
Gravitational Lensing as a Probe of Dark
Matter

Marceau Limousin

Advanced Cosmology Courses

Plan DarkMatter Lensing Project Table back forward quit



Plan Dark, March 21

Plan

Dark Matter

• Why do we need Dark Matter ?

• How is it linked to structure formation ?

• Modeling Dark Matter halos

Gravitational Lensing

• Galaxy-Cluster Lensing: Weak & Strong Lensing

• Galaxy-Galaxy Lensing: Strong & Weak Lensing

The Project: modeling a galaxy cluster potential from observing multiple

images systems

• Example on Abell 68

• Application: Abell 1689
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Cosmology & Dark Matter

Plan DarkMatter Lensing Project Table back forward quit 2



Dark Matter Dark, March 21

Cosmological Background

Friedmann-Lemâıtre-Robertson-Walker Universe(
Ṙ

R

)2

=
8πG

3
ρM +

c2

3
Λ− c2

R2
k

t = t0 ⇒ ΩM + ΩΛ + Ωk = 1

Ωk = 0.04± 0.05 ⇒ ρtot = ρcrit (CMB)

ΩΛ ' 0.7 : Cosmological Constant (SNI-A)

ΩM ' 0.3 : Baryons (Ωbarh
2 ∼ 0.02) + Dark Matter
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Galaxies & Dark Matter

Dynamical test particles (stars, HI clouds, planetary nebulae . . . )
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Galaxies & Dark Matter (NGC 720)

Elliptical Galaxies : X Observations (Buote et al., 2002)
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Dark Matter & Structure Formation

• How do galaxies form from an initial density field ?

• What is the distribution of dark matter ?

• Numerical simulation of ΛCDM scenario - Movies:

• Piece of the Universe in a box (Andrey Kravtsov, Chicago University)

• On larger scale (Millenium Simulation, Springel et al.)
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Modeling Dark Matter Halos: PIEMD

ρ(r) =
ρ0

(1 + r2

r2
core

)(1 + r2

r2
cut

)

Mtot = 2πΣ0rcorercut
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Navarro, Frenck & White profile (NFW)

A ”universal” mass profile?

ρ(r) =
ρ0

( r
rcore

)(1 + r
rcore

)2
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Power Law with core radius

ρ(r) = ρ0

1 + 1−2α
3 ( r

rcore
)2

(1 + ( r
rcore

)2)2+α

α = 0 → ρ ' r−2
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An Introduction to Gravitational Lensing

Movie by Diego et al., lensing the HUDF
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Lensing Part

Cluster Lensing: Weak & Strong

• Study the mass distribution of cluster

• Study the distant lensed Universe

• Constrain cosmological parameters

Galaxy-Galaxy Lensing: Strong & Weak (my PhD work)

• Theoretical studies

• Application to cluster galaxies
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Different Strenghts of Lensing
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Optic Configuration

Equation : ~θS = ~θI −
2
c2

DLS

DOSDOL

~∇~θ φ(~θI)
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Local Description of the Deformations

J =
(

∂−→uI

∂−→uS

)
and a−1 = J

Amplification Matrix :

a−1 =
(

1 − ∂xxϕ −∂yxϕ

∂xyϕ 1 − ∂yyϕ

)
=
(

1− κ− γ1 −γ2

−γ2 1− κ + γ1

)
with :

2κ = Σ
Σcrit

the isotropic convergence and :

γ =
√

γ1 + γ2

the shear which quantify the stretching induced by the lens
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Convergence and Shear

+ PSF !
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Constraining the mass distribution of galaxy clusters
using different strength of lensing

Weak Lensing regime: analysing the weak distortions in the shape

parameters of a galaxy population

• Statistically

• Constraints on large scales (> 60′′)

Strong Lensing regime: from observing multiple images systems

• Constraints on the inner part of the cluster (< 60′′)
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Weak Lensing: Simulation

• Blue : background sources

• Clump in (0,0)

• Red : images, tangentially
oriented with respect to the
clump
⇒ lensing signal
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Shape parameters of a galaxy
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Direct Averaging of the tangential ellipticity

• For one image : εI = (1-g2) εS + g

• g is the reduct shear (= γ
1−κ ' γ)

• On average in a radial bin centered on the clump :

• < εI > = (1-g2) < εS > + < g >

• < εI > = < g > ' < γ >

• < εS > ' 0 (random ellipticity distribution)

• Shear profile : γ(R) fitted by some models
⇒ Direct Averaging Method
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Sebastien Bardeau, A2218 galaxy cluster shear profile
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Who has really been lensed ?

• red : predicted by the strong
lensing model

• dashed black : measured
(magnitude cut-off, 25 000
galaxies)

• blue : R-I > 0.7 (7 000)

• solid black : refined
photometric rejection (still
contaminated ? 7 000
galaxies)
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Strong Lensing Regime
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Gravitational Telescopes

A−1 = det a−1 = 0 ⇒ critical lines

Central part of massive galaxy clusters ⇒ A' 20-50

• Natural telescope

• Fainter or more distant sources

• Near the critical lines

• ex : A1689, critical lines at z = 5
and z = 10 (yellow) and areas with
A > 10 (red)

Plan DarkMatter Lensing Project Table back forward quit 24



Lensing Dark, March 21

Mass Model of the cluster

The gravitational potential of the central part of the cluster must be

well constrained ⇒ from multiple images systems

• Each system gives constraints on
the potential (position, orientation,
ellipticity)

• A2667, 4 multiple images systems

• ⇒ critical lines (red) and caustic lines
(yellow, transform of the critical lines
in the source plane)

• iso-mass density curves
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Example: Abell 2218

Σ > Σcrit : z ∼7 (Kneib et al., 2004)
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A z ∼7 candidate

• Near the critical lines

• A high redshift candidate :

• Geometric
configuration of
the image pair with
respect to the critical
lines

• Photometric
properties
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Confirmation with Spitzer data (Egami et al., 2005)

Spitzer has 2 filters at 3.6µm and 4.5µm ⇒ Allow one to constrain the

spectral signature of a high redshift galaxy

• 6.6 < z < 6.8
⇒ 50-450 106 years

• developed stellar population

• SFR=0.1-5M�year−1

M∗=0.5-1 109M�

d ' 1 arcmin−2 ⇒ intense ionisation flux

Contribute to the reionisation of the intergalactic medium
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Constraining the Geometry of the Universe from
multiple images in cluster lenses (Golse et al. 2002)

Lens Equation : ~θS = ~θI −
2
c2

DLS

DOSDOL

~∇~θ φ(~θI)

and : ~∇~θ φ(~θI) = σ2
0 × f(~θI, ~θcut, α · · ·)

then : ~θS = ~θI −
σ2

0

c2

DLS

DOS
× f(~θI, α, ~θcut · · ·)

= ~θI −
σ2
0

c2
f(~θI, α, ~θcut · · ·)× E(ΩM,ΩΛ, zS, zL)

The optimization procedure depends on the cosmological geometrical

parameters (ΩM,ΩΛ)
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