
Weak Lensing
Yannick Mellier

IAP and Obs. de Paris / LERMA

IHP 28-29 Nov. 2006



I. Gravitational Lensing:

concepts, definitions, 
applications to clusters of

galaxies
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General relativity:  
curvature of space time locally modified by mass condensation

•Deflection of light, magnification, image multiplication  distortion of objects :  directly depend on the amount of matter

•Gravitational lensing effect is achromatic (photons follow geodesics regardless their energy)

Apparent position of a first image                  Real image             Apparent position of a second image



Lensing : important steps
1804: Soldner works on the deflection of light by gravity

1915: General Relativity

1919: Deflection angle of stars behind the Sun

1936: Einstein’s work on lensing by stellar objects

1937: F. Zwicky visions on « extragalactic nebulae » as lenses

1964: Refsdal: time delay and H0

1979: Multiple image of quasars (0957+561)

1987: Giant arcs in clusters of galaxies (A370, A2218, CL244)

1987: First Einstein ring

1993: EROS and MACHO microlensing experiments

2000: Detection of cosmic shear signal

2006: The « Bullet » cluster and existence of dark matter
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The « Einstein Cross»

Galaxy 2227+030

Redshift z=0.0394

4 images of the same quasar
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The « Einstein Cross»
CIV emission line at 154.9 nm observed 417.6 nm  :z = 1.695
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4 images with identical spectra



First giant arc discovered in Abell 370
Zcluster =0.374 , Zarc=0.720
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First giant arc discovered in Abell 370
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Zcluster =0.374

Zarc=0.720



v2/c2

tdyn/tcross

Llens/Lbench
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Typical values:

• For a lens of 1 solar mass located at 1 AU and a source a 1 kpc

θE= 0.003 arc-second

• For a lens of 1011 solar masse located at 100kpc and a source a 300 kpc

θE= 1 arc-second

• For a lens of 1015 solar masses located at 1Gpc and a source a 3 Gpc

θE= 30 arc-second (sensitive to cosmological parameters)
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Perfect lens configuration

Source-Lens-Observer perfectly aligned

Source

Observed image

Real image

ObserverLens

D1, D2, D3 are cosmological distances: depend on the matter-energy content of the Universe

=  deflection angle
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Perfect lens configuration

Source-Lens-Observer perfectly aligned

« Einstein Ring »

Source

Observed image

Real image

ObserverLens

D1, D2, D3 are cosmological distances: depend on the matter-energy content of the Universe

=  deflection angle

Very rare events
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Typical values:

• For a lens of 1 solar mass located at 1 AU and a source a 1 kpc

θE= 0.003 arc-second

• For a lens of 1011 solar masse located at 100kpc and a source a 300 kpc

θE= 1 arc-second

• For a lens of 1015 solar masses located at 1Gpc and a source a 3 Gpc

θE= 30 arc-second (sensitive to cosmological parameters)
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Einstein Rings:



Image multiplicity and shape
Point Mass

Lens Equation

Deflection angle



Lens: point 
mass

Source: point 
source

θSθI2 θI1



Lens : point 
mass

Source: line
(1-D 
extended)

θS

dθS



Lens: point 
mass

Source: 
ellipse (2-D 
extended) 



• Lens:  non-singular

• Odd number of images
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Example: lensing-cluster

-- Typical value: cluster of galaxies of 1015 solar masses at
1Gpc and sources at 2 Gpc :

- Σcrit= 0.5 g/cm2

-- Typical mass density of a 1Mpc diameter cluster, based on 
its galaxy light distribution:

- Σ = 0.02 g/cm2
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θ
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Caustic and Critical Lines



Caustic and Critical Lines
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Δν
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The shape of
galaxies

Change
• with PSF

• with image sampling

• with optical aberrations

• with filter

• with morphological tpe

• with redshift (shift+evolution)

• with signal-to-noise ratio



The shape of galaxies

To first order: all galaxies are ellipses, more or less noisy

The shape is weighted by the galaxy surface brightness
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n

β

IHP 28-29 Nov. 2006



IHP 28-29 Nov. 2006



IHP 28-29 Nov. 2006



IHP 28-29 Nov. 2006



:
Source terms

Image terms
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From ellipticity to Shear
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2
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γ1

γ2
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Summary

PSF anisotropy correction 
Derived from star shape analysis. 
Image quality of primary importance 
for weak lensing

=   εs +  εi + noise + systematics….

Weak lensing regime :  δ ~ 2γ = ‹εShear›θ + noise

Assume sources orientation is isotropic:

δ ~  2γ (weak lensing regime)
Reliability of results: depends on PSF analysis

κ
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(98)
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Mass 
reconstruction 
algorithms

Original KS93 (FFT)

Adaptive smooting Linear+non-linear

WL regimes

=F + mass=0 a the boundaries
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Cluster  of galaxies Abell 1698, z~ 0.2 ; HST/ACS



Cluster  of galaxies Abell 1698, z~ 0.2 ; HST/ACS



Cluster  of galaxies Abell 1698, z~ 0.2 ; HST/ACS

Isotropic magnification:

« convergence »

Distortion:

« shear »

Magnification matrix

Weak lensing:

=2γ

Gravitational lensing quantities



Mass reconstruction of the

Lensing cluster Abell 2218

(z=0.18)

HST image
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Blind mass reconstruction of an VLT/FORS1 field
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(negligible as compared to intrinsic)
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Therefore to increase the S/N

• Go deep: increase n

• Observe massive clusters: increase σ2

• Reduce intrinsic ellipticity dispersion: space better
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Lensing cluster Abell 2029, z=0.07
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-
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Consequences and pratictal
implications
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≠ 0
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Mass reconstruction

Application to clusters of
galaxies

IHP 28-29 Nov. 2006



MS1054
HST

Hoekstra
et al 1998

From cluster galaxy observation to 
cluster mass map



MS1054
HST

Hoekstra
et al 1998

From cluster galaxy observation to 
cluster mass map
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MS1054
HST

Hoekstra
et al 1998

From cluster galaxy observation to 
cluster mass map
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First giant arc discovered in Abell 370
Zcluster =0.374 , Zarc=0.720
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First giant arc discovered in Abell 370
Zcluster =0.374 , Zarc=0.720
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First giant
arc 

discovered
in Abell 

370
Zcluster =0.374 , 

Zarc=0.720
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Abell 370
Zcluster =0.374 , Zarc=0.720

Does light traces masses?

X-ray vs. Mass : yes

Red galaxies vs. Mass: yes
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MS1008-1224
(z=0.3)
VLT/FORS

UBRI
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Reconstruction in 4 filters |  With 2 different instruments
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MS1358+6245

HST

Chandra
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Chandra
+Strong / Weak

lensing

Cluster of galaxies 
MS1358+6254



Comparison lensing / X

Chandra: 
Allen et al 2001

Weak Lensing: 
Squires et al 1996

Strong Lensing: 
Pierre et al 1999

Abell 2390
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Cl0024+1654  
z=0.55



Cl0024+1654  
z=0.55
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Bonnet, Mellier, Fort 1994



Example: Cl0024+1654  z=0.55

X-gas Dark Matter
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Cl0024+1654  
z=0.55



: Cl0024+1654  
z=0.55



Cl0024+1654  
z=0.55



Summary
mass from
cluster WL 

reconstruction

• Median σv: 
~ 1000 km/sec

• Median M/L :     
~ 350 h
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Mass profile

NFW, SIS,  POW, Generalised-
NFW, Moore, Buckert, de 

Vaucouleur??
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The Navarro-Frenk-White profile
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Cl0024 HST
Kneib et al 2003

NFW

SIS
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MS1008-1224  VLT :

Athreya et al 2002 ,  Lombardi et al 2001

SISSIS

NFWNFW





Abell 1689  
HST/ACS
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Abell 1689 ; 
CFH12k

Bardeau et al 2004



Abell 1689  HST/ACS revisited

Halkola, Seitz, Panella 2006
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Abell 1689  HST/ACS revisited

Halkola, Seitz, Panella 2006

X-ray (Anderson & Madjeski 2004)

WL: best fit NSIS
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Abell 1689  HST/ACS revisited

Halkola, Seitz, Panella 2006

Halkola, Seitz, Panella 2006
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• Lens:  non-singular

• Odd number of images



MS2127-23
Gavazzi et al 2004



MS2137-23 Gavazzi et al 2004



MS2137-23: strong + weak with the
5th  image

Gavazzi et al 2004



Summary
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• Most Weak and/or Strong lensing data 
agree with NFW and SIS

• NFW not rejected (all data compatible with
CDM predictions)



Projection effects:

non negligible contamination 
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Dark Cluster ?
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Dark
Clusters ?

No  high-z cluster  detected (Gray et al 2000)
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An impressive candidate with
a remarkable alignment of
galaxies and coherent mass
map…..

HST/STIS
data

Miralles,  Erben,  Haemmerle et al 2002



Dark
cluster…



The « Bullet » cluster
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Bullet cluster
Clowe et al 2006



Bullet cluster
Clowe et al 2006



Bullet cluster : example of the interest of lensing
Clowe et al 2006

• Mass map from Ellipticity->convergence: total matter

• X-ray: baryonic matter

•Bullet: baryonic matter decoupled from total mass

•->  Clowe et al (2006):  Dark matter exists!

•Q1: X-ray emissivity is thermal bremsstralhung? … or shock?

•Q2: If shock, X-ray from baryons should be visible anyway and center mass
positions, but not visible at the kappa center positions

•Q3: Is ellipticity->gamma-> kappa calibration correct?

•Q4: Is kappa=mass density (MOND: Berkenstein; Angus et al 2006)

•Robust statement:  the cluster is dominated by collisionless matter,  but could be
CDM or neutrino with mass~2eV?
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