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OUTLINE

Weak gravitational lensing

The CFHT Lensing survey; data, galaxy shape measurement, 
systematics

CFHTLenS results: constraints on dark energy, modified gravity (+ 
Wiggle-Z), mass maps

Outlook, future lensing surveys, Euclid
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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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WEAK LENSING OVERVIEW
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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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LENSING MULTIPLICATION

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

First order effect: Deflection 
of a point source

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

Deflection angle is a gradient:

Mass M

�� = ���
2D lensing potential

~↵ = ~↵(~✓)
2D angular coordinates
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LENSING DISTORTIONS

Example of very strong distortion: arcs

The cluster of galaxies Abell 2218

CFHTL12k lens candidate, Czoske et al. 2001,
zl = 0.49, zs = ? 
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A CLOSER LOOK

Deflection angle is a gradient:

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

Linearize deflection:

Mass M

�� = ���
2D lensing potential

@↵i

@✓j
=

✓
+ �1 �2
�2 � �1

◆

~↵ = ~↵(~✓)
2D angular coordinates
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CONVERGENCE & SHEAR

Convergence     : isotropic magnification

Shear    : anisotropic stretching

    and     are second derivatives of the
“lensing potential” !, which describes
the projected 2D mass distribution.

�

��

�

Gravitational lensing effect, locally:

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

�
�

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

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

Thursday, April 4, 13



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

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

Continuous distortion along
light ray path

Lensing distortion strength
depends on properties of
projected 2D density contrast

Sensitive to geometry of the
Universe and growth of
structures

�(��) =
� �lim

0
d�G(�)�(���, �)

G(�) =
3
2

�
H0

c

�2 �m

a

� �lim

�
d�� p(��)

�(�� � �)
��

lensing efficiency

comoving coordinates

redshift distribution of background galaxies

density contrast
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COSMIC SHEAR

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
Coherent distortions of galaxy images
→ measure shape correlations

shear variance

⌦
|�|2

↵
(✓) =

⌦
2

↵
(✓) /

⌦
�2
↵
(✓)
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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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CFHT LENSING SURVEY
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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

Thursday, April 4, 13



  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, 2011Thursday, April 4, 13



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
Thursday, April 4, 13



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

[Erben et al. in 2013]
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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, Miller et al. 2013]

PSF

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

Avoids problems in co-added images.(Point Spread Function)

Thursday, April 4, 13



SHEAR MEASUREMENT:
SYSTEMATICS

Correlation between
- galaxy shapes (after correction)
- star shapes (uncorrected)
non-zero ⇔ PSF residuals

Compare to noise simulations (incl. LSS)

Cosmology-blind

80% of data pass

no scale-dependence for >1pix

1 deg2

Point Spread Function (PSF)
sampled by stars

Thursday, April 4, 13



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

Thursday, April 4, 13



SHEAR CORRELATION

Prediction
(WMAP7 cosmology):

Flat Universe
Ωm = 0.27
σ8 = 0.8
w = -1

Smith et al. (2003)
non-linear power spectrum

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

Weak
lens-
ing
and
cosmologyWeak lensing and cosmology Second-order cosmic shear statistics

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.

Weak Lensing and Cosmology 44 / 126

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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multi-bin tomographic shear survey, p can easily be of the order of
several hundreds or more if other probes are jointly measured such
as galaxy clustering or magnification. This necessitates on the order
of a thousand and more independent lines of sight. This number has
to be multiplied by many if a proper treatment of the cosmology-
dependence is to be taken into account. Moreover, a simple up-
scaling of smaller simulated fields to full survey size might not be
easy because of the different area-scaling of the HSV term.

3.4 Ellipticity calibration corrections

We apply the shear calibration as described in Heymans et al.
(2012a), which accounts for a potential additive shear bias c and
multiplicative bias m,

εobs = (1 +m) εtrue + c. (12)

The additive bias is found to be consistent with zero for ε1. The sec-
ond ellipticity component ε2 shows a signal-to-noise ratio (S/N )
and size-dependent bias which we subtract for each galaxy. This
represents a correction which is on average at the level of 2×10−3.
The multiplicative bias m is modelled as a function of the galaxy
S/N and size r. It is fit simultaneously in 20 bins of S/N and r,
see Miller et al. (2012). We use the best-fitting function m(S/N, r)
and perform the global correction to the shear 2PCFs, see eqs. (19)
and (20) of Miller et al. (2012). Accordingly, we calculate the cali-
bration factor 1+K as the weighted correlation function of 1+m,

1 +K(ϑ) =

∑
ij wiwj(1 +mi)(1 +mj)∑

ij wiwj
. (13)

The final calibrated 2PCFs are obtained by dividing ξ+ and ξ− by
1 + K. The amplitude of 1 + K is around 0.91 on all scales. The
errors on the correlation function from the fit uncertainty are negli-
gible compared to our statistical errors. Furthermore, we calculate
the covariance matrix Cm for the correlation function from this un-
certainty, and show in Sect. 6.2 that the cosmological results remain
unchanged by adding this term to the analysis.

Figure 6 shows the combined and corrected 2PCFs, which are
the weighted averages over the four Wide patches with the number
of pairs as weights. Note that the data points are strongly corre-
lated, in particular ξ+ on scales larger than about 10 arcmin. Cos-
mological results using this data will be presented in Sect. 5. The
correlation signal split up into the contributions from the four Wide
patches is plotted in Fig. 7. There is no apparent outlier field. The
scatter is larger than suggested by the Poisson noise on large scales,
in agreement with the expected cosmic variance.

3.5 E- and B-modes

The aperture-mass dispersion is shown in the upper panel of Fig. 8.
The B-mode is consistent with zero on all scales. We quantify this
by performing a null χ2 test, taking into account the B-mode Pois-
son covariance C× as measured on the Clone,

χ2
B =

∑

ij

〈M×〉 (θi)
[
C−1

×
]
ij
〈M×〉 (θj). (14)

Since here the covariance is entirely estimated from the Clone line-
of-sight, the inverse has to be de-biased using the Anderson-Hartlap
factor. We consider the B-mode over the angular range [5.5; 140]
arcmin. As discussed before, the lower scale is where the B-mode
due to leakage is down to a few per cent. The upper limit is given
by the largest scale accessible to the Clone, which is much smaller
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Figure 6. The measured shear correlation functions ξ+ (black squares) and
ξ− (blue circles), combined from all four Wide patches. The error bars cor-
respond to the total covariance diagonal. Negative values are shown as thin
points with dotted error bars. The lines are the theoretical prediction using
the WMAP7 best-fitting cosmology and the non-linear model described in
Sect. 4.3. The data points and error bars are listed in Table B1.
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Figure 7. The measured shear correlation functions ξ+ (top panel) and ξ−
(bottom), for the four Wide patches. The error bars correspond to Poisson
noise.

than the largest CFHTLenS scale: It is 280 arcmin, resulting in an
upper limit of 〈M2

ap〉 of half that scale. The resulting χ2/dof of
14.9/15 = 0.99 , corresponding to a non-null B-mode probability
of 46 per cent. Even if we only take the highest six (positive) data
points, we find the χ2 per degree of freedom (dof) to be χ2/dof =
4.12/6 = 0.69, which is less than 1σ significance. The non-zero
B-mode signal at around 50 - 120 arcmin from F08 is not detected
here.

The top-hat shear rms B-mode is consistent with zero on all
measured scales, as shown in the middle panel of Fig. 8. Note,
however, that of all second-order functions discussed in this work,
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Figure 10.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(red) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is flat
ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.
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Figure 11.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.

the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.
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Figure 11.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.

the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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tively.
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(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.

the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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Figure 10.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(red) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is flat
ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.
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for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.

the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(red) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is flat
ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.
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for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.

the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
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tively.
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the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.
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on the parameter constraints. We calculate the covariance of 〈M2

ap〉
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ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.
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ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.
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on the parameter constraints. We calculate the covariance of 〈M2
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from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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Figure 12.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
curved wCDM.

responding Anderson-Hartlap factor α, we find identical results as
before and conclude that the number of simulations is easily suffi-
cient for this work.

7 DISCUSSION AND CONCLUSION

In this paper we present measurements of various second-order
shear correlations from weak gravitational lensing by CFHTLenS,
the Canada-France Hawaii Telescope Lensing Survey. Using a sin-
gle redshift bin, 0.2 < zp < 1.3, we obtain cosmological con-
straints on the matter density, Ωm, and the power-spectrum ampli-
tude, σ8. Adding WMAP7, BOSS and R09 data, we obtain parame-
ter constraints for flat and curved ΛCDM and dark-energy models,
and calculate the Bayesian evidence to compare the probability for
each model given the data.
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Figure 13. Marginalised posterior density contours (68.3%, 95.5%,
99.7%) for WMAP7 (green), WMAP7+CFHTLenS (magenta),
WMAP7+BOSS+R09 (orange) and WMAP7+CFHTLenS+BOSS+R09
(black). The model is flat ΛCDM (upper panel) and curved ΛCDM (lower
panel), respectively.

Second-order shear functions Along with the two-point correla-
tion functions ξ+ and ξ−, which are the fundamental shear observ-
ables, we consider various derived second-order functions, which
are able to separate the shear correlation into its E- and B-mode.
The resulting B-mode is consistent with zero on all scales. The ex-
cess in the E- and B-mode signal that was seen in the CFHTLS-
T0003 data (F08) between 50 and 130 arcmin is no longer present.
This excess was most likely due to systematics in the earlier data,
and the removal of this feature has to be seen as a success of the
CFHTLenS analysis. In particular, hints for deviations from Gen-
eral Relativity using the F08 data (Zhao et al. 2010) are not con-
firmed with CFHTLenS (Simpson et al. 2012).

Cosmological parameters The parameter combination which
2D weak lensing can constrain best, is σ8Ω

α
m with α ∼

0.6. CFHTLenS alone, with the two-point correlation functions
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Figure 10.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(red) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is flat
ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.
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Figure 11.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.

the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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tively.
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(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.

the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2
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from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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(red) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is flat
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tively.
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(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.

the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.
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we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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(red) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is flat
ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.
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(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.

the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.
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on the parameter constraints. We calculate the covariance of 〈M2
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from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(red) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is flat
ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.
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the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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Figure 12.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
curved wCDM.

responding Anderson-Hartlap factor α, we find identical results as
before and conclude that the number of simulations is easily suffi-
cient for this work.

7 DISCUSSION AND CONCLUSION

In this paper we present measurements of various second-order
shear correlations from weak gravitational lensing by CFHTLenS,
the Canada-France Hawaii Telescope Lensing Survey. Using a sin-
gle redshift bin, 0.2 < zp < 1.3, we obtain cosmological con-
straints on the matter density, Ωm, and the power-spectrum ampli-
tude, σ8. Adding WMAP7, BOSS and R09 data, we obtain parame-
ter constraints for flat and curved ΛCDM and dark-energy models,
and calculate the Bayesian evidence to compare the probability for
each model given the data.
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panel), respectively.

Second-order shear functions Along with the two-point correla-
tion functions ξ+ and ξ−, which are the fundamental shear observ-
ables, we consider various derived second-order functions, which
are able to separate the shear correlation into its E- and B-mode.
The resulting B-mode is consistent with zero on all scales. The ex-
cess in the E- and B-mode signal that was seen in the CFHTLS-
T0003 data (F08) between 50 and 130 arcmin is no longer present.
This excess was most likely due to systematics in the earlier data,
and the removal of this feature has to be seen as a success of the
CFHTLenS analysis. In particular, hints for deviations from Gen-
eral Relativity using the F08 data (Zhao et al. 2010) are not con-
firmed with CFHTLenS (Simpson et al. 2012).

Cosmological parameters The parameter combination which
2D weak lensing can constrain best, is σ8Ω

α
m with α ∼

0.6. CFHTLenS alone, with the two-point correlation functions
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w0 −1 −1.0± 0.1 −1 −1.1± 0.2

Ωde 1− Ωm 1− Ωm 0.72± 0.01 0.74± 0.03

ΩK 0 0 −0.005± 0.005 −0.006+0.006
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Figure 12.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
curved wCDM.

responding Anderson-Hartlap factor α, we find identical results as
before and conclude that the number of simulations is easily suffi-
cient for this work.

7 DISCUSSION AND CONCLUSION

In this paper we present measurements of various second-order
shear correlations from weak gravitational lensing by CFHTLenS,
the Canada-France Hawaii Telescope Lensing Survey. Using a sin-
gle redshift bin, 0.2 < zp < 1.3, we obtain cosmological con-
straints on the matter density, Ωm, and the power-spectrum ampli-
tude, σ8. Adding WMAP7, BOSS and R09 data, we obtain parame-
ter constraints for flat and curved ΛCDM and dark-energy models,
and calculate the Bayesian evidence to compare the probability for
each model given the data.
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Second-order shear functions Along with the two-point correla-
tion functions ξ+ and ξ−, which are the fundamental shear observ-
ables, we consider various derived second-order functions, which
are able to separate the shear correlation into its E- and B-mode.
The resulting B-mode is consistent with zero on all scales. The ex-
cess in the E- and B-mode signal that was seen in the CFHTLS-
T0003 data (F08) between 50 and 130 arcmin is no longer present.
This excess was most likely due to systematics in the earlier data,
and the removal of this feature has to be seen as a success of the
CFHTLenS analysis. In particular, hints for deviations from Gen-
eral Relativity using the F08 data (Zhao et al. 2010) are not con-
firmed with CFHTLenS (Simpson et al. 2012).

Cosmological parameters The parameter combination which
2D weak lensing can constrain best, is σ8Ω
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0.6. CFHTLenS alone, with the two-point correlation functions
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Figure 10.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(red) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is flat
ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.
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Figure 11.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.

the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.
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for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.

the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(red) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is flat
ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.

flat wCDM

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.2

0.4

0.6

0.8

1.0

1.2

1.4

1m

m
8

CFHTLenS
WMAP7

CFHTLenS+WMAP7
CFHTLenS+WMAP7+BOSS+R09

flat wCDM

0.2 0.4 0.6 0.8 1.0 1.2 1.4

−3

−2

−1

0

m8

w
0

Figure 11.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.

the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(red) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is flat
ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.
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(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.

the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(red) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is flat
ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.
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Figure 11.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.

the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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Figure 12.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
curved wCDM.

responding Anderson-Hartlap factor α, we find identical results as
before and conclude that the number of simulations is easily suffi-
cient for this work.

7 DISCUSSION AND CONCLUSION

In this paper we present measurements of various second-order
shear correlations from weak gravitational lensing by CFHTLenS,
the Canada-France Hawaii Telescope Lensing Survey. Using a sin-
gle redshift bin, 0.2 < zp < 1.3, we obtain cosmological con-
straints on the matter density, Ωm, and the power-spectrum ampli-
tude, σ8. Adding WMAP7, BOSS and R09 data, we obtain parame-
ter constraints for flat and curved ΛCDM and dark-energy models,
and calculate the Bayesian evidence to compare the probability for
each model given the data.
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Second-order shear functions Along with the two-point correla-
tion functions ξ+ and ξ−, which are the fundamental shear observ-
ables, we consider various derived second-order functions, which
are able to separate the shear correlation into its E- and B-mode.
The resulting B-mode is consistent with zero on all scales. The ex-
cess in the E- and B-mode signal that was seen in the CFHTLS-
T0003 data (F08) between 50 and 130 arcmin is no longer present.
This excess was most likely due to systematics in the earlier data,
and the removal of this feature has to be seen as a success of the
CFHTLenS analysis. In particular, hints for deviations from Gen-
eral Relativity using the F08 data (Zhao et al. 2010) are not con-
firmed with CFHTLenS (Simpson et al. 2012).

Cosmological parameters The parameter combination which
2D weak lensing can constrain best, is σ8Ω

α
m with α ∼

0.6. CFHTLenS alone, with the two-point correlation functions
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responding Anderson-Hartlap factor α, we find identical results as
before and conclude that the number of simulations is easily suffi-
cient for this work.

7 DISCUSSION AND CONCLUSION

In this paper we present measurements of various second-order
shear correlations from weak gravitational lensing by CFHTLenS,
the Canada-France Hawaii Telescope Lensing Survey. Using a sin-
gle redshift bin, 0.2 < zp < 1.3, we obtain cosmological con-
straints on the matter density, Ωm, and the power-spectrum ampli-
tude, σ8. Adding WMAP7, BOSS and R09 data, we obtain parame-
ter constraints for flat and curved ΛCDM and dark-energy models,
and calculate the Bayesian evidence to compare the probability for
each model given the data.
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Second-order shear functions Along with the two-point correla-
tion functions ξ+ and ξ−, which are the fundamental shear observ-
ables, we consider various derived second-order functions, which
are able to separate the shear correlation into its E- and B-mode.
The resulting B-mode is consistent with zero on all scales. The ex-
cess in the E- and B-mode signal that was seen in the CFHTLS-
T0003 data (F08) between 50 and 130 arcmin is no longer present.
This excess was most likely due to systematics in the earlier data,
and the removal of this feature has to be seen as a success of the
CFHTLenS analysis. In particular, hints for deviations from Gen-
eral Relativity using the F08 data (Zhao et al. 2010) are not con-
firmed with CFHTLenS (Simpson et al. 2012).

Cosmological parameters The parameter combination which
2D weak lensing can constrain best, is σ8Ω

α
m with α ∼

0.6. CFHTLenS alone, with the two-point correlation functions
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the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2
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from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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Planck Collaboration: Cosmology from SZ clusters counts

Fig. 9. Comparison of the outcome using the mass functions of
Watson et al. (black) and Tinker et al. (red). Allowing the bias
to vary in the range [0.7, 1.0] enlarges the constraints perpendic-
ular to the �8–⌦m degeneracy line due to the degeneracy of the
number of clusters with the mass bias (purple). When relaxing
the constraints on the evolution of the scaling law with redshift
(blue), the contours move along the degeneracy line. Contours
are 95% confidence levels here.

As shown in Appendix A, the estimation of the mass bias is
not trivial and there is a large scatter amongst simulations. We
thus now allow the mass bias (1�b) to vary in the range [0.7, 1.0]
to reflect the uncertainty in the possible bias between the X-ray
mass and the true mass for our given sample. Figure 9 shows the
corresponding constraints from Planck SZ clusters + BAO+BBN
in purple. While ⌦m is not affected much by relaxing the bias,
�8 is now less constrained, due to the degeneracy with (1 � b).

6. Discussion

Our main result is the constraint in the (⌦m,�8) plane
for the standard ⇤CDM model imposed by the SZ counts,
which we have shown is robust to the details of our mod-
elling. We now compare this result first to constraints from
other cluster samples, and then to the constraints from the
Planck analysis of the sky-map of the Compton y-parameter
(Planck Collaboration XXI 2013) and of the primary CMB tem-
perature anisotropies (Planck Collaboration XVI 2013).

6.1. Comparison with other cluster constraints

We restrict our comparison to some recent analyses exploiting a
range of observational techniques to obtain cluster samples and
mass calibrations.

Benson et al. (2011) used 18 galaxy clusters in the first
178 deg2 of the SPT survey to find �8(⌦m/0.25)0.3 = 0.785 ±
0.037 for a spatially-flat model. They break the degeneracy be-
tween �8 and ⌦m by incorporating primary CMB constraints,
deducing that �8 = 0.795 ± 0.016 and ⌦m = 0.255 ± 0.016. In
addition, they find that the dark energy equation of state is con-
strained to w = �1.09±0.36, using just their cluster sample along
with the same HST and BBN constraints we use. Subsequently
Reichardt et al. (2012a) reported a much larger cluster sample
and used this to improve on the statistical uncertainties on the
cosmological parameters. Hasselfield et al. (2013) use a sample
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Fig. 10. Comparison of constraints (68% confidence interval) on
�8(⌦m/0.27)0.3 from different experiments of large–scale struc-
ture (LSS), clusters, and CMB. The solid line ACT point as-
sumes the same universal pressure profile as this work. Probes
marked with an asterisk have an original power of ⌦m different
from 0.3. See text and Table 3 for more details.

of 15 high S/N clusters from ACT, in combination with primary
CMB data, to find �8 = 0.786 ± 0.013 and ⌦m = 0.25 ± 0.012
when assuming a scaling law derived from the universal pressure
profile.

Strong constraints on cosmological parameters have been
inferred from X-ray and optical richness selected samples.
Vikhlinin et al. (2009c) used a sample of 86 well-studied X-
ray clusters, split into low- and high-redshift bins, to conclude
that ⌦⇤ > 0 with a significance about 5� and that w =
�1.14 ± 0.21. Rozo et al. (2010) used the approximately 104

clusters in the Sloan Digital Sky Survey (SDSS) MaxBCG clus-
ter sample, which are detected using a colour–magnitude tech-
nique and characterized by optical richness. They found that
�8(⌦m/0.25)0.41 = 0.832 ± 0.033. Notably, the quoted uncer-
tainty on this quantity is similar to that from the 18 clusters in
the original SPT survey, even though they found over two orders
of magnitude more clusters; this is because the relationship used
between the optical richness and the mass has a very significant
uncertainty on the scatter and absolute mass scale. In both cases
much tighter constraints were found by incorporating a range of
other cosmological probes.

Fig. 10 and Table 3 summarize some of the current
constraints on the combination �8(⌦m/0.27)0.3, which is the
main degeneracy line in cluster constraints. Cosmic shear
(Kilbinger et al. 2013), X-rays (Vikhlinin et al. 2009b), and
MaxBCG (Rozo et al. 2010) each have a different slope in ⌦m,
being 0.6, 0.47, and 0.41, respectively (instead of 0.3), as they
are probing different redshift ranges. We have rescaled when
necessary the best value and errors to quote numbers with a
pivot ⌦m = 0.27. Hasselfield et al. (2013) have derived “cluster-
only” constraints from ACT by assuming several different scal-
ing laws, shown in blue and dashed blue in Fig. 10. The con-
straint assuming the universal pressure profile is highlighted as

9
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Figure 10.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(red) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is flat
ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.
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Figure 11.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.

the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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Figure 10.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(red) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is flat
ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.
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for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.

the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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Figure 10.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(red) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is flat
ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.
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the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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Fig. 25. The Planck+WP+highL data combination (samples; colour-coded by the value of H0) partially breaks the geometric degen-
eracy between ⌦m and ⌦⇤ due to the e↵ect of lensing in the temperature power spectrum. These limits are significantly improved
by the inclusion of the Planck lensing reconstruction (black contours). Combining also with BAO (right; solid blue contours) tightly
constrains the geometry to be nearly flat.

In summary, there is no evidence from Planck for any depar-
ture from a spatially flat geometry. The results of Eqs. (68a) and
(68b) suggest that our Universe is spatially flat to an accuracy of
better than a percent.

6.3. Neutrino physics and constraints on relativistic
components

A striking illustration of the interplay between cosmology and
particle physics is the potential of CMB observations to con-
strain the properties of relic neutrinos, and possibly of additional
light relic particles in the Universe (see e.g., Dodelson et al.
1996; Hu et al. 1995; Bashinsky & Seljak 2004; Ichikawa et al.
2005; Lesgourgues & Pastor 2006; Hannestad 2010). In the fol-
lowing subsections, we present Planck constraints on the mass of
ordinary (active) neutrinos assuming no extra relics, on the den-
sity of light relics assuming they all have negligible masses, and
finally on models with both light massive and massless relics.

6.3.1. Constraints on the total mass of active neutrinos

The detection of solar and atmospheric neutrino oscillations
proves that neutrinos are massive, with at least two species being
non-relativistic today. The measurement of the absolute neutrino
mass scale is a challenge for both experimental particle physics
and observational cosmology. The combination of CMB, large-
scale structure and distance measurements already excludes a
large range of masses compared to beta-decay experiments.
Current limits on the total neutrino mass

P
m⌫ (summed over the

three neutrino families) from cosmology are rather model depen-
dent and vary strongly with the data combination adopted. The
tightest constraints for flat models with three families of neutri-
nos are typically around 0.3 eV (95% CL; e.g., de Putter et al.
2012). Since

P
m⌫ must be greater than approximately 0.06 eV

in the normal hierarchy scenario and 0.1 eV in the degener-
ate hierarchy (Gonzalez-Garcia et al. 2012), the allowed neu-
trino mass window is already quite tight and could be closed
further by current or forthcoming observations (Jimenez et al.
2010; Lesgourgues et al. 2013).

Cosmological models, with and without neutrino mass, have
di↵erent primary CMB power spectra. For observationally-
relevant masses, neutrinos are still relativistic at recombina-
tion and the unique e↵ects of masses in the primary power
spectra are small. The main e↵ect is around the first acoustic
peak and is due to the early integrated Sachs-Wolfe (ISW) ef-
fect; neutrino masses have an impact here even for a fixed red-
shift of matter–radiation equality (Lesgourgues & Pastor 2012;
Hall & Challinor 2012; Hou et al. 2012; Lesgourgues et al.
2013). To date, this e↵ect has been the dominant one in con-
straining the neutrino mass from CMB data, as demonstrated in
Hou et al. (2012). As we shall see here, the Planck data move
us into a new regime where the dominant e↵ect is from gravi-
tational lensing. Increasing neutrino mass, while adjusting other
parameters to remain in a high-probability region of parameter
space, increases the expansion rate at z >⇠ 1 and so suppresses
clustering on scales smaller than the horizon size at the non-
relativistic transition (Kaplinghat et al. 2003; Lesgourgues et al.
2006). The net e↵ect for lensing is a suppression of the CMB
lensing potential and, for orientation, by ` = 1000 the suppres-
sion is around 10% in power for

P
m⌫ = 0.66 eV.

Here we report constraints assuming three species of degen-
erate massive neutrinos. At the level of sensitivity of Planck, the
e↵ect of mass splittings is negligible, and the degenerate model
can be assumed without loss of generality.

Combining the Planck+WP+highL data, we obtain an upper
limit on the summed neutrino mass of

X
m⌫ < 0.66 eV (95%; Planck+WP+highL). (69)

The posterior distribution is shown by the solid black curve in
Fig. 26. To demonstrate that the dominant e↵ect leading to the
constraint is gravitational lensing, we remove the lensing infor-
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constrains the geometry to be nearly flat.

In summary, there is no evidence from Planck for any depar-
ture from a spatially flat geometry. The results of Eqs. (68a) and
(68b) suggest that our Universe is spatially flat to an accuracy of
better than a percent.

6.3. Neutrino physics and constraints on relativistic
components

A striking illustration of the interplay between cosmology and
particle physics is the potential of CMB observations to con-
strain the properties of relic neutrinos, and possibly of additional
light relic particles in the Universe (see e.g., Dodelson et al.
1996; Hu et al. 1995; Bashinsky & Seljak 2004; Ichikawa et al.
2005; Lesgourgues & Pastor 2006; Hannestad 2010). In the fol-
lowing subsections, we present Planck constraints on the mass of
ordinary (active) neutrinos assuming no extra relics, on the den-
sity of light relics assuming they all have negligible masses, and
finally on models with both light massive and massless relics.

6.3.1. Constraints on the total mass of active neutrinos

The detection of solar and atmospheric neutrino oscillations
proves that neutrinos are massive, with at least two species being
non-relativistic today. The measurement of the absolute neutrino
mass scale is a challenge for both experimental particle physics
and observational cosmology. The combination of CMB, large-
scale structure and distance measurements already excludes a
large range of masses compared to beta-decay experiments.
Current limits on the total neutrino mass

P
m⌫ (summed over the

three neutrino families) from cosmology are rather model depen-
dent and vary strongly with the data combination adopted. The
tightest constraints for flat models with three families of neutri-
nos are typically around 0.3 eV (95% CL; e.g., de Putter et al.
2012). Since

P
m⌫ must be greater than approximately 0.06 eV

in the normal hierarchy scenario and 0.1 eV in the degener-
ate hierarchy (Gonzalez-Garcia et al. 2012), the allowed neu-
trino mass window is already quite tight and could be closed
further by current or forthcoming observations (Jimenez et al.
2010; Lesgourgues et al. 2013).

Cosmological models, with and without neutrino mass, have
di↵erent primary CMB power spectra. For observationally-
relevant masses, neutrinos are still relativistic at recombina-
tion and the unique e↵ects of masses in the primary power
spectra are small. The main e↵ect is around the first acoustic
peak and is due to the early integrated Sachs-Wolfe (ISW) ef-
fect; neutrino masses have an impact here even for a fixed red-
shift of matter–radiation equality (Lesgourgues & Pastor 2012;
Hall & Challinor 2012; Hou et al. 2012; Lesgourgues et al.
2013). To date, this e↵ect has been the dominant one in con-
straining the neutrino mass from CMB data, as demonstrated in
Hou et al. (2012). As we shall see here, the Planck data move
us into a new regime where the dominant e↵ect is from gravi-
tational lensing. Increasing neutrino mass, while adjusting other
parameters to remain in a high-probability region of parameter
space, increases the expansion rate at z >⇠ 1 and so suppresses
clustering on scales smaller than the horizon size at the non-
relativistic transition (Kaplinghat et al. 2003; Lesgourgues et al.
2006). The net e↵ect for lensing is a suppression of the CMB
lensing potential and, for orientation, by ` = 1000 the suppres-
sion is around 10% in power for

P
m⌫ = 0.66 eV.

Here we report constraints assuming three species of degen-
erate massive neutrinos. At the level of sensitivity of Planck, the
e↵ect of mass splittings is negligible, and the degenerate model
can be assumed without loss of generality.

Combining the Planck+WP+highL data, we obtain an upper
limit on the summed neutrino mass of

X
m⌫ < 0.66 eV (95%; Planck+WP+highL). (69)

The posterior distribution is shown by the solid black curve in
Fig. 26. To demonstrate that the dominant e↵ect leading to the
constraint is gravitational lensing, we remove the lensing infor-
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Figure 10.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(red) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is flat
ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.
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Figure 11.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.

the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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Figure 10.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(red) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is flat
ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.
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Figure 11.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.

the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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Figure 12.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
curved wCDM.

responding Anderson-Hartlap factor α, we find identical results as
before and conclude that the number of simulations is easily suffi-
cient for this work.

7 DISCUSSION AND CONCLUSION

In this paper we present measurements of various second-order
shear correlations from weak gravitational lensing by CFHTLenS,
the Canada-France Hawaii Telescope Lensing Survey. Using a sin-
gle redshift bin, 0.2 < zp < 1.3, we obtain cosmological con-
straints on the matter density, Ωm, and the power-spectrum ampli-
tude, σ8. Adding WMAP7, BOSS and R09 data, we obtain parame-
ter constraints for flat and curved ΛCDM and dark-energy models,
and calculate the Bayesian evidence to compare the probability for
each model given the data.
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Figure 13. Marginalised posterior density contours (68.3%, 95.5%,
99.7%) for WMAP7 (green), WMAP7+CFHTLenS (magenta),
WMAP7+BOSS+R09 (orange) and WMAP7+CFHTLenS+BOSS+R09
(black). The model is flat ΛCDM (upper panel) and curved ΛCDM (lower
panel), respectively.

Second-order shear functions Along with the two-point correla-
tion functions ξ+ and ξ−, which are the fundamental shear observ-
ables, we consider various derived second-order functions, which
are able to separate the shear correlation into its E- and B-mode.
The resulting B-mode is consistent with zero on all scales. The ex-
cess in the E- and B-mode signal that was seen in the CFHTLS-
T0003 data (F08) between 50 and 130 arcmin is no longer present.
This excess was most likely due to systematics in the earlier data,
and the removal of this feature has to be seen as a success of the
CFHTLenS analysis. In particular, hints for deviations from Gen-
eral Relativity using the F08 data (Zhao et al. 2010) are not con-
firmed with CFHTLenS (Simpson et al. 2012).

Cosmological parameters The parameter combination which
2D weak lensing can constrain best, is σ8Ω

α
m with α ∼

0.6. CFHTLenS alone, with the two-point correlation functions
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Figure 10.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(red) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is flat
ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.
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Figure 11.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.

the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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Figure 10.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(red) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is flat
ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.
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Figure 11.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.

the convergence bispectrum, is very time-consuming and unfeasi-
ble for Monte-Carlo sampling, requiring the calculation of tens of
thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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Figure 10.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
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(red) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is flat
ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.
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Figure 11.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.
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tively.
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for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.
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for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(red) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is flat
ΛCDM (left panel) and curved ΛCDM (middle and right panel), respec-
tively.
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for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
flat wCDM.
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thousands of different models.

Instead, we explore the fitting formulae from Kilbinger (2010)
as a good approximation of reduced-shear effects. For a WMAP7
ΛCDM cosmology, the ratio between the 2PCFs with and without
taking into account reduced shear is 1 per cent for ξ+ and 4 per cent
for ξ− at the smallest scale considered, ϑ = 0.8 arcmin. Since the
fitting formulae are valid within a small range around the WMAP7
cosmology, we use them for the combined Lensing+CMB parame-
ter constraints. The changes in Ωm and σ8 for a ΛCDM model are
less than a per cent.

Number of simulated lines of sight Following Huff et al. (2011),
we examine the influence of the number of simulated lines of sight
on the parameter constraints. We calculate the covariance of 〈M2

ap〉
from 110 instead of 184 lines of sight (Sect. 3.3.4). Using the cor-
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Figure 12.Marginalised posterior density contours (68.3%, 95.5%, 99.7%)
for CFHTLenS (blue contours), WMAP7 (green), CFHTLenS+WMAP7
(magenta) and CFHTLenS+WMAP7+BOSS+R09 (black). The model is
curved wCDM.

responding Anderson-Hartlap factor α, we find identical results as
before and conclude that the number of simulations is easily suffi-
cient for this work.

7 DISCUSSION AND CONCLUSION

In this paper we present measurements of various second-order
shear correlations from weak gravitational lensing by CFHTLenS,
the Canada-France Hawaii Telescope Lensing Survey. Using a sin-
gle redshift bin, 0.2 < zp < 1.3, we obtain cosmological con-
straints on the matter density, Ωm, and the power-spectrum ampli-
tude, σ8. Adding WMAP7, BOSS and R09 data, we obtain parame-
ter constraints for flat and curved ΛCDM and dark-energy models,
and calculate the Bayesian evidence to compare the probability for
each model given the data.
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Figure 13. Marginalised posterior density contours (68.3%, 95.5%,
99.7%) for WMAP7 (green), WMAP7+CFHTLenS (magenta),
WMAP7+BOSS+R09 (orange) and WMAP7+CFHTLenS+BOSS+R09
(black). The model is flat ΛCDM (upper panel) and curved ΛCDM (lower
panel), respectively.

Second-order shear functions Along with the two-point correla-
tion functions ξ+ and ξ−, which are the fundamental shear observ-
ables, we consider various derived second-order functions, which
are able to separate the shear correlation into its E- and B-mode.
The resulting B-mode is consistent with zero on all scales. The ex-
cess in the E- and B-mode signal that was seen in the CFHTLS-
T0003 data (F08) between 50 and 130 arcmin is no longer present.
This excess was most likely due to systematics in the earlier data,
and the removal of this feature has to be seen as a success of the
CFHTLenS analysis. In particular, hints for deviations from Gen-
eral Relativity using the F08 data (Zhao et al. 2010) are not con-
firmed with CFHTLenS (Simpson et al. 2012).

Cosmological parameters The parameter combination which
2D weak lensing can constrain best, is σ8Ω

α
m with α ∼

0.6. CFHTLenS alone, with the two-point correlation functions
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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
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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
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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!
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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

Stop when proposal p ‘close enough’ to posterior G

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

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
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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
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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.
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G
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)
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�
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Figure 4. The solid (black) and dashed (pink) points show the measured sig-
nal for ξ+ and ξ− respectively. Each panel shows the shear correlation func-
tions for a unique pairing of redshift bins. The top, middle and bottom pan-
els correspond to low redshift correlated with low redshift (low-low), low
with high redshift (low-high), and high with high redshift (high-high). Error
bars are the square-root of the diagonal of the covariance matrix measured
from the clone catalogues (see Section 3.3.1). Theoretical predictions for a
fiducial (WMAP7, Komatsu et al., 2011) cosmology are presented as lines;
these are not the best-fitting models. There are two negative data points for
ξ− in the top panel. Their values are −2.3× 10−6 and −4.9× 10−6 for
scales 1.34 and 2.18 arcminutes respectively.

For comparison we perform the analysis with a single red-
shift bin spanning the range of our 2-bin analysis, 0.5 < z ! 1.3.
We refer to this as the 2D lensing case, in contrast to the tomo-
graphic case where we split the galaxies into two redshift bins. Fig-
ure 6 shows the marginalised parameter constraints in theΩm −σ8

plane for both 2D lensing and tomography, and the two cases result
in very similar constraints. For 2D lensing we find σ8

(

Ωm
0.27

)α
=

0.785 ± 0.036 and α = 0.556 ± 0.018, which is in agreement
with what we find for tomography (Table 2). When combining the
2D lesning results from CFHTLenS withWMAP7, BOSS, and R11
data sets, we findΩm = 0.2774±0.0074 and σ8 = 0.810±0.013,
which are nearly identical to those found for tomography (listed

Table 2. Constraints orthogonal to the Ωm − σ8 degeneracy for a flat
ΛCDM cosmology. Results are shown with and without highly non-linear
scales which are potentially biased due to non-linear modeling and the ef-
fects of baryons (see Section 4). ‘All scales’ refers to scales the correlation
functions are measured on: 1 < θ < 40 arcmin. We remove scales cor-
responding to ξ− < 10 arcmin in the case labelled ‘removed: ξ− < 10
arcmin’.

Data σ8

(

Ωm
0.27

)α
α

tomography:
all scales 0.771 ± 0.040 0.553± 0.016
removed: ξ− < 10 arcmin 0.776 ± 0.041 0.556± 0.018

2D Lensing:
all scales 0.785 ± 0.036 0.556± 0.018
removed: ξ− < 10 arcmin 0.780 ± 0.043 0.611± 0.015

Figure 5.Marginalised parameter constraints (68.3, 95.5, and 99.7 per cent
confidence levels) in the Ωm − σ8 plane for a flat ΛCDM model. Results
are shown for CFHTLenS (blue), WMAP7 (green), CFHTLenS combined
with WMAP7 (black), and CFHTLenS combined with WMAP7, BOSS and
R11 (pink).

above and in Table 3). This level of agreement is also found for
all other parameters. We note that all the parameter estimates agree
within the 68.3 per cent errors and the size of the error bars are very
similar to those found with tomography.

Our parameter constraints do not improve between 2D lens-
ing and 2-bin tomography. With two broad redshift bins of average
redshift z = 0.7 and z = 1.05, there appears to be insufficient ad-
ditional information to tighten parameter constraints. Further dis-
cussion of 2D vs. tomography. Expectations from Patrick Simon’s
paper.

3.3.3 Redshift scaling of the cosmic shear signal

Previous CFHTLS data were found to underestimate the shear sig-
nal at high redshift necessitating additional calibration parameters
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Figure 6. Marginalised parameter constraints (68.3 per cent confidence
level) in the Ωm − σ8 plane for a flat ΛCDM cosmology. We compare
the results for 2D lensing (blue) and 2-bin tomography (green). We com-
bine CFHTLenS with WMAP7, BOSS, and R11. Results are shown for 2D
lensing (black) and 2-bin tomography (pink).

when performing cosmological fits to the data (Kilbinger et al.,
2009). We demonstrate here that the CFHTLenS data have a red-
shift dependent shear-signal which agrees with expectations from
the modelled ΛCDM cosmology.

The excellent agreement between the 2D and tomographic
lensing results (Figure 10) suggests that shear signal across our
two redshift bins is scaling as expected. This is also observed in
the excellent agreement between the measured shear and the shear
prediction based on a fiducial WMAP7 cosmology shown in Fig-
ure 4.

The shear correlation function for each pair of tomographic
redshift bins is analysed separately, corresponding to the shear
shown in each panel of Figure 4. In Figure 7 we present
marginalised parameter constraints (68.3 per cent confidence level)
in the Ωm−σ8 plane for each redshift bin combination. Since each
constraint is being obtained from a sub-sample of the full data set
the constraints are less tight and the degeneracy between the pa-
rameters is more pronounced. The agreement between the contours
in Figure 7 is a convincing demonstration that the redshift scaling
of the shear in the CFHTLenS data is consistent with expectations
from the modelled ΛCDM cosmology.

The power-law fits to the degenerate parameter constraints in
Figure 7 for each case are σ8

(

Ωm
0.27

)α
= 0.820 ± 0.067, 0.753 ±

0.053, and 0.753 ± 0.050 with α = 0.662 ± 0.020, 0.621 ±
0.016, and 0.535±0.013 for the low-low, low-high, and high-high
redshift bin pairing respectively.

The cosmological model-dependent verification of redshift
scaling presented here is completely independent of the calibration
of the data, and the rejection of bad fields, that were done with tests
which are not sensitive to cosmology (Heymans et al., 2012b).
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Figure 7. Marginalised parameter constraints (68.3 per cent confidence
level) in the Ωm − σ8 plane for a flat ΛCDM cosmology. The results are
shown for each combination of the two redshift bins. The low and high
redshift bins correspond to 0.5 < z ! 0.85 and 0.85 < z ! 1.3 respec-
tively. The excellent agreement shows that redshift scaling of the signal is
consistent with the modelled ΛCDM cosmology.

3.3.4 Curved ΛCDM

A curved ΛCDM cosmology is modelled, for the full details of
parameters and priors used see Table 1. We present constraints in
the Ωm − σ8 and Ωm − ΩΛ plane in Figure 8. One-dimensional
marginalised results when combining CFHTLenS with WMAP7,
BOSS, and R11 are Ωm = 0.2736 ± 0.0085, ΩΛ = 0.7312 ±
0.0094 and σ8 = 0.795 ± 0.013. The constraints on Ωm and σ8

do not change significantly from the flat ΛCDM case. Parameter
constraints for both models are presented in Table 3. The addition
of CFHTLenS to WMAP7, BOSS, and R11 is most helpful at con-
straining Ωm, σ8, ΩK, and ΩΛ. The precision for these parameters
improves, on average, by a factor of two.

We again find excellent agreement with the 2D lensing analy-
sis. When combining the 2D lensing of CFHTLenS with WMAP7,
BOSS, and R11 data sets, we find Ωm = 0.2766 ± 0.0077,
ΩΛ = 0.7273 ± 0.0089 and σ8 = 0.804 ± 0.016. We do not
show the complete details of our 2D lensing parameter estimations.
However, we note that in all cases, either with CFHTLenS alone or
combined with the other cosmological probes, the 2D results agree
with the tomographic results within the 68.3 per cent errors and the
size of the error bars are very similar for both cases.

3.3.5 Constraining the deceleration parameter

The deceleration parameter q0 parametrizes the acceleration of the
expansion of the Universe. We calculate this as a deduced parame-
ter for both the flat and the curved ΛCDMmodels. The deceleration
parameter depends on the energy density parameters

q0 =
Ωm

2
− ΩΛ (curvedΛCDM), and

q0 =
3Ωm

2
− 1 (flatΛCDM). (13)
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when performing cosmological fits to the data (Kilbinger et al.,
2009). We demonstrate here that the CFHTLenS data have a red-
shift dependent shear-signal which agrees with expectations from
the modelled ΛCDM cosmology.

The excellent agreement between the 2D and tomographic
lensing results (Figure 10) suggests that shear signal across our
two redshift bins is scaling as expected. This is also observed in
the excellent agreement between the measured shear and the shear
prediction based on a fiducial WMAP7 cosmology shown in Fig-
ure 4.

The shear correlation function for each pair of tomographic
redshift bins is analysed separately, corresponding to the shear
shown in each panel of Figure 4. In Figure 7 we present
marginalised parameter constraints (68.3 per cent confidence level)
in the Ωm−σ8 plane for each redshift bin combination. Since each
constraint is being obtained from a sub-sample of the full data set
the constraints are less tight and the degeneracy between the pa-
rameters is more pronounced. The agreement between the contours
in Figure 7 is a convincing demonstration that the redshift scaling
of the shear in the CFHTLenS data is consistent with expectations
from the modelled ΛCDM cosmology.

The power-law fits to the degenerate parameter constraints in
Figure 7 for each case are σ8

(

Ωm
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= 0.820 ± 0.067, 0.753 ±

0.053, and 0.753 ± 0.050 with α = 0.662 ± 0.020, 0.621 ±
0.016, and 0.535±0.013 for the low-low, low-high, and high-high
redshift bin pairing respectively.

The cosmological model-dependent verification of redshift
scaling presented here is completely independent of the calibration
of the data, and the rejection of bad fields, that were done with tests
which are not sensitive to cosmology (Heymans et al., 2012b).
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Figure 7. Marginalised parameter constraints (68.3 per cent confidence
level) in the Ωm − σ8 plane for a flat ΛCDM cosmology. The results are
shown for each combination of the two redshift bins. The low and high
redshift bins correspond to 0.5 < z ! 0.85 and 0.85 < z ! 1.3 respec-
tively. The excellent agreement shows that redshift scaling of the signal is
consistent with the modelled ΛCDM cosmology.

3.3.4 Curved ΛCDM

A curved ΛCDM cosmology is modelled, for the full details of
parameters and priors used see Table 1. We present constraints in
the Ωm − σ8 and Ωm − ΩΛ plane in Figure 8. One-dimensional
marginalised results when combining CFHTLenS with WMAP7,
BOSS, and R11 are Ωm = 0.2736 ± 0.0085, ΩΛ = 0.7312 ±
0.0094 and σ8 = 0.795 ± 0.013. The constraints on Ωm and σ8

do not change significantly from the flat ΛCDM case. Parameter
constraints for both models are presented in Table 3. The addition
of CFHTLenS to WMAP7, BOSS, and R11 is most helpful at con-
straining Ωm, σ8, ΩK, and ΩΛ. The precision for these parameters
improves, on average, by a factor of two.

We again find excellent agreement with the 2D lensing analy-
sis. When combining the 2D lensing of CFHTLenS with WMAP7,
BOSS, and R11 data sets, we find Ωm = 0.2766 ± 0.0077,
ΩΛ = 0.7273 ± 0.0089 and σ8 = 0.804 ± 0.016. We do not
show the complete details of our 2D lensing parameter estimations.
However, we note that in all cases, either with CFHTLenS alone or
combined with the other cosmological probes, the 2D results agree
with the tomographic results within the 68.3 per cent errors and the
size of the error bars are very similar for both cases.

3.3.5 Constraining the deceleration parameter

The deceleration parameter q0 parametrizes the acceleration of the
expansion of the Universe. We calculate this as a deduced parame-
ter for both the flat and the curved ΛCDMmodels. The deceleration
parameter depends on the energy density parameters

q0 =
Ωm

2
− ΩΛ (curvedΛCDM), and

q0 =
3Ωm

2
− 1 (flatΛCDM). (13)
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Table 1. Tomographic redshift bin selection. Galaxies are selected based on
their maximum posterior photometric redshift estimate z

BPZ

. The median
redshift z

m

and mean redshift z̄ for each bin is calculated from the effective
redshift distribution as measured by the weighted sum of the photometric
error distributions P (z).

Bin z
BPZ

z
m

z̄

1 0.20 � 0.39 0.28 0.36

2 0.39 � 0.58 0.48 0.50

3 0.58 � 0.72 0.62 0.68

4 0.72 � 0.86 0.82 0.87

5 0.86 � 1.02 0.93 1.00

6 1.02 � 1.30 1.12 1.16

inverse covariance matrix C�1 that sets the maximum number of
data points p in our analysis. The number of tomographic bins N

t

and angular scales N✓ is therefore set by the number of N-body
simulations that we have at our disposal. For p/nµ <

⇠ 0.12, and
nµ = 1656, (see Section 3.3), we should therefore limit our analy-
sis to p <

⇠ 200.

3.4 Tomographic analysis and redshift distributions

In a tomographic weak lensing analysis there is always a choice
to be made for the number of tomographic redshift bins, N

t

, and
the number of scales probed, in our case angular scales, N✓ . As
the number of redshift and angular bins is increased, the amount of
information increases. A saturation limit is eventually reached be-
yond which the data points become so correlated that the extra in-
formation gained with each incremental increase in the number of
bins becomes marginal. With an unlimited number of N-body lens-
ing simulations from which to make an unbiased covariance matrix
estimate, the optimal number of tomographic bins will depend on
the photometric redshift accuracy of the survey, and the method by
which the contamination from intrinsic galaxy alignments is miti-
gated in the analysis. Bridle & King (2007) show that for a survey
with a photometric redshift scatter of �z = 0.05(1 + z), using
N

t

⇠ 8 brings the cosmological parameter constraints to within 20
per cent of the best attainable with a fully 3D approach. This is in
contrast to the conclusions of earlier cosmic-shear only optimiza-
tions, which found N

t

⇠ 3 to be optimal (Simon et al. 2004; Ma
et al. 2006). This difference indicates the importance of using finely
binned tomographic redshift slices when mitigating intrinsic align-
ment effects. Grocutt (2012) investigate the dependence of cosmo-
logical parameter constraints when varying the number of tomo-
graphic redshift bins, N

t

, and the number of angular scales probed,
N✓ , simultaneously. A non-linear intrinsic alignment model was
assumed for the II and GI contamination (see Section 3.2). In this
analysis the cosmological parameter constraints were found to be
less sensitive to increases in N✓ , in comparison to increases in
N

t

. This is expected for the single-parameter non-linear intrinsic
alignment model, as the cosmic shear, GG, and non-linear intrinsic
alignment II and GI power spectrum, vary smoothly with scale and
the relative amplitude between the II, GI and GG power for each
redshift bin is fixed as a function of scale. As the number of data
points p scales as N

t

(N

t

+1), however, even small increases in N

t

can quickly lead to an unstable covariance matrix.
Motivated by the findings of Bridle & King (2007) and Gro-

Figure 1. Tomographic redshift distribution. The upper panel shows the
effective weighted number of galaxies as a function of their maximum pos-
terior photometric redshift estimate, separated into six tomographic bins
between 0.2 < z

BPZ

< 1.3. The effective weighted number of galaxies in
each redshift bin is constant. The lower panel shows the redshift distribution
for each selected bin as estimated from the weighted sum of the photometric
redshift probability distributions P (z).

cutt (2012), and with the limitation that the total number of data
points p <

⇠ 200 (see Section 3.3.1), we choose to use N
t

= 6 red-
shift bins and N✓ = 5 angular bins such that our total number of
data points p = 210. The angular range is chosen to be spaced
equally in log(✓) between 1.5 < ✓ < 35 arcmin, where the maxi-
mum angular scale is determined by the limitations of the N-body
lensing simulations used to determine the covariance matrix. We
select the N

t

= 6 redshift bins to span our high confidence red-
shift range 0.2 < z

BPZ

< 1.3 such that the effective surface num-
ber density of galaxies in each redshift bin is equal. The effective
number density includes the shear measurement weights w such
that the intrinsic ellipticity noise in each bin is equal. This choice
is in contrast to a cosmic shear signal-to-noise optimised redshift
bin selection which would lead to much broader bins at low red-
shift. Such optimization is undesirable for our purposes, as it is
the lowest redshift bins where the presence of intrinsic alignments
is most prominent. Table 1 lists the resulting redshift selection for
each tomographic bin. The median redshift z

m

and mean redshift
z̄ is calculated from the effective redshift distribution as measured
by the weighted sum of the photometric error distributions P (z).
These error distributions extend out to z

BPZ

= 3.5 which skews
the mean redshift measurement, relative to the median, particularly
in the lowest redshift bin.

Figure 1 compares the effective redshift distribution for each
tomographic bin as determined from the maximum posterior red-
shift z

BPZ

(upper panel) and by the weighted sum of the photomet-
ric error distributions P (z) (lower panel). The binning in the upper
panel is significantly finer than the typical CFHTLenS photometric
redshift error �z ⇠ 0.04(1 + z) (Hildebrandt et al. 2012). The fine
structure revealed by this binning therefore illustrates redshift fo-
cusing effects arising from the photometric redshift measurement,
not true physical structures. Accurate measurements of P (z) for
each galaxy allows us to fully account for these focussing effects,
in addition to overlapping redshift distributions and catastrophic
redshift outliers in our analysis (see Benjamin et al. 2012, for de-
tailed analysis of the P (z) used in this analysis). It is therefore the
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Figure 2. The observed two-point correlation function ⇠̂ij
+

(✓). The panels show the different ij redshift bin combinations, ordered with increasing redshift bin
i from left to right, and increasing redshift bin j from lower to upper. Refer to table 1 for the redshift ranges of each tomographic bin. The errors are estimated
from an analysis of N-body lensing simulations as discussed in Section 3.3. The theoretical curves show our fiducial total GG+GI+II signal as a solid line.
When distinguishable from the total, the GG only signal is shown dashed. The magnitude of the GI signal is shown dot-dashed (our fiducial GI model has
a negative anti-correlated signal) and the II signal is shown dotted, where the amplitude is more than 10�7. The results of the broad two-bin tomographic
analysis of Benjamin et al. (2012) are shown in the lower right corner.

correspondingly large covariance matrix, that we use in the likeli-
hood analysis. Purely for improving the visualization of this large
data set, however, we propose the following method to compress
the data, motivated by the different methods of Massey et al. (2007)
and Schrabback et al. (2010).

To compress angular scales, we first calculate a WMAP7 cos-
mology GG-only theory model ⇠ij

fid

for each redshift bin combina-
tion ij and each statistic (+/�). We then define a free parameter
↵ij
± which allows the overall amplitude of the model to vary, but

keeps the angular dependence fixed. The best-fitting amplitude ↵ij
±

is then found from a �2 minimization of ↵ij
±⇠ij

fid

(✓) to the shear
correlation functions measured at 5 angular scales in each ij bin
and each statistic. A best-fitting value of ↵ij

± = 1 implies the data
in bin ij are well-fit by a WMAP7 GG-only cosmology. Each bin is
then assigned a single value of ↵ij

ˆ⇠ij
fid

(✓ = 1

0
) which can be inter-

preted as the amplitude of the two-point shear correlation function
measured in bin ij at an angular scale of ✓ = 1 arcmin.

To compress the information in the redshift bin combination,
we calculate the lensing efficiency function qi(w) (equation 7) for
each redshift bin i, and then determine the peak redshift z

peak

of
the combined lensing sensitivity qi(w)qj(w) for each redshift bin
ij combination. This peak redshift locates the epoch that is the
most efficient at lensing the two galaxy samples in the redshift
bin combination ij, but we note that these distributions are very
broad, particularly for the redshift bins with a significant fraction
of catastrophic outliers in the photometric redshift distribution (see
Figure 1).

Figure 3 shows the resulting compressed 21 data points for
each statistic, ⇠

+

(circles) and ⇠� (crosses), plotting ↵ij
ˆ⇠ij
fid

(✓ =

1

0
) against z

peak

. This can be compared to the fiducial cosmol-
ogy prediction (shown dotted, by setting ↵ = 1). To recover ↵ij

from this figure, one simply divides the value of each data point
by the value of the fiducial model, shown dotted, at that z

peak

. We
find a signal that rises as the peak redshift of the lensing efficiency
function increases; the more large scale structure the light from our
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Table 1. Tomographic redshift bin selection. Galaxies are selected based on
their maximum posterior photometric redshift estimate z

BPZ

. The median
redshift z

m

and mean redshift z̄ for each bin is calculated from the effective
redshift distribution as measured by the weighted sum of the photometric
error distributions P (z).

Bin z
BPZ

z
m

z̄

1 0.20 � 0.39 0.28 0.36

2 0.39 � 0.58 0.48 0.50

3 0.58 � 0.72 0.62 0.68

4 0.72 � 0.86 0.82 0.87

5 0.86 � 1.02 0.93 1.00

6 1.02 � 1.30 1.12 1.16

inverse covariance matrix C�1 that sets the maximum number of
data points p in our analysis. The number of tomographic bins N

t

and angular scales N✓ is therefore set by the number of N-body
simulations that we have at our disposal. For p/nµ <

⇠ 0.12, and
nµ = 1656, (see Section 3.3), we should therefore limit our analy-
sis to p <

⇠ 200.

3.4 Tomographic analysis and redshift distributions

In a tomographic weak lensing analysis there is always a choice
to be made for the number of tomographic redshift bins, N

t

, and
the number of scales probed, in our case angular scales, N✓ . As
the number of redshift and angular bins is increased, the amount of
information increases. A saturation limit is eventually reached be-
yond which the data points become so correlated that the extra in-
formation gained with each incremental increase in the number of
bins becomes marginal. With an unlimited number of N-body lens-
ing simulations from which to make an unbiased covariance matrix
estimate, the optimal number of tomographic bins will depend on
the photometric redshift accuracy of the survey, and the method by
which the contamination from intrinsic galaxy alignments is miti-
gated in the analysis. Bridle & King (2007) show that for a survey
with a photometric redshift scatter of �z = 0.05(1 + z), using
N

t

⇠ 8 brings the cosmological parameter constraints to within 20
per cent of the best attainable with a fully 3D approach. This is in
contrast to the conclusions of earlier cosmic-shear only optimiza-
tions, which found N

t

⇠ 3 to be optimal (Simon et al. 2004; Ma
et al. 2006). This difference indicates the importance of using finely
binned tomographic redshift slices when mitigating intrinsic align-
ment effects. Grocutt (2012) investigate the dependence of cosmo-
logical parameter constraints when varying the number of tomo-
graphic redshift bins, N

t

, and the number of angular scales probed,
N✓ , simultaneously. A non-linear intrinsic alignment model was
assumed for the II and GI contamination (see Section 3.2). In this
analysis the cosmological parameter constraints were found to be
less sensitive to increases in N✓ , in comparison to increases in
N

t

. This is expected for the single-parameter non-linear intrinsic
alignment model, as the cosmic shear, GG, and non-linear intrinsic
alignment II and GI power spectrum, vary smoothly with scale and
the relative amplitude between the II, GI and GG power for each
redshift bin is fixed as a function of scale. As the number of data
points p scales as N

t

(N

t

+1), however, even small increases in N

t

can quickly lead to an unstable covariance matrix.
Motivated by the findings of Bridle & King (2007) and Gro-

Figure 1. Tomographic redshift distribution. The upper panel shows the
effective weighted number of galaxies as a function of their maximum pos-
terior photometric redshift estimate, separated into six tomographic bins
between 0.2 < z

BPZ

< 1.3. The effective weighted number of galaxies in
each redshift bin is constant. The lower panel shows the redshift distribution
for each selected bin as estimated from the weighted sum of the photometric
redshift probability distributions P (z).

cutt (2012), and with the limitation that the total number of data
points p <

⇠ 200 (see Section 3.3.1), we choose to use N
t

= 6 red-
shift bins and N✓ = 5 angular bins such that our total number of
data points p = 210. The angular range is chosen to be spaced
equally in log(✓) between 1.5 < ✓ < 35 arcmin, where the maxi-
mum angular scale is determined by the limitations of the N-body
lensing simulations used to determine the covariance matrix. We
select the N

t

= 6 redshift bins to span our high confidence red-
shift range 0.2 < z

BPZ

< 1.3 such that the effective surface num-
ber density of galaxies in each redshift bin is equal. The effective
number density includes the shear measurement weights w such
that the intrinsic ellipticity noise in each bin is equal. This choice
is in contrast to a cosmic shear signal-to-noise optimised redshift
bin selection which would lead to much broader bins at low red-
shift. Such optimization is undesirable for our purposes, as it is
the lowest redshift bins where the presence of intrinsic alignments
is most prominent. Table 1 lists the resulting redshift selection for
each tomographic bin. The median redshift z

m

and mean redshift
z̄ is calculated from the effective redshift distribution as measured
by the weighted sum of the photometric error distributions P (z).
These error distributions extend out to z

BPZ

= 3.5 which skews
the mean redshift measurement, relative to the median, particularly
in the lowest redshift bin.

Figure 1 compares the effective redshift distribution for each
tomographic bin as determined from the maximum posterior red-
shift z

BPZ

(upper panel) and by the weighted sum of the photomet-
ric error distributions P (z) (lower panel). The binning in the upper
panel is significantly finer than the typical CFHTLenS photometric
redshift error �z ⇠ 0.04(1 + z) (Hildebrandt et al. 2012). The fine
structure revealed by this binning therefore illustrates redshift fo-
cusing effects arising from the photometric redshift measurement,
not true physical structures. Accurate measurements of P (z) for
each galaxy allows us to fully account for these focussing effects,
in addition to overlapping redshift distributions and catastrophic
redshift outliers in our analysis (see Benjamin et al. 2012, for de-
tailed analysis of the P (z) used in this analysis). It is therefore the

c� 0000 RAS, MNRAS 000, 000–000

[H
ey

m
an

s e
t a

l. 
20

13
]

Thursday, April 4, 13



LENSING TOMOGRAPHY
CFHTLenS: Tomographic weak lensing 11

Figure 3. Compressed CFHTLenS tomographic data where each point rep-
resents a different tomographic bin combination ij as indicated by z

peak

,
the peak redshift of the lensing efficiency for that bin combination. The
best-fitting amplitude ↵ij of the data relative to a fixed fiducial GG-only
cosmology model is shown, multiplied by the fiducial model at ✓ = 1
arcmin for ⇠

+

(circles) and ⇠� (crosses). The error bars show the 1� con-
straints on the fit. The data can be compared to the fiducial GG-only model,
shown dotted. Note that the colour of the points follow the same colour-
scheme as Figure 1, and indicates the lower redshift bin that is used for
each point.

background galaxies propagates through, the stronger the lensing
effect. In general, the data are well-fit by the WMAP7 GG-only
fiducial model, but we do see an indication of an excess signal at
low redshifts where, for a fixed angular scale, the smaller physical
scales probed are more likely to be contaminated by the intrinsic
galaxy alignment signal. This is however also the regime where the
analysis is most affected by catastrophic outliers in our photomet-
ric redshift distribution. Based on the cross-correlation analysis of
Benjamin et al. (2012) we expect these errors to be accounted for
by our use of photometric redshift distributions P (z). In Heymans
et al. (2012), we also show that the catalogues used in this analy-
sis present no significant redshift-dependent systematic bias when
tested with a cosmology-insensitive galaxy-galaxy lensing analy-
sis. This gives us confidence in the robustness of our results at all
redshifts. We note that in order to make this visualization of the
data, the different redshift bin combinations and the ⇠

+

and ⇠�
statistics are considered to be uncorrelated. The plotted 1� errors
on ↵ are therefore underestimated but we re-iterate at this point
that this data compression is purely for visualization purposes and
it is not used in any of the cosmological parameter constraints that
follow.

4.2 Comparison of parameter constraints from weak lensing
in a flat ⇤CDM cosmology

The measurement of cosmological weak lensing alone is most sen-
sitive to the overall amplitude of the matter power spectrum. This
depends on a degenerate combination of the clustering amplitude
�
8

and the matter density parameter ⌦
m

, and it is therefore in this
parameter space that we choose to compare the constraints we find
from weak lensing alone using different analysis techniques. We

Figure 4. Flat ⇤CDM parameter constraints (68 per cent confidence) on the
amplitude of the matter power spectrum controlled by �

8

and the matter
density parameter ⌦

m

from CFHTLenS-only, comparing three cases: 2D
weak lensing (blue) and 6-bin tomographic lensing where intrinsic align-
ments are assumed to be zero (pale blue) and are marginalised over (pink).
For reference, the white circle shows the corresponding best-fit values from
WMAP7 (Komatsu et al. 2011).

limit this comparison to flat ⇤CDM cosmologies. Figure 4 com-
pares three cases. In blue we show the 68 per cent Bayesian confi-
dence limits from a 2D weak lensing analysis of CFHTLenS, lim-
ited to the same angular scales as our tomography analysis with
✓ < 35 arcmin. This can be compared to the 68 per cent con-
straints from our 6-bin ⇠± tomographic lensing measurement when
intrinsic alignments are assumed to be zero (pale blue) and when
the amplitude of the intrinsic alignment model is allowed to be a
free parameter and is marginalised over (pink). All three measure-
ments are consistent and can be compared to the best-fit WMAP7
results shown as a white circle for reference.

Table 2 lists the parameter constraints orthogonal to the �
8

�
⌦

m

degeneracy direction for the three cases shown in Figure 4.
These can be compared to the 2D CFHTLenS constraints from
Kilbinger et al. (2012), where large angular scales were included
in the analysis, and a 2-bin tomography analysis from Benjamin
et al. (2012), limited to the same angular scales considered in this
analysis. We find excellent agreement between the results from the
different analyses, indicating that ignoring intrinsic alignment con-
tamination in Kilbinger et al. (2012) and Benjamin et al. (2012) did
not introduce any significant bias in their results.

Focusing first on the constraints from tomography and 2D
lensing limited to the same angular scales but ignoring intrinsic
alignments (shown blue and pale blue in Figure 4), we find close to
a factor of two improvement in the constraint on �

8

(⌦

m

/0.27)↵, in
addition to an improvement in degeneracy breaking between �

8

and
⌦

m

, when tomographic bins are considered. Unfortunately, how-
ever, our tomographic analysis is limited by the extent of the N-
body simulations used to determine our covariance matrix, which
forces us to lose the large angular scales considered in the 2D anal-
ysis from Kilbinger et al. (2012). Comparing the constraints from
tomography limited to ✓ < 35 arcmin, with 2D lensing out to
✓ = 350 arcmins, we find similar constraints on �

8

(⌦

m

/0.27)↵.
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Figure 8. Joint parameter constraints on the dark energy equation of state parameter w
0

and the matter density parameter ⌦
m

, and curvature parameter ⌦
K

for a curved wCDM cosmology from WMAP7-only (blue), BOSS combined with WMAP7 and R11 (green), CFHTLenS combined with WMAP7 and R11
(pink) and CFHTLenS combined with BOSS, WMAP7 and R11 (white).

Figure 9. Compressed CFHTLenS tomographic data for two galaxy sam-
ples; early-type (circles) and late-type (cross) galaxies. As in Figure 3, each
point represents a different tomographic bin combination ij as indicated
by z

peak

, the peak redshift of the lensing efficiency for that bin. The best-
fitting amplitude ↵ij of the data relative to a fixed fiducial GG-only cos-
mology model is shown, multiplied by the fiducial model at ✓ = 1 arcmin
for ⇠

+

. The error bars show the 1� constraints on the fit. The data can be
compared to the fiducial GG-only model, shown dotted.

the data. The resulting best-fitting amplitude ↵ij is shown, multi-
plied by the fiducial model at ✓ = 1 arcmin for ⇠

+

. With only 20 per
cent of the data contained in the early-type sample, it is unsurpris-
ing that the measured signal to noise is significantly weaker than
for the late-type sample which are well fit by the fiducial GG-only
model, shown dotted. We can, however, optimise the measurement
of the intrinsic alignment signal from early-type galaxies, to get a
clearer picture, if we assume the II contribution to cross-correlated
bins is small in comparison to the GI signal. If this is the case, we
can decrease the noise on the GI measurement by using the full

galaxy sample as background galaxies to correlate with the early-
type galaxies in the foreground bin. The result of this optimised
analysis is shown, in compressed tomographic data form, in Fig-
ure 10. The open circles show the tomographic signal measured in
the auto-correlated redshift bins between early-type galaxies (these
auto-correlation bins are also shown in Figure 9). The closed sym-
bols show the tomographic signal in the cross-correlated redshift
bins where early-type galaxies populate the foreground bin and the
full galaxy sample populates the background higher redshift bin.
The data can be compared to the fiducial GG-only model, shown
dotted. What is interesting to note from this Figure is that at low
redshifts, where the intrinsic alignment signal is expected to be
the most prominent, the auto-correlated bins tend to lie above the
GG-only model. We expect this from the II term. For the cross-
correlated bins, however, the measured signal tends to lie below
the GG-only model. We expect this from the GI term.

Figure 11 combines the CFHTLenS data split by galaxy type,
and our optimised early-type galaxy tomography analysis, with
auxiliary data from WMAP7, BOSS and R11 to constrain the am-
plitude of the intrinsic alignment model A. Assuming a flat ⇤CDM
model, the resulting 68 per cent and 95 per cent confidence limits
on A and the matter density parameter ⌦

m

can be compared4. In
the left panel we show constraints from the two galaxy samples
split by SED type. The early-type galaxy constraints are shown
in red and the late-type galaxy constraints are shown in blue. In
the right panel, constraints are shown for the full galaxy sample
in purple and the optimised early-type intrinsic alignment analysis
in pink. The marginalised 68 per cent confidence errors on A, from
the combination of CFHTLenS data with WMAP7, BOSS and R11,
for the four different measurements are

A
late

= 0.18+0.83
�0.82 , (17)

A
early

= 5.15+1.74
�2.32 , (18)

4 Note that the constraints on cosmological parameters other than A are
consistent between the early-type and late-type analysis, and that both sets
of parameter constraints, with the exception of A, are consistent with the
full galaxy sample analysis reported in table 3.
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Table 3. Joint cosmological parameter constraints for four models, testing flat and curved ⇤CDM and wCDM cosmologies. The first line for each parameter
lists the constraints from CFHTLenS combined with WMAP7 and R11. The second line lists the constraints from CFHTLenS combined with WMAP7, BOSS
and R11. Deduced parameters are indicated with ?.

Parameter flat ⇤CDM flat wCDM curved ⇤CDM curved wCDM Data

⌦m 0.255+0.014
�0.014 0.256+0.111

�0.073 0.255+0.028
�0.023 0.214+0.161

�0.049 CFHTLenS + WMAP7
0.250+0.012

�0.012 0.242+0.020
�0.014 0.248+0.014

�0.013 0.243+0.020
�0.014 CFHTLenS + WMAP7 + R11

0.271+0.010
�0.009 0.269+0.018

�0.015 0.275+0.011
�0.010 0.247+0.021

�0.018 CFHTLenS + WMAP7 + R11 + BOSS

�⇤
8

0.794+0.016
�0.017 0.81+0.10

�0.10 0.805+0.028
�0.029 0.871+0.076

�0.125 CFHTLenS + WMAP7
0.795+0.016

�0.018 0.810+0.030
�0.027 0.813+0.021

�0.024 0.819+0.028
�0.032 CFHTLenS + WMAP7 + R11

0.799+0.014
�0.016 0.800+0.030

�0.025 0.791+0.017
�0.019 0.826+0.026

�0.031 CFHTLenS + WMAP7 + R11 + BOSS

A �1.18+0.96
�1.17 �1.4+1.2

�1.9 �0.84+0.97
�1.21 �1.7+1.4

�2.0 CFHTLenS + WMAP7
�1.37+0.96

�1.21 �1.3+1.0
�1.2 �0.91+0.94

�1.04 �0.85+0.89
�1.16 CFHTLenS + WMAP7 + R11

�0.48+0.75
�0.87 �0.51+0.82

�0.84 �0.31+0.70
�0.86 �0.32+0.70

�1.04 CFHTLenS + WMAP7 + R11 + BOSS

w
0

�1 �1.05+0.33
�0.34 �1 �1.18+0.36

�0.22 CFHTLenS + WMAP7
�1 �1.06+0.08

�0.07 �1 �1.04+0.11
�0.12 CFHTLenS + WMAP7 + R11

�1 �1.02+0.09
�0.09 �1 �1.19+0.14

�0.11 CFHTLenS + WMAP7 + R11 + BOSS

⌦
de

1� ⌦m 1� ⌦m 0.743+0.029
�0.025 0.782+0.161

�0.050 CFHTLenS + WMAP7
1� ⌦m 1� ⌦m 0.747+0.015

�0.014 0.753+0.022
�0.016 CFHTLenS + WMAP7 + R11

1� ⌦m 1� ⌦m 0.730+0.012
�0.011 0.762+0.021

�0.019 CFHTLenS + WMAP7 + R11 + BOSS

⌦⇤
K

0 0 0.002+0.008
�0.009 0.004+0.006

�0.008 CFHTLenS + WMAP7
0 0 0.005+0.005

�0.005 0.004+0.008
�0.007 CFHTLenS + WMAP7 + R11

0 0 �0.004+0.004
�0.004 �0.009+0.005

�0.004 CFHTLenS + WMAP7 + R11 + BOSS

h 0.717+0.016
�0.015 0.74+0.14

�0.12 0.724+0.042
�0.041 0.82+0.11

�0.16 CFHTLenS + WMAP7
0.723+0.013

�0.013 0.738+0.023
�0.026 0.734+0.022

�0.020 0.741+0.022
�0.024 CFHTLenS + WMAP7 + R11

0.702+0.010
�0.010 0.706+0.023

�0.020 0.691+0.014
�0.011 0.724+0.023

�0.027 CFHTLenS + WMAP7 + R11 + BOSS

⌦b 0.0437+0.0014
�0.0014 0.044+0.020

�0.012 0.0431+0.0057
�0.0041 0.0358+0.0282

�0.0086 CFHTLenS + WMAP7
0.0433+0.0012

�0.0013 0.0414+0.0032
�0.0026 0.0417+0.0027

�0.0023 0.0409+0.0032
�0.0024 CFHTLenS + WMAP7 + R11

0.0453+0.0009
�0.0011 0.0450+0.0037

�0.0029 0.0470+0.0020
�0.0017 0.0425+0.0035

�0.0027 CFHTLenS + WMAP7 + R11 + BOSS

ns 0.967+0.013
�0.013 0.965+0.014

�0.014 0.967+0.014
�0.014 0.967+0.014

�0.013 CFHTLenS + WMAP7
0.971+0.011

�0.012 0.964+0.013
�0.014 0.968+0.014

�0.014 0.966+0.013
�0.015 CFHTLenS + WMAP7 + R11

0.961+0.012
�0.011 0.957+0.014

�0.013 0.968+0.013
�0.014 0.961+0.015

�0.013 CFHTLenS + WMAP7 + R11 + BOSS

⌧ 0.089+0.015
�0.014 0.089+0.016

�0.014 0.088+0.018
�0.014 0.089+0.016

�0.014 CFHTLenS + WMAP7
0.092+0.015

�0.014 0.089+0.016
�0.014 0.089+0.018

�0.014 0.088+0.016
�0.013 CFHTLenS + WMAP7 + R11

0.082+0.014
�0.012 0.082+0.017

�0.012 0.086+0.016
�0.011 0.084+0.016

�0.013 CFHTLenS + WMAP7 + R11 + BOSS

�2

R 2.395+0.086
�0.087 2.405+0.094

�0.086 2.412+0.090
�0.096 2.430+0.103

�0.096 CFHTLenS + WMAP7
2.378+0.079

�0.086 2.412+0.098
�0.082 2.418+0.090

�0.098 2.420+0.095
�0.090 CFHTLenS + WMAP7 + R11

2.427+0.092
�0.072 2.440+0.083

�0.093 2.382+0.102
�0.091 2.391+0.111

�0.072 CFHTLenS + WMAP7 + R11 + BOSS

with WMAP7, SDSS-LRG baryon acoustic oscillation constraints
from Padmanabhan et al. (2012) and Type Ia supernovae results
from Conley et al. (2011). With this combination of data sets, An-
derson et al. (2012) find w = �1.09 ± 0.08 for flat and curved
wCDM models. Note that this was shown to be the only parameter
where the addition of the supernova data to the BOSS and WMAP7
data impacted upon the analysis, decreasing the errors by a factor
of ⇠ 2. This result is in agreement with our wCDM model con-
straints from CFHTLenS with WMAP7 and R11, where we find
w = �1.06± 0.08 (flat) and w = �0.96± 0.10 (curved).

We find good agreement between the mean measurements

when the different parameters sets are combined. This is in con-
trast to the 2D weak lensing analysis of Kilbinger et al. (2012)
where a 2� difference is found between the mean w

0

measured
with lensing, WMAP7 and BOSS, with and without a prior on the
hubble parameter h. For all cosmologies tested in this analysis, the
constraints on h from CFHTLenS with WMAP7 are in good agree-
ment with the R11 measure of h = 0.738±0.024. Focussing on flat
⇤CDM, in this analysis we find h = 0.717±0.016 for CFHTLenS
with WMAP7, in comparison to BOSS with WMAP7 who find a
2� offset from R11 with h = 0.684±0.013. For wCDM cosmolo-
gies, Kilbinger et al. (2012) and BOSS find even larger shifts away
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Table 3. Joint cosmological parameter constraints for four models, testing flat and curved ⇤CDM and wCDM cosmologies. The first line for each parameter
lists the constraints from CFHTLenS combined with WMAP7 and R11. The second line lists the constraints from CFHTLenS combined with WMAP7, BOSS
and R11. Deduced parameters are indicated with ?.

Parameter flat ⇤CDM flat wCDM curved ⇤CDM curved wCDM Data

⌦m 0.255+0.014
�0.014 0.256+0.111

�0.073 0.255+0.028
�0.023 0.214+0.161

�0.049 CFHTLenS + WMAP7
0.250+0.012

�0.012 0.242+0.020
�0.014 0.248+0.014

�0.013 0.243+0.020
�0.014 CFHTLenS + WMAP7 + R11

0.271+0.010
�0.009 0.269+0.018

�0.015 0.275+0.011
�0.010 0.247+0.021

�0.018 CFHTLenS + WMAP7 + R11 + BOSS

�⇤
8

0.794+0.016
�0.017 0.81+0.10

�0.10 0.805+0.028
�0.029 0.871+0.076

�0.125 CFHTLenS + WMAP7
0.795+0.016

�0.018 0.810+0.030
�0.027 0.813+0.021

�0.024 0.819+0.028
�0.032 CFHTLenS + WMAP7 + R11

0.799+0.014
�0.016 0.800+0.030

�0.025 0.791+0.017
�0.019 0.826+0.026

�0.031 CFHTLenS + WMAP7 + R11 + BOSS

A �1.18+0.96
�1.17 �1.4+1.2

�1.9 �0.84+0.97
�1.21 �1.7+1.4

�2.0 CFHTLenS + WMAP7
�1.37+0.96

�1.21 �1.3+1.0
�1.2 �0.91+0.94

�1.04 �0.85+0.89
�1.16 CFHTLenS + WMAP7 + R11

�0.48+0.75
�0.87 �0.51+0.82

�0.84 �0.31+0.70
�0.86 �0.32+0.70

�1.04 CFHTLenS + WMAP7 + R11 + BOSS

w
0

�1 �1.05+0.33
�0.34 �1 �1.18+0.36

�0.22 CFHTLenS + WMAP7
�1 �1.06+0.08

�0.07 �1 �1.04+0.11
�0.12 CFHTLenS + WMAP7 + R11

�1 �1.02+0.09
�0.09 �1 �1.19+0.14

�0.11 CFHTLenS + WMAP7 + R11 + BOSS

⌦
de

1� ⌦m 1� ⌦m 0.743+0.029
�0.025 0.782+0.161

�0.050 CFHTLenS + WMAP7
1� ⌦m 1� ⌦m 0.747+0.015

�0.014 0.753+0.022
�0.016 CFHTLenS + WMAP7 + R11

1� ⌦m 1� ⌦m 0.730+0.012
�0.011 0.762+0.021

�0.019 CFHTLenS + WMAP7 + R11 + BOSS

⌦⇤
K

0 0 0.002+0.008
�0.009 0.004+0.006

�0.008 CFHTLenS + WMAP7
0 0 0.005+0.005

�0.005 0.004+0.008
�0.007 CFHTLenS + WMAP7 + R11

0 0 �0.004+0.004
�0.004 �0.009+0.005

�0.004 CFHTLenS + WMAP7 + R11 + BOSS

h 0.717+0.016
�0.015 0.74+0.14

�0.12 0.724+0.042
�0.041 0.82+0.11

�0.16 CFHTLenS + WMAP7
0.723+0.013

�0.013 0.738+0.023
�0.026 0.734+0.022

�0.020 0.741+0.022
�0.024 CFHTLenS + WMAP7 + R11

0.702+0.010
�0.010 0.706+0.023

�0.020 0.691+0.014
�0.011 0.724+0.023

�0.027 CFHTLenS + WMAP7 + R11 + BOSS

⌦b 0.0437+0.0014
�0.0014 0.044+0.020

�0.012 0.0431+0.0057
�0.0041 0.0358+0.0282

�0.0086 CFHTLenS + WMAP7
0.0433+0.0012

�0.0013 0.0414+0.0032
�0.0026 0.0417+0.0027

�0.0023 0.0409+0.0032
�0.0024 CFHTLenS + WMAP7 + R11

0.0453+0.0009
�0.0011 0.0450+0.0037
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�0.0017 0.0425+0.0035

�0.0027 CFHTLenS + WMAP7 + R11 + BOSS
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�0.014 0.967+0.014
�0.014 0.967+0.014

�0.013 CFHTLenS + WMAP7
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�0.014 0.968+0.014

�0.014 0.966+0.013
�0.015 CFHTLenS + WMAP7 + R11

0.961+0.012
�0.011 0.957+0.014

�0.013 0.968+0.013
�0.014 0.961+0.015

�0.013 CFHTLenS + WMAP7 + R11 + BOSS
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�0.014 0.089+0.016
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�0.014 0.089+0.016
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�0.014 0.089+0.016
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�2

R 2.395+0.086
�0.087 2.405+0.094

�0.086 2.412+0.090
�0.096 2.430+0.103
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�0.072 2.440+0.083
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�0.072 CFHTLenS + WMAP7 + R11 + BOSS

with WMAP7, SDSS-LRG baryon acoustic oscillation constraints
from Padmanabhan et al. (2012) and Type Ia supernovae results
from Conley et al. (2011). With this combination of data sets, An-
derson et al. (2012) find w = �1.09 ± 0.08 for flat and curved
wCDM models. Note that this was shown to be the only parameter
where the addition of the supernova data to the BOSS and WMAP7
data impacted upon the analysis, decreasing the errors by a factor
of ⇠ 2. This result is in agreement with our wCDM model con-
straints from CFHTLenS with WMAP7 and R11, where we find
w = �1.06± 0.08 (flat) and w = �0.96± 0.10 (curved).

We find good agreement between the mean measurements

when the different parameters sets are combined. This is in con-
trast to the 2D weak lensing analysis of Kilbinger et al. (2012)
where a 2� difference is found between the mean w

0

measured
with lensing, WMAP7 and BOSS, with and without a prior on the
hubble parameter h. For all cosmologies tested in this analysis, the
constraints on h from CFHTLenS with WMAP7 are in good agree-
ment with the R11 measure of h = 0.738±0.024. Focussing on flat
⇤CDM, in this analysis we find h = 0.717±0.016 for CFHTLenS
with WMAP7, in comparison to BOSS with WMAP7 who find a
2� offset from R11 with h = 0.684±0.013. For wCDM cosmolo-
gies, Kilbinger et al. (2012) and BOSS find even larger shifts away
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Table 3. Joint cosmological parameter constraints for four models, testing flat and curved ⇤CDM and wCDM cosmologies. The first line for each parameter
lists the constraints from CFHTLenS combined with WMAP7 and R11. The second line lists the constraints from CFHTLenS combined with WMAP7, BOSS
and R11. Deduced parameters are indicated with ?.

Parameter flat ⇤CDM flat wCDM curved ⇤CDM curved wCDM Data

⌦m 0.255+0.014
�0.014 0.256+0.111

�0.073 0.255+0.028
�0.023 0.214+0.161

�0.049 CFHTLenS + WMAP7
0.250+0.012

�0.012 0.242+0.020
�0.014 0.248+0.014
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�0.014 CFHTLenS + WMAP7 + R11
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�0.009 0.269+0.018
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�⇤
8

0.794+0.016
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�0.10 0.805+0.028
�0.029 0.871+0.076
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�0.018 0.810+0.030
�0.027 0.813+0.021

�0.024 0.819+0.028
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0.799+0.014
�0.016 0.800+0.030

�0.025 0.791+0.017
�0.019 0.826+0.026

�0.031 CFHTLenS + WMAP7 + R11 + BOSS

A �1.18+0.96
�1.17 �1.4+1.2

�1.9 �0.84+0.97
�1.21 �1.7+1.4

�2.0 CFHTLenS + WMAP7
�1.37+0.96

�1.21 �1.3+1.0
�1.2 �0.91+0.94

�1.04 �0.85+0.89
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�0.48+0.75
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�1 �1.05+0.33
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⌦
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�0.020 0.691+0.014
�0.011 0.724+0.023

�0.027 CFHTLenS + WMAP7 + R11 + BOSS

⌦b 0.0437+0.0014
�0.0014 0.044+0.020

�0.012 0.0431+0.0057
�0.0041 0.0358+0.0282

�0.0086 CFHTLenS + WMAP7
0.0433+0.0012

�0.0013 0.0414+0.0032
�0.0026 0.0417+0.0027

�0.0023 0.0409+0.0032
�0.0024 CFHTLenS + WMAP7 + R11

0.0453+0.0009
�0.0011 0.0450+0.0037

�0.0029 0.0470+0.0020
�0.0017 0.0425+0.0035

�0.0027 CFHTLenS + WMAP7 + R11 + BOSS

ns 0.967+0.013
�0.013 0.965+0.014

�0.014 0.967+0.014
�0.014 0.967+0.014

�0.013 CFHTLenS + WMAP7
0.971+0.011

�0.012 0.964+0.013
�0.014 0.968+0.014

�0.014 0.966+0.013
�0.015 CFHTLenS + WMAP7 + R11

0.961+0.012
�0.011 0.957+0.014

�0.013 0.968+0.013
�0.014 0.961+0.015

�0.013 CFHTLenS + WMAP7 + R11 + BOSS

⌧ 0.089+0.015
�0.014 0.089+0.016

�0.014 0.088+0.018
�0.014 0.089+0.016

�0.014 CFHTLenS + WMAP7
0.092+0.015

�0.014 0.089+0.016
�0.014 0.089+0.018

�0.014 0.088+0.016
�0.013 CFHTLenS + WMAP7 + R11

0.082+0.014
�0.012 0.082+0.017

�0.012 0.086+0.016
�0.011 0.084+0.016

�0.013 CFHTLenS + WMAP7 + R11 + BOSS

�2

R 2.395+0.086
�0.087 2.405+0.094

�0.086 2.412+0.090
�0.096 2.430+0.103

�0.096 CFHTLenS + WMAP7
2.378+0.079

�0.086 2.412+0.098
�0.082 2.418+0.090

�0.098 2.420+0.095
�0.090 CFHTLenS + WMAP7 + R11

2.427+0.092
�0.072 2.440+0.083

�0.093 2.382+0.102
�0.091 2.391+0.111

�0.072 CFHTLenS + WMAP7 + R11 + BOSS

with WMAP7, SDSS-LRG baryon acoustic oscillation constraints
from Padmanabhan et al. (2012) and Type Ia supernovae results
from Conley et al. (2011). With this combination of data sets, An-
derson et al. (2012) find w = �1.09 ± 0.08 for flat and curved
wCDM models. Note that this was shown to be the only parameter
where the addition of the supernova data to the BOSS and WMAP7
data impacted upon the analysis, decreasing the errors by a factor
of ⇠ 2. This result is in agreement with our wCDM model con-
straints from CFHTLenS with WMAP7 and R11, where we find
w = �1.06± 0.08 (flat) and w = �0.96± 0.10 (curved).

We find good agreement between the mean measurements

when the different parameters sets are combined. This is in con-
trast to the 2D weak lensing analysis of Kilbinger et al. (2012)
where a 2� difference is found between the mean w

0

measured
with lensing, WMAP7 and BOSS, with and without a prior on the
hubble parameter h. For all cosmologies tested in this analysis, the
constraints on h from CFHTLenS with WMAP7 are in good agree-
ment with the R11 measure of h = 0.738±0.024. Focussing on flat
⇤CDM, in this analysis we find h = 0.717±0.016 for CFHTLenS
with WMAP7, in comparison to BOSS with WMAP7 who find a
2� offset from R11 with h = 0.684±0.013. For wCDM cosmolo-
gies, Kilbinger et al. (2012) and BOSS find even larger shifts away
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Table 3. Joint cosmological parameter constraints for four models, testing flat and curved ⇤CDM and wCDM cosmologies. The first line for each parameter
lists the constraints from CFHTLenS combined with WMAP7 and R11. The second line lists the constraints from CFHTLenS combined with WMAP7, BOSS
and R11. Deduced parameters are indicated with ?.

Parameter flat ⇤CDM flat wCDM curved ⇤CDM curved wCDM Data

⌦m 0.255+0.014
�0.014 0.256+0.111

�0.073 0.255+0.028
�0.023 0.214+0.161

�0.049 CFHTLenS + WMAP7
0.250+0.012

�0.012 0.242+0.020
�0.014 0.248+0.014

�0.013 0.243+0.020
�0.014 CFHTLenS + WMAP7 + R11

0.271+0.010
�0.009 0.269+0.018

�0.015 0.275+0.011
�0.010 0.247+0.021

�0.018 CFHTLenS + WMAP7 + R11 + BOSS

�⇤
8

0.794+0.016
�0.017 0.81+0.10

�0.10 0.805+0.028
�0.029 0.871+0.076

�0.125 CFHTLenS + WMAP7
0.795+0.016

�0.018 0.810+0.030
�0.027 0.813+0.021

�0.024 0.819+0.028
�0.032 CFHTLenS + WMAP7 + R11

0.799+0.014
�0.016 0.800+0.030

�0.025 0.791+0.017
�0.019 0.826+0.026

�0.031 CFHTLenS + WMAP7 + R11 + BOSS

A �1.18+0.96
�1.17 �1.4+1.2

�1.9 �0.84+0.97
�1.21 �1.7+1.4

�2.0 CFHTLenS + WMAP7
�1.37+0.96

�1.21 �1.3+1.0
�1.2 �0.91+0.94

�1.04 �0.85+0.89
�1.16 CFHTLenS + WMAP7 + R11

�0.48+0.75
�0.87 �0.51+0.82

�0.84 �0.31+0.70
�0.86 �0.32+0.70

�1.04 CFHTLenS + WMAP7 + R11 + BOSS

w
0

�1 �1.05+0.33
�0.34 �1 �1.18+0.36

�0.22 CFHTLenS + WMAP7
�1 �1.06+0.08

�0.07 �1 �1.04+0.11
�0.12 CFHTLenS + WMAP7 + R11

�1 �1.02+0.09
�0.09 �1 �1.19+0.14

�0.11 CFHTLenS + WMAP7 + R11 + BOSS

⌦
de

1� ⌦m 1� ⌦m 0.743+0.029
�0.025 0.782+0.161

�0.050 CFHTLenS + WMAP7
1� ⌦m 1� ⌦m 0.747+0.015

�0.014 0.753+0.022
�0.016 CFHTLenS + WMAP7 + R11

1� ⌦m 1� ⌦m 0.730+0.012
�0.011 0.762+0.021

�0.019 CFHTLenS + WMAP7 + R11 + BOSS

⌦⇤
K

0 0 0.002+0.008
�0.009 0.004+0.006

�0.008 CFHTLenS + WMAP7
0 0 0.005+0.005

�0.005 0.004+0.008
�0.007 CFHTLenS + WMAP7 + R11

0 0 �0.004+0.004
�0.004 �0.009+0.005
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�0.027 CFHTLenS + WMAP7 + R11 + BOSS

⌦b 0.0437+0.0014
�0.0014 0.044+0.020
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�0.0011 0.0450+0.0037
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�0.011 0.957+0.014

�0.013 0.968+0.013
�0.014 0.961+0.015
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�0.011 0.084+0.016
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�0.072 CFHTLenS + WMAP7 + R11 + BOSS

with WMAP7, SDSS-LRG baryon acoustic oscillation constraints
from Padmanabhan et al. (2012) and Type Ia supernovae results
from Conley et al. (2011). With this combination of data sets, An-
derson et al. (2012) find w = �1.09 ± 0.08 for flat and curved
wCDM models. Note that this was shown to be the only parameter
where the addition of the supernova data to the BOSS and WMAP7
data impacted upon the analysis, decreasing the errors by a factor
of ⇠ 2. This result is in agreement with our wCDM model con-
straints from CFHTLenS with WMAP7 and R11, where we find
w = �1.06± 0.08 (flat) and w = �0.96± 0.10 (curved).

We find good agreement between the mean measurements

when the different parameters sets are combined. This is in con-
trast to the 2D weak lensing analysis of Kilbinger et al. (2012)
where a 2� difference is found between the mean w

0

measured
with lensing, WMAP7 and BOSS, with and without a prior on the
hubble parameter h. For all cosmologies tested in this analysis, the
constraints on h from CFHTLenS with WMAP7 are in good agree-
ment with the R11 measure of h = 0.738±0.024. Focussing on flat
⇤CDM, in this analysis we find h = 0.717±0.016 for CFHTLenS
with WMAP7, in comparison to BOSS with WMAP7 who find a
2� offset from R11 with h = 0.684±0.013. For wCDM cosmolo-
gies, Kilbinger et al. (2012) and BOSS find even larger shifts away
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Table 3. Joint cosmological parameter constraints for four models, testing flat and curved ⇤CDM and wCDM cosmologies. The first line for each parameter
lists the constraints from CFHTLenS combined with WMAP7 and R11. The second line lists the constraints from CFHTLenS combined with WMAP7, BOSS
and R11. Deduced parameters are indicated with ?.

Parameter flat ⇤CDM flat wCDM curved ⇤CDM curved wCDM Data

⌦m 0.255+0.014
�0.014 0.256+0.111

�0.073 0.255+0.028
�0.023 0.214+0.161

�0.049 CFHTLenS + WMAP7
0.250+0.012

�0.012 0.242+0.020
�0.014 0.248+0.014

�0.013 0.243+0.020
�0.014 CFHTLenS + WMAP7 + R11

0.271+0.010
�0.009 0.269+0.018

�0.015 0.275+0.011
�0.010 0.247+0.021

�0.018 CFHTLenS + WMAP7 + R11 + BOSS

�⇤
8

0.794+0.016
�0.017 0.81+0.10

�0.10 0.805+0.028
�0.029 0.871+0.076

�0.125 CFHTLenS + WMAP7
0.795+0.016

�0.018 0.810+0.030
�0.027 0.813+0.021

�0.024 0.819+0.028
�0.032 CFHTLenS + WMAP7 + R11

0.799+0.014
�0.016 0.800+0.030

�0.025 0.791+0.017
�0.019 0.826+0.026

�0.031 CFHTLenS + WMAP7 + R11 + BOSS

A �1.18+0.96
�1.17 �1.4+1.2

�1.9 �0.84+0.97
�1.21 �1.7+1.4

�2.0 CFHTLenS + WMAP7
�1.37+0.96

�1.21 �1.3+1.0
�1.2 �0.91+0.94

�1.04 �0.85+0.89
�1.16 CFHTLenS + WMAP7 + R11

�0.48+0.75
�0.87 �0.51+0.82

�0.84 �0.31+0.70
�0.86 �0.32+0.70

�1.04 CFHTLenS + WMAP7 + R11 + BOSS

w
0

�1 �1.05+0.33
�0.34 �1 �1.18+0.36

�0.22 CFHTLenS + WMAP7
�1 �1.06+0.08

�0.07 �1 �1.04+0.11
�0.12 CFHTLenS + WMAP7 + R11

�1 �1.02+0.09
�0.09 �1 �1.19+0.14

�0.11 CFHTLenS + WMAP7 + R11 + BOSS

⌦
de

1� ⌦m 1� ⌦m 0.743+0.029
�0.025 0.782+0.161

�0.050 CFHTLenS + WMAP7
1� ⌦m 1� ⌦m 0.747+0.015

�0.014 0.753+0.022
�0.016 CFHTLenS + WMAP7 + R11

1� ⌦m 1� ⌦m 0.730+0.012
�0.011 0.762+0.021

�0.019 CFHTLenS + WMAP7 + R11 + BOSS

⌦⇤
K

0 0 0.002+0.008
�0.009 0.004+0.006

�0.008 CFHTLenS + WMAP7
0 0 0.005+0.005

�0.005 0.004+0.008
�0.007 CFHTLenS + WMAP7 + R11

0 0 �0.004+0.004
�0.004 �0.009+0.005

�0.004 CFHTLenS + WMAP7 + R11 + BOSS

h 0.717+0.016
�0.015 0.74+0.14

�0.12 0.724+0.042
�0.041 0.82+0.11

�0.16 CFHTLenS + WMAP7
0.723+0.013

�0.013 0.738+0.023
�0.026 0.734+0.022

�0.020 0.741+0.022
�0.024 CFHTLenS + WMAP7 + R11

0.702+0.010
�0.010 0.706+0.023

�0.020 0.691+0.014
�0.011 0.724+0.023

�0.027 CFHTLenS + WMAP7 + R11 + BOSS

⌦b 0.0437+0.0014
�0.0014 0.044+0.020

�0.012 0.0431+0.0057
�0.0041 0.0358+0.0282

�0.0086 CFHTLenS + WMAP7
0.0433+0.0012

�0.0013 0.0414+0.0032
�0.0026 0.0417+0.0027

�0.0023 0.0409+0.0032
�0.0024 CFHTLenS + WMAP7 + R11

0.0453+0.0009
�0.0011 0.0450+0.0037

�0.0029 0.0470+0.0020
�0.0017 0.0425+0.0035

�0.0027 CFHTLenS + WMAP7 + R11 + BOSS

ns 0.967+0.013
�0.013 0.965+0.014

�0.014 0.967+0.014
�0.014 0.967+0.014

�0.013 CFHTLenS + WMAP7
0.971+0.011

�0.012 0.964+0.013
�0.014 0.968+0.014

�0.014 0.966+0.013
�0.015 CFHTLenS + WMAP7 + R11

0.961+0.012
�0.011 0.957+0.014

�0.013 0.968+0.013
�0.014 0.961+0.015

�0.013 CFHTLenS + WMAP7 + R11 + BOSS
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�0.087 2.405+0.094
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�0.090 CFHTLenS + WMAP7 + R11
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�0.072 CFHTLenS + WMAP7 + R11 + BOSS
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from Conley et al. (2011). With this combination of data sets, An-
derson et al. (2012) find w = �1.09 ± 0.08 for flat and curved
wCDM models. Note that this was shown to be the only parameter
where the addition of the supernova data to the BOSS and WMAP7
data impacted upon the analysis, decreasing the errors by a factor
of ⇠ 2. This result is in agreement with our wCDM model con-
straints from CFHTLenS with WMAP7 and R11, where we find
w = �1.06± 0.08 (flat) and w = �0.96± 0.10 (curved).
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with lensing, WMAP7 and BOSS, with and without a prior on the
hubble parameter h. For all cosmologies tested in this analysis, the
constraints on h from CFHTLenS with WMAP7 are in good agree-
ment with the R11 measure of h = 0.738±0.024. Focussing on flat
⇤CDM, in this analysis we find h = 0.717±0.016 for CFHTLenS
with WMAP7, in comparison to BOSS with WMAP7 who find a
2� offset from R11 with h = 0.684±0.013. For wCDM cosmolo-
gies, Kilbinger et al. (2012) and BOSS find even larger shifts away
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Table 3. Joint cosmological parameter constraints for four models, testing flat and curved ⇤CDM and wCDM cosmologies. The first line for each parameter
lists the constraints from CFHTLenS combined with WMAP7 and R11. The second line lists the constraints from CFHTLenS combined with WMAP7, BOSS
and R11. Deduced parameters are indicated with ?.
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⌦m 0.255+0.014
�0.014 0.256+0.111

�0.073 0.255+0.028
�0.023 0.214+0.161

�0.049 CFHTLenS + WMAP7
0.250+0.012

�0.012 0.242+0.020
�0.014 0.248+0.014

�0.013 0.243+0.020
�0.014 CFHTLenS + WMAP7 + R11

0.271+0.010
�0.009 0.269+0.018

�0.015 0.275+0.011
�0.010 0.247+0.021

�0.018 CFHTLenS + WMAP7 + R11 + BOSS

�⇤
8

0.794+0.016
�0.017 0.81+0.10

�0.10 0.805+0.028
�0.029 0.871+0.076

�0.125 CFHTLenS + WMAP7
0.795+0.016

�0.018 0.810+0.030
�0.027 0.813+0.021

�0.024 0.819+0.028
�0.032 CFHTLenS + WMAP7 + R11

0.799+0.014
�0.016 0.800+0.030

�0.025 0.791+0.017
�0.019 0.826+0.026

�0.031 CFHTLenS + WMAP7 + R11 + BOSS

A �1.18+0.96
�1.17 �1.4+1.2

�1.9 �0.84+0.97
�1.21 �1.7+1.4

�2.0 CFHTLenS + WMAP7
�1.37+0.96

�1.21 �1.3+1.0
�1.2 �0.91+0.94

�1.04 �0.85+0.89
�1.16 CFHTLenS + WMAP7 + R11

�0.48+0.75
�0.87 �0.51+0.82

�0.84 �0.31+0.70
�0.86 �0.32+0.70

�1.04 CFHTLenS + WMAP7 + R11 + BOSS

w
0

�1 �1.05+0.33
�0.34 �1 �1.18+0.36

�0.22 CFHTLenS + WMAP7
�1 �1.06+0.08

�0.07 �1 �1.04+0.11
�0.12 CFHTLenS + WMAP7 + R11

�1 �1.02+0.09
�0.09 �1 �1.19+0.14

�0.11 CFHTLenS + WMAP7 + R11 + BOSS

⌦
de

1� ⌦m 1� ⌦m 0.743+0.029
�0.025 0.782+0.161

�0.050 CFHTLenS + WMAP7
1� ⌦m 1� ⌦m 0.747+0.015

�0.014 0.753+0.022
�0.016 CFHTLenS + WMAP7 + R11

1� ⌦m 1� ⌦m 0.730+0.012
�0.011 0.762+0.021

�0.019 CFHTLenS + WMAP7 + R11 + BOSS

⌦⇤
K

0 0 0.002+0.008
�0.009 0.004+0.006

�0.008 CFHTLenS + WMAP7
0 0 0.005+0.005

�0.005 0.004+0.008
�0.007 CFHTLenS + WMAP7 + R11

0 0 �0.004+0.004
�0.004 �0.009+0.005

�0.004 CFHTLenS + WMAP7 + R11 + BOSS

h 0.717+0.016
�0.015 0.74+0.14

�0.12 0.724+0.042
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�0.0013 0.0414+0.0032
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�0.0024 CFHTLenS + WMAP7 + R11

0.0453+0.0009
�0.0011 0.0450+0.0037

�0.0029 0.0470+0.0020
�0.0017 0.0425+0.0035

�0.0027 CFHTLenS + WMAP7 + R11 + BOSS

ns 0.967+0.013
�0.013 0.965+0.014

�0.014 0.967+0.014
�0.014 0.967+0.014

�0.013 CFHTLenS + WMAP7
0.971+0.011

�0.012 0.964+0.013
�0.014 0.968+0.014

�0.014 0.966+0.013
�0.015 CFHTLenS + WMAP7 + R11

0.961+0.012
�0.011 0.957+0.014

�0.013 0.968+0.013
�0.014 0.961+0.015

�0.013 CFHTLenS + WMAP7 + R11 + BOSS

⌧ 0.089+0.015
�0.014 0.089+0.016

�0.014 0.088+0.018
�0.014 0.089+0.016

�0.014 CFHTLenS + WMAP7
0.092+0.015

�0.014 0.089+0.016
�0.014 0.089+0.018

�0.014 0.088+0.016
�0.013 CFHTLenS + WMAP7 + R11

0.082+0.014
�0.012 0.082+0.017

�0.012 0.086+0.016
�0.011 0.084+0.016

�0.013 CFHTLenS + WMAP7 + R11 + BOSS

�2

R 2.395+0.086
�0.087 2.405+0.094

�0.086 2.412+0.090
�0.096 2.430+0.103

�0.096 CFHTLenS + WMAP7
2.378+0.079

�0.086 2.412+0.098
�0.082 2.418+0.090

�0.098 2.420+0.095
�0.090 CFHTLenS + WMAP7 + R11

2.427+0.092
�0.072 2.440+0.083

�0.093 2.382+0.102
�0.091 2.391+0.111

�0.072 CFHTLenS + WMAP7 + R11 + BOSS

with WMAP7, SDSS-LRG baryon acoustic oscillation constraints
from Padmanabhan et al. (2012) and Type Ia supernovae results
from Conley et al. (2011). With this combination of data sets, An-
derson et al. (2012) find w = �1.09 ± 0.08 for flat and curved
wCDM models. Note that this was shown to be the only parameter
where the addition of the supernova data to the BOSS and WMAP7
data impacted upon the analysis, decreasing the errors by a factor
of ⇠ 2. This result is in agreement with our wCDM model con-
straints from CFHTLenS with WMAP7 and R11, where we find
w = �1.06± 0.08 (flat) and w = �0.96± 0.10 (curved).

We find good agreement between the mean measurements

when the different parameters sets are combined. This is in con-
trast to the 2D weak lensing analysis of Kilbinger et al. (2012)
where a 2� difference is found between the mean w

0

measured
with lensing, WMAP7 and BOSS, with and without a prior on the
hubble parameter h. For all cosmologies tested in this analysis, the
constraints on h from CFHTLenS with WMAP7 are in good agree-
ment with the R11 measure of h = 0.738±0.024. Focussing on flat
⇤CDM, in this analysis we find h = 0.717±0.016 for CFHTLenS
with WMAP7, in comparison to BOSS with WMAP7 who find a
2� offset from R11 with h = 0.684±0.013. For wCDM cosmolo-
gies, Kilbinger et al. (2012) and BOSS find even larger shifts away

c� 0000 RAS, MNRAS 000, 000–000

Tomography helps lifting
the Ωm - σ8 degeneracy of
2D lensing.

[Heymans et al. 2013]
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INTRINSIC ALIGNMENT

Galaxy shapes correlated with environment, e.g. dm halo shape

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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INTRINSIC ALIGNMENT

SHEAR TOMOGRAPHY

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)

Why going to 10 or more photo-z bins?

redshift

observer

galaxy shapes correlatedgalaxy and halo shapes correlated

Wednesday, November 9, 2011

CFHTLenS: Tomographic weak lensing 17

Figure 11. Joint parameter constraints on the amplitude of the intrinsic alignment model A and the matter density parameter ⌦
m

from CFHTLenS combined
with WMAP7, BOSS and R11. In the left panel the constraints can be compared between two galaxy samples split by SED type, (early-type in red and late-type
in blue). In the right panel we present constraints from a optimised analysis to enhance the measurement of the intrinsic alignment amplitude of early-type
galaxies (pink). The full sample, combining early and late-type galaxies, produces an intrinsic alignment signal that is consistent with zero (shown purple). A
flat ⇤CDM cosmology is assumed.

Figure 10. Compressed CFHTLenS tomographic data for an optimised
early-type galaxy intrinsic alignment measurement with auto-correlated
redshift bins containing only early-type galaxies (circles) and cross-
correlation redshift bins containing early-type galaxies in the low redshift
bin and all galaxy types in the high redshift bin (filled). Different tomo-
graphic bin combinations ij are indicated by z

peak

, the peak redshift of the
lensing efficiency for that bin. The best-fitting amplitude ↵ij of the data
relative to a fixed fiducial GG-only cosmology model is shown, multiplied
by the fiducial model at ✓ = 1 arcmin for ⇠

+

. The error bars show the 1�
constraints on the fit. The data can be compared to the fiducial GG-only
model, shown dotted.

Aopt

early

= 4.26+1.23
�1.39 , (19)

A
all

= �0.48+0.75
�0.87 . (20)

We find the intrinsic alignment amplitude of the late-type sample
is consistent with zero. In contrast, the amplitude of the intrinsic
alignment model for the early-type sample is detected to be non-
zero with close to 2� confidence. When we consider the optimised
analysis, we find an even stronger detection, with an intrinsic align-
ment amplitude of A = 0 for early-type galaxies ruled out with
3� confidence. The optimised early-type analysis should be con-
sidered with some caution, however, as the tomographic redshift
bins do overlap and as such a small fraction of late-type with early-
type II correlation will be included in the measurement. The mea-
surement of A

early

should therefore be considered as our cleanest
measurement of the early-type galaxy intrinsic amplitude with the
optimised Aopt

early

analysis providing us with the strongest evidence
for intrinsic galaxy alignments between early-type galaxies.

Our constraints show the same broad findings as other stud-
ies; intrinsic alignments are dependent on galaxy type. As previous
studies have focused on specific galaxy samples at fixed redshifts,
however, it is difficult to compare our constraints directly. With that
caveat we can, however, comment on literature results from galaxy
samples that are the most comparable. Our late-type sample is most
similar in its properties to the blue galaxies from the WiggleZ sur-
vey analysed in Mandelbaum et al. (2011). Their null detection is in
agreement with our late-type galaxy results. Our early-type sample
is most similar in terms of luminosity and redshift to the MegaZ-
LRG sample analysed in Joachimi et al. (2011). The best-fit values
4

<
⇠ A <

⇠ 6 for a range of different types of LRG galaxy selection
with an error of ⇠ 1, are in very good agreement with our early-
type galaxy results.

For the full galaxy sample, there is an indication that negative
values of A are preferred. For flat cosmologies, A is negative at
the 1.4� level when the CFHTLenS data are combined only with
WMAP7 and R11 (see table 3 for constraints on A for the full
galaxy sample for different cosmologies and data combinations).
Whilst we emphasize that this result is not statistically significant
it is however worth commenting on what this finding could mean.

c� 0000 RAS, MNRAS 000, 000–000
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]Simple intrinsic alignment model:

Galaxy ellipticity linearly related to tidal
field
[Hirata & Seljak 2004, Bridle & King 2007].

One free amplitude parameter A, fixed
z-dependence.
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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
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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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CFHTLENS CONSTRAINTSCombined Constraints

CFHTLenS

WiggleZ+CFHTLenS

WiggleZ+CFHTLenS
+ISW+BAO

WiggleZ

Flat ΛCDM + WMAP7 + H0
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GRAVITATIONAL SLIP
Gravitational Slip 

η =
φ
ϕ WiggleZ+CFHTLenS 

Flat ΛCDM + WMAP7 + H0 

WiggleZ+CFHTLenS 
+ISW+BAO 
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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 of LSS

3D mass reconstruction, evolution of cosmic structures

[van Waerbeke et al. 2013]
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3.4 degrees

Ray-tracing simulations
[Harnois-Deraps, Vafaei & van Waerbeke 2012]

z=0.03

z=3

CFHTLenS: Mapping the Large Scale Structure 5

Figure 1.Mass reconstruction for one simulated line-of-sight cov-
ering 12 square degrees. The continuous background map with
white contours represents the reconstructed lensing mass (con-
vergence) with masks shown by the black regions. The white con-
tours show the 1, 2, 3 and 4 � contours, while the black contours
show the 1, 2, 3 and 4 � levels in the noise-free map. � is the
convergence rms measured on the mass reconstruction.

this is used as the only source of shape noise in the mock
catalogue. The redshift of each galaxy is resampled using
redshift probability distribution obtained from the photo-
metric redshift distribution function. We refer the reader
to Benjamin et al. (2012) for the details. The galaxies are
then placed on the mosaic tiles and each galaxy’s redshift
determines uniquely the simulated shear and convergence.
This is calculated following Eqs1 and 4 with the reduced
shear computed from Eq.5. The final ‘observed’ ellipticity
in the mock catalogue is obtained by Eq.6. The masks are
also applied to the mock catalogue (i.e. no ‘missing galaxy’
has been added to fill in the gaps), as well as all the other
characteristics of the survey (e.g. the weight associated to
galaxy shape measurements is also preserved).

(iii) Following the procedure described in Section 2, the
mass reconstruction is performed on a regular 512⇥512 grid
which is a 2 ⇥ 2 re-binning of the simulations native pixel
grid. The mass reconstruction is performed for 5 di↵erent
smoothing scales, from approximately 2 to 9 arcminutes in
radius.

(iv) For some of the following tests performed on sim-
ulations, we will be using the noise-free convergence map,
obtained from the stacking of convergence maps at di↵er-
ence source redshifts using the redshift distribution from
(ii) above. These noise-free maps are maps directly obtained
from the simulated light cone, without any connection to the
mock catalogue. For this reason, and to make a clear distinc-
tion with the quantity E , we call sim

the stacked noise free
convergence map.

Figure 1 shows a mass reconstruction example of one
the tiles. The background image with the white contours

Figure 2. For a smoothing scale of ✓
0

= 2.5 arcmin, the di↵erent
set of points show the cross-correlation profile hCa;bir between
two convergence maps a and b, where a and b are one of ”obs”,
”B”, ”sim” or ”ran”. The black filled circles show hC

obs;sim

i
r

, the
red filled triangles show hC

obs;Bi
r

. Error bars for the filled circles
and triangles are the 1� rms of the average over the 10 lines-of-
sight. The light blue filled area shows the 1� region of hC

obs;ran

i
r

averaged over 100 random noise realizations. The 1� region in the
latter also represents the deviation of the average.

shows the reconstructed mass; the white contours represent
the 1, 2, 3, 4� levels, where � is the convergence rms deter-
mined from the reconstructed map. The black contours rep-
resent the 1, 2, 3, 4� levels on the noise free convergence map

sim

. This figure illustrates qualitatively how realistic shot
noise (ellipticity noise) noticeably a↵ects the position, am-
plitude, and sometimes even the presence of peaks in the
reconstructed map. Many reconstructed peaks do not match
a real mass peak and the opposite is also true. Although a
quantitative analysis of peaks is left for another paper, this
illustration is consistent with previous peak statistic anal-
ysis such as Van Waerbeke (2000); Athreya et al. (2002),
which shows that individual peaks are relatively noisy ob-
jects, with a higher chance of being a coincidence (20 per
cent for a 3� peak) than Gaussian statistics. Masks are also
shown in Figure 1 as the black areas with sharp boundaries.
It shows that our mass reconstruction procedure does not
generate catastrophic edge e↵ects near the masks. The rest
of this Section explores the reliability of the mass recon-
struction quantitatively.

3.3 Analysis of the mock catalogues

In this Section we use our simulated data to verify that the
level of shape noise and masks in the CFHTLenS data will
not introduce systematics errors in the statistical properties
of the reconstructed convergence map, such that the cosmo-
logical information is left intact by the mass reconstruction
procedure. This will be performed through two distinct tests.

For the first test we focus on the cross-correlation map
between two maps a and b, where a and b can be any of the
signal 

obs

, noise-free 
sim

, galaxy rotated ? or randomized

ran

maps. The cross-correlation map Ca;b is given by:

Ca;b =
a ? bp

h2

ai0
p

h2

bi0
. (17)

where h...i
0

denotes the zero lag value of the auto-correlation
map. This definition guarantees that Ca;b is normalized, i.e.

© 2012 RAS, MNRAS 000, 1–17

[van Waerbeke et al. 2013]

Black contours: Input

White contours + 
background map: 
Reconstruction
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MOMENTS: SIMULATIONS
CFHTLenS: Mapping the Large Scale Structure 7

Figure 3. Moments of the convergence hni, n = 2, 3, 4, 5, measured on the simulations. Filled circles show the de-noised moments for
the reconstructed mass map 

obs

. The error bars show the 1� deviation of the mean obtained from the rms of the 10 line-of-sight. The
solid line inside the light blue region shows the noise-free moments measured on 

sim

, and the filled light blue area shows the 1� deviation
of the mean of the average 10 noise-free maps. Open symbols show all the possible de-noised combinations of 

obs

and ?: h2

Bi✓0 for
the top left-panel, h3

Bi✓0 , hE2

Bi✓0 , h2

EBi✓0 for the top-right panel, h4

Bi✓0 , hE3

Bi✓0 , h2

E2

Bi✓0 , h3

EBi✓0 for the bottom-left
panel and h5

Bi✓0 , hE4

Bi✓0 , h2

E3

Bi✓0 , h3

E2

Bi✓0 , h4

EBi✓0 for the bottom-right panel.

from all the possible combinations of the reconstructed maps

obs

and ?, where the de-noised moments were computed
using the expressions derived in the Appendix. With no ex-
ception, all moments involving one or more of the rotated
galaxies maps ? are consistent with zero, showing the the
B-mode is consistent with pure noise.

These results on mock catalogues validate our approach
for the CFHTLenS data and demonstrate that for the 154
deg2 of the survey our reconstruction process is stable. Fur-
thermore we have shown that realistic masking geometry
does not alter the reconstruction, and therefore we are able
to reliably quantify some of the most basic statistics of the
projected mass density.

3.4 Beyond the moments: convergence PDF and
peak statistics

The first few convergence moments give only a partial de-
scription of the histogram of the convergence, also called the
1-point Probability Distribution Function (PDF). However,
the 1-point PDF, along with its extensions to higher order,
contains additional information about the moment hierar-
chy, and therefore about the structure formation process.
It has been demonstrated for instance that a combination
of di↵erent moments of the PDF, through the Edgeworth
expansion, probes di↵erent aspects of the gravitational col-

lapse as described in Juszkiewicz et al. (1995). General char-
acteristics of the PDF such as the height and the min-
imum  of the convergence histogram are two important
features which are not easily captured by convergence mo-
ments. Therefore, it would be interesting to use the conver-
gence PDF itself as a cosmological probe. This possibility
has been theoretically explored (Munshi et al. 2004) using
the aperture filtered shear, the same filter which transforms
the shear � into a local, scalar quantity. Doing this analy-
sis on the convergence  PDF would exploit the fact that
the long wavelength modes are preserved, and presumably
boost the signal-to-noise; such an analysis, based on the
CFHTLenS mass maps, is left for a forthcoming study.

Nevertheless we can already illustrate with our simula-
tions the expected level of 1-point PDF signal-to-noise. Fig-
ure 4 shows the measured 1-point PDF for  compared to the
? 1-point PDF. The average 1-point PDF obtained from
pure noise reconstructions (with error bars) is also shown,
and the B-mode PDF is consistent with pure noise. This
result is in agreement with Figure 3 that shows a negligible
B-mode for the convergence moments. One can also clearly
see that the cosmological signal broadens the PDF compared
to pure noise (or B-mode) PDF’s. This 1-point PDF study
opens up a new statistical analysis opportunity for gravi-
tational lensing surveys which remains to be exploited. Of
interest is the construction of alternative probes for cosmol-

© 2012 RAS, MNRAS 000, 1–17
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MOMENTS: CFHTLENS
10 L. Van Waerbeke et al.

Figure 6. Moments of the convergence hni, n = 2, 3, 4, 5 measured on the CFHTLenS data. Error bars show the 1� deviation from the
mean of the the four CFHTLenS fields. Solid lines are the moments measured from the signal maps and de-noised using the procedure
described in Section 3.2. Open symbols show the di↵erent de-noised combination of the signal map 

obs

and systematics map ?, similar
to that shown in Figure 3 for the simulations. The solid line shows the second order moment (top-left) and third order moment (top-right)
predictions from Eqs14 and 17 using the WMAP7 cosmology (see text in Section 4.3).

that all galaxies are central galaxies and all follow the stel-
lar mass to halo mass relation in Leauthaud et al. (2012).
This will overestimate our predicted total mass, but to a first
approximation it should not dramatically a↵ect the relative
distribution of mass. Using the Figure 4 from Leauthaud
et al. (2011) we anticipate that, on average, there are roughly
one to two satellite galaxies for every central galaxy. This
should lead us to overestimate the total mass by roughly a
factor of 2 to 3. The exact calculation is not needed as we
are only interested in an order of magnitude estimate of how
wrong our predicted convergence can be. In a future work,
the same strategy will be applied to clusters instead of indi-
vidual galaxies, which should mitigate this e↵ect. In order
to complete our convergence prediction from the galaxies,
we need to assign a concentration to each halo. To this end,
we use the mass-concentration relation calibrated from nu-
merical simulations in Muñoz-Cuartas et al. (2011).

At this stage, each galaxy in the CFHTLenS catalogue
is associated with a dark matter halo of known concentra-
tion and mass. The last step is to apply the lensing kernel
in order to predict the convergence based on the redshifts
of the lenses and sources. Every galaxy is simultaneously
both a lens and a source, depending whether they are in the
background or the foreground relative to other galaxies. One
can then compute for each galaxy a predicted convergence
based on the foreground mass distribution coming from all
galaxies located at lower redshift. For a source galaxy at

location ✓ on the sky with redshift zS , and N foreground
lenses at redshifts zLi the total convergence predicted from
the baryonic distribution is given by:


gal

(✓) =
NX

i=1

⌃i(|✓ � ✓i|)
⌃crit(zLi , zS)

� ̄
gal

, (21)

where ⌃i(|✓ � ✓i|) is the projected halo mass of lens i cen-
tred at ✓i, and ⌃crit(zLi , zS) is the critical density given
by:

⌃crit(zLi , zS) =
c2

4⇡G

fK(wS)

fK(wL)fK(wS � wLi)
. (22)

Note that the average predicted convergence ̄
gal

is cal-
culated only after all haloes have been assigned to the
galaxies. The critical density depends on the observer-lens,
lens-source and observer-source angular diameter distances
fK(wL), fK(wS � wLi) and fK(wS). The sky-average pre-
dicted convergence is set to zero by subtracting the mean
̄
gal

in Eq.(21). We assume that the weak lensing approxi-
mation applies which means that the convergence from the
di↵erent lenses can be added linearly. It is important to em-
phasize that the lens redshift goes down to the lowest reli-
able value z = 0.2, and that the sources only cover redshifts
z = 0.4 and higher (in order to be consistent with our source
galaxy selection outlined in Section 4.2).

The convergence predicted from the baryonic content

© 2012 RAS, MNRAS 000, 1–17
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LOOKING FOR PEAKS

CFHTLenS W1

CFHTLenS: Mapping the Large Scale Structure 11

Figure 7. In the W1 field, comparison of the total mass from gravitational lensing reconstruction (underlying continuous map with
contours) and the predicted mass inferred from the foreground galaxies is indicated by the open white circles in the map. The field-of-view
is approximately 9 ⇥ 8 deg2. Open circles indicate the position of peaks with positive curvature in the predicted projected mass. The
number density of circles is therefore indicative of the amount of mass expected in projection in a particular region. The size of the
circles are also indicative of the height of the peak of the predicted mass map is. The open circles distribution coincides with the high
density regions in the reconstructed mass density map.


gal

(✓) is assigned to each galaxy in the CFHTLenS cata-
logue. Following Section 4.2, the 

gal

(✓) are placed on the
same regular grid that is used for the lensing mass recon-
struction. The lensfit weighting is used to determine the
average ̄

gal

(✓) within each pixel, and the same Gaussian
smoothing is applied. For most galaxies, the size r

200

of a
single galactic halo is comparable to the size of a pixel, which
is of the order of half an arcminute, in the final resolution
map. The galaxies in the masked regions therefore do not im-
pact on our analysis as the extension of their halo is small 3.

3 Note that the haloes from low redshift galaxies do extend over

The Gaussian smoothing window is sometimes truncated by
the masks, but this e↵ect is minimal, because of the filling
factor cut of 50 per cent applied to the predicted mass map.
Furthermore, this is a random, zero net e↵ect, leading only
to larger noise around the image masks, but not to a bias in
the projected convergence.

In order to compare the reconstructed lensing map and
the predicted map, we adopt the following strategy: positive
curvature peaks are first detected in the 

gal

map, with a

several pixels, but their lensing e�ciency is small due to their
proximity to the observer

© 2012 RAS, MNRAS 000, 1–17
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Figure 9. Similar to Fig.7, with the background map and contours mapping the total projected matter from gravitational lensing mass
reconstruction, now the open triangles show the position of the negative curvature peaks in the mass map predicted from the foreground
galaxies. The open triangles now unambiguously trace the underdense regions in the density mass map. Larger triangles correspond to
deeper negative curvature peaks.
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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 papers are being submitted and accepted. Catalogues have been 
made public on Nov 1, 2012. See www.cfhtlens.org .
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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)

HSC survey. ≥ 2013 -
1,200 deg2, HyperSuprimeCam/Subaru.
Excellent image quality and seeing, very deep (8m telescope!). Deep and Ultra-
deep field

LSST. ≥ 2018 -
20,000 deg2

Euclid. ≥ 2019 -
15,000 deg2

Very stable PSF, space-based.
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    Shapes  +  Photo-z   of  n = 1.5 x109   galaxies ?    z of  n=5x107  galaxies 

          15,000 deg2    

           40  deg2      

Possibility to propose other surveys:  SN and/or  -lens surveys, Milky Way ? 

           In ~5.5 years      
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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). 
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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.  

 

 γ = 0.52 ± 0.09 

CFHTLenS + WiggleZ
+ WMAP5 + H0:
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Euclid 
Consortium Euclid:optimised for shape measurements 

M51  

SDSS @ z=0.1SDSS @ z=0.1  Euclid @ z=0.1Euclid @ z=0.1  Euclid @ z=0.7Euclid @ z=0.7  

• Euclid images of z~1 galaxies: same resolution as SDSS images at z~0.05 and at 
least 3 magnitudes deeper.   
• Space imaging of Euclid will outperform any  other surveys of weak lensing. 

Thursday, April 4, 13



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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LIKELIHOOD FUNCTION
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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!

�
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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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[Kilbinger et al., arXiv:1101.0950]

Monday, October 31, 2011

Thursday, April 4, 13

http://www.cosmopmc.info
http://www.cosmopmc.info


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
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• Shear two-point correlation function (2PCF)
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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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<κmass κgalaxies> <κmass κrot> <κrot κgalaxies>

W1 cross-correlation analysis

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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WEAK LENSING SUMMARY

Galaxy shape correlations measure ‘lumpiness’ of large-scale structure (LSS)

Sensitive to both geometry and growth, z = 0.2 ... 1, acceleration epoch; dark 
energy, modified gravity

Weak lensing regime: need huge number of galaxies to measure statistically 
& excellent image quality

Weak cosmological lensing

Lensing
by
the
large-
scale
structureLensing by the large-scale structure Gravitational lensing: examples

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 / 95
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