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Questions to the Universe . . .

. . . that cosmic shear can help to answer:

• Composition and geometry of the Universe: H(z), dA(z)
• Growth of structure: G(z)
• Nature of dark energy: w = p/(ρc2) = −1? const?,

Quintessence
• Initial conditions: ns, inflation
• Amplitude of density fluctuations: σ8, As



Gravitational lensing: strong & weak



Principle of cosmic shear

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

• Light bundles are differentially distorted due to
gravitational lensing by tidal field of large-scale structure



• Images of galaxies are coherently
distorted leading to shape
correlations which depend on
statistical properties of LSS

• Probes total (dark+luminous)
matter, no tracer for dark matter
needed

• Distortions are very small (weak
lensing regime), can be detected
only statistically using large
number of galaxies

3 Mpc

“Cosmic shear”



Convergence and shear

Effect of lensing

• isotropic magnification
(convergence κ)

• anisotropic stretching (shear γ)

Shear transforms a circle into an ellipse.
Define complex ellipticity

γ = γ1 + iγ2 = |γ|e2iϕ;

|γ| = |1− κ|1− b/a

1 + b/a
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Typical faint, high-redshift galaxies [Y. Mellier]

Galaxies are not circles! Not even ellipses... However,
“ellipticity” ε for any galaxy can be defined and measured.

Weak lensing regime

κ � 1, |γ| � 1
The observed ellipticity of a galaxy is the sum of the intrinsic
ellipticity and the shear:

ε ≈ εs + γ (complex sum)



Random intrinsic orientation of galaxies

〈εs〉 = 0 −→ 〈ε〉 = γ

The observed ellipticity is an unbiased estimator of the shear.
Very noisy though! σε = 〈|εs|2〉1/2 ≈ 0.3− 0.4 � γ. Beat down
noise by averaging over large number of galaxies.

Distortion of background galaxy images due to foreground mass



Typical numbers

Regime γ γ/σε Ngal for S/N∼ 1

weak lensing by clusters 0.03 0.1 102

galaxy-galaxy lensing 0.003 0.01 104

cosmic shear 0.001 0.003 105

Much more galaxies for precision measurements needed.

Cosmic shear galaxy surveys
ngal [arcmin−2] 10 – 30 (from ground)

60 – 100 (from space)

Area: past: from < 1 deg2 to ≈ 100 deg2.
ongoing: Subaru (33 deg2), DLS (36 deg2), CFHTLS-

Wide (170 deg2)
future: DES, KIDS, SNAP (1000–5000 deg2), Pan-

STARRS-4, LSST, DUNE (20 000 deg2)



convergence κ

−0.041 0.095 0.23

shear γ

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



Second-order shear observables

Two-point correlation function ξ±

〈

γ×γ×
〉

> 0

〈γtγt〉

γtγt < 0

< 0

ξ+(ϑ) = 〈γtγt〉 (ϑ) + 〈γ×γ×〉 (ϑ)
ξ−(ϑ) = 〈γtγt〉 (ϑ)− 〈γ×γ×〉 (ϑ)

Top-hat shear variance

γ×

〈|γ|2〉 = 〈γ2
1〉 + 〈γ2

2〉

ϑ

θ

γt

〈
|γ|2

〉
(θ) =

∫
d2ϑ |γ|2(ϑ)

Aperture-mass dispersion

Dispersion of weighted tangent. shear Map(θ) =
∫

d2ϑ Qθ(ϑ)γt(ϑ)



Cosmic shear and cosmology
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Very weak lensing in the CFHTLS-Wide

L. Fu et al. 2008, A&A in press (astro-ph/0712.0884)
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  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
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CFHTLS Wide,
3rd data release (T0003)

• 57 deg2 (effective area 35
deg2)

• 21.5 ≤ iAB ≤ 24.5
• neff = 12 galaxies/arcmin2

• 2.5× 106 galaxies for
lensing

• largest separation ∼ 470′,
nearly 8 degrees



Very weak lensing measurements
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• Shear measurement between 1 and 230 arcmin
• B-modes consistent with zero on most scales
• B-mode “bump” at 100 arcmin, origin?



PSF effects

We need to measure galaxy shapes to percent-level accuracy.

Galaxies are faint (I > 21), small ( >∼ arcsec = few pixel) and
are

1. smeared by seeing
2. distorted by instrumental imperfections: defocusing,

abberation, coma etc., tracking errors, chip not planar,
image coaddition

These distortions are much larger than the cosmic shear signal!

We have to correct for PSF effects.



Example of star images
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Object selection

Figure 3.6: Galaxies and stars identification for CCD 13 (counting from the upper left corner to the
lower right corner of the field). Left panel : The size vs magnitude diagram. The boxes show the 4 types
of objects mentioned in the text (stars, bright objects, artifacts and galaxies). Right panel: Part of the
field, covering CCDs 13 and 14. Small (red) marks are the galaxies, big (green) circles show the stars
positions. The CCD on the left has 28 stars which correspond to the ones sitting on the vertical line on
the left panel. The parts of the image with no objects marked are masked regions.

In the W1+2+3 field (non-masked areas only) there are 960 stars, which corresponds to 20
to 30 stars per CCD, and 32520 galaxies.

3.2.4 Redshift of the source galaxies

The right panel of Fig. 3.6 shows the positions of the stars and galaxies detected. At this point
we have a catalog containing the coordinates, size and magnitude of the stars and galaxies. There
are still two other important properties of the objects that need to be determined. The first one
is the redshift of the galaxies. These may be determined by one of two alternative methods. They
may be obtained directly if it exists a spectrocopic survey of the same galaxies, or they may be
estimated from the measured fluxes in the different wavelength bands, when data in several filters
are available. In the latter case the measured spectral energy distribution of galaxies is compared
to templates determined from spectral evolution models of galaxies [Bruzual & Charlot, 1993].
There are some publicly available codes to perform these comparisons, one example is Hyper-z
[www, v]. The individual redshifts of galaxies thus estimated are known as photometric redshifts.

In the absence of both spectroscopic surveys and multi-band observations, it is not possible to
estimate the individual redshifts of the galaxies, but it is still possible to obtain the distribution
of redshifts. The idea is to use the redshifts found for other surveys of the same depth and fit
an analytical distribution function to their histogram of galaxies’ redshifts.

At the time of this work, the photometric redshifts estimated from the multi-band observa-
tions of the CFHTLS fields themselves were not available. We followed then this method, using
the photometric redshifts found for the Hubble Deep fields [Fernández-Soto et al., 1999]. The
data consists on 1067 redshifts, estimated using 4 optical filters and 3 infra-red bands and it has
a limiting magnitude of 28, which means it is complete in our magnitude range. The HDF-north

90

CFHTLS Wide [I. Tereno]

From size-magnitude diagram select galaxies and stars.



PSF pattern

[Hoekstra et al. 2006]

PSF correction works if

• PSF pattern is smooth
(can be fitted by simple
function)

• star density is high
enough (∼ 10-20 stars
per chip)



Star ellipticity

All CFHTLS-Wide pointings



Cross-checking
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The lensing signal is robust, reliable; systematics are well under
control



Redshift distribution

CFHTLS−Wide redshift
distribution

CFHTLS−Deep:

calibrated with 3241 VVDS spectra
318,776 galaxies with photo−zs from  u*g’r’i’z’

− cosmic variance
− Poisson noise

error bars: − photo−z uncertainty

[Ilbert et al. 2006]



Constraints on Ωm and σ8

All angular scales

Correlation function
Top−hat
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Constraints on large scales

Measurement σ8 = 0.837± 0.084 (Ωm = 0.25) on scales
85′ < θ < 230′ obtained in the linear regime.

Insensitive against

• non-linear physics
• baryonic physics
• intrinsic galaxy
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However, more sensitive to PSF residuals because signal is
small, correlations across pointings



Combination with WMAP3
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σ8 = 0.782± 0.038



Intrinsic alignment (shape-shape correlation, II)

dark matter halo

Correlation of intrinsic galaxy orientation mimics a shear signal

Shape-shear correlation (GI)

δ>0 δ>0

Shape of foreground galaxy anti-correlated with shear of
background galaxy → decreases cosmic shear signal
[Hirata et al. 2004, 2007]



Intrinsic alignment (II)

• Detection in COMBO-17 [Heymans et al. 2004]

• Non-detection in SDSS, II <∼ 0.15 GG at θ < 3′ [Hirata et
al. 2004]

• Can be separated from lensing signal by excluding close
physical pairs (need photo-zs!)

Shape-shear correlation (GI)

• Measured in SDSS [Hirata et al. 2004, 2007]

• <∼ 10% of GG at all scales?
• Difficult to separate from GG. Need many z-bins [Joachimi

et al. in prep.]



Measurements and simulations

Intrinsic alignment II Shape-shear correlation GI

[Heymans et al. 2006, Mandelbaum et al. 2006]



Shape-shear correlation in CFHTLS-Wide

Simple model

ξGI(θ) = E A

θ + θ0
; θ > 60′

Lensing efficiency E is integral over galaxy redshift distribution
weighted by geometrical factors

We fix θ0 = 1′ and
determine GI amplitude
A by fitting WL + GI
models to data:

A = 2.2+3.8
−4.6
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Effects of galaxy clustering on the
shear signal



Galaxy distribution
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Galaxies not distributed homogeneously but cluster:
p(z) = p(θ, z)
• Different lines of sight probe LSS at different depths
• Additional dispersion which contaminates lensing signal
• Amplitude depends on the galaxy bias



Source-source clustering (SSC)

• SSC ∝ galaxy-galaxy correlation, observable

Source-lens clustering (SLC)

• Foreground (“lens”) and background (“source”) structures
overlap

• SLC ∝ galaxy-dark matter correlation, not observable!
• SLC contamination very high for cosmic shear skewness

Bias model

Linear deterministic bias b = b0(1 + z)γ

(Later: measure bias from semi-analytical simulations)



Theoretical expectations I

Second-order statistics (variance)
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Theoretical expectations II

Third-order statistics (skewness)

-0.4

-0.2

 0

 0.2

 0.4

 1  10  100re
la

ti
v
e

 c
o

n
tr

ib
u

ti
o

n

θ [arcmin]

SLC

polynomial
Gaussian

tophat



SLC compared to simulations

1514 J. E. Forero-Romero et al.

numerical results to the semi-analytic calculations of Van Waerbeke
et al. (2001). Overall, the semi-analytical predictions of these au-
thors show very good agreement with the lensing signal measured
in our mock catalogues. Moreover, the better agreement with the
RANDOM mocks is somewhat expected: out of the three methods
we presented here, this is the one which follows most closely the
assumptions made in Van Waerbeke et al. (2001). Most of the small-
scale deviations from the semi-analytic trend in the variance plots
can be attributed to the finite spatial resolution of our simulation
(see Section 3.5).

Figure 7. The R(S) factor as defined in equation (16) for 〈κ2〉 and S3, for the three different magnitude ranges in the SDSS r filter. The solid line compares
the methods MATCH and RANDOM. The dashed line compares the methods MATCH and NO MATCH.

Figure 8. Comparison of the convergence statistics for three different magnitude ranges in the Johnson K filter, and for three different methods of measuring
the convergence at each galaxy position. The solid line indicates results obtained with the RANDOM method, the dashed line indicates results obtained with
the NO MATCH method, and the dotted line indicates results obtained with the MATCH method. 〈κ2〉 has been divided by 10−4 and S4 has been divided by
104. The error bars, shifted horizontally for clarity, indicate the 1σ dispersion measured around the mean for the 25 cone realizations. The overplotted diamonds
show values computed with the SAM described in Van Waerbeke et al. (2001).

We introduce the parameter R as done by Hamana et al. (2002)
to quantify the amplitude of the SLC effects:

R(S) = SNO SLC − SMATCH

SNO SLC
, (16)

where S can be 〈κ2〉 or S3, and NO SLC is one of the methods
RANDOM or NO MATCH. Figs 7 and 9 show the results for this
expression.

From these figures, it is clear that the results for 〈κ2〉, S3 and S4

in both filters, and in the three different magnitude bins show the

C© 2007 The Authors. Journal compilation C© 2007 RAS, MNRAS 379, 1507–1518

LEMOMAF 1515

Figure 9. The R(S) factor as defined in equation (16) for 〈κ2〉 and S3, for the three different magnitude ranges in the Johnson K filter. The solid line compares
the methods MATCH and RANDOM. The dashed line compares the methods MATCH and NO MATCH.

same trend: these statistics are systematically lower for the MATCH
case than that for the NO MATCH and RANDOM cases, with the
latter being remarkably similar. Furthermore, we clearly see that the
effect is more pronounced for the narrower redshift distribution of
sources (i.e. SDSS r band). These results, which are obtained using
a fairly realistic galaxy distribution, are in broad agreement with
the simpler approach advocated by Bernardeau (1998) and Hamana
et al. (2002).

However, we also find a significant SLC effect on the two-point
statistics, R ∼ 10 per cent for the SDSS r distributions. The case for
the Johnson K distributions is less significant with R ∼ 4 per cent,
being consistent with 0 per cent for smoothing scales larger than
4 arcmin. This is not expected from perturbation theory alone. We
suspect that it arises because our simulation probes the highly non-
linear regime. A comparison of the MATCH to the NO MATCH
run – where the clustering of sources is preserved albeit galaxies
positions are not correlated with that of the underlying dark matter
distribution – strongly suggests that the signal comes from the ade-
quation of the intra halo galaxy population with the depth of its host
potential well.

Finally, we would like to emphasize that such a mock catalogue
approach should allow a fast calculation of the SLC effect for future
weak-lensing surveys intending to use cosmic shear as a precision
cosmology tool.

4.3 Galaxy counts

Weak lensing enlarges the area of the sky which is observed, thus
lowering the number density of objects which are detected. In the
same time, it causes galaxies to appear brighter, thus increasing their
number density for a given apparent magnitude. The net effect de-
pends on the slope s(m) of the number counts of galaxies. Let us
write N0(m) dm as the number of galaxies with magnitudes between
m and m + dm, and s(m) = d log N0(m)/dm. If the sources undergo
a magnification µ = 1/ det A (see Section 3.1 for a definition of
the matrix A), and N ′(m) is the magnified number of sources corre-
sponding to N0(m), we can write N ′(m) = µ2.5s−1N0(m) (Broadhurst,
Taylor & Peacock 1995; Jain 2002; Scranton et al. 2005).

The effect of the magnification on the solid angle, which is re-
sponsible for a factor µ−1 can only be detected if we use a grid that
allows us to have a resolution of the order of 0.1 arcmin to make
a proper estimation of the deflection angle for a given galaxy. The
angular resolution of our simulations is roughly 1 arcmin, which
is clearly not enough. Therefore, we expect that only the lensing
effects on galaxy magnitudes (which does not require high angular
resolution to be seen) will be perceptible. This simplifies the expres-

sion for the magnified number of sources to N ′(m) = µ2.5sN0(m),
which in turn reduces, in the weak-lensing regime (µ = 1 + 2κ), to

N ′(m)
N0(m)

− 1 = 5.0κs. (17)

The numerical experiments we carry out with LEMOMAF are meant
to explore the effect of weak lensing on galaxy counts via the es-
timate of this ratio, as we vary the size of the field in which the
measurements of the counts are performed.

In the 25 original fields of 1◦ × 1◦, we compute galaxy counts
both for unlensed and lensed fields (using the MATCH and NO
MATCH methods). We then cut each of these fields into smaller
square patches of angular size 12, 15, 20 and 30 arcmin and 1◦ on
a side, and measure the counts in all of these subfields. We also
calculate for each patch the ratio N(m)/N0(m), and organize our
results as follows. For a patch of size θ , taken from a field of original
size #, we have Np = (θ/#)2 patches. Labelling subfields as $ =
1, . . . , Np in every original uncut # field, we then proceed to stack
together the 25 patches which have the same index $. For each patch
in the stack, we estimate the ratio of lensed to unlensed integrated
counts, and compute the mean for each stack.

In Figs 10 and 11, we plot these means for our Np stacks, for each
value of θ (column panels) and for both methods, NO MATCH and
MATCH (top and middle row panels respectively). In the bottom
row of these figures, we show λ = 5.0sκ , in order to facilitate the
interpretation of the behaviour of the lensed to unlensed counts
ratio in terms of equation (17). In this intent, we estimate κ using an
average value measured for the galaxies which lie in the magnitude
bin of interest in the uncut field of size #. From our ray-tracing
results (see Fig. 4), we know that we are in the weak-lensing regime
where κ ( 1, so equation (17) tells us that we can expect a depletion
in galaxy counts only when 〈κ〉 and s have different signs.

In the SDSS r band (Fig. 10), λ (in per cent) is restricted to the
interval [− 1.0, 0.0]. High fluctuations in the counts ratio for the low
values of the magnitude are due to an ever smaller number of bright
galaxies being present in a subfield when the subfield size decreases
or the brightness of the source increases. In the magnitude interval
mr = [19, 22] where this effect becomes negligible, we see that
galaxy number counts can be depleted down to 1 per cent.

In the Johnson K filter (Fig. 11), λ (in per cent) takes values
in the interval [−0.5, 1.0], although its change of sign between the
magnitudes 21 and 23 is entirely due to the mass resolution of our N-
body simulation which translates into an incompleteness for galaxies
fainter than mK = 21 (see also Fig. 1). We therefore restrict ourselves
to the magnitude interval mK = [16, 21] for which there exists a
good agreement between modelled and observed counts in terms of
slope, and the number of bright galaxies per subfield is high enough.

C© 2007 The Authors. Journal compilation C© 2007 RAS, MNRAS 379, 1507–1518

[Forero-Romero et al. 2007]



Reducing SLC skewness: redshift binning

-0.3

-0.2

-0.1

 0

Gaussian

0.2 < z < 1.5
0.2 < z < 0.7
0.7 < z < 1.5

-0.3

-0.2

-0.1

 0

 1  10  100

θ [arcmin]

R
(θ

)

0.2 < z < 0.4
0.4 < z < 0.7
0.7 < z < 1.0
1.0 < z < 1.5

 0

 0.1

 0.2

 0.3

 0.4

polynomial

0.2 < z < 1.5
0.2 < z < 0.7
0.7 < z < 1.5

 0

 0.1

 0.2

 0.3

 1  10  100

θ [arcmin]

R
(θ

)

0.2 < z < 0.4
0.4 < z < 0.7
0.7 < z < 1.0
1.0 < z < 1.5

Reducing the overlap between sources and lenses.



Combining weak lensing with other
cosmological experiments



Improving cosmological parameters constraints

. . . together with I. Tereno, K. Benabed, P. Astier, J. Guy

Combining. . .

• Cosmic shear (CFHTLS-Wide)
• CMB (WMAP3)
• Supernovae Ia (SNLS)

SNLS [Astier et al. 2006]

• CFHTLS-Deep 1st year data, spectroscopic follow-up
(VLT, Gemini, Keck), 118 SN up to z = 1

• Full treatment of nuisance parameters (photometric
calibration, filter curve uncertainties)

• Correlation of nuisance and cosmological parameters



First results

SNIa alone
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First results

flat ΛCDM model

SN Ia

Lensing
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Outlook

• CFHTLS-Wide T0004: 30 square degree in 5 optical bands,
photo-zs for all galaxies: shear tomography

• Combining weak lensing with other probes will provide
tight constraints on dark energy (quintessence, early dark
energy), primordial spectral index ns, massive neutrinos

• CFHTLS best data set for cosmic shear



Merci et Joyeuses Fêtes!
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