
combination of the power spectra less constraining than a naive
interpretation of the individual errors would imply.

source distributions (upper panel), the lensing efficiencies
strongly overlap (bottom panel) implying that the result-
ing convergence maps will have a correspondingly large
cross correlation. This is of course because the high and
low redshift galaxies alike are lensed by low-redshift struc-
tures. Also for this reason, there will be always be a
stronger signal in the high redshift bins. This fact will
be important for signal-to-noise considerations in choos-
ing the bins.

All of these properties can be seen in Fig. 2, where we
plot the resultant power spectra and their cross correlation
for the equal binning of Fig. 1.

3. REDSHIFT BINNING AND PARAMETER ESTIMATION

While subdividing the sample into finer bins always in-
creases the amount of information, there are two consid-
erations that limit the effectiveness of redshift divisions.
The first is set by the shot noise from the intrinsic ellip-
ticities of the galaxies. Once the number density n̄i per
bin is so small that shot noise surpasses the signal in equa-
tion (4), further subdivision no longer helps. The point at
which this occurs depends on the angular scale of inter-
est. The greater number of galaxies encompassed by the
larger angular scales boosts the signal to noise (see Fig. 2
and Kaiser 1992). Based on this criterion, one should sep-
arately subdivide the data to extract the maximal large
and small angle information.

However there is a second consideration. If the lens-
ing signal does not change significantly across the red-
shift range of the whole distribution, then subdivision will
not add information. These considerations can be quanti-
fied by considering the correlation coefficient between the
power spectra of the subdivisions: Rij = Pκ

ij/(Pκ
iiP

κ
jj)

1/2.
For the model of Fig. 2, the power spectra are highly cor-
related (R12 ∼ 0.8) even with only two subdivisions. Thus
even though there is enough signal to noise to subdivide
the sample further, one gains little information by doing
so.

�/[c/H0]
G

(�
)

p(
�
)

[Hu 1999]

comoving distance

Need accurate photometric
redshifts
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WEAK LENSING SUMMARY

[Fu et al. 2008, CNRS press release]
σ8 = density fluctuations rms in spheres of 8 Mpc/h
     = density power spectrum amplitude
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CFHTLenS

• The state-of-the-art cosmological 
survey with 155 sq degrees, ugriz to 
i<24.7 (7σ extended source)

• Uses 5 yrs of data from the Deep, Wide 
and Pre-survey components of the 
CFHT Legacy Survey

Monday, June 11, 12



  XXIIIrd IAP Colloquium, July 2nd 2007, ParisTerapix/Skywatcher : all data 03A-05A :   20000 Megacam images

W2
D4

W3 & D3
D2

Canada-France-Hawaii Telescope Legacy Survey: Canada-France collaboration
 - 500 nights between June 2003 and June 2008 
 - 4 CFHTLS-Wide ( 170 deg2 ),  4 CFHTLS-Deep ( 1 deg2 each )   

HST Groth strip

GEMINI-N visibility

VLT visibility VLT visibility + XMM fields 
VVDS spectro. survey

VLT visibility

+ HST-Cosmos VLT visibility +

Quasar field
W1 & D1

!  3.6 m ground telescope3.6 m ground telescope
!  MegaCam: 36 CCDs, 1MegaCam: 36 CCDs, 1oo � 1 � 1oo

!  Pixel size: 0.186”Pixel size: 0.186”
!  u g r i z bands u g r i z bands 

W4 VVDS
UKIDSS DXS

Wednesday, March 16, 2011Monday, June 11, 12



VVDS Deep

DEEP2
VVDS 
Wide

VIPERS

64 sq degrees 22.5 sq degrees

23 sq 
degrees

44 sq degrees

Coupon et al 2010

GAMA-II

CFHTLS : 155 sq degrees

ugriz, to 
i=24.7
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A MEGACAM@CFHT Image Section

Regions around bright stars and big galaxies need to be
excluded from our weak lensing studies.

Thursday, February 2, 12
Monday, June 11, 12



Semi-Automatic Masking

Moderately bright Stars are masked with template masks; large
scale defects produce significant jumps in the object number
density

Thursday, February 2, 12
Monday, June 11, 12



SHAPE MEASUREMENT

Use stars to correct for instrumental and atmospheric distortions

An individual galaxy shape cannot be well estimated, but need 
to measure the ensemble free from systematic bias 

graphic from Great08, Bridle et al. 2009 (AnAp 3,  6)

Need to measure galaxy shapes (ellipticity) given that images have been

convolved with atmosphere and optics PSF
sheared by atmosphere and optics
sampled onto detector with finite pixels
degraded by noise

Wednesday, January 18, 2012

Bridle et al. 2008, great08 handbook

! ~ 0.03
+ noise
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SHAPE MEASUREMENT: 
LENSFIT

forward FFT,!
multiply,!

inverse FFT!

Compare 
data and 
model to 
maximise 
likelihood!

Model!
[Miller et al 2007, Kitching et al 2008]

PSF

Measure shapes on individual exposures,
combines ellipticity posteriors in Bayesian way.

Avoids problems in co-added images.

Problems:
- correlated noise
- stacked PSF complicated, e.g. twisted isophotes
- interpolation = smoothing

Bayesian lensfit: lossless, capturing all information

(Point Spread Function)
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MASS AND SHEAR 

overdensity

CONVERGENCE & SHEAR

Projected matter density
convergence ⇥

−0.041 0.095 0.23

Distortion field
shear �

Source galaxies at z = 1, ray-tracing simulations by T. Hamana

Allows reconstruction of projected mass distribution

tangential distortions around mass peaks

Wednesday, November 9, 2011

"
!

!

Shear correlations <!!>(")
∼ <##> ∼ <$$> (projected)

∼ total matter power spectrum

"
"

"

overdensity
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LIKELIHOOD FUNCTION

Outline Ellipticity correlations The likelihood function Sampling and parameter fitting Systematics

The lilkelihood function

Gaussian likelihood

L(d

obs

;x) =

1p
(2⇡)

n
det C

exp[��

2

(d;x)/2]

Log-likelihood

��

2

(d

obs

;x) =

⇣
d(x) � d

obs

⌘
t

C

�1

⇣
d(x) � d

obs

⌘

d

obs : data vector of ellipticity correlations, e.g. di = ⇠(#j(i), zk(i))

d(x): model vector
x : vector of cosmological parameters, e.g. ⌦

m

,�
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, h, w . . .

C : covariance matrix, C = hdd

ti � hdihdti
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Beyond Gaussian likelihood:
- Hartlap et al. (2009): Sample likelihood from N-body simulations
- Schneider & Hartlap (2009): non-linear transformation of variables
- Benabed et al. (2009): Inverse-Gamma distribution for low ell (CMB)
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LIKELIHOOD FUNCTION

The likelihood is a high-dimensional function.

We need integrals over the likelihood:

�2(dobs;✓) =
⇣
d(✓)� dobs

⌘
t

C�1

⇣
d(✓)� dobs

⌘

L(dobs

;✓) =
1p

(2⇡)ndetC
exp[��2

(dobs

;✓)/2]

Z
dn✓ ✓L(✓)⇡(✓)

Z
dn✓ 168% L(✓)⇡(✓)

mean of parameter vector

68% confidence region
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MONTE-CARLO SAMPLING

Sample of points from the posterior 
(likelihood × prior).
Aka Monte-Carlo integration.

E.g.: Monte Carlo Markov Chain

Martin Kilbinger Bayesian methods for weak lensing and cosmology Opinas seminar /38

Posterior by sampling the parameter space

• Try to get sample from posterior:
Then easy to estimate mean, error bars, 
confidence regions, (evidence) …

• E.g. Markov Chain Monte Carlo (MCMC).

After chain has converged, points θi 

represent sample from posterior
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Posterior by sampling the parameter space

• Try to get sample from posterior:
Then easy to estimate mean, error bars, 
confidence regions, (evidence) …
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MCMC DRAWBACKS

Difficult to reach & determine chain 
convergence

Acceptance rate ≤ 25%

Not easily or efficiently parallelisable

For model comparison: Bayesian 
evidence difficult to estimate

Martin Kilbinger Bayesian methods for weak lensing and cosmology Opinas seminar /38

MCMC is very good, but not optimal:

• Chain convergence difficult to reach/determine

• Acceptance rate ≤ 25%

• MCMC not easily (massively) parallelisable
(Calculation of likelihood can be very time-
consuming)

• Bayesian evidence (for model comparison) 
difficult to estimate

5
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IMPORTANCE SAMPLING

Sample from proposal
distribution G (importance
function). E.g. mixture of
Gaussians

Weigh each sample point "
by ratio (importance weight)
w = p(")/G(")

Evaluation of posterior p
(likelihood x prior) can be done in parallel

Poor performance if proposal far from posterior

Martin Kilbinger Bayesian methods for weak lensing and cosmology Opinas seminar /38

A (well-known) alternative: Importance Sampling

• Sample from proposal distribution G 
(importance function). E.g. mixture of 
Gaussians

• Weigh each sample point θ by ratio 
(importance weights) w = p(θ)/G(θ)

• Evaluation of posterior (likelihood) can 
be done in parallel

• Poor performance if proposal far from 
posterior

6

Martin Kilbinger Bayesian model selection in cosmology with PMC RA E Science day 14/06/2010 /23

Importance sampling

• Rewriting the integral:

• G: Proposal distribution, easy to sample from
(mixtures of Gauss, Student-t, ...)

normalised
importance weights

L L L

Evaluaion of 
posterior can be 
done in parallel!

�
dn� h(�)p(�) =
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dn� h(�)

p(�)
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POPULATION MONTE CARLO 
(PMC)

Solution: Create adaptive
importance samples (“populations”)
[Cappé et al. 2004, 2007]

Iteration Gi → Gi+1: Update mean,
covariance and component weights

PMC sample engine and cosmology
modules, public code,
www.cosmopmc.info,
[Kilbinger et al. 2010, arXiv:1101.0950]

Stop when proposal p ‘close enough’ to posterior G

Martin Kilbinger Bayesian methods for weak lensing and cosmology Opinas seminar /38

Population Monte Carlo (PMC)

• Create adaptive importance samples
(“Populations”) [Cappé et al. 2004, 2007]:

Iterative update of proposal Gi → Gi+1

• Update mean, covariance and 
weights of mixture components

• PMC sample engine and cosmology
module available for download:
www.cosmopmc.info

7
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PMC PERFORMANCE

Perplexity: Measures distance between posterior p and proposal G 
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PMC Performance
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WIGGLE-Z DATAData

CFHTLenS Cosmic Shear
 Two redshift bins; 1 < θ < 100 

arcmin

WiggleZ Redshift Space 
Distortions (Blake et al. 2011)

Auxiliary Data
 WMAP7 ( l >100)
 H0=73.8 ± 0.024 km s-1 Mpc-1     

 (Riess et al. 2011)

Utilise CosmoPMC, MGCAMB, 
WMAP Likelihood, CosmoloGUI

Blake et al 2011
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PARAMETRISATIONParameterisation

Gravitational potential as experienced by galaxies:

Gravitational potential as experienced by photons:

 ds
2 = −(1+ 2ϕ )dt 2 + (1− 2φ)a2drx 2

∇2ϕ = 4πGa2ρδ

∇2 (ϕ + φ) = 8πGa2ρδ 1+ Σ[ ]

1+ µ[ ] µ(a)∝ΩΛ (a)

Σ(a)∝ΩΛ (a)

- non-constant Sigma, mu: only late-time effect. Time-
dependence like DE. CMB would dominate constraint on 
const S, m

Monday, June 11, 12



PARAMETRISATIONParameterisation

GR
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PREVIOUS CONSTRAINTS
Previous Constraints


 EG (Reyes et al 2010) + BAO (Percival et al 2010) Flat ΛCDM
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LENSING MASS MAPS 

overdensity

CONVERGENCE & SHEAR

Projected matter density
convergence ⇥

−0.041 0.095 0.23

Distortion field
shear �

Source galaxies at z = 1, ray-tracing simulations by T. Hamana

Allows reconstruction of projected mass distribution

tangential distortions around mass peaks

Wednesday, November 9, 2011

inverse problem
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LENSING MASS MAPS

Map dark-matter structures. Compare to optical (galaxies), X-ray 
(hot gas), SZ (gas)

High-density regions trace non-linear structures

Higher-order correlations, non-linear evolution

3D mass reconstruction, evolution of cosmic structures
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3.4 degrees

Ray-tracing simulations
(Harnois-Deraps, Vafaei & van Waerbeke 2012)

z=0.03

z=3
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κsimul κmass

Overlay

Full non-linear
Mass 
reconstruction
(Gaussian filter)
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Mass reconstruction from mock 
catalogue

κsimul

κmass NOISE FREE

Overlay

Perfect match!
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Mass reconstruction from mock 
catalogue

κsimul

κmass NOISE FREE

Overlay

Perfect match!
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Mass reconstruction from mock 
catalogue

κsimul

κmass NOISE FREE

Overlay

Perfect match!
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κsimul

κmass With NOISE

Overlay

Mass reconstruction from mock 
catalogue

Very good match!
Peak and voids are
well preserved

Monday, June 11, 12



κsimul

κmass With NOISE

Overlay

Mass reconstruction from mock 
catalogue

Very good match!
Peak and voids are
well preserved
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κsimul

κmass With NOISE

Overlay

Mass reconstruction from mock 
catalogue

Very good match!
Peak and voids are
well preserved
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W1 mass reconstruction

κgalaxies

κmass

Overlay

κclusters
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κgalaxies

κmass

Overlay

3.5σ peaks
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κgalaxies

κmass

Overlay

3.5σ peaks
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κgalaxies

κmass

Overlay

3.5σ peaks
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W1 Mass and Light

RA

D
ec

S/
N

Luminosity

3σ Bmodes

Masks

W1 Mass and Light!W1 mass and light
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LENSING & CLUSTERING

clusteringlensing cross-corr.

Geometry

81

Observer

redshift b and r

hMNi(�)

Bias 

b =

s
hN2(�)i
hM2

api
fb(�)

r =
hN(�)Map(�)iq
hN2(�)ihM2

ap(�)i
fr(�)

hM2
api(�) hN2i(�)

Wednesday, January 18, 2012

<δm δm> <δm δg> <δg δg>

Geometry

81

Observer

redshift b and r

hMNi(�)

Bias 

b =

s
hN2(�)i
hM2

api
fb(�)

r =
hN(�)Map(�)iq
hN2(�)ihM2

ap(�)i
fr(�)

hM2
api(�) hN2i(�)

Wednesday, January 18, 2012

Combining Aperture statistics to measure the bias 

hM2
api(�) / �2m

/ �2g

/ �gm

hN2i(�)

hMNi(�)

b =

s
h�2gi
h�2mi

r =
h�g�miq
h�2gih�2mi

bias factor : correlation factor : 

shape-shape correlation

angular correlation

position-shape c-correlation

Wednesday, January 18, 2012
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TIMELINE TO EUCLID

CTIO 75 deg2, DLS 25 deg2, SDSS stripe-82 168 deg2

COSMOS. 2003 - 2005
1.64 deg2, ACS/HST
Excellent photometric redshifts (30 bands from UV to IR), very deep. Space-
based.

CFHTLS. 2003 - 2009
155 deg2, MegCam/CFHT
Science results in 2012. Catalogues will be made public on Nov 1, 2012.
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TIMELINE TO EUCLID

KiDS. 2011 -
1,500 deg2, OmegaCam/VST
Excellent image quality and seeing. Deep IR coverage (VISTA) + u-band

DES. 2012 -
5,000 deg2 , DECam/CTIO
Large area, IR coverage. Large spectro-follow up planned (DESpec)

LSST. ≥ 2018 -
20,000 deg2

Euclid. ≥ 2019 -
15,000 deg2

Very stable PSF, space-based.

Monday, June 11, 12



EUCLID FORECASTS

2. Scientific Objectives 25

CMB constraints. Current Ȗ constraints are taken from Rapetti et al. (2009) who make a measurement under 
the assumption of flatness; we do not make this assumption, so the improvement derived for this parameter 
should be considered a conservative estimate. 
Table 2.2: A summary of the forecasted cosmology constraints from Euclid. The figure of merit (FoM) is listed in the 
last column. Note that a larger FoM is better. Euclid Primary: Combined constraints from Euclid weak lensing 
tomography and galaxy clustering. Euclid All: Constraints from primary probes combined with galaxy clusters and 
ISW. Current constraints from Rapetti et al. (2009), Komatsu et al. (2010) and Suzuki et al. (2011). Improvement 
Factor: improvement over the current constraints compared to the Euclid+Planck case. For modified gravity a simple 
parameterisation of the growth factor f(z)=ȍm

Ȗ is used. The neutrino mass mȞ/eV is the total mass summed over all 
species, assuming a degenerate hierarchy. All constraints are 1ı predicted errors marginalised over all other 
parameters (ȍm: 0.25, ȍȁ: 0.75, ȍb: 0.0445, ı8: 0.8, ns: 1.0, h: 0.7). Here we use expected 2-point (TT, ET, EE, BB) 
correlations from Planck, and do not include CMB lensing. 

 Modified 
Gravity Dark Matter Initial 

Conditions Dark Energy 

Parameter Ȗ mȞ/eV fNL wp wa FoM 

Euclid Primary  0.010 0.027 5.5 0.015 0.150 430 

Euclid All 0.009 0.020 2.0 0.013 0.048 1540 

Euclid+Planck 0.007 0.019 2.0 0.007 0.035 4020 

Current 0.200 0.580 100 0.100 1.500 ~10 

Improvement Factor 30 30 50 >10 >50 >300 

 
The FoM provides a convenient way to assess the statistical power of a combination of measurements, but 
does not take into account the detrimental effects of systematic errors. Hence a means to assess the influence 
of such biases is critical: the FOM only makes sense if systematic errors are negligible. In this particular 
respect, the Euclid mission can be compared to HST Key Project on the Hubble constant H0, which primarily 
focused on reducing the systematics on absolute calibration of a few highly resolved Cepheids (Freedman et 
al., 2001). The primary strength of Euclid is its control of biases produced by systematics and on the use of 
several methods jointly, applied to the same survey. The primary probes are individually sufficiently precise 
to test for consistency between results. This ability is critical given the profound implications of an observed 
deviation from the concordance model and is lost if the statistical uncertainty of any individual probe is large 
compared to the objective. Although a FoM~400 may appear achievable if current constraints are combined 
with future data from the Dark Energy Survey (DES 1 ), the Baryon Oscillation Spectroscopic Survey 
(BOSS2), and Planck, the relatively large uncertainties of the individual ground-based probes prevents their 
internal consistency to be determined. The debate about the value of the H0 provides a well-known example: 
both sides claimed small statistical uncertainties (i.e. large FoM), yet the actual values were different. 

Our forecast results are an improvement over the numbers presented in the Yellow Book (Assessment Phase 
Study Report) because we now include the full galaxy power spectrum. Previously only the localised BAO 
peak position was used, which contains less information. We also include realistic secondary dark energy 
probes for the “Euclid All” scenario in Table 2.2. By themselves the secondary probes constrain the dark 
energy properties to ǻwp=0.05 and FoM=55; however in combination with the weak lensing and clustering 
results, the sum is much more than the individual parts leading to a substantially improvement FoM>1500. 
The results presented here are consistent with the findings of the ESA-ESO working group on fundamental 
cosmology (Peacock et al., 2006), the NASA Dark Energy Task Force (Albrecht et al., 2006) as well as 
numerous papers available on the predicted constraints obtainable for the Euclid cosmological probes. 

                                                      
1 http://www.darkenergysurvey.org/reports/proposal-standalone.pdf 
2 http://www.sdss3.org/collaboration/description.pdf and Eisenstein et al. (2011) 
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Constraints on Dark Energy: Table 2.2 and Figure 2.4 show that the Euclid primary probes alone will 
determine the dark energy equation of state with a FoM>400. In combination with the secondary dark energy 
probes, clustering and ISW Euclid will surpass the science requirement of FoM=400 by a factor of 3. In 
combination with Planck results, Euclid can surpass the primary dark energy science goal by a factor of 10, 
improving upon current constraints by over a factor of 100. These constraints will allow each of the broad 
classes of dark energy models to be tested: freezing models where w tends to -1 at low redshift, thawing 
models where w deviates from -1 at low redshift, and phantom models where w is less than -1 at any redshift. 

A deviation from w=í1 at any redshift would signify that dark energy is not a cosmological constant. 
Expressing the constraints in the (wp, wa) plane as a constraint on the redshift evolution of w(z) it is clear that 
the functional form of w(z) will be constrained to percent accuracy over the redshift range 0<z< 2. Figure 2.4 
shows that the Euclid primary probes can constrain w(z) around z~0.5 to percent accuracy, which by itself 
could provide evidence for a departure from a cosmological constant. In combination with the secondary 
probes and the CMB the redshift dependence can be constrained to percent level over a wide redshift range. 

Constraints on Modified Gravity: Euclid will test the theory of General Relativity on cosmological scales. 
One way to do so is to examine the growth of structure using the Ȗ-parameter described earlier. Our results 
suggest that Euclid can constrain this parameter to 0.01 (where ȁCDM corresponds to Ȗ=0.55). Figure 2.5 
shows the expected constraints on Ȗ, which are consistent with other studies (e.g. Heavens, Kitching & Verde, 
2007). As discussed in Section 2.1, the Ȗ-parameterisation is merely an example. In general at least two para-
meters should be used in order to have a sufficiently flexible model to capture general modifications to 
gravity (e.g. Amendola, Kunz & Sapone, 2008; Ferreira & Skordis, 2010) and it has been shown (e.g. Daniel 
et al., 2010; Amendola et al., 2010) that a Euclid-like survey could measure these parameters to high 
precision.  

Constraints on Neutrino Mass: Euclid will be sensitive to the properties of weakly interacting particles in 
the eV mass range, such as massive neutrinos. Table 2 shows that Euclid will constrain the sum of the 
neutrino masses with a precision of 0.019 eV. Here we assume that the mass is 0.25 eV; if the mass is larger 
(0.5 eV) then a Euclid combined constraint of 0.022 eV is found, and if the mass if smaller (0.1eV) the 
Euclid combined constraint is 0.060 eV. If the neutrino mass is the smaller of these possible outcomes then 
the neutrino hierarchy could also be constrained. These are conservative estimates because the expected 
signal from weak lensing of the CMB itself is not included, which can also be used to place limits on the 
neutrino mass.  

Figure 2.4: The expected constraints from Euclid in the dynamical dark energy parameter space. We show lensing only 
(green), galaxy clustering only (blue), all the Euclid probes (lensing+galaxy clustering+clusters+ISW; orange) and all 
Euclid with Planck CMB constraints (red). The cross shows a cosmological constant model. Left panel: the expected 
68% confidence contours in the (wp, wa). Right panel: the 1ı constraints on the function w(z) parameterised by (wp, wa) 
as a function of redshift (green-lensing alone, blue-galaxy clustering alone, orange-all of the Euclid probes, red-Euclid 
combined with Planck). 

2. Scientific Objectives 27

Constraints on Initial Conditions: As shown in Figure 2.5, Euclid will constrain the shape of the primor-
dial power spectrum parameterised by the spectral index ns to percent accuracy when combined with Planck 
results. If the assumption of a Gaussian random field is relaxed then Euclid can constrain the amplitude of 
the non-Gaussianity fNL through 3-point statistics of the weak lensing and galaxy clustering signals and 
through the correlation function of clusters of galaxies. We find agreement with previous results (e.g. Fedeli 
et al., 2011), where the combination of the galaxy power spectrum with the cluster-galaxy cross spectrum 
can decrease the error on the determination of fNL by up to a factor of 2 relative to either probe individually. 
Through the combination of lensing, galaxy clustering and clusters we find that Euclid can constrain ǻfNL~2, 
competitive and possibly superior to future CMB experiments. 

In fact, if the simplest inflationary scenario holds, Euclid is expected to detect a non-Gaussian signal due to 
large-scale corrections needed in the Poisson equation from general relativistic effects, while no such imprint 
should be detectable in the CMB. Here the unique combination of the two primary cosmological probes 
again enables the discrimination among models for the origin of cosmological structures. 

To conclude, we have presented the primary science goals of Euclid, and shown that these laudable objec-
tives can be met by the experiment that we present. Euclid provides a major step forward, reducing the un-
certainties of a number of key cosmological parameters by impressive factors. It will either confirm the con-
cordance model with unprecedented accuracy, or else lead the way to exciting alterations of it, signalling the 
need for a revision of fundamental physics. 

  

Figure 2.5: In the left panel we show the parameter space constraints on the J parameter describing the growth factor 
and the scalar spectral index. Green is lensing, blue galaxy clustering, orange includes the primary and secondary 
Euclid probes and red is combined with Planck. These errors are marginalised over all other parameters. Right panel: 
Predicted Euclid measurements of the growth rate of structure f(z) using redshift-space distortions alone. The cyan 
(shaded) area gives the expected 1ı error, with the red points illustrating a corresponding simulated observation. 
Current state-of-the-art measurements by the SDSS (filled pentagons), 2dF (filled square, Hawkins et al., 2003) and 
Wigglez (open hexagons, Blake et al. 2011) are also shown. The lines show predictions for f(z) by the concordance 
model and by three alternative models in which DE couples with DM (Di Porto & Amendola, 2007) or gravity is 
generalised to a 5-dimensional brane-world (DGP, Dvali et al., 2000). 

2.4 Legacy science 
The design of Euclid is driven by our desire to study some of the most fundamental problems in cosmology, 
but the survey that is needed to achieve these goals will provide a dataset that will be of immense value for 
astrophysics as well: it will be important for understanding the formation and evolution of structures in the 
Universe at all scales, from galaxy clusters to brown dwarfs. The Euclid wide survey required to achieve the 
cosmological goals (see Section 3) will image 15,000 deg2 of extra-galactic sky in the optical with a spatial 
resolution approaching that of HST, and to a depth in the near-IR at which only an area 1000 times smaller 
can feasibly be surveyed from the ground.  
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FUTURE LENSING SURVEYS

Order of magnitude more area → dominated by systematic 
errors!

No current shape measurement method accurate enough for 
future surveys

Space-based weak lensing challenges (CTI, PSF undersampling, 
color gradients)

No show-stopper for weak lensing found yet
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SUMMARY

CFHTLenS: best lensing results to date. 3 years + of work

New data reduction, shear measurement, photo-z

Systematics can be quantified

Systematics tests cosmology-blind

Data and catalogue public release on Nov 1, 2012.

www.cfhtlens.org

Monday, June 11, 12
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Technical papers: 
 The Canada-Hawaii Telescope Lensing Survey; Heymans & Van Waerbeke et al in prep
 Bayesian galaxy shape measurement for weak lensing surveys –III. Miller et al in prep
 CFHTLenS: Improving the quality of photometric redshifts with precision photometry;
 Hildebrandt et al,
 CFHTLenS Data Release; Erben et al in prep
 Impact of PSF modeling errors on cosmic shear analyses; Rowe et al in prep 

Cosmology: 
 Cosmological constraints from cosmic shear; Kilbinger et al in prep
 Tomographic cosmic shear with Photometric Redshifts; Benjamin et al in prep
 Testing the laws of gravity with CFHTLenS and WiggleZ; Simpson et al in prep 
 Weak lensing magnification measurements in CFHTLenS; Hildebrandt et al in prep
 Combined cosmic shear and intrinsic galaxy alignment constraints; Heymans & Grocutt et al in prep
 3D weak lensing with CFHTLenS; Kitching et al in prep
 Three-point cosmic shear analysis of CFHTLenS; Vafaei et al prep

Clusters and galaxies:  
 Mapping dark matter with CFHTLenS; Van Waerbeke & Heymans et al in prep. 
 Galaxy dark matter halo constraints in the CFHTLenS; Velander et al in prep 
 Galaxy-galaxy lensing in CFHTLenS; Hudson et al in prep
 Third order galaxy-galaxy-galaxy lensing; Simon et al in prep 
 The scale dependent galaxy bias from CFHTLenS; Bonnett et al in prep 
 Galaxy halo shapes constrained by CFHTLenS; Schrabback et al in prep 
 CFHTLenS cluster mass scaling relations; Milkeraitis et al in prep 
 Galaxy groups in CFHTLenS; Gillis et al in prep 
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INTRINSIC ALIGNMENT

Intrinsic alignment is a problem for future weak lensing surveys

Galaxies at same z: remove from analysis

Galaxies @ different z:

Nulling (model-independent): scan through z (Benjamini, Schneider)

Fitting shear + alignment models: many parameters (Bridle, King, Kirk)

redshift

observer

galaxy shapes correlatedgalaxy and halo shapes correlated
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PSF CORRECTION

Measure PSF for stars

Model PSF

Interpolate to galaxy 
positions

Deconvolve/subtract/...
estimated PSF

Telescope/Camera/Atmospheric distortions >> weak lensing

� < 0.1 � < 0.01
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3+
2+

0
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l. 
20

08

Euclid:
measure to 1% 

accuracy!Correct for PSF:

lensfit: multiply model 
with PSF in Fourier space
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INTRINSIC ALIGNMENT

MK et al. in prep.: Broad redshift distribution, IA sub-dominant 
(see Fu et al. 2008)

Simpson et al, Benjamin et al. in prep.: Exclude z<0.5, IA sub-
dominant for high z

Grocutt et al. in prep.: Model simultaneously GG, GI and II
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E- AND B-MODE

Allows reconstruction of projected mass distribution

tangential distortions around mass peaks

Projected matter density
convergence ⇥

−0.041 0.095 0.23

Distortion field
shear �

Source galaxies at z = 1, ray-tracing simulations by T. Hamana

E mode

mass
trough

mass
peak

B mode

Gravitational lensing only produces E-mode pattern (to first order)

B-mode detected → hint for systematics in data
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E- AND B-MODES

Cosmological Constraints from Cosmic Shear 
in CFHTLenS

Abstract
We present constraints on cosmological parameters from weak gravitational 
lensing by the large-scale structure. Using multi-band optical data over 155 
square degrees of the CFHTLenS survey, we measure the shear correlation out 
to very large, linear scales. We sample the parameter space using Population 
Monte Carlo (PMC), and obtain robust constraints on LCDM  parameters.

E- and B-mode
To first order, the cosmological shear field is curl-free, and shows a pure 
gradient or ‘E-mode’ (the green patterns in Fig. 1).  The curl or B-mode’ (red 
patterns) is expected to vanish, and can be used as a test for residual 
systematics in the data. The aperture-mass dispersion separates the two 
modes. Indeed, the B-mode is consistent with zero between 1 and 230 arcmin 
(Fig. 1, left panel).

Shear correlation functions
The full second-order information of the cosmological weak lensing signal in 
real space is contained in the shear two-point correlation functions (2PCF):

They are measured by averaging over the shape correlations of pairs of galaxies 
at a given angular distance ϑ. Both the tangential and cross-component of 
shear are considered. We measure the 2PCF from 0.9 to 331 arcmin (Fig.2).

References
• Harnois-Deraps, Vafaei, Van Waerbeke, 2012 (in prep.)
• Kilbinger & Schneider, 2004, A&A, 413, 465
• Kilbinger et al. 2011,  arXiv:1101.0950, www.cosmopmc.info
• Sato et al. 2011, ApJ, 734, 76
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Second-order statistics

• Correlation of the shear at two points yields four quantities

γtγt < 0

> 0 < 0

〈

γtγ×
〉

,
〈

γ×γt

〉

〈

γ×γ×
〉

〈γtγt〉

• Parity conservation �⇥ ⇤�t�⇥⌅ = ⇤�⇥�t⌅ = 0
• Shear two-point correlation function (2PCF)

⇥+(⇤) = ⇤�t�t⌅ (⇤) + ⇤�⇥�⇥⌅ (⇤)
⇥�(⇤) = ⇤�t�t⌅ (⇤)� ⇤�⇥�⇥⌅ (⇤)
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Alignment of galaxies:

Decompose shear ! 
into tangential t and 
cross-component x

Shear two-point correlation functions:Weak
lens-
ing
and
cosmologyWeak lensing and cosmology Second-order cosmic shear statistics

Separating the E- and B-mode

E mode

B mode

mass
trough

mass
peak

E mode

B mode

mass
trough

mass
peak

• Local measure for E- and B-mode: �M2
ap⇥

• Remember: Map(⇥) =
�

d2⇤ Q�(⇤)�t(�).
• Define: M�(⇥) =

�
d2⇤ Q�(⇤)��(�).

• Dispersion �M2
�⇥ is only sensitive to B-mode, i.e., vanishes if there

is no B-mode.
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Grav. lensing produces only E-mode pattern (to first order)

= projections of P"(k)

Wednesday, March 16, 2011

Covariance
We calculate the covariance of the data as follows:

• Gaussian part on large scales: Kilbinger & Schneider (2004), taking into 
account the CFHTLenS survey geometry and masks

• Non-Gaussian correction on small scales: Fitting formula of Sato et al. 
(2011), calibrated with simulations

We check the accuracy of this approach by comparing to N-body and ray-
tracing simulations, created for CFHTLenS (Harnoid-Deraps et al. 2012). From 
these simulations, we create a ‘Clone’ of the CFHTLenS data with the same 

galaxy redshift distribution, masks and noise properties. The agreement is good 
on scales > 1 arcmin (Fig. 3).

Parameter constraints
By comparing the measured shear correlations (Fig. 4) to theoretical 
predictions of the large-scale structure, we obtain constraints on cosmological 
parameters. The multi-dimensional parameter space is sampled using 
Population Monte Carlo (PMC), implemented in the free software 
cosmo_pmc (Kilbinger et al. 2011).

Assuming a flat ΛCDM Universe, CFHTLenS together with WMAP7 constrain 
Ωm to 4% and, σ8 to 2% (at 68.3% confidence). Dropping flatness, the error 
bars double (Table 1).

M. Kilbinger1, CFHTLenS Collaboration2

1-CEA Saclay, AIM/SAp, F-91191 Gif-sur-Yvette, France
2-www.cfhtlens.org
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Fig. 2. Shear correlations 
measured in CFHTLenS, and 
best-fit ΛCDM model.

Fig. 3. Diagonal of the 
covariance. of ξ+. The 
non-Gaussian correction 
matches the ‘cloned’ 
CFHTLenS simulation. 

ΩK=0 (flat) Free curvature 

Parameter Mean±68.3%cl.

Ωm 0.257± 0.011
σ8 0.797± 0.014
Ωb 0.0440± 0.0011
h 0.716+0.014

−0.013

ns 0.966± 0.013

Parameter Mean±68.3%cl.

Ωm 0.254+0.019
−0.018

σ8 0.804+0.031
−0.025

Ωb 0.0430+0.0043
−0.0038

h 0.725+0.034
−0.037

ns 0.965+0.014
−0.013

Ωde 0.744± 0.010

Table 1. Mean and 68.3% confidence intervals for ΛCDM, 
with zero (left) and free curvature (right).

Fig.1. Left: E- and B-modes 
measured in CFHTLenS. 
Right: typical E- and B-mode 
shear patterns. 
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Fig. 4. Constraints (68.3%, 95.5%) on the matter density Ωm 
and the amplitude of density fluctuations σ8. Left: flat 
model. Right: model with a free curvature parameter.
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Contact: martin.kilbinger@cea.fr

CFHTLenS
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