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Talk Outline

๏What we know about the Dark Universe:
‣Dark Matter
‣Dark Energy

๏ iCosmo
‣Online calculations
‣wiki pages - teaching resource
‣ public source coe

๏Outline of the Euclid mission
‣History (DUNE and SPACE)
‣Main Science Objectives
‣Current mission

๏Challenges and GREAT08
‣ Lensing potential and challenges
‣ The GREAT08 pascal challenge
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The Cosmological Model
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The Cosmological Model

Baryons        -   5%
Dark Matter  - 25%
Dark Energy - 70%
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iCosmo:
cosmology for every level

๏Repository of web-based resources for cosmology: 
‣www.icosmo.org

๏Background material on several topics in cosmology
‣ (wikipages so still growing)

๏Web based cosmology calculations 
‣ (very easy to use)

๏Publically available source code 
‣ (transparent box - i.e. opposite of black box)

http://www.icosmo.org
http://www.icosmo.org
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ESA Cosmic Vision

๏Calls for both M and L Class missions
๏The M class launch in 2017
๏Two of the entries in the astronomy category proposed 

measuring dark energy and dark matter (DUNE and 
SPACE)

๏These were ranked top of the proposals by AWG
‣DUNE - Centered on weak lensing
‣ SPACE - Centered on galaxy correlations

๏Two missions merged to form Euclid
๏Down selection to two M class missions next year  
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Proposal to ESA’s Cosmic Vision
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DUNE (The Dark Universe Explorer) - Space based
• Consortium for ESA proposal: 

– France: Refregier, Bedered, Boulade, Amara, Mellier, Pain, Aghanim, Puget, Casoli, Astier, Milliard, etc 
– Italy: Scaramella, Maoli, Amendola,etc 
– UK: Peacock, Lahav, Frenck, Silk, Bridle, etc 
– Germany: Schneider, Bender, Walter-Rix, Bartelmann, etc 
– Switzerland: Meylan, Lilly, Seljack, etc 
– US (JPL): Rhodes, Moustakas, Hong, etc, + others ← NIR module 

• 
•Steering Committee: 

Refregier (Chair, France), Peacock (UK), Bridle (UK), Walter-Rix (Germany), Schneider (Germany), Astier 
(France), Milliard (France), Scaramella (Italy), Moscardini (Italy), Lilly (Switzerland), Meylan (Switzerland), 
Rhodes (US), Hong (US) 

• Working Groups (coordinators): 

– Weak lensing: Amara (France), Taylor (UK) 
– Theory: Amendola (Italy), Seljak (Switzerland) 
– Supernovae: Della Valle (Italy), Hook (UK) 
– BAO: Baugh (UK), Castender (Spain) 
– Galaxy evolution: Sommerville (Germany), Carollo (Switzerland) 
– Clusters/CMB: Aghanim (France), Weller (UK) 
– Strong lensing: Bartelmann (Germany), Moustakas (US) 
– Galactic studies: Grebel (Switzerland), Zinnecker (Germany) 
– Photo-zʼs: Lahav (UK), Fontana (Italy) 
– Image simulations: Rhodes (US), Moscardini (Italy) 

• Instrumental group.
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SPACE - the SPectroscopic 
All-sky Cosmic Explorer

๏Spectroscopic red-shifts of galaxies in extra-galactic sky
๏Measure dark energy using galaxy correlation function
๏Galaxy spectra allow large number of other science goals
๏P.I. A. Cimatti
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Euclid

๏High quality imaging for weak lensing
๏Near Infra-red photometry 
๏Near Infra-red spectroscopy

๏ Imagining:
‣CCD focal plane for visible imaging
‣NIR focal plane for Photometry

๏Spectrometry
‣DMD for slits
‣ spectral resolution R400
‣NIR detectors
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Primary Science Goals
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Current Status of Euclid

๏Entered industrial study phase:
‣ Two industry contractors are studying the entire mission
‣ Imaging consortium (VIP and NIP) - former DUNE team
‣ Spectroscopic consortium (NIS) - former SPACE team

๏Teams studying both the science and engineering
๏My main focus is weak lensing and the weal lensing 

requirements.

๏Aside: NASA has also placed a dark energy mission as 
there top priority (JDEM)
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Current and Planned Lensing 
Surveys

Survey Diameter 
(m)

FOV 
(deg2)

Lensing Area 
(deg2)

Start 
(out of date)

DLS 2 x 4 2 x 0.3 28 1999

CFHTLS 3.6 1 172 2003

VST 2.6 1 100 2006

VISTA/Darkcam 4 2 10,000 2008?

DES 4 2.2 5,000 2008

Pan-STARRS 4 x 1.8 4 x 4 20,000 2008

LSST 8.4 7 20,000 2012

DUNE 1.2 → 1.5 0.5 20,000 2015

JDEM 2.0 → 1.8 0.7 1,000 ? 2013-2018
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Lensing examples:
Giant Arcs
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Lensing examples:
Einstein Rings
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Lensing examples:
Cosmic Lensing/Weak Shear
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CMB

– 9 –

closer to the best fit model (see Figure 2). For the first year WMAP TT and TE data

(Spergel et al. 2003), the reduced χ2
eff was 1.09 for 893 degrees of freedom (D.O.F.) for the

TT data and was 1.066 for the combined TT and TE data (893+449=1342 D.O.F.). For
the three year data, which has much smaller error bars for " > 350, the reduced χ2

eff for

982 D.O.F. (" = 13 − 1000- 7 parameters) is now 1.068 for the TT data and 1.041 for the
combined TT and TE data ( 1410 D.O.F., including TE " = 24 − 450), where the TE data

contribution is evaluated from " = 24 − 500.

Fig. 2.— Comparison of the predictions of the different best fit models to the

data. The black line is the angular power spectrum predicted for the best fit
three-year WMAP only ΛCDM model. The red line is the best fit to the 1-year

WMAP data. The orange line is the best fit to the combination of the 1-year
WMAP data, CBI and ACBAR (WMAPext in Spergel et al. (2003)). The solid

data points are for the 3 year data and the light gray data points are for the first
year data.

For the T, Q, and U maps using the pixel based likelihood we obtain a reduced χ2
eff =

0.981 for 1838 pixels (corresponding to CTT
! for " = 2 − 12 and CTE

! for " = 2 − 23). The

combined reduced χ2
eff = 1.037 for 3162 degrees of freedom for the combined fit to the TT

and TE power spectrum at high " and the T, Q and U maps at low ".

While many of the maximum likelihood parameter values (Table 2, columns 3 and 7

– 66 –

difference

3-year

1-year

+200-200

+30-30

Fig. 9.— top: The first-year ILC map reproduced from Bennett et al. (2003c). middle: The three-year ILC
map produced following the steps outlined in §5.2. bottom: The difference between the two (1-yr − 3-yr).
The primary reason for the difference is the new bias correction (Figure 8). The low-l change noted in §3
and shown in Figure 3 is also apparent.

Cosmic Shear
2 Teyssier et al.: Full-sky weak-lensing analysis with an ultra-large N body simulation

Fig. 1. The mollweide image shows the Full sky simulated convergence map, smoothed with a Gaussian beam of scale 1 degree. The lower right
insert shows a zoom in the center of the Full Sky image of the unsmooted convergence map. The upper right insert zooms further in to detail one
particluar clump. The pixel size is 0.86 arcmin.

z ! 0.8. We therefore use 68.7 billions particles to sample the
dark matter density field. This corresponds to a particle mass of
7.7 × 109 M# or 130 particles per Milky Way halo. This huge
particle distribution was then splitted into 6144 individual files,
one for each processor, according to the RAMSES code domain
decomposition strategy (Prunet et al. 2007). The RAMSES code
(Teyssier 2002) is a parallel hydro and N body code based on
the Adaptive Mesh Refinement (AMR) technics. Starting with
a base (or coarse) grid with 40963 grid points, each cell is in-
dividually refined if the number of particles in the cell exceed
40. In this way, the number of particles per cell varies between
5 and 40, so that we ensure that the particle shot noise remains
at an acceptable level. This refinement strategy is applied recur-
sively, with a factor of 2 in linear size between each level of
refinement. At the end of the simulation, we reached 6 levels
of refinement, for a total of 140 billions AMR cells. This corre-
sponds to a formal resolution of 2621443 or 7.6 kpc/h comoving
spatial resolution. Parallel computing is perfomed using the MPI
message passing library, with a domain decomposition based on
the Peano–Hilbert space–filling curve. The work and memory
load is dynamically adjusted by reshuffling particles and grid
points from each processor to its neighbors. The simulation has
required 737 main (or coarse) time steps with more the 104 fine
time step to complete.

3. The Light Cone and the Convergence Map

At each main time step, we have stored the positions and veloci-
ties of all particles lying within the boundaries of a photon plane
moving at the speed of light towards an observer sitting at the
center of the box, based on technics presented in Hamana et al.
(2001). We have obtained 348 slices in the light cone, spanning
the redshift range [0,1]. Note that thanks to the large size of the
simulated volume, we minimize the effect of periodic replica-

tions of the computational box. Each slice is then converted into
a Full-Sky Healpix map (nside = 4096) of the average overden-
sity in the slice using a simple “Nearest Grid Point” mass pro-
jection scheme. We assume a single source population located at
redshift zs = 1, so that we can finally compute the convergence
map, as in Schneider et al. (1998),

κ(θ̂) =
3

2

Ωm

R2
0

∫ χs
0

dχ
χ(χs − χ)
χs

1

a(χ)
δ(χθ̂, χ), (1)

where R0 = c/H0 and χ is the comoving distance from the ob-
server. The resulting Healpix map has a pixel size of ∆θ ! 0.86
arcmin. As shown in Van Waerbeke et al. (2001), the Born ap-
proximation we use here introduces a relative error in the skew-
ness of the signal of the order of 10% at large scale where the
convergence is Gaussian, and around 1% at small scale in the
non–linear regime. Keeping that in mind, we decide not to use a
full ray tracing scheme to compute the convergence map.

4. Multiresolution Statistics with a Realistic Cut-Sky

In order to analyze the statistical properties of our convergence
map, we have performed a wavelet decomposition on the sphere
using the method outlined in Starck et al. (2006a). We have plot-
ted in Figure 1 the Full Sky image smoothed with a Gaussian
beam of width 1 degree. At large scale, the map shows clearly a
Gaussian signal, similar to the Cosmic Microwave Background
map seen by the WMAP satellite. On the same figure, we have
inserted some higher resolution images of the unsmoothed con-
vergence map. At small scales, the signal is clearly dominated
by clumpy structures (dark matter haloes) and is therefore highly
non-Gaussian. To characterize this property more quantitatively,
we have performed a wavelet decomposition of our map us-
ing the Undecimated Isotropic Wavelet Transform on the sphere

Temperature map Mass mapWMAP 3 year data Simulated DUNE data
(simulations by Tessyier et al)
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2 Teyssier et al.: Full-sky weak-lensing simulation with 70 billion particles

Fig. 1. Full-sky simulated convergence map derived from the Horizon Simulation. Its resolution of 200 million pixels has been downscaled to fit
the page. The various inserts display a zoom sequence into smaller and smaller areas of the sky. The pixel size is 0.74 arcmin2.

the center of the simulation box (see Section 3). This light cone
was then used to calculate the corresponding Full Sky lensing
convergence field, which we map using the Healpix pixelisation
scheme (Górski et al. 2005) with a pixel resolution of ∆θ ! 0.74
arcmin2 (nside = 4096), and add “instrumental” noise for a typi-
cal all–sky survey with 40 galaxies per arcmin2, as expected for
example for the DUNE mission (Réfrégier et al. 2006). Using
an Undecimated Isotropic Wavelet Decomposition of this real-
istic simulated weak-lensing map on the sphere, we analyze the
statistics of each wavelet plane using second, third and fourth or-
der moments estimator (Section 4). We then apply in Section 5 a
multiresolution algorithm to filter a fictitious simulated κ data set
based on an extension of the wavelet filtering technique of Starck
et al. (2006b). We characterise the quality of the reconstruction
using the power spectrum of the error map and compare this to
the result of a standard Wiener filtering on the sphere. Our re-
sults illustrate the virtue of high resolution simulations such as
the one reported here to prepare for future weak lensing surveys
and to design new map–making technics.

2. The Horizon N Body Simulation

This large N body simulation was carried out using the
RAMSES code (Teyssier 2002) for two months on the
6144 Itanium2 processors of the CEA supercomputer BULL
Novascale 3045 hosted in France by CCRT6. RAMSES is a
parallel hydro and N body code based on the Adaptive Mesh
Refinement (AMR) technics. Using a parallel version of the
grafic package (Bertschinger 2001), we generated the initial
displacement field on a 40963 grid for the cosmological param-
eters from the WMAP 3rd year results (Spergel et al. 2007),
namely Ωm = 0.24, ΩΛ = 0.76, Ωb = 0.042, n = 0.958, H0 = 73
km/s/Mpc and σ8 = 0.77. We used the Eisenstein & Hu (1999)
transfer function, which includes baryon oscillations. The box

6 Centre de Calcul Recherche et Technologie

size was set to 2 Gpc/h, which corresponds roughly to a comov-
ing distance to an object at z ! 0.8. We use 68.7 billion particles
to sample the dark matter density field, yielding a particle mass
of 7.7× 109 M# or 130 particles per Milky Way halo. This large
particle distribution was split accross 6144 individual files, one
for each processor, according to the RAMSES code domain de-
composition strategy (Prunet et al. 2007). Starting with a base
(or coarse) grid with 40963 grid points, each AMR cell is indi-
vidually refined if the number of particles in the cell exceeds 40.
In this way, the number of particles per cell varies between 5 and
40, so that the particle shot noise is ensured to remain at an ac-
ceptable level. This refinement strategy was applied recursively,
with a factor of 2 in linear size between each level of refinement.
At the end of the simulation, we reached 6 levels of refinement
with a total of 140 billion AMR cells. This corresponds to a
formal resolution of 2621443 or 7.6 h−1 kpc comoving spatial
resolution. Parallel computing is perfomed using the MPI mes-
sage passing library, with a domain decomposition based on the
Peano–Hilbert space–filling curve. The work and memory load
is dynamically adjusted by reshuffling particles and grid points
from each processor to its neighbors. The simulation required
737 main (or coarse) time steps and more than 104 fine time
steps for completion.

3. Light Cone and Convergence Map

We constructed a light cone by storing, at each main time step,
the positions of all the particles lying within the boundaries of a
photon plane moving at the speed of light towards an observer
located at the center of the box, based on technics presented in
Hamana et al. (2001). This lead to 348 slices in the light cone,
spanning the redshift range [0,1]. Note that, thanks to the large
size of the simulated volume, the effect of periodic replications
of the computational box are minimised. Each slice is then con-
verted into a full-sky Healpix map (nside = 4096) of the average
overdensity using a simple “Nearest Grid Point” mass projection

25

Figure 4. Upper panels, simulated weak lensing mass map, middle panels, simulated mass map

with the mask pattern of CFHTLS data on D1 field (left) and with the mask pattern of Subaru

data in the same field (right), lower panels, inpainted mass map. The region shown is 1◦ x 1◦.

Impact of Theoretical Uncertainties on Current Weak Lensing Measurements of σ8 3

Figure 1. Example of the effective convergence of one of the
patches of sky. Each patch measures 20′ × 20′ and is made up of
800 × 800 pixels. The source red-shift in this case is z=1.

from the observer to the source. The light rays travel undis-
turbed between the sheets and experience a sharp deflection
as they pass a lensing sheet. In Chapter Four, we calculated
the deflection angles at the lens using an FFT method. This
is, however, not the only method available. In the multiple
sheet ray tracing routines developed by Wambsganss et al.
(2004), the deflection angles are calculated by the summa-
tion of contributions from each pixel. This method works
well, although the number of operations required to perform
direct summation becomes overwhelming for large number
of pixels. For this reason, a Tree method, similar to the one
discussed in Section ??, was used. This involved calculat-
ing the deflection angle contributions from nearby pixels di-
rectly, whereas distant pixels are grouped and their contri-
butions are calculated using their bulk properties, such as
their centre of mass. To increase the accuracy of the tree
code, higher order moments of a group of pixels, such as the
dipole and quadrapole, can also be used. Further details on
the ray multiple sheet ray tracing method can be found in
Wambsganss et al. (2004).

The output of the ray tracing routine discussed here is
the position of ray bundles on the source plane. Knowing
that ray bundles began their journey with the observer of
a regular grid, we are able to convert these positions into
the lensing properties of the density field. These properties
include shear, effective convergence and magnification out
to the source red-shift.

5 HOW TO STUDY

Our task is to use the 3D TPM simulations as well as the ray
tracing results to test the extent that the factors discussed
earlier may contaminate weak lensing surveys. These factors
are:

• the non-linear correction to the matter power spectrum;

Figure 2. Shear results for one of the ray shooting results. Once
again, the source red-shift is z=1.

• effect of non-Gaussian matter distribution;
• the fact that weak lensing measures reduced shear and

not shear; and
• selection bias due to lensing properties such as magni-

fication.

To do this we first need to produce simulated weak lensing
surveys that accurately reproduce the parameters of current
weak lensing observations. By isolating these factors on the
simulated weak lensing observations, we can gain further in-
sights into these biasing factors. Measuring the 3D matter
distribution of the TPM simulations will allow us to assess
the accuracy of the current best fitting formulae available.
Measuring the shear correlation and comparing that with
the power spectrum of the effective convergence will allow us
to investigate the effects of a non-Gaussian matter distribu-
tion and to test the validity of the many assumptions made
in weak lensing studies. Finally, by attributing galaxy prop-
erties, such as luminosity distribution and number density,
the selection bias factors can be tested. It is clear that the
red-shift distribution of galaxies could also introduce bias.
However, we will begin by placing all lensed galaxies at one
red-shift. Once this have been thoroughly investigated, we
can then study the added effects of including a galaxy dis-
tribution.

5.1 Summary of a Weak Lensing Survey

For our investigation, we shall use the recent survey con-
ducted by Massey et al. (2004a) as our point of comparison
with our simulated results. This survey was conducted using
the William Herschel telescope located at La Palma. By go-
ing to a depth of R = 25.8, Massey et al. (2004a) claim that
they are able to measure the shapes of galaxies where the
median red-shift is zs = 0.8. The normalisation of the power
spectrum is measured to be σ8 = 1.09 ± 0.12 for Ωm = 0.3.
This was done by using a maximum likelihood technique

– 10 –

Fig. 3.— The simulated galaxy with the disk inclined at a 30 degree angle to the line of sight. Figure (a) shows the surface
density of the entire galaxy along with the buffering we use to make sure the repeating boundary conditions do not affect our
results. In (b) we see the inner region that is of interest to us. Here there is some substructure which affects some of the overall
lensing properties, such as the offset of caustics to density peaks as seen in (c). In (c) the critical curves are shown as dashed
curves and the caustic curves are shown in yellow. The critical curves clearly have small-scale irregularities. In (d) we look at
the inner caustics region and how it is affected by random noise. Results for three realizations of the shot-noise are shown in
black, green and blue. Without smoothing, shot-noise does affect the critical curves, which, in turn are mapped back to the
caustics. We see some evidence for swallow tail features in the caustics, but they are not prominent and the inner (radial)
caustic is relatively stable. No smoothing of the surface density has been done here. In the inner regions, where multiple images
form, roughly 2/3 of the surface density is due to dark matter where as the remaining 1/3 is due to baryons.

4 degrees

• All Sky Kappa Map
• 1 Ultra-large simulation
• Born approximation

• Intermediate scale
• Set of simulations (few hundred) 
• Born approximation

• Small scale weak lensing 
• Multiple sheet ray shooting
• Baryons important

• Very Small Scale - Strong lensing
• Ray shooting
• Image finding 
• Baryons crucial

20 arcmin

0.7 arcsec

Teyssier et al  Pires et al  

Summary:
Lensing on All Scales
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PASCAL Challenge

Following slides from Sarah Bridle
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Cosmic Lensing
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Cosmic Lensing
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Cosmic Lensing

gi~0.2
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Cosmic Lensing

Real data:
gi~0.03

gi~0.2
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Convolution with kernel

Real data: Kernel size ~ Galaxy size

Atmosphere and Telescope
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Pixelisation

Sum light in each square

Real data: Pixel size ~ Kernel size /2
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Noise

Mostly Poisson. Some Gaussian and bad pixels.
Uncertainty on total light ~ 5 per cent
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Typical star
Used for finding 
Convolution kernel
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Typical star
Used for finding 
Convolution kernel

Typical galaxy
used for cosmic
shear analysis
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GREAT08 Data

One galaxy per image
Kernel is given
One shear per set
Noise is Poisson
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GREAT08 Data

One galaxy per image
Kernel is given
One shear per set
Noise is Poisson

150 000 galaxies

27 000 000 galaxies

3 000 000 galaxies
150 000 galaxies

All divided into sets containing 10 000 galaxies each
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GREAT08 Data
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GREAT08 Results
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GREAT08 Results

You submit g1, g2 for each set of images
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GREAT08 Timeline

๏Feb 2008 GREAT08 Handbook public
๏Jun 2008 Internal release of simulations
๏Aug 2008 First simulations public
๏27 Oct 2008 Launch of public challenge 
๏Leaderboard starts containing internal results
๏5 Jan 2009 – mid-term workshop at UCL
๏30 Apr 2009 Competition deadline
๏~June 2008 Workshop; Release final report
๏ Input shears public
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Summary

๏Dark Matter/Dark Energy
๏ iCosmo
๏Euclid
๏GREAT08


