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Weak Gravitational Lensing 
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Typical Weak Lensing Pipeline 

①  Take an image of the sky 

②  Measure galaxy shapes and distances 

③  . 
a)  Create a 3D shear 

field 

b)  Reconstruct the 

matter distribution 

c)  Bin the data in 

redshift slices 

d)  Correlation function 

tomography 

④  Constrain cosmological parameters 
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  Galaxies are not intrinsically circular: intrinsic 
ellipticity ~ 0.2-0.3; gravitational shear ~ 0.02 
  Reconstructions require knowledge of distances 
to galaxies 

2D mapping 

3D mapping 

Weak Lensing Theory 
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3D Map-making 
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How Difficult is this Problem? 
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How Difficult is this Problem? 

Optimistic noise: ng = 100/arcmin2 

Euclid  ng ~ 35/arcmin2 
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3D mapping: How to Tackle the Problem? 

 Assume uncorrelated Gaussian noise* 
 Linear methods 

 Wiener/inverse variance filter (Simon et al., 2009) 

 SVD decomposition & thresholding (VanderPlas et 
al., 2011) 
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ABSTRACT

We present a new approach to 3D weak lensing reconstructions by considering the
problem under the framework of compressed sensing. Under the assumption that the
data is sparse in an appropriate dictionary, we construct a robust estimator and employ
state-of-the-art convex optimisation methods to reconstruct the density contrast. We
aim to address three key issues seen in the linear methods that have been developed
in recent years for 3D lensing reconstructions; namely, the bias in the redshifts of
detected objects, the line of sight smearing seen in reconstructions, and the damping
of the amplitude of the reconstruction relative to the underlying density. For simplicity
in implementation, and as a proof of concept of our method, we reduce the problem to
one-dimension, considering the reconstruction along each line of sight independently.
Despite the loss of information that this implies, we demonstrate that our method
is able to accurately reproduce cluster haloes up to a redshift of zcl = 1.0, deeper
than state-of-the-art linear methods. We directly compare our method with these
linear methods, and demonstrate minimal radial smearing and redshift bias in our
reconstructions, as well as a reduced damping of the reconstruction amplitude as
compared to the linear methods. In addition, the compressed sensing framework allows
us to consider an underdetermined transformation, thereby allowing us to reconstruct
the density contrast at finer resolution than the input data.

Key words: gravitational lensing: weak - techniques: image processing - methods:
statistical - cosmology: dark matter - cosmology: large-scale structure of the Universe

1 INTRODUCTION

γ = Rδ + n (1)
Weak gravitational lensing has become a powerful tool

to study the dark universe, allowing us to place constraints

on key cosmological parameters, and offering the possibility

to place independent constraints on the dark energy equa-

tion of state parameter, w (Levy & Brustein 2009; Hoekstra

& Jain 2008; Munshi et al. 2008; Albrecht et al. 2006; Pea-

cock et al. 2006; Schneider 2006; Van Waerbeke & Mellier

2003).

Until recently, weak lensing studies considered the shear

signal, and recovered the mass distribution, in two dimen-

sional projection (see Schneider 2006, for a review of weak

lensing). However, with improved data quality and wide-

band photometry, it is now possible to recover the mass dis-

tribution in three dimensions by using photometric redshift

information to deproject the lensing signal along the line of

sight (Simon, Taylor & Hartlap 2009; Massey et al. 2007a,b;

Taylor et al. 2004).

� Email: adrienne.leonard@cea.fr

Under the assumption of Gaussian noise, various linear

methods have been developed to recover this 3D matter dis-

tribution, which rely on the construction of a pseudo-inverse

operator to act on the data, and which include a penalty

function encoding the prior that is to be placed on the sig-

nal (VanderPlas et al. 2011; Simon, Taylor & Hartlap 2009;

Castro, Heavens & Kitching 2005; Taylor et al. 2004; Bacon

& Taylor 2003; Hu & Keeton 2002).

These methods produce promising results; however,

they show a number of problematic artefacts. Notably, struc-

tures detected using these methods are strongly smeared

along the line of sight, the detected amplitude of the density

contrast is damped (in some cases, very strongly), and the

detected objects are shifted along the line of sight relative

to their true positions. Such effects result from the choice

of method used; Simon, Taylor & Hartlap (2009) note that

their choice of filter naturally gives rise to a biased solution,

and VanderPlas et al. (2011) suggest that linear methods

might be fundamentally limited in the resolution obtainable

along the line of sight as a result of the smearing effect seen

in these methods.

In this paper, we consider the deprojection of the lensing

signal along the line of sight as an instance of compressed

sensing, where the sensing operator models the line-of-sight

c� 2010 RAS
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Reconstruction resolution limited 
by resolution of data 
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Target Areas for Improvement 

 Redshift bias in location of detected peaks 
 Smearing along the line of sight 
 Damping of the reconstruction 
 Sensitivity at high redshift 
 Improving resolution in reconstructions 
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What is Compressed Sensing? 

In compressed sensing, we seek to reduce the dimensionality of 
our data, without loss of information: 

Sensing operator is not full rank – general loss of information 
 BUT, if signal is sparse…. 
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How can we relate CS to lensing/astrophysics?? 

Soft compressed sensing definition 
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Optimisation Problem 

  We reduce the problem to 1D, considering lines of sight as 
independent 

  Our method draws from convex optimisation & harmonic 
analysis, set in a Bayesian (MAP) framework 

  We use a primal-dual splitting method (Chambolle & Pock 
2011) 
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Results – Comparison with Linear Methods 
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Radial Wiener Filter 
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Radial Wiener Filter 
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Our Method 
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Our Method 
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Our Method (II) 

zcl = 0.2 

zcl = 1.0 
zcl = 0.6 
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Our Method (III) 

zcl = 0.2 & 0.6 

zcl = 0.6 & 1.0 

zcl = 0.2 & 1.0 
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What if we’re not so optimistic? 

Test 1: Use noisier data, with ng = 30 gal/arcmin2 
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What if we’re not so optimistic? 

Test 1: Use noisier data, with ng = 30 gal/arcmin2 

Test 2: Include photometric redshift errors + standard gaussian 
correction 
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Work in Progress 1: κ  δ 3D implementation 
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Work in progress 2: γ  κ transformation 
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Summary 
  3D lensing is a very noisy, ill-posed inverse problem 
  Linear methods use weak priors, and suffer from 3 main 

drawbacks: 
  Redshift bias 
  Smearing 
  Damping 
  Resolution limited by data 

  CS approach allows us to improve on all four points 
  We show increased sensitivity to high-redshift structure and 

complex LOS structures 
  False detections seen in 1D implementation, but on pixel 

scales 
  3D algorithm (when complete) will reduce these errors 

significantly 
  Inclusion of other sources of noise required for full application 


