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Outline

Introductory remarks

Books, Reviews and Lecture Notes

• Kochanek, Schneider & Wambsganss 2004, book (Saas Fee) Gravitational

lensing: Strong, weak & micro. Download Part I (Introduction) and Part
III (Weak lensing) from my homepage
http://www.cosmostat.org/people/kilbinger.

• Kilbinger 2015, review Cosmology from cosmic shear observations

Reports on Progress in Physics, 78, 086901, arXiv:1411.0155

• Mandelbaum 2018, review Weak lensing for precision cosmology, ARAA

submitted, arXiv:1710.03235

• Sarah Bridle 2014, lecture videos (Saas Fee) http:

//archiveweb.epfl.ch/saasfee2014.epfl.ch/page-110036-en.html
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Basics of cosmology

Cosmology: The science of the Universe
Matter-energy content

Expansion history

(+ photons, neutrinos)
[Planck Collaboration, 2018]
”Standard model“: Flat ΛCDM cosmology.
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Basics of cosmology

Cosmology: The science of the Universe
Structure formation

Martin Kilbinger

(CEA)

Weak lensing & Euclid

5 / 81

Galaxies and dark matter; (Springel et al. 2005), 1010 simulated particles

Basics of cosmology

Dark matter
Indirect detection
Example: galaxy rotation curves.

Also gravitational lensing.
Direct detection
Large under-ground experiments, no detection so far.
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• SNIa are thermo-nuclear
of a white dwarf of ~ 1.4 solar masses
Basics ofexplosions
cosmology
SNIa are thermo-nuclear explosions of a white dwarf of ~ 1.4 solar masses

Dark energy

• Universal intrinsic luminosity, observed luminosity only depends on distance.
Universal intrinsic
luminosity,
observed luminosity only depends on distance.
“Standard
candles”
Standard candles”

• Distance
as function
redshift
expansion
history
of Universe
40 Indirect
P.Supernovae
Astier et al.of
(SNLS
Collaboration):
SNLS
1st year data
set candles”
detection:
type history
Ia
= “standard
Distance as function
redshift
of Universe
P. Astier et al.of
(SNLS
Collaboration):expansion
SNLS 1st year data
set
5.4. Cosmological fits
Hubble diagram
cal fits
Hubble
diagram
r
44
From the fits to the light-curves (Sect. 5.1), we computed
a
Yea
st

38
36
34

(Ωm,ΩΛ)=(0.26,0.74)
(Ωm,ΩΛ)=(1.00,0.00)

(Ωm,ΩΛ)=(0.26,0.74)
(Ωm,ΩΛ)=(1.00,0.00)

0.2 0.8
0.4
0.8
0.4
0.6
10.6
SN Redshift
SN Redshift

Astier et al. 2006

fainter

40

fainter

S1
SNL

Astier et al. 2006

ar

t Ye

s
LS 1
42
SN

µB

Distance modulus
(appar. - absolute mag.)

µB

Distance modulus
(appar. - absolute mag.)

44
he light-curves
(Sect. 5.1),which,
we computed
a standard
rest-frame-B
magnitude,
for perfect
candles,
nitude,
which,
forredshift
perfect according
standard candles,
should vary
with
to the luminosity distance.
42
edshift
according
to
the
luminosity
distance.
This rest-frame-B magnitude refers to observed brightness, and
magnitude refers to observed brightness, and
therefore does not account for brighter-slower and brightert account for brighter-slower and brighter40therein).
bluer correlations (see Guy et al. 2005 and references
(see Guy et al. 2005 and references therein).
As a distance estimator, we use:
mator, we use:
38
µ = m∗ − M + α(s − 1) − βc
(sB− 1) −B βc
36 curves,
and cthe
arefitderived
from the fit to the light
where m∗B , s from
c are derived
to the light curves,
and α, βmagnitude
and the absolute
magnitudewhich
M are parameters which
absolute
M are parameters
are fitted
minimizing
residuals
in the Hubble34diagram.
mizing
theby
residuals
in thethe
Hubble
diagram.
The
fit is actually
performed by minimizing:
fit iscosmological
actually performed
by minimizing:
0.2
# (dL (θ, z)/10 pc)#2
! "µB − 5 log
2 10 (dL (θ, z)/10
log
pc) 21015,
Thursday,
November
12
χ
=
,
vember 15, 12
, ) + σ2
2
σ2 (µ
B
σ2 (µobjects
int
B ) + σint

1

1
1
SNIa = “standard candles”, absolute
luminosity
(more or less) fixed, relative
5 log10 ( dL c H0 )
-1

5 log10 ( dL c-1 H0 )

where
θ stands forparameters
the cosmological
parameters
that define the
the cosmological
that define
the
is the luminosmodel (with
exception
of H0 ), dL only
depends on distance.
dL is the luminoshfitted
theluminosity
exception
of Hthe
0 ), (magnitude)
ity
distance,
and
σ
is
the
intrinsic
dispersion
of0.5
SN abso0.5
σint is the intrinsic int
dispersion of SN absoluteminimize
magnitudes.
minimize
with
respect
We
withWe
respect
to θ, α,
β and
M. to θ, α, β and M.
as 1/H0on
, only
M depends
on H0 . The definition
Since
1/H0 , donly
M depends
H0 . The
definition
L scales
of
σ2 (µB ),variance,
the measurement
variance,
surement
requires some
care. requires
First, some care.
0
0 First,
one
to account
for the
fullof
covariance
of m∗B , s and c
c
for has
the full
covariance
matrix
m∗B , s andmatrix
ve fit.the
Second,
σ(µ
depends
on
α and
β;
from
light-curve
Second,
σ(µ
on α and
β; lensing & Euclid
Martin
Kilbinger
(CEA)
Weak
B ) fit.
B ) depends

8 / 81

Basics of cosmology

Dark energy

SNIa fainter than for matter-only universe at medium redshift z;
But seems to follow matter-dominated law at high z, too bright for dust
absorption of light.
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Basics of cosmology

Nature of dark energy?
Einstein equations:
1
8πG
Rµν − gµν R = 2 Tµν −Λgµν .
2
c

Possible interpretations:
• Λ: integration constant (cosmological constant), most general (covariant)

expansion of Einstein’s original equation
Problem: Why is Λ so small, dominant today? Required fine-tuning in
early universe. No explained from particle physics.

• Λgµν as part of matter-energy tensor Tµν . Simplest case isotropic “fluid”,

Tµν = diag(ρc2 , p, p, p). With gµν = ηµν = diag(1, −1, −1, −1)
→ p = −ρc2 , vacuum energy.
Problem: Naive prediction wrong by 10120 !
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Basics of cosmology

Nature of dark energy?
Einstein equations:
1
8πG
Rµν − gµν R = 2 Tµν −Λgµν .
2
c

Possible interpretations:
• Dynamical dark energy (quintessence, K-essence, . . .). Add

time-dependence; add parameter w for equation of state:
p = wρc2 . Holy grail of cosmology: Find w 6= −1, or w(z)!
Problem: Still need fine-tuning.

• Move Λgµν to left-hand side. Modification of Einstein’s equation,

modified gravity.
Problem: Models not well constrained, some require fine-tuning. GR
satisfied on very small and very large scales.
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Basics of gravitational lensing

Gravitational lensing
Gravitational lensing = light deflection and focusing by matter
Light is deflected by both dark and luminous matter.
Important to study dark matter:
• Dominant over luminous (baryonic) matter (27% vs. 5%)
• Dark matter easy to understand and simulate (N -body simulations), only
interaction is gravity

We will be looking at the small distortion of
distant galaxies by the cosmic web (weak
cosmological lensing, cosmic shear).
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Basics of gravitational lensing

Brief history of gravitational lensing

Brief history of gravitational lensing

• Before Einstein: Masses

deflect photons, treated as
point masses.

• 1915 Einstein’s GR

predicted deflection of
stars by sun, deflection
larger by 2 compared to
classical value. Confirmed
1919 by Eddington and
others during solar eclipse.
Photograph taken by Eddington of solar corona, and
stars marked with bars.
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Basics of gravitational lensing

Brief history of gravitational lensing

Lensing on cosmological scales
• 1979 Walsh et al. detect first double image of a lenses quasar.

(Walsh et al. 1979)
Martin Kilbinger
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Basics of gravitational lensing

Brief history of gravitational lensing

1987A&A...172L..14S

• 1987 Soucail et al.

strongly distorted
“arcs” of
background
galaxies behind
galaxy cluster,
using CCDs.
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Brief history of gravitational lensing

1990ApJ...349L...1T

Basics of gravitational lensing

• Tyson et al. (1990), tangential alignment around clusters.

Abell 1689

Cluster outskirts: Weak gravitational lensing.
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Basics of gravitational lensing

Brief history of gravitational lensing

• 2000 cosmic shear: weak lensing in blind fields, by 4 groups (Edinburgh,

Hawai’i, Paris, Bell Labs/US).
Some 10, 000 galaxies on an area of a few square degrees on the sky.

• By 2018: Many dedicated surveys: DLS, CFHTLenS, DES, KiDS, HSC.

Competitive constraints on cosmology.
Factor 100 increase: Millions of galaxies over 100s of degrees. Many other
improvements: Multi-band observations, photometric redshifts, image and
N -body simulations, . . ..

• By 2025: LSST, WFIRST-AFTA, Euclid data will be available.

Another factor of 100 increase: Hundred millions of galaxies, tens of
thousands of degrees area (most of the extragalactic sky).
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Basics of gravitational lensing

Basic gravitational lensing effects

Mass deflects light from a point source

Light deflection
Simplest case: point mass deflects light
Point source:
deflection angle

ᾱ

Mass deflects light from a point source

ˆ=

4GM

Deflection angle for a point mass
c2 M is

ξ

HE 1104-1825

zs = 2.3, zl = 1.7, α = 1.6

nt source:
flection angle

α̂ =

2RS impact parameter
4GM
=
c2 ξ
ξ ᾱ 1915)
(Einstein

α

Mass deflects
light from a point source
R4GM
radius.
S is the Schwarzschild
Deflection
angle depends on
integral over the
=(Einstein
1915)
projected
mass distribution
ξ
c2
HE 1104-1825!

zs = 2.3, zl = 1.7, α = 1.6” (14 kpc)

impact parameter
This
is twice the value one would get
in
a
classical,
Newtonian calculation.
instein 1915)

ction angle depends on
ral over the
cted mass distribution

Point source:
deflection angle

4GM
c2
Martin Kilbinger (CEA)
ˆ=

SDSS J1627-005

zs = 0.5, zl = 0.2, α = 2.

α

ᾱ

ξ

SDSS J1627-0053!

Weak lensing & Euclid

HE 1104-1825!

18 / 81

Basics of gravitational lensing

Basic gravitational lensing effects

Deflection angle: general case
source S

α̂

∇⊥φ

observer O

Martin Kilbinger

Perturbed Minkowski metric, weak-field (φ  c2 )


ds2 = 1 + 2φ/c2 c2 dt2 − 1 − 2φ/c2 d`2

One way to derive deflection angle: Fermat’s principle of
least light travel time.
Light travels on geodesics, ds2 = 0
→ light travel time t is
Z

1
t=
1 − 2φ/c2 d`
c path
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Basics of gravitational lensing

Basic gravitational lensing effects

Deflection angle: general case
Fermat’s principle: Minimize light travel time.
Analogous to refraction in medium with refractive index n > 1,
Z
Z

1
1
t=
1 − 2φ/c2 d` =
n(x)d`
c path
c path

Minimize t to derive Snell’s law, sin θ1 / sin θ2 = n2 /n1 .

Assume t is stationary, δt = 0.
Integrate Euler-Lagrange equations along the light path to get
Z
2 O
deflection angle
α̂ = − 2
∇⊥ φ d`
c S
Martin Kilbinger
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Basics of gravitational lensing

Basic gravitational lensing effects

Exercise: Derive the deflection angle for a point mass. I
Derive α̂ = 4GM/(c2 ξ).
We can approximate the potential as
φ=−

GM
c2 R S
=−
,
R
2 R

where G is Newton’s constant, M the mass of the object, R the distance, and
RS the Schwarzschild radius
The distance R can be written as
R 2 = x2 + y 2 + z 2 .
(Weak-field condition φ  c2 implies R  RS .)
(Here z is not redshift, but radial (comoving) distance.)
We use the so-called Born approximation (from quantum mechanic scattering
theory) to integrate along the unperturbed light ray, which is a straight line
parallel to the z-axis with a constant x2 + y 2 = ξ 2 . The impact parameter ξ is
the distance of the light ray to the point mass.
Martin Kilbinger
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Basics of gravitational lensing

Basic gravitational lensing effects

Exercise: Derive the deflection angle for a point mass. II
The deflection angle is then
α̂ = −

2
c2

Z

∞

−∞

∇⊥ φ dz.

The perpendicular gradient of the potential is




c2 RS
ξ
c2 RS
x
cos ϕ
=
.
∇⊥ φ =
y
sin ϕ
2|R|3
2 (ξ 2 + z 2 )3/2
The primitive for (ξ 2 + z 2 )−3/2 is zξ −2 (ξ 2 + z 2 )−1/2 ]. We use the symmetry of
the integrand to integrate between 0 and ∞, and get for the absolute value of
the deflection angle

∞
4GM
2RS
z
=
= 2 .
α̂ = 2RS
ξ
c ξ
ξ(ξ 2 + z 2 )1/2 0
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Basics of gravitational lensing

Basic gravitational lensing effects

Generalisation I: mass distribution
Distribution of point masses Mi (ξ i , z): total deflection angle is linear vectorial
sum over individual deflections
X
4G X
ξ − ξi
α̂(ξ) =
α̂(ξ − ξ i ) = 2
Mi (ξ i , z)
c
|ξ
− ξi |
i
i
Perform transition to continuous density, introduce 2D surface mass density Σ
Z
Z
Z
Mi (ξ i , z) → d2 ξ 0
dz 0 ρ(ξ 0 , z 0 ) = d2 ξ 0 Σ(ξ 0 )
Can probe complex mass profiles ρ, or (2D projected) Σ.

“Einstein cross”, zs = 1.7, zl = 0.04
Martin Kilbinger
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Basics of gravitational lensing

Basic gravitational lensing effects

Generalisation II: Extended source
Extended source: different light rays impact lens at different positions ξ, their
deflection angle α(ξ) will be different: differential deflection → distortion,
magnification of source image!
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Basics of gravitational lensing

Basic gravitational lensing effects

Lens equation
⌘

Source plane

Dds
↵
ˆ
Ds

⇠

Lens plane

↵
✓

Dd

Observer

Defining rescaled deflection angle α = DDdss α̂.
The simple equation relating lens to source extend is called lens equation
β = θ − α(θ).
This is a mapping from lens coordinates θ to source coordinates β. Why?
Martin Kilbinger
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Basics of gravitational lensing

Convergence, shear, and ellipticity

Cosmic shear: continuous deflection along line of sight
With the Born approximations, and
assumption that structures along line of sight
are un-correlated:
Deflection angle can be written as gradient of a
potential, called lensing potential ψ:
scales

α(θ) = ∇ψ(θ)

ψ(θ) =

2
c2

Z

0

χ

dχ0

χ − χ0
Φ(χ0 θ, χ0 ).
χχ0

for a source at comoving distance χ.
Note: Difference between Born and actual light
path up to few Mpc!
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Basics of gravitational lensing

Convergence, shear, and ellipticity

Linearizing the lens equation
We talked about differential deflection before. To first order, this involves the
derivative of the deflection angle.
∂βi
≡ Aij = δij − ∂j αi = δij − ∂i ∂j ψ.
∂θj
Jacobi (symmetric) matrix


1 − κ − γ1
−γ2
A=
.
−γ2
1 − κ + γ1
• convergence κ: isotropic magnification

11111111111
00000000000
00000000000
11111111111
00000000000
11111111111
00000000000
11111111111
00000000000
11111111111
source
00000000000
11111111111
image
00000000000
11111111111
00000000000
11111111111
00000000000
11111111111
00000000000
11111111111
00000000000
11111111111

γ

κ

• shear γ: anisotropic stretching

Convergence and shear are second derivatives of the 2D lensing potential.
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Basics of gravitational lensing

Convergence, shear, and ellipticity

Convergence and shear
The effect of κ and γ follows from Liouville’s theorem:
Surface brightness is conserved (no photon gets lost).
We see that shear transforms a circular image into an
elliptical one.
y
a

Define complex shear
b

γ = γ1 + iγ2 = |γ|e

2iϕ

;

The relation between convergence, shear, and the axis
ratio of elliptical isophotes is then

ϕ
x

.

1 − b/a
1 + b/a
Further consequence of lensing: magnification.
Liouville + area changes (dβ 2 6= dθ2 in general) → flux changes.
|γ| = |1 − κ|

magnification µ = detA−1 = [(1 − κ)2 − γ 2 ]−1 .
Martin Kilbinger
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Basics of gravitational lensing

Convergence, shear, and ellipticity

Convergence and cosmic density contrast
Back to the lensing potential
• Since κ =

1
2 ∆ψ:

κ(θ, χ) =

1
c2

Z

χ

dχ0

0

(χ − χ0 )χ0
∆θ Φ(χ0 θ, χ0 )
χ

• Terms ∆χ0 χ0 φ average out when integrating along line of sight, can be

added to yield 3D Laplacian (error O(φ) ∼ 10−5 ).

• Poisson equation



3H02 Ωm
∆Φ =
δ
2a
3
→ κ(θ, χ) = Ωm
2

Martin Kilbinger
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H0
c

2 Z

0

χ

dχ0

ρ − ρ̄
δ=
ρ



(χ − χ0 )χ0
δ (χ0 θ, χ0 ) .
χa(χ0 )
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Basics of gravitational lensing

Convergence, shear, and ellipticity

Convergence with source redshift distribution
So far, we looked at the convergence for one single source redshift (distance
χ). Now, we calculate κ for a realistic survey with a redshift distribution of
source galaxies. We integrate over the pdf p(χ)dχ = p(z)dz, to get
κ(θ) =

χ
Zlim

χ
Zlim

dχ p(χ) κ(θ, χ) =

dχ G(χ) χ δ (χθ, χ)

0

0

with lens efficiency
G(χ) =

3
2



H0
c

2

Ωm
a(χ)

Z

χlim

dχ0 p(χ0 )

χ

χ0 − χ
.
χ0

The convergence is a projection of the matter-density contrast, weighted by
the source galaxy distribution and angular distances.
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Basics of gravitational lensing

Convergence, shear, and ellipticity

Parametrization of redshift distribution, e.g.
"   #
 α
β
z
z
p(z) ∝
exp −
z0
z0
0.6
0.16

0.5

0.14
0.12
G(z) fK(z)

p(z)

0.4
0.3
0.2

0.1
0.08
0.06
0.04

0.1
0.02

0

0

0 0.5 1 1.5 2 2.5 3 3.5 4

0 0.5 1 1.5 2 2.5 3 3.5 4

z

z

α = 2, β = 1.5, z0 = 1
(dashed line: all sources at redshift 1)
Max. lensing signal from halfway distance between us and lensing galaxies.
Martin Kilbinger
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Basics of gravitational lensing

Convergence, shear, and ellipticity

More on the relation between κ and γ
Convergence and shear are second derivatives of lensing potential → they are
related.
Projected mass and distortion
One can derive κ from γ (except constant mass sheet κ0 ).
E.g. get projected mass reconstruction of clusters from ellipticity observations.

CONVERGENCE & SHEAR
Projected matter density
convergence ⇥
−0.041

0.095

Distortion field
shear
0.23

tangential distortions around mass peaks

overdensity

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

Allows reconstruction of projected mass distribution
Martin Kilbinger
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Basics of gravitational lensing

Convergence, shear, and ellipticity

Basic equation of weak lensing
Weak lensing regime
κ  1, |γ|  1.
The observed ellipticity of a galaxy is the sum of the intrinsic ellipticity and
the shear:
εobs ≈ εs + γ

Random intrinsic orientation of galaxies
hεs i = 0

−→

hεobs i = γ

The observed ellipticity is an unbiased estimator of the shear. Very noisy
though! σε = h|εs |2 i1/2 ≈ 0.4  γ ∼ 0.03. Increase S/N and beat down noise
by averaging over large number of galaxies.
Question: Why is the equivalent estimation of the convergence and/or
magnification more difficult?
Martin Kilbinger
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Basics of gravitational lensing

Convergence, shear, and ellipticity

Ellipticity and local shear

[from Y. Mellier]
Galaxy ellipticities are an estimator of the local shear.
Martin Kilbinger
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Basics of gravitational lensing

Projected power spectrum

More on the relation between κ and γ
Convergence and shear are second derivatives of lensing potential → they are
Projected mass and distortion
related.
In particular, fluctuations (variance σ 2 ) in κ and γ are the same!

CONVERGENCE & SHEAR
Projected matter density
convergence ⇥
−0.041

0.095

θ
κ

Distortion field
shear
0.23

tangential distortions around mass peaks

κ

θ

γ

γ

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

Allows reconstruction of projected mass distribution
Martin Kilbinger
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Basics of gravitational lensing

Projected power spectrum

Characterising density fluctuations
Goal:
Statistical description of the large-scale structure (cosmic web).
First define density contrast
δ(x, t) =

ρ(x, t) − ρ̄(t)
.
ρ̄(t)

By definition the expectation value (or spatial mean) vanishes
hδi = 0,
since hρi = ρ, so no (statistical) information in first moment.
→ go to second moment hδ 2 i
Including spatial information: two-point correlation funtion ξ
hδ(x)δ(x + r)ix =: ξ(r)
For statistical isotropic (rotational invariance) and homogeneous (translational
invariance) random field δ:
ξ(r) = ξ(r)
Martin Kilbinger
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Basics of gravitational lensing

Projected power spectrum

Characterising density fluctuations
Example: (galaxy) number density corrlelation function = excess probability
of finding an object at distance r,
2

d
Clustering:!
Correlation
Function
"
ξ = 0: Poisson
distribution

p = n̄2 dV1 dV2 [1 + ξ(r)] .

Measured galaxy correlation function,
[SDSS].
Martin Kilbinger
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Basics of gravitational lensing

Projected power spectrum

Characterising density fluctuations
Excess probability ↔ more likely to find objects near other objects ↔
clustering.
Clustering is a direct consequence of gravitational collapse in an expanding
Universe.
Two-point correlation function only lowest-order statistic to describe field.
To quantify rich structure of voids, walls, filaments & clusters, need to go to
higher-order correlations.

Euclid flagship simulations, (Potter et al. 2016)
Martin Kilbinger
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Basics of gravitational lensing

Projected power spectrum

The convergence power spectrum
• Variance of convergence hκ(ϑ + θ)κ(ϑ)i = hκκi(θ) depends on variance of

the density contrast hδδi.

• In Fourier space:

• Limber’s equation

κ̂(`)κ̂∗ (`0 ) = (2π)2 δD (` − `0 )Pκ (`)
D
E
δ̂(k)δ̂ ∗ (k0 ) = (2π)3 δD (k − k0 )Pδ (k)

Pκ (`) =

Z



`
dχ G (χ)Pδ k =
χ
2

using small-angle approximation, Pδ (k) ≈ Pδ (k⊥ ), contribution only from
Fourier modes ⊥ to line of sight. Also assumes that power spectrum
varies slowly.
• It turns out that Pκ = Pγ

So we use γ in observations, and κ in modelling.
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Basics of gravitational lensing

Projected power spectrum

Dependence on cosmology
initial conditions,
growth of structure
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Basics of gravitational lensing

Projected power spectrum

Lensing ‘tomography’ (2 1/2 D lensing)
• Bin galaxies in redshift.

• Lensing efficiency different for different

bins: measure z-depending expansion and
growth history.

• Necessary to measure dark energy,

modified gravity.
χ
Zlim

Pκ (`) =

dχ G2 (χ)Pδ


k=

0

Pκij (`) =

χ
Zlim

`
χ

3
2
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Basics of gravitational lensing
Projected power spectrum
Lensing ‘tomography’ (2 1/2 D lensing)

Lensing ‘tomography’ (2 1/2 D lensing)
• Bin galaxies in redshift.

• Lensing efficiency different for different

bins: measure z-depending expansion and
growth history.

• Necessary to measure dark energy,

modified gravity.
χ
Zlim

Pκ (`) =

Pκij (`) =

dχ G2 (χ)Pδ


k=

0
χ
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`
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Question: Why does Pκ increase with z?
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Basics of gravitational lensing

Projected power spectrum

Comparison to CMB angular power spectrum
Unlike CMB C` ’s, features in matter power spectrum are washed out by
projection and non-linear evolution.

[Planck Consortium]
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Weak lensing measurement

Galaxy shape measurement

The shape measurement challenge

• Cosmological shear γ  ε intrinsic ellipticity

• Galaxy images corrupted by PSF (point-spread function)
• Measured shapes are biased
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Weak lensing measurement

Galaxy shape measurement

Measuring cosmic shear
“shape measurement”

shearShear
of a few
percent equivalent
to difference
in ellipticity
• Typical
Average
Distortion
equivalent
to difference
inbetween
Uranus and the Moon.
Ellipticity between Earth and Moon
Martin Kilbinger
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Weak lensing measurement

Galaxy shape measurement

The measurement
DES Sciencechallenge
Verification Weak
The shape
How do we measure “ellipticity” for irregular, faint, noisy objects?

, so loading the whole file into memory is
ut it is also not necessary.
ps from the original single-epoch images
then scaled to be on a common photometified the model fitting using these images.
affine approximation
of the WCS function,
8 L. Miller
al.
—et(Jarvis
et al. 2016)
entre, so that models could be made in sky
ned using the different image coordinates
[Y. Mellier/CFHT(?)]

fitted, allowing for astrometric offsets and camera distortion as described in Sections 4 & 6 below. Inevitably, some galaxies had sizes
too large to be fitted in this size of postage stamp; such galaxies
were excluded from the analysis.
In some cases, two or more neighbouring galaxies appeared
within the same postage stamp. The algorithm can only fit one
galaxy at a time, so the solution adopted was to first see whether
it was possible to mask out one galaxy (set its pixel values equal
to the background) without disturbing the isophotes of the galaxy
being fitted. To this end, a co-added image postage stamp was created, averaging all the exposures available for that galaxy, shifted
so the relative positions agreed to the nearest pixel, which was
then smoothed by a gaussian of FWHM equal to that of the local PSF. Isophotes were created for each smoothed galaxy: if a
separate galaxy or other object was identified with non-touching
isophotes, at a level of twice the smoothed pixel noise, that other
galaxy was masked out and the fitting would proceed. Such close
pairs of galaxies are thus included in the output catalogues from
CFHTLenS. We note, however, that low-level light leaking below
the two-sigma isophote could still contaminate the measurement,
and thus we expect the ellipticity measurements of galaxies in close
Figure 3. Examples of four galaxies excluded from measurement by the
pairs, image
whose isophotes
be contaminatedpostage
by their neighbour,
to
criteria described in Section 3.7, in field W1m0m1. Each panel shows a
[CFHTLenS/KiDS
— may
CFHTlenS
stamps]
be artificially correlated.
coadded image 48 pixels (approximately 9′′ ) square, centred on each target
Martin Kilbinger
(CEA)
lensing
Euclid
galaxy, &
and the
inverted grey scale is linear up to some maximum value
Within each
postage stamp, it may be that someWeak
pixels should

r details about how we build and store the

n
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Weak lensing measurement

Galaxy shape measurement

Shape measurement
Example: Model fitting

Forward model-fitting (example lensfit)
• Convolution of model with PSF instead of devonvolution of image
• Combine multiple exposures (in Bayesian way, multiply posterior
density), avoiding co-adding of (dithered) images
Martin Kilbinger
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Weak lensing measurement

Galaxy shape measurement

Dithering

Left: Image of the MegaCam focal plane (CCDs arrays).
Middle: Co-add of two r-band exposures of CFHTLenS (without the 4 new
CCDs).
Right: Weight map.
Martin Kilbinger
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Weak lensing measurement

Galaxy shape measurement

Shear measurement biases I
Origins
• Noise bias: In general, ellipticity is non-linear in pixel data

(e.g. normalization by flux). Pixel noise → biased estimators.
• Model bias: Assumption about galaxy light distribution is in general
wrong.
• Other: Imperfect PSF correction, detector effects (CTI — charge
transfer inefficiency), selection effects (probab. of detection/sucessful ε
measurement depends on ε and PSF)
Characterisation
Bias can be multiplicative (m) and additive (c):
γiobs = (1 + m)γitrue + c;

i = 1, 2.

Biases m, c are typically complicated functions of galaxy properties (e.g. size,
magnitude, ellipticity), redshift, PSF, . . .. They can be scale-dependent.
Current methods: |m| = 1% − 10%, |c| = 10−3 − 10−2 .

Blind simulation challenges have been run to quantify biases, getting ideas
from computer science community (e.g. http://great3challenge.info).
Martin Kilbinger
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Weak lensing measurement
Galaxy shape measurement
Shear measurement biases

Shear measurement biases I
Origins
• Noise bias: In general, ellipticity is non-linear in pixel data

(e.g. normalization by flux). Pixel noise → biased estimators.
• Model bias: Assumption about galaxy light distribution is in general
wrong.
• Other: Imperfect PSF correction, detector effects (CTI — charge
transfer inefficiency), selection effects (probab. of detection/sucessful ε
measurement depends on ε and PSF)
Characterisation
Bias can be multiplicative (m) and additive (c):
γiobs = (1 + m)γitrue + c;

i = 1, 2.

Biases m, c are typically complicated functions of galaxy properties (e.g. size,
magnitude, ellipticity), redshift, PSF, . . .. They can be scale-dependent.
Current methods: |m| = 1% − 10%, |c| = 10−3 − 10−2 .

Blind simulation challenges have been run to quantify biases, getting ideas
from computer science community (e.g. http://great3challenge.info).

rgpp/rp = FWHM of PSF-convolved galaxy to PSF

Weak lensing measurement

Galaxy shape measurement

18 M. Jarvis,biases
E. Sheldon,
Shear measurement
II J. Zuntz, T. Kacprzak, S

Calibration

Functional dependence of m on
observables must not be too
complicated (e.g. not smooth,
many variables, large parameter
space), or else measurement is not
calibratable!

(Jarvis
al.for2016)
- image
simulations
Figure
13. Shearetbias
IM 3 SHAPE
measurements
on the GREAT-DES sim
measured (S/N )w and Rgp /Rp . The fits, which are used to calibrate the sh
Requirements for surveys
lines show the fits vs (S/N )w at particular choices of Rgp /Rp .
Necessary knowledge of residual biases
|∆m|, |∆c| (after calibration):
Current surveys 1%.
function
of pixel
intensities
affected by Gaussian noise, resulting in
Future large missions (Euclid, LSST,
. . .)
10−4
= 0.1%!
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noise bias in the estimated shear values. The IM 3 SHAPE algorithm,
being a maximum likelihood estimator, is known to suffer from
this
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PSF correction

The DES Science Verification Weak Lensing Shear Catalogues

PSF correction

(Jarvis et al. 2016)

Figure 5. An example size-magnitude diagram for a single CCD image,
used to identify stars. The size T = 2 2 is based on the scale size of the
best-fitting elliptical Gaussian. The pink and green points are the objects
initially identified as stars. The green points are the ones that pass our selection criteria outlined in §4.2, most notably the magnitude cut to avoid
objects contaminated by the brighter-fatter effect. These objects are then
used to constrain the PSF model. The blue circles show an an alternate
star classification, called the Modest Classification within DES, which was
found not to work as well for our specific purpose.

9

the stellar locus and the galaxy locus start to merge. The precise
magnitude at which this happens is a function of the seeing as well
as the density of stars and galaxies in the particular part of the sky
being observed. As such the faint-end magnitude of the resulting
stellar sample varies among the different exposures.
Figure 5 shows such a size-magnitude diagram for a representative CCD image. The stellar locus is easily identified by eye,
and the stellar sample identified by our algorithm is marked in pink
and green. The pink points are stars that are removed by subsequent steps in the process outlined below, while the green points are
the stars that survive these cuts. The blue circles show the objects
identified as stars according to the Modest Classification, which includes more outliers and misses some of the objects clearly within
the stellar locus.
While the algorithm we currently use is found to work well
enough for the SV data, we plan to investigate whether the neural
net star-galaxy separator recently developed by Soumagnac et al.
(2015) is more robust or could let us include additional stars.
4.2

Selection of PSF Stars

• Select clean sample of stars
Some of the stars in this sample are not appropriate to use for
PSF modeling, even ignoring the inevitable few galaxies that get
• Measure star shapes
misidentified as stars. The CCDs on the Dark Energy Camera each
• Create PSF model and interpolatehave
(pixel
ellipticity,
PCA
six spots values,
where 100 micron
thick spacers were
placed behind

the CCDs when they were glued to their carriers (cf. Flaugher et al.
coefficients, . . .) to galaxy positions.
observations:
global
2015),Space-based
which affects the electric
field lines near each 2mm
⇥ 2mm
spacer. These features, which we call tape bumps, distort the shapes
PSF
model
from
many
exposures
possible
We found that, for some CCD images, the sets of objects idenin those parts of the CCDs, so the stellar images there are not actified•as Correct
stars by the Modest
scheme image
included a devonvolution
curate samples of the or
PSF. other
We exclude(e.g.
any star linearized)
whose position is
for Classification
PSF: galaxy
relatively high number of galaxies, and in other cases too few stars
within 2 PSF FWHM separation of the outline of a tape bump. The
correction,
model
were identified.
The cause of or
theseconvolve
failures is dependent
on many
tape bumps are relatively small, so this procedure excludes less than
10

factors, but may be partly related to the use of coadd data for the
Martin Kilbinger
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PSF correction

The DES Science Verification Weak Lensing Shear Catalogues

PSF correction

(Jarvis et al. 2016)

Figure 5. An example size-magnitude diagram for a single CCD image,
used to identify stars. The size T = 2 2 is based on the scale size of the
best-fitting elliptical Gaussian. The pink and green points are the objects
initially identified as stars. The green points are the ones that pass our selection criteria outlined in §4.2, most notably the magnitude cut to avoid
objects contaminated by the brighter-fatter effect. These objects are then
used to constrain the PSF model. The blue circles show an an alternate
star classification, called the Modest Classification within DES, which was
found not to work as well for our specific purpose.

9

the stellar locus and the galaxy locus start to merge. The precise
magnitude at which this happens is a function of the seeing as well
as the density of stars and galaxies in the particular part of the sky
being observed. As such the faint-end magnitude of the resulting
stellar sample varies among the different exposures.
Figure 5 shows such a size-magnitude diagram for a representative CCD image. The stellar locus is easily identified by eye,
and the stellar sample identified by our algorithm is marked in pink
and green. The pink points are stars that are removed by subsequent steps in the process outlined below, while the green points are
the stars that survive these cuts. The blue circles show the objects
identified as stars according to the Modest Classification, which includes more outliers and misses some of the objects clearly within
the stellar locus.
While the algorithm we currently use is found to work well
enough for the SV data, we plan to investigate whether the neural
net star-galaxy separator recently developed by Soumagnac et al.
(2015) is more robust or could let us include additional stars.
4.2

Selection of PSF Stars

• Select clean sample of stars
Some of the stars in this sample are not appropriate to use for
PSF modeling, even ignoring the inevitable few galaxies that get
• Measure star shapes
misidentified as stars. The CCDs on the Dark Energy Camera each
• Create PSF model and interpolatehave
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ellipticity,
PCA
six spots values,
where 100 micron
thick spacers were
placed behind

the CCDs when they were glued to their carriers (cf. Flaugher et al.
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which affects the electric
field lines near each 2mm
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model
from
many
exposures
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We found that, for some CCD images, the sets of objects idenin those parts of the CCDs, so the stellar images there are not actified•as Correct
stars by the Modest
scheme image
included a devonvolution
curate samples of the or
PSF. other
We exclude(e.g.
any star linearized)
whose position is
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relatively high number of galaxies, and in other cases too few stars
within 2 PSF FWHM separation of the outline of a tape bump. The
correction,
model
were identified.
The cause of or
theseconvolve
failures is dependent
on many
tape bumps are relatively small, so this procedure excludes less than
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factors, but may be partly related to the use of coadd data for the
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12

PSF correction

PSF correction

M. Jarvis, E. Sheldon, J. Zuntz, T. Kacprzak, S. Bridle, et al.

(Jarvis et al. 2016)
Figure 9. Whisker plots of the mean PSF pattern (left) and of the mean residual after subtracting off the model PSF (right) as a function of position in the
focal plane. The length of each whisker is proportional to the measured ellipticity, and the orientation is aligned with the direction of the ellipticity. There is
still some apparent structure in the plot of the residuals, but the level is below the requirements for SV science. Reference whiskers of 1% and 3% are shown
at the bottom of each plot, and we have exaggerated the scale on the right plot by a factor of 10 to make the residual structure more apparent.

• Select clean sample of stars
• Measure star shapes
• Create PSF model and interpolate (pixel values, ellipticity, PCA

coefficients, . . .) to galaxy positions. Space-based observations: global
PSF model from many exposures possible
• Correct for PSF: galaxy image devonvolution or other (e.g. linearized)
correction, or convolve model
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Weak lensing measurement

PSF correction

PSF correction
A&A 549, A1 (2013)
True PSF – Set 09 – Image 01

Polyfit – Set 09 – Image 01

B-Splines – Set 09 – Image 01

Ordinary Kriging – Set 09 – Image 01

RBF – Set 09 – Image 01

IDW – Set 09 – Image 01

Fig. 9. An illustration of how the various interpolation methods studied in this article handled a turbulent PSF, which in this case is the first image
of set 9. The true ellipticities are plotted on the upper-left corner of the figure and the remaining plots show the predictions of each methods. The

largest whisker in the upper-left corner plot corresponds to an ellipticity of 0.38.
(Gentile
et al. 2013)
Table 14. Non-turbulent sets: average values of E and .

Table 15. Turbulent sets: average values of E and .

• Select clean sample of stars
• Measure star shapes
• Create PSF model and interpolate (pixel values, ellipticity, PCA

Method

RBF
IDW
Kriging
Polyfit
B-splines

E(e)

8.26 ⇥ 10
1.28 ⇥ 10
7.06 ⇥ 10
8.37 ⇥ 10
6.28 ⇥ 10

E(R2 )

(e)

4
3
4
4
4

3.60 ⇥ 10
5.67 ⇥ 10
3.16 ⇥ 10
3.73 ⇥ 10
2.80 ⇥ 10

5
5
5
5
5

4.59 ⇥ 10
9.37 ⇥ 10
3.57 ⇥ 10
5.23 ⇥ 10
6.53 ⇥ 10

(R2 )

3
3
3
3
3

1.45 ⇥ 10
2.95 ⇥ 10
1.13 ⇥ 10
1.64 ⇥ 10
2.06 ⇥ 10

Method

4

4
4
4
4

E(e)

RBF
4.36 ⇥ 10
IDW
4.42 ⇥ 10
Kriging
4.61 ⇥ 10
Polyfit
5.82 ⇥ 10
B-splines 5.97 ⇥ 10

E(R2 )

(e)

2
2
2
2
2

1.81 ⇥ 10
1.79 ⇥ 10
1.79 ⇥ 10
1.89 ⇥ 10
1.88 ⇥ 10

3
3
3
3
3

4.57 ⇥ 10
9.05 ⇥ 10
1.11 ⇥ 10
5.04 ⇥ 10
6.31 ⇥ 10

(R2 )

3
3
2
3
3

1.44 ⇥ 10
2.85 ⇥ 10
3.49 ⇥ 10
1.58 ⇥ 10
1.99 ⇥ 10

4

4
4
4
4

coefficients, . . .) to galaxy positions. Space-based observations: global
PSF model from many exposures possible
• Correct for PSF: galaxy image devonvolution or other (e.g. linearized)
correction, or convolve model

of FWHM, masking and telescope e↵ects. We also observe
star size to have a negligible impact on E(e) for all methods, but we clearly see that E(R2 ) significantly increases
(resp. decreases) for star fields with smaller (resp. larger)
FWHM. Finally, all methods reach a slightly higher accuracy on masked images, especially with 6-fold masks.
6.3. Results from individual interpolation methods

– Interpolation with radial basis functions (RBF): as shown in
our previous discussion, the RBF interpolation scheme is the
overall winner of our evaluation. According to our benchmarks, ellipticity patterns were best estimated by a linear
kernel function, whereas a thin-plate kernel was more e↵ective on FWHM values. A neighborhood size between 30 and

Martin Kilbinger

40 stars was used. Refer to Sect. 3.5 and Table 5 for a description of RBF interpolation and the definitions of these
kernels. That combination of linear and thin-plate kernels
yields very competitive error statistics on both turbulent and
non-turbulent sets: Tables 14 and 15 as well as plots Fig. 7
show RBF is the most accurate on turbulent sets whereas its
results on non-turbulent sets are the second best behind ordinary Kriging. The possibility of selecting the most suitable
kernel for a given PSF patterns is a very attractive feature of
RBF interpolation.
– Inverse distance weighted interpolation (IDW): the IDW
methods (see Sect. 3.4) obtains the second best average E(e)
behind RBF over all sets as seen in Table 13. It does so
thanks to very competitive E(e) results on turbulent sets, just
behind RBF (Table 15). But IDW’s estimates of the FWHM
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PSF correction
A&A 549, A1 (2013)
True PSF – Set 09 – Image 01

Polyfit – Set 09 – Image 01

B-Splines – Set 09 – Image 01

Ordinary Kriging – Set 09 – Image 01

RBF – Set 09 – Image 01

IDW – Set 09 – Image 01

Fig. 9. An illustration of how the various interpolation methods studied in this article handled a turbulent PSF, which in this case is the first image
of set 9. The true ellipticities are plotted on the upper-left corner of the figure and the remaining plots show the predictions of each methods. The

largest whisker in the upper-left corner plot corresponds to an ellipticity of 0.38.
(Gentile
et al. 2013)
Table 14. Non-turbulent sets: average values of E and .

Table 15. Turbulent sets: average values of E and .

• Select clean sample of stars
• Measure star shapes
• Create PSF model and interpolate (pixel values, ellipticity, PCA
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coefficients, . . .) to galaxy positions. Space-based observations: global
PSF model from many exposures possible
• Correct for PSF: galaxy image devonvolution or other (e.g. linearized)
correction, or convolve model

of FWHM, masking and telescope e↵ects. We also observe
star size to have a negligible impact on E(e) for all methods, but we clearly see that E(R2 ) significantly increases
(resp. decreases) for star fields with smaller (resp. larger)
FWHM. Finally, all methods reach a slightly higher accuracy on masked images, especially with 6-fold masks.
6.3. Results from individual interpolation methods

– Interpolation with radial basis functions (RBF): as shown in
our previous discussion, the RBF interpolation scheme is the
overall winner of our evaluation. According to our benchmarks, ellipticity patterns were best estimated by a linear
kernel function, whereas a thin-plate kernel was more e↵ective on FWHM values. A neighborhood size between 30 and
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40 stars was used. Refer to Sect. 3.5 and Table 5 for a description of RBF interpolation and the definitions of these
kernels. That combination of linear and thin-plate kernels
yields very competitive error statistics on both turbulent and
non-turbulent sets: Tables 14 and 15 as well as plots Fig. 7
show RBF is the most accurate on turbulent sets whereas its
results on non-turbulent sets are the second best behind ordinary Kriging. The possibility of selecting the most suitable
kernel for a given PSF patterns is a very attractive feature of
RBF interpolation.
– Inverse distance weighted interpolation (IDW): the IDW
methods (see Sect. 3.4) obtains the second best average E(e)
behind RBF over all sets as seen in Table 13. It does so
thanks to very competitive E(e) results on turbulent sets, just
behind RBF (Table 15). But IDW’s estimates of the FWHM
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PSF correction

549, A1 (2013)
PSF A&A
interpolation
True PSF – Set 09 – Image 01

IDW – Set 09 – Image 01
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RBF – Set 09 – Image 01
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B-Splines – Set 09 – Image 01

Ordinary Kriging – Set 09 – Image 01
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Results from current surveys

Results from weak-lensing surveys

1. Early era: 2000 - 2006
2. Consolidating era: 2007 – 2012
3. Small-survey era: 2013 – 2016
4. Medium survey era: 2017 – 2021
5. Large survey era: 2022 – 2030
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Results from current surveys

State of the art ∼ 2013: CFHTLenS
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State of the art ∼ 2013
CFHTLenS:

CFHTLenS
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Ongoing surveys: KiDS
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Results from current surveys

Ongoing surveys: DES
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Results from current surveys

More recent results ∼ 2017

18 al.
Hildebrandt,
Viola,- Heymans,
& the KiDS collaboration
(DES Coll. et
2017)
DESJoudaki,
WLKuijken
+ GC
(Troxel et al. 2017) - DES

8

8(
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m /0.3)
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Planck15
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Figure 6. Marginalized posterior contours (inner 68% CL, outer 95% CL) in the ⌦m - 8 plane (left) and ⌦m -S8 plane (right) from the
present work (green), CFHTLenS (grey), pre-Planck CMB measurements (blue), and Planck 2015 (orange). Note that the horizontal
extent of the confidence contours of the lensing measurements is sensitive to the choice of the prior on the scalar spectrum amplitude As .
The CFHTLenS results are based on a more informative prior on As artificially shortening the contour along the degeneracy direction.

(Hildebrandt et al. 2017) - KiDS

(Joudaki et al. 2017) - KiDS

For each of the three calibration methods (DIR, CC,
the photometric redshift calibration technique yield consiserrors from a bootstrap reWeak lensingtent
&cosmological
Euclidparameters.
calibration sample (see Sec-

we estimate statistical
Martin Kilbinger BOR)
(CEA)
sampling of the spectroscopic
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ESA Euclid mission:
Sun shield (Thales
Alenia Space)
•

- Total mass satellite :

•

2 200 kg

•

- Dimensions:

•

4,5 m x 3 m

•

- Launch: end 2020 by a Soyuz
rocket from the Kourou space
port

•

Euclid placed in L2

•

- Survey: 6 years,

Telescope
(Airbus Defence
and Space)

VIS+ NISP
Service
Module
(Thales Alenia
Space)

(Euclid Consortium)

Observe billions of galaxies as statistical “trackers”

Visible & infra
red
permitting
to understand the universe large structures

cope diameter
1.2 m
urvey
formation

ield of view 0.5 deg²

eg²
red
2m
eg²

The Euclid survey is of 15 000 deg² constituted from :

30 000
observation
The Euclid survey is of 15 000 deg²
constituted
from : fields of 0,5 deg² each on the sky
2
10 000 calibration fields
30 000 observation fields of 0,5 deg² each on the sky
10 000 calibration
Choice of the better
areas offields
the sky (minimization of zodiacal light
hoice of the better areas of the sky (minimization of zodiacal light
and stars contamination)
and stars contamination)
Complex
on the
satellite to minimize thermal perturbations
lex constraints on
the satelliteconstraints
to minimize thermal
perturbations

Euclid area = 15, 000 deg (extra-galaxtic and
-ecliptic sky).

Photométrie
Imagerie
Infra Rouge
(1.0 µm)

Visible

Photométrie
Photométrie
Photométrie
Infra Rouge (1.7 µm)
Infra Rouge (1.2 µm)

Y

R+i+z
observed

f galaxies
d infra red photometry

Infra Rouge (1.0 µm)

J

Spectroscopie
Photométrie
InfraRouge
Rouge(1.2
(1-2µm)
µm)
Infra

Photométrie
Infra Rouge (1.7 µm)

Ground-based observations for
photometric redshifts.

Spectroscopie
Infra Rouge (1-2 µm)

H

Y

50 millions J
of infra red spectra

10 billions of galaxies observed
in visible and infra red photometry

H

Rodolphe Clédassou • CNES

Euclid imaging and spectroscopy.

9
50 millions
October 2018
of infra red spectra
Rodolphe Clédassou • CNES

Euclid

Euclid
Two instruments:
• Visible imager, WL, 1.5 × 109 galaxies

• Near-IR imager + spectrograph, 3 × 107 galaxy spectra

Cosmology

• Dark-energy equation of state w to 2% (currently ∼ 20%)
• Constrain models of modified gravity

• Neutrino masses to 0.02 eV (currently ∼ 0.3 eV)

• Map dark matter distribution

• Early-universe conditions, inflation: limit non-Gaussianity fNL to ±2

(currently ∼ ±6)

“Legacy”

• High-redshift galaxies, AGN & clusters @ z > 1, QSO @ z > 8, strong

lensing galaxy candidates: Increase of numbers by several orders of
magnitude

Martin Kilbinger

(CEA)
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SLACS (~2010 - HST): gravitational lensing by galaxies
Galaxy-scale strong lensing with Euclid

SLACS

Euclid VIS Legacy : after 2 months

(66 months planned)
140,000 strong lenses by galaxies, 5000 giant arcs in clusters

GWA STM

FWA STM

Euclid

NI-WE

Euclid instruments

NIOMA STM

Grism DM

NISP
Courtesy::
Euclid

DM Model OA

NI-DS intergation
Consortium
NISP team

GWA STM

FWA STM
PLM CDR passed : close out Oct 2017

GWA STM

FW

Structure and primary mirror

Near-Infrared instrument →
Martin Kilbinger

(CEA)

Grism DM
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Euclid

Visible imager instrument testing

VIS : STM delivery
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Euclid

Weak-lensing mass maps @ very high resolution
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Euclid

Euclid imaging
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Euclid

Euclid WL challenges

Under-sampled
PSF challenges
clid:
new
PSF:
data-driven approach
MorganPSF
Schmitz,
Fred Ngolè,
Samexploitation
Farrens, J.-L. Starck
Data-driven
estimation
and
RCA1 : Denoising and superresolution

stars in the field: low-resolution, noisy measurements of
ampled PSF I From
PSF
I

I

Resolved Components Analysis: use sparsity and local
similarities to perform denoising and super-resolution of whole
star
fieldand observed PSF (two realisations)
True
Example reconstructions in a Euclid-like field:

unresolved binary stars

CTI
(a) True high-res PSF
ge transfer inefficiency)

θ3
κ
θ2
(b) Observed

(c) Reconstruction

1

Ngole et al, and
2016 denoising with sparsity-based RCA (Resolved
PSF super-resolution
CosmoStat WL group
/ 23
Components Analysis),14(Ngolè
Mboula et al. 2016) Martin Kilbinger
Martin Kilbinger
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y stars

Euclid

Euclid WL challenges
CTI: Charge-transfer inefficiency

CTI
ciency)
CTI stems from electron traps in CCD pixels. Trails depend on CCD read-out
direction, distance from border, object brightness.
Non-convolutional effect. Can be modelled and corrected, but imperfectly due
to noise.
Degrades with time (cosmic ray bombarding).

gradients
Martin Kilbinger

(CEA)
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Euclid

Euclid WL challenges
Cosmic rays, CTI (charge transfer inefficiency)
Corrected simulated Euclid image

Simulations: Henry McCracken & VIS team (IAP).
Martin Kilbinger

(CEA)
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Euclid

Euclid WL challenges
Cosmic rays, CTI (charge transfer inefficiency)
Uncorrected simulated Euclid image

Simulations: Henry McCracken & VIS team (IAP).
Martin Kilbinger
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Euclid

Euclid VIS: CTI effects

Euclid simulation zoom-in.
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Euclid

Euclid VIS: Mosaic
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Euclid

Euclid WL challenges
How
do
colour
gradients
impact the Euclid shear measurement
Color gradients

•

Euclid observes without optical filter (equiv. R + I + z). Calibrate color effects
Could HST
poten@ally
aﬀect cosmological
using
multi-band
observations. parameters e.g. w at ~1% level
Martin Kilbinger

(CEA)
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Euclid

Euclid WL challenges: Simulating the sky

SPV: first step CosmoSIM a key ingredient

•

Λ-CDM + Planck 2013 cosmology

•

2 Trillion particles N body simulation down to z=0

•

• L-CDM + Planck 2013
cosmology
400 Healpix maps of the projected matter density
and potential density

•

2 Trillion particles N body
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Euclid

The bullet cluster and the nature of dark matter
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Euclid

The bullet cluster

• Merging galaxy cluster at

z = 0.296

• Recent major merger 100 Myr ago
• Components moving nearly

perpendicular to line of sight with
v = 4700 km s−1

• Galaxy concentration offset from

X-ray emission. Bow shocks
visible
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Euclid

The bullet cluster: strong lensing
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Euclid

The bullet cluster: WL and X-ray
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Euclid

The bullet cluster: Evidence for dark matter
• 10σ(6σ) offset between main (sub-)mass peak and X-ray gas → most

cluster mass is not in hot X-ray gas (unlike most baryonic mass:
mX  m∗ !)

• Main mass associated with galaxies → this matter is collisionless

Modified gravity theories without dark matter: MoND (Modified Newtonian
Dynamics), (Milgrom 1983), changes Newton’s law for low accelerations
(a ∼ 10−10 m s−2 ), can produce flat galaxy rotation curves and Tully-Fisher
relation.
MoND’s relativistic version (Bekenstein 2004), varying gravitational constant
G(r). Introduces new vector field (“phion”) with coupling strenght α(r) and
range λ(r) as free functions.
This can produce non-local weak-lensing convergence mass, where κ 6∝ δ!
Necessary to explain offset between main κ peak and main baryonic mass.
Model with four mass peaks can roughly reproduce WL map with additional
collisionless mass! E.g. 2 eV neutrinos.
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Euclid

The bullet cluster: MoND model
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