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1 Introduction

With the measurement of the accelerated expansion of the Universe, we have entered the era
of “precision cosmology”. The foreseen precision that can be achieved with future mission
and surveys is however at odds with the lack of our understanding of dark matter and dark
energy that seems to dominate our Universe. Investigating alternative techniques to constrain
cosmology can only help tackling the various systematics that can contaminate any cosmological
probe. We present here such a technique in which we use multiple images produced by lensing
galaxy clusters to constrain at the same time the lens mass model and the cosmological matter
density ΩM and the dark energy equation of state parameter wDE .

2 Motivation

2.1 Theory

For a lens at redshift zL described by an isothermal potential (SIS) with central velocity disper-
sion σ0 and a background galaxy at redshift zS1 (hereafter referred as the source), the Einstein
radius is
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where DLS1 and DOS1 are the cosmologically dependent angular diameter distances from the
lens to the source and from the observer to the source respectively. From this expression, Chiba
& Takahashi 1 analytically derived the following expression
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in which it clearly appears that a 1% precision is required on the Einstein radius measurement
to hopefully constrain ΩM and wDE .

Nevertheless, Link & Pierce 2 followed by Golse et al. 3 proposed an alternative method.
Assuming that another background galaxy at redshift zS2 is also lensed by the same lens, it is
possible to compute the ratio of the two Einstein radius



Figure 1: Confidence regions predicted by the CSL
technique using 10 stacked clusters with 5 systems

of multiple images.

Figure 2: Biased cosmological parameters obtained
because of an inaccurate model. The cross indicates

the ΛCDM input cosmology.
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thus removing the σ0 dependency, i.e. of the lens model. Figure 1 shows that the predicted
confidence regions using the CSL (Cluster Strong Lensing) technique and 10 stacked clusters with
5 systems of multiple images (i.e. 5 lensed sources) interestingly complements other cosmological
probes (Gilmore & Natarajan 4).

2.2 Application

However in practice, galaxy clusters cannot be simply modeled by a single SIS potential. They
are rather multi-modal because of merging and sometimes not fully relaxed. Finally, they host
galaxies which perturb the smooth mass distribution of an ideal cluster.

Therefore, cosmological parameters inference can be biased. This can happen in three differ-
ent cases. First, because of inaccurate models. In this respect, Golse et al. 3 have used an input
cosmology and a bi-modal mass model with galaxy-scale substructures to simulate a catalog of
multiple images. Then, they removed one clumps from the input model and tried to recover
their cosmology with the simulated catalog. As a result, they obtained a biased cosmology as
shown in Figure 2. Second, bias can be due to inaccurate image position. For instance, let us
consider a catalog of multiple image to which we add a Gaussian noise to the images position.
Usually, the number of constraints is not sufficient to prevent the cosmological parameters and
the mass model of accommodating the new positions, thus resulting in a spurious estimate of
cosmological parameters. Finally, given a simulated catalog of images, if we change the redshift
of one source by 10% (i.e. the typical precision of photometric redshifts), the cosmological pa-
rameters accommodate the incorrect redshift, leading to a spurious estimation of cosmological
parameters.

3 Classical approach in Abell 1689

In principle, the best approach to tackle these biases is to use galaxy clusters. Abell 1689
is currently one of the best studied galaxy cluster. It is at redshift 0.184 and more than one



Figure 3: Confidence regions at 1σ, 2σ and 3σ

obtained with a mass model of the lens cluster
Abell 1689 made of three PIEMD cluster-scale
clumps and 58 galaxy-scale clumps. The ΛCDM

values lie in the 2σ region.

Figure 4: Same as Figure 3 but using a mass
model made of a multi-scale grid and 58 galaxy-
scale clumps. The ΛCDM values lie in the 3σ re-
gion of this plot. The cosmological parameters ap-
parently degenerate with mass model parameters.

hundred multiple images have been detected. Most of them have a known spectroscopic redshift.
From the complete catalog, we select 28 images in 12 systems lying far from the galaxies and
with spectroscopic redshift. Thanks to the high resolution images of the ACS data, the mean
uncertainty error on the position is about 0.1”.

As a mass model, we use three PIEMD (Pseudo Isothermal Elliptical Mass Distribution,
Eĺıasdóttir et al. 5) potentials. Each one is allowed to vary freely over large but non overlapping
regions of the field. We also introduce 58 galaxy-scale dark matter halos modelled by PIEMD
potentials as well, to account for the perturbations in the mass distribution at the observed
galaxies location. Their mass is scaled from their galaxy luminosity in K band by means of
scaling relations (see Jullo et al. 6 for more details about scaling relations in lens model).

We use the lensing tool Lenstool
a (Kneib et al. 7, Jullo et al. 6) to perform the model

optimisation. Lenstool contains a Bayesian MCMC engine which efficiently samples large
parameter spaces and avoids local maxima in the likelihood. The likelihood is computed in the
image plan, i.e. the χ2 corresponds to the total distance between the observed and predicted
images position divided by the mean uncertainty stated above of 0.1”.

The obtained RMS on the image position is 0.57” which has to be compared with the
RMS larger than 3”, though on the complete catalog of 102 images obtained by Limousin
et al.8. Figure 3 shows the obtained constraints of the cosmological parameters. They are rather
encouraging although the values of the ΛCDM paradigm fall in the 2σ region. Unfortunately,
when we try to append a new system (e.g. system 36) to the catalog of constraints, cosmological
parameters accommodate the weaknesses of the mass model at fitting the new system and thus
produce biased confidence levels. Another hypothesis is that the system is incorrectly identified.
Whatever the cause, this demonstrates how sensitive is the method.

ahttp://www.oamp.fr/cosmology/lenstool



4 Alternative Multi-scale model

Since it seems that cosmological parameters get biased because of the mass model weaknesses at
modelling substructures, we have developed the concept of multi-scale mass models. Multi-scale
mass model combines the flexibility of “non-parametric” models and the robustness of classical
parametric model. In practice, starting from an hexagonal grid centered on the cluster center
which limits the field of interest. We split it into 6 equilateral triangles which are further split as
a function of a mass threshold, thus allowing more parameters in higher density regions. For the
first guess density map, we use the mass distribution found in the previous section. Finally, at
each node of this multi-scale grid, we associate a mass profile described by a PIEMD potential
whose core radius is equal to the local grid resolution and a cut-off radius equals to three times
the core radius. The velocity dispersion is obtained by matrix inversion (Jullo & Kneib 9), for a
detailed study of multi-scale models). To this model made of 120 mass clumps, we further add
the same 58 galaxy-scale halos similarly as in the previous section.

The obtained 0.22” RMS on the images position is indeed smaller than with the previous
model, and the obtained mass distribution is in agreement with the one found by Limousin et al.8.
Unfortunately, Figure 4 shows that the confidence regions of the cosmological parameters are
still biased and shifted by 3σ from the ΛCDM paradigm values. As shown in Jullo & Kneib 9,
the cosmological parameters likely suffer from degeneracies with mass model parameters.

5 Conclusion

In this presentation, we have detailed some critical aspects related to the measurement of cos-
mological parameters with strong lensing constraints in galaxy clusters. It appears that cos-
mological parameters get easily affected by mass model inaccuracies, image position precision
or inaccurate redshift measurement. We have started to investigate these issues by confidently
selecting images from the large catalog of observed images in the Abell 1689 galaxy cluster. We
have obtained cosmological parameters in agreement with the ΛCDM paradigm at about 2σ CL.
However, our model is very unstable since adding an additional multiple image system jeopardize
the cosmological parameters constraints. We have thus developed a new multi-scale modeling
technique based on multi-scale grids. Although the RMS of the lens model is effectively reduced,
the cosmological parameters are less well constrained.

The presented method has demonstrated a high level of sensitivity to inaccuracies either
in the mass model or in the identification of multiple images used as constraints. Provided
we manage to include enough systems or explore clusters with simple mass distribution, this
method can definitely appear as a competitive alternative cosmological probe.
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