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•  Recap
•  Image reduction
•  Stars, PSFs and imperfect instruments
•  Power Spectrum estimators
•  Systematics
•  Practical Example with real data

Resources:
Bartelmann & Schneider: http://arxiv.org/abs/astro-ph/9912508
Scott Dodelson - Modern Cosmology Chapter 10
Catherine Heymans’ lecture notes: www.astro.ipm.ir/ISGLT08/
Lecturer%20and%20Lecture%20notes.htm 
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Weak Lensing Power Spectrum
Convergence of a single slice

Observer
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 Background 
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mass 
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Weak Lensing Power Spectrum
Convergence of a single slice

Observer


Lens
 Background 

Galaxies


χd

Δχd

χs

ρ( ⃗x ) = ρ̄(1 + δ( ⃗x ))

• In cosmology we 
define

ρ̄ = ρcritΩM =
3ΩMH2

0

8πG

Σ = ∫
3ΩMH2

0

8πG
(1 + δ( ⃗x ))(1 + zd)2dχ

• Then the surface mass density 
becomes



Weak Lensing Power Spectrum
Convergence of a single slice

• We define k as the normalised surface mass 
density through,

κ =
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Σcrit

Σcrit =
c2
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• Where the critical surface mass is defined by 
this geometrical term,

• Then…



Weak Lensing Power Spectrum
Convergence of a single slice

• Kappa becomes

κ =
3
2

ΩM
H2

0

c2
(1 + zd)

(χs − χd)χd

χs ∫ (1 + δ( ⃗x ))dχ

• In reality the sources (background lensed galaxies) are distributed at all 
redshifts with a probability distribution , where n(χs) ∫

∞

0
n(χs)dχs = 1
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Weak Lensing Power Spectrum
Convergence of a single slice

• Now we need to form the observed statistics . 
We begin by writing the Fourier transforms of 
the fields

δ̃( ⃗k ) = ∫ d3 ⃗x δ( ⃗x )e−i ⃗k . ⃗x

κ̃i( ⃗l) = ∫Ωs

d2 ⃗θ κi( ⃗θ )e−i ⃗l . ⃗θ

= q(χi)
1
V ∑⃗

k j

δ̃( ⃗k j)∫Ωs

d2 ⃗θ ei( ⃗k . ⃗x − ⃗l . ⃗θ ) ∫
χi+Δχ

χi−Δχ
dχ

⃗k . ⃗x = kxθ1χ + kyθ2 χ + kz χ = ⃗k ⊥ . ⃗θ χ + kz χ



Weak Lensing Power Spectrum
Convergence of a single slice

• Separating the angular 
and radial parts

∫Ωs

d2 ⃗θ ei( ⃗k ⊥χ− ⃗l) ⃗θ = Ωsδ( ⃗k ⊥χ − ⃗l)

κ̃i( ⃗l) = q(χi)
Ωs

V ∑
kjz

∑
k⊥χ

δ̃( ⃗k j)∫
χi+Δχ

χi−Δχ
dχ eikjz χ δ( ⃗k ⊥χ − ⃗l)

⃗k j = (ℓ1/χ, ℓ2/χ, kjz)

κ̃i( ⃗l) = q(χi)
Ωs

V ∑
kjz

δ̃( ⃗k j) Δχ j0 (
kjzΔχ

2 )

⃗k . ⃗x = kxθ1χ + kyθ2 χ + kz χ = ⃗k ⊥ . ⃗θ χ + kz χ
• Then we can 

write 

• And kappa 
becomes



Weak Lensing Power Spectrum
Convergence of a single slice

• In cosmology we 
define

⟨κ̃( ⃗l)κ̃*( ⃗l ′ )⟩ = ∫Ωs

d2 ⃗θ ∫Ωs

d2 ⃗θ ′ ⟨κ( ⃗θ )κ( ⃗θ ′ )⟩ ei( ⃗l . ⃗θ − ⃗l ′ . ⃗θ ′ ) = ΩsPκ(l)Pκ(l − l′ )

⟨δ̃( ⃗k )δ̃*( ⃗k ′ )⟩ = V Pκ(k) δ( ⃗k − ⃗k ′ ) = V Pκ(k) δ(kz − k′ z) δ( ⃗l − ⃗l ′ )

• Similarly..

⟨κ̃i( ⃗l)κ̃*i ( ⃗l ′ )⟩ = q2(χi)( Ωs

V )
2

∑
kjz

∑
kmz

⟨δ̃( ⃗k j)δ̃( ⃗k m)⟩ Δχ2 j0 (
kjzΔχ

2 ) j0 (
kjzΔχ

2 )
= q2(χi)( Ωs

V )
2

∑
kjz

P(k) δ( ⃗l − ⃗l ′ ) Δχ2 j2
0 (

kjzΔχ
2 )

= q2(χi)
ΩsΔχ

χ2
P(ℓ/χ; χi) δ( ⃗l − ⃗l ′ )



Weak Lensing Power Spectrum
Convergence of a distribution of sources

Pκi
= q2(χi)

Δχ
χ2

P(ℓ/χ; χi)

Pκ = ∫
dχ
χ2

q2(χi) P(ℓ/χ; χ)

Observer


Distribution of source Galaxies


Pκ1
Pκ2

PκN



Mass Reconstruction

Kaiser-Squires Inversion



Mass Reconstruction

Or a machine learning approach!

“Weak-lensing Mass Reconstruction of Galaxy Clusters with Convolutional Neural Network”

Sungwook E. Hong, Sangnam Park, M. James Jee, Dongsu Bak, Sangjun Cha

https://arxiv.org/abs/2102.05403 

https://arxiv.org/abs/2102.05403


Application: The Bullet Cluster

Some have suggested that General Relativity is modified on large scales, so that the gravity of normal matter is 
much larger than we think - so we don't need lots of dark matter.  The bullet cluster (Clowe et al. 2006) 
provided a test of this:

In the bullet cluster , 2 massive clusters have smashed into each other, in one of the most energetic events since 
the big bang. During the collision, the hot gas in each of the clusters interacted and became retarded compared 
with the (collisionless) galaxies, separating the hot gas from the galaxies.

Optical X-ray

Weak 
lensing 
mass

Weak 
lensing 
mass



Application: The Bullet Cluster

If there is no dark matter, we would expect most of the gravity to be associated with the hot gas since it is the 
dominant luminous component.

Note that the peaks in the total mass distribution revealed by weak lensing are off
set from the X-ray peaks! That is, most of the mass must be in some dark components that amounts to more mass 
than seen in normal matter.

Optical X-ray

Weak 
lensing 
mass

Weak 
lensing 
mass



Cosmic Shear

                                  Catherine Heymans              Lecture 3: Introduction to KSB 

Observables : Galaxy Ellipticity

e
obs

= e
source

+ !

< e
source

>= 0

! =< e
obs

>

Distortions of background sources

statistics of foreground density field

assuming that true galaxy 
shapes are randomly 

orientated



Cosmic Shear

                                  Catherine Heymans              Lecture 3: Introduction to KSB 

Ellipticity and Quadrupole Moments

W

I !1
!2

Estimating ellipticity 



Cosmic Shear
Estimating ellipticity 

                                  Catherine Heymans              Lecture 4:  Alternatives to KSB and the future

GREAT08:  I challenge you to take part!

1/19

www.great08challenge.info

An image analysis competition for cosmological lensing

~100Gb data in mid 2008… 6 months to measure g~0.03 to accuracy of 0.0003



Cosmic Shear
Estimating ellipticity 

                                  Catherine Heymans              Lecture 2: Weak lensing in practise

Cosmic Lensing

Real data:
gi~0.03

gi~0.2

Components of galaxy elliptically: 
Cosmic Shear



Cosmic Shear
Estimating ellipticity 

                                  Catherine Heymans              Lecture 2: Weak lensing in practise

Cosmic Lensing

Real data:
gi~0.03

gi~0.2

                                  Catherine Heymans              Lecture 2: Weak lensing in practise

Atmosphere and Telescope

Atmospheric Seeing and telescope PSF

Real data: seeing disk ~ Galaxy size

Components of galaxy elliptically: 
Atmosphere and Telescope



Cosmic Shear
Estimating ellipticity 

                                  Catherine Heymans              Lecture 2: Weak lensing in practise

Cosmic Lensing

Real data:
gi~0.03

gi~0.2

                                  Catherine Heymans              Lecture 2: Weak lensing in practise

Atmosphere and Telescope

Atmospheric Seeing and telescope PSF

Real data: seeing disk ~ Galaxy size

                                  Catherine Heymans              Lecture 2: Weak lensing in practise

Pixelisation

Sum light in each square

Real data: Pixel size ~ seeing size /3

Components of galaxy elliptically: 
Pixelisation



Cosmic Shear
Estimating ellipticity 

                                  Catherine Heymans              Lecture 2: Weak lensing in practise

Cosmic Lensing

Real data:
gi~0.03

gi~0.2

                                  Catherine Heymans              Lecture 2: Weak lensing in practise

Atmosphere and Telescope

Atmospheric Seeing and telescope PSF

Real data: seeing disk ~ Galaxy size

                                  Catherine Heymans              Lecture 2: Weak lensing in practise

Pixelisation

Sum light in each square

Real data: Pixel size ~ seeing size /3

                                  Catherine Heymans              Lecture 2: Weak lensing in practise

Noise

Mostly Poisson. Some Gaussian and bad pixels.
Uncertainty on total light ~ 5 per cent

Components of galaxy elliptically: 
Noise



Cosmic Shear
Estimating ellipticity Correction Method"

Without going into details, one corrects the anisotropy by 
measuring it with stars, modeling it and then removing it from the 
galaxy images.  How this is done, and what assumptions are made, 

varies from group to group."

•  Kaiser, Squires & Broadhurst (1995)"
•  Bonnet & Mellier (1995)"
•  Kuijken (1999)"
•  Kaiser (2000)"
•  Rhodes, Refregier & Groth (2000)"
•  Bridle et al. (2001)"
•  Refregier & Bacon (2001)"
•  Bernstein & Jarvis (2002)"
•  Chang & Refregier (2002)"
•  Hirata & Seljak (2003)"

STEP: Heymans et al."

They all have subtle 
differences regarding 
modelling, fitting and 
PSF interpolation....



Cosmic Shear
Estimating ellipticity 

                                  Catherine Heymans              Lecture 2: Weak lensing in practise

From Galaxy and Star to CCD



Cosmic Shear
Weak lensing pipeline

                                  Catherine Heymans              Lecture 2: Weak lensing in practise

From weak lensing catalogue to DM and DE

But there are many different 
methods that were found to  
give very different results!



Cosmic Shear
Weak lensing pipeline

Spin-2 fields"
The shearing of images is a spin-2 field.  It is useful to spend 
some time on the description of spin-2 fields."

Rotating the coordinate system counterclockwise by ' changes "

Under a rotation by ( the field is left unchanged.  
A rotation by (/2 changes %1 to %2 and %2 to -%1."

%1>0" %1<0" %2>0" %2<0"



Cosmic Shear
Weak lensing pipeline

You can also form the 
correlation functions…

Cosmic Shear Statistics

Auto- and cross-power 
spectra of the Deep Lens 
Survey (DLS), with 
theoretical models. 

[From Mijin Yoo, James Jee]



Cosmic Shear
Weak lensing pipeline

You can also form the 
correlation functions…

Cosmic Shear Statistics

Auto- and cross-power 
spectra of the Deep Lens 
Survey (DLS), with 
theoretical models. 

[From Mijin Yoo, James Jee]



Cosmic Shear
Systematics



Cosmic Shear
Weak lensing pipeline

Lets try and do a realistic analysis:

https://github.com/csabiu/cosmology-class/blob/main/Cosmic_Shear.ipynb 


This notebook will:

- download data from the KiloDegree Survey (KiDS), 

- Download CAMB

- Construct the lensing power spectra

- Plot the data and theory together

- Try changing the cosmological model and see the effect on the lensing power spectrum!

https://github.com/csabiu/cosmology-class/blob/main/Cosmic_Shear.ipynb


Projects

• For the remaining classes of this course you will work on a small research project
• This will be graded based on a short report and presentation in the last class
• Please choose a project by next week (discuss with me or Ben if unsure)

• Your own idea - which part of the course interested you? Which part do you want 
to learn more about? Can you make a project around this? 

• Modify the Gadget2/4 code to include w0, wa dark energy parameters
• Investigate / test Gadget code using different simulation parameters (softening, 

grid resolution, initial redshift, etc)
• Study and implement a DE model (PEDE, cosine w, … )
• Combine 2 or more likelihoods and test on data:

• CMB, SNIa, BAO, WL, RSD+Clustering

Projects


