
Weak lensing by large-scale structure as an 
accurate probe of cosmology and much more! 

Henk Hoekstra 
Leiden University 



What is the Universe made of? 

Dark Energy: 73% 

Dark Matter: 23% 

Ordinary Matter: 4% 

The biggest problem in physics: who ordered this? 



What is dark matter? 

We do not know, but we do know a few things: 
 
-  it is non-baryonic (a new particle) 
-  it is a “heavy” particle (cold or non-relativistic) 

This cannot be a standard model particle 
 
 

We need new physics! 



What is dark energy? 

We do not know… and it is a serious problem!  
 
-  Is it a cosmological constant or a dynamic field?  
-  Or is there a problem with General Relativity? 
 
We lack a theoretical framework that can explain the 
observations. Better observational constraints are needed to 
make progress. 



What should we study? 

Investigate which physical effects and observables are sensitive to dark 
energy and/or modified gravity and can be measured reliably. 

-  Cosmic expansion history 
    dark energy equation-of-state w(t) 
 

-  Cosmic history of structure formation 
     growth rate of structure f(z) 

The hardest thing of all is to find a black cat in a dark room, especially 
if there is no cat - Confucius 



Clustering of matter 
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The clustering of matter as a function of scale and redshift can 
be used to determine the underlying cosmology 



Many probes 

The statistical properties of the matter distribution can be 
probed using a variety of techniques, such as: 
 
-  Clustering of galaxies 
-  Number density of galaxy clusters 
 
and … 



Weak gravitational lensing 

Density fluctuations in the universe affect the propagation of light rays, 
leading to correlations in the the observable shapes of galaxies. 



Weak gravitational lensing 

A measurement of the ellipticity of a galaxy provides an unbiased 
but very noisy estimate of the shear. 



We can see dark matter! 

By averaging the shapes of many galaxies it is possible to reconstruct 
the (projected) matter distribution, independent of the dynamical state 
of the object of interest (e.g. clusters of galaxies) 

Mahdavi et al. (2008) Clowe et al. (2006) 



Abell 520: a puzzling target 
Abell 520 (z=0.21) is a major collision of multiple clusters. We found a 
very dark region in the cluster, which was confirmed in our most recent 
analysis of ACS data (Jee et al. , 2014). 

? 

(13σ) 



Reliable cluster masses 
In Mahdavi et al. (2013) we studied how the weak lensing masses compare 
to estimates based on X-ray observations, assuming hydrostatic equilibrium. 

We found that the gas mass showed the lowest overall scatter; the product of 
gas mass and temperature (YX) is the most robust. 



How accurate are cluster lensing masses? 

In these comparisons we implicitly assumed that the lensing 
masses are accurate. Is this a reasonable assumption? 
 
 

Key ingredients: 
 
-  Accurate shapes (corrected for instrumental effects) 
-  Accurate knowledge of the source redshift distribution 
-  Accurate removal/accounting of cluster members 
-  Need to account for cluster geometry  



The distorted Universe 

To infer unbiased cluster masses, we need to ensure that the measurement 
of the galaxy ellipticities is sufficiently accurate. In the case of future 
projects, such as Euclid, this means that the bias in the ellipticity is <0.1%. 

ϵEarth=0.00335 
ϵMoon=0.00125 



Measuring shapes of objects like this? 

GREAT’08 challenge 

The observed images are “corrupted” by the PSF which needs to 
be corrected for with high accuracy, but also by detector effects. 



The importance of image simulations 
The accuracy of weak lensing measurements can be 
determined using image simulations. However, the results are 
only meaningful if the simulations match the data! 

Hoekstra et al. (subm
itted) 



The importance of source redshifts 
Thanks to deep NIR data from UltraVISTA the COSMOS-30 photometric 
redshift are now more reliable. However, the uncertainty in the n(z) of 
the sources is now the dominant source of systematic uncertainty. 

Hoekstra et al. (subm
itted) 



Comparison to Planck masses 
 
 
 
 
 
 
 
 
 
 
 
 

Updated CCCP weak lensing masses 23

Figure 21. Left panel: the deprojected aperture mass M500 from weak lensing as a function of the hydrostatic mass from Planck
Collaboration et al. (2014a). Note that MPlanck

500 is measured using r500 from the estimate of YX , and MWL
500 is determined using the

lensing derived value for r500. The black points show our CCCP measurements, with the filled symbols indicating the clusters detected
by Planck with a signal-to-noise ratio SNR > 7 and the open points the remainder of the sample. The dashed line shows the best-fit
power law model. The WtG results are shown as rosy brown colored points. Right panel: ratio of the hydrostatic and the weak lensing
mass as a function of mass. The dark hatched area indicates the average value of 0.76 ± 0.05 for the CCCP sample, whereas the rosy
brown colored hatched region is the average for the published WtG measurements, for which we find 0.62± 0.04.

although we omit Abell 115 from the comparison as we
determine masses for the two separate components of this
merging cluster. The left panel in Figure 21 shows the depro-
jected aperture mass MWL

500 as a function of the hydrostatic
mass MPlanck

500 from Planck Collaboration et al. (2014a). Note
that the observed value for YX was used to estimate the ra-
dius r500 used to determine MPlanck

500 , whereas MWL
500 is based

on the value for r500 listed in Table 2. For the cosmological
analysis, Planck Collaboration et al. (2014c) restricted the
sample to clusters above a SNR threshold of 7 in unmasked
areas. In our case, the mask only impacts the merging clus-
ter Abell 2163, which corresponds to the right-most point in
Figure 21. There are 20 SNR> 7 clusters in common with
CCCP and these are indicated as filled points in Figure 21,
whereas the remaining clusters are indicated by the open
points. We find that the SNR threshold is essentially a se-
lection by mass. For reference, the measurements from (von
der Linden et al. 2014b) are indicated by the rosy brown
colored points.

The right panel shows the ratio of the hydrostatic
masses from Planck and our weak lensing estimates for all
37 clusters in common. The hatched region indicates our es-
timate for (1 − b) = 0.76 ± 0.05 (stat) ± 0.06 (syst), which
was obtained from a linear fit to MPlanck

500 as a function of
MWL

500 that accounts for intrinsic scatter (Hogg et al. 2010).
The systematic error is based on the estimates presented
in §4.3. We measure an intrinsic scatter of (28± 6)%, most
of which can be attributed to the triaxial nature of dark
matter halos (e.g. Corless & King 2007; Meneghetti et al.
2010). If we restrict the comparison to the clusters with
SNR> 7 (black points) we obtain (1 − b) = 0.78 ± 0.07,

whereas (1− b) = 0.69± 0.05 for the remaining clusters. For
reference, the rosy brown colored points and hatched region
indicate the results for WtG, used in von der Linden et al.
(2014b). These measurements yield (1 − b) = 0.62 ± 0.04
and an intrinsic scatter of (26 ± 5)%. Our measurement of
the bias is in agreement with the nominal value adopted
by Planck Collaboration et al. (2014c). Although our re-
sults reduce the problem somewhat, we conclude that
a large bias in the hydrostatic mass estimate is unlikely to
be the explanation of the tension of the cluster counts and
the primary CMB.

von der Linden et al. (2014b) find modest evidence for
a mass dependence of the bias, with MPlanck ∝ M0.68

WtG. It
is therefore interesting to repeat this for our measurements.
If we restrict the fit to the clusters with a SNR> 7, the
range is too small to obtain a useful constraint on the slope.
We therefore fit a power law to the CCCP measurements of
the 37 clusters that overlap with Planck Collaboration et al.
(2014a), which yields

MPlanck

1015h−1
70 M⊙

= (0.76 ± 0.04) ×
(

MCCCP

1015h−1
70 M⊙

)0.64±0.17

,

and an intrinsic scatter of (21 ± 4)%. The slope is similar
to that found by von der Linden et al. (2014b) and our
results therefore support their conclusion that the bias in the
hydrostatic masses used by Planck depends on the cluster
mass, but our normalization is 9% higher.

As noted above, Planck Collaboration et al. (2014c) use
X-ray data to relate the observed SZ-signal to cluster mass.
It is, however, more convenient to directly constrain the scal-
ing relation between the lensing mass and the observed SZ

c⃝ 0000 RAS, MNRAS 000, 000–000

MPlanck= (0.76±0.05) MWL 
Hoekstra et al. (subm

itted) 



Cosmic shear 

The statistics of shape correlations as a function of angular scale and 
redshift can be used to directly infer the statistics of the density fluctuations 
and consequently cosmology. 



3d mapping of the Universe 

We need to measure the matter distribution as a function of redshift: in 
addition to the shapes, weak lensing tomography requires photometric 
redshifts for the individual sources.  



We are getting the numbers! 

Dark energy physics 

Dark energy constraints 

Measurements 

Detection 



Precision ≠ Accuracy 

For accurate cosmology we need: 
 

-  accurate shapes for the sources 
-  accurate photometric redshifts 
-  accurate interpretation of the signal 

The complications we have to deal with: 
 
-  Observational distortions are larger than the signal 
-  Galaxies are too faint for large spectroscopic surveys 
-  Sensitive to non-linear structure formation 

 



Baryonic physics 

Feedback can modify the  matter power spectrum significantly! 

van Daalen et al. (2011)  



We cannot ignore the (g)astrophysics 

Accounted for feedback Feedback ignored 

Sem
boloni et al. (2011) 



CFHTLenS 
Uses 5 yrs of data from the Deep, Wide and Pre-survey components of 
the CFHT Legacy Survey, which covers a total of 154 deg2 of the sky 
spread over 4 fields. 
 
- Lensing analysis: 7 i-band images (seeing <0.85”) 
- Photometric redshifts: ugriz to i<24.7 (7σ extended source) 

Public release: www.cfhtlens.org 



CFHTLenS: the team 



CFHTLenS: lots of testing 

To test the redshift dependence we examine the galaxy-galaxy lensing signal 
(very weak cosmology dependence) 



CFHTLenS: looking at the dark side 
Van W

aerbeke et al. (2013) 



CFHTLenS: 2-bin tomography 

Benjamin et al. (2013): a detailed study of the fidelity of photometric 
redshift shows we can do tomography. 



CFHTLenS: tomography 

Heymans et al. (2013): narrower bins which means we cannot 
ignore the intrinsic alignment signal 



CFHTLenS: detection of intrinsic alignments 

Heymans et al. (2013): The IA signal is expected to depend on galaxy type.  We use the predictions from 
the non-linear IA model from Bridle & King (2007) which is based on the model proposed by Hirata & 
Seljak (2004) and fit the amplitude in the cosmology analysis. 



CFHTLenS: constraints on dark energy 

Heymans et al. (2013): w=-1.02±0.10 



Measuring intrinsic alignments 

Direct measurements for density-shape correlation using BOSS LOWZ 
sample from SDSS III.  

Intrinsic Alignments in BOSS 13
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Figure 7. Density-shape correlation functions for samples de-
fined using luminosity cuts, L1, L3, L4 samples, as specified in
Table 2. L1 −L4 are arranged in order of luminosity, with L1 be-
ing brightest and L4 being faintest. The L2 sample is not shown
in the figure for clarity. Brighter galaxies have higher intrinsic
alignments amplitude, with luminosity trend of AI being well de-
scribed by a power law (Eq. 33).

which is consistent with the fact that among halos of similar
mass, ones at higher redshift are more biased. We do not find
any redshift evolution for AI , which is consistent with the
NLA paradigm, where galaxy alignments are set at the time
of galaxy formation and hence we do not expect any signifi-
cant redshift evolution for intrinsic alignments beyond what
is implicitly included due to use of a redshift-dependent non-
linear matter power spectrum that determines the gravita-
tional tidal field. However, given the short redshift baseline,
our power to constrain evolution of intrinsic alignments with
redshift is limited.

On the small scales where we fit the halo model fitting
function, there are significant differences between the two
redshift ranges. The Z2 sample has a higher halo model am-
plitude. However, the Z2 sample is also expected to have a
higher non-linear bias which will contribute to the increase
in ah. Processes within groups and clusters, such as galactic
mergers, stripping, peculiar motion and tidal torquing will
also play an important role in determining the small scale
signal and can contribute to the redshift evolution of ah. Due
to a degeneracy between intrinsic alignments amplitude and
non-linear bias within the halo model, we cannot separate
out the effects of these processes.

4.5 Color Dependence

Our sample consists of only luminous red galaxies, so we
cannot divide it into subsamples to study difference in in-
trinsic alignments for red and blue galaxies. However, we do
split our sample based on Mg − Mi color to study intrin-
sic alignments dependence on color within the LRG sample.
We divide our sample into five sub-samples based on color,
with each sample having 20 per cent of the LOWZ galaxies.
Color cuts were applied in z bins to take out the z evolu-
tion of color and make sure we select a fair sample. The five
samples, C1 − C5 are arranged from the bluest to reddest.
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Figure 9. Density-shape correlation functions for samples de-
fined with redshift cuts, Z1 (0.16 < z < 0.26) and Z2 (0.26 <
z < 0.36). We do not find any statistically significant redshift
evolution for intrinsic alignments.

We observe significant luminosity evolution across the five
samples, with redder samples getting progressively fainter.
We do observe some intrinsic alignments evolution across the
different samples, but find that the evolution can be well ex-
plained by the luminosity variations alone (see Fig. 10). We
note that the C1 sample is expected to have some contami-
nation from late-type galaxies (Masters et al. 2011), but we
do not observe a very significant deviation in intrinsic align-
ments signal from the expectation based on luminosity or
mass scalings.

Our results suggests that luminosity and mass are more
important properties in determining intrinsic alignments sig-
nal for red sequence galaxies, with color variations being ab-
sent or at least sub-dominant. This is an important test of
the models that are commonly used to predict the intrin-
sic alignments contamination of future weak lensing surveys
(e.g., Joachimi et al. 2011), which split galaxies into a red
and a blue sample without permitting any variation in in-
trinsic alignments with color within those two samples. Our
results validate this choice for the red galaxies, which are
currently more important since they are the ones for which
there is a robust intrinsic alignments detection.

4.6 Weak Lensing

To study the halo mass dependence of intrinsic alignments,
we compute the average halo mass of galaxies within dif-
ferent samples using galaxy-galaxy lensing. Figure 11 shows
the weak lensing signal for LOWZ, BGG and field galax-
ies, with points being measurements from data and dashed
lines are the NFW profile fits, with concentration fixed us-
ing concentration-mass relation defined in Eq. (29). The
signal for BGGs deviates from an NFW profile for rp !
0.5h−1Mpc. These deviations could be due to some satellite
contamination in our BGG sample, which is expected at the
level of tens of per cent. At small scales, BGG mis-centering
effects (which we have not accounted for in our fits) can
also lead to deviations from the NFW profile resulting in
underestimated halo mass.

To check for the effect of using fixed concentration-
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KiloDegree Survey: the next step 
KIDS (@VST): 440 nights 
 
- PI: Konrad Kuijken 
- 1500 deg2 (currently 200+) 
- optical photometry (ugri)  
- r-band median seeing 0.7 
- stable and “circular” PSF 
- 2 magnitudes deeper than SDSS 

VIKING (@VISTA): 250 nights 
 
- PI: Alistair Edge 
- 1500 deg2 (currently 200+) 
- NIR photometry (zYJHK)  



KiDS: The Team 
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KIDS: comparison with SDSS 
SDSS KiDS 



KIDS: comparison with CFHTLS 

CFHTLS (i-band) 

KiDS 



KIDS: early science results 

Galaxy groups (Viola et al.) 
properties of the groups, M/L ratio, BCG offset from center of DM halo 
 
Central galaxies (van Uitert et al.) 
halo mass as a function of stellar mass, color, redshift, environment, etc.  
 

Satellite galaxies (Sifon et al.)  
mass as a function of their distance from the BCG  to quantify stripping 
 

Note: the analyses are done blinded: the results shown next may or may not be the correct ones… 

These projects use the unique overlap of KiDS with the GAMA 
spectroscopic survey, which is highly complete down to mr~19.8 



Group signal as a function of luminosity 
Viola et al. (in prep.) 



Mass-to-light ratio 
Viola et al. (in prep.) 



Testing feedback models 
Viola et al. (in prep.) 



Satellites in groups: a complex signal 

Sifon et al. (in prep.) 



Satellites in groups: halo modeling 

Sifon et al. (in prep.) 



Satellites in groups: evidence for stripping KiDS: weak lensing of satellite galaxies 5

etry, photometric calibration, etc). All exposures are homoge-
nized to a single, gaussian PSF across the full image using the
code developed by Kuijken (2008). This allows us to define an
PSF-corrected aperture that is consistent between di↵erent images
which do not have the same PSF. We refer to these measurements
as GaaP (for Gaussian-aperture-and-PSF, Kuijken 2008) photome-
try. We measure photometric redshifts using GaaP magnitudes with
the Bayesian Photometric Redshift code (BPZ) of Benı́tez (2000),
following Hildebrandt et al. (2012). A full discussion of data re-
duction, photometry, shape measurements, and photometric red-
shift performance is given in Kuijken et al. (in prep) and Viola et al.
(2015). In summary, photometry is calibrated to such-and-such ac-
curacy and photometric redshifts have a scatter of, �z = 0.05(1+z)
with a 3� outlier fraction of XX%.

include a brief discussion on cuts on shape measurements,
photo-z, etc

3.3 Covariance matrix

A full mathematical description of the galaxy-galaxy lensing co-
variance matrix is given by Viola et al. (2015); here we give a brief
summary.

The galaxy-galaxy lensing covariance is dominated by two
contributions, namely cosmic variance and shape noise. The for-
mer is due to the fact that we observe a finite portion of the Uni-
verse, while the latter is itself a combination of two e↵ects: on the
one hand, galaxies are intrinsically elliptical (and shape measure-
ments have to be corrected for this unknown ellipticity distribution
to be interpreted in the context of lensing); on the other, low signal-
to-noise galaxies introduce additional noise to the shape measure-
ments.

The shape noise part of the covariance can be calculated di-
rectly from the data (see Appendix A of Viola et al. 2015). We cal-
culate the covariance matrix including the cosmic variance contri-
bution by bootstrapping over KiDS fields. The small sky coverage
of the current data set plus the non-contiguous distribution of used
KiDS fields limits the number of independent bootstrap samples
that we can use. WHAT DO WE DO ABOUT THIS?

4 RESULTS

Our model has seven free parameters: the three (weighted average)
masses of the satellites, which are connected by a common, fixed
mass-concentration relation; and the three group masses, which are
similarly connected by a common mass-concentration relation with
a free normalization. All parameters have uniform, uninformative
priors.

We implement the model described above in a Markov Chain
Monte Carlo (MCMC) using emcee2 (Foreman-Mackey et al.
2013), which is based on an a�ne-invariant ensemble sampler
(Goodman & Weare 2010). This sampler works by using a num-
ber of “walkers” (in our case, a few hundred), each of which starts
at a slightly di↵erent position in parameter space, with each step
drawn for each walker from a Metropolis-Hastings proposal based
on the positions of all other walkers at the previous step. Using
the covariance matrix described in Section 3.3, the likelihood L is

2
http://dan.iel.fm/emcee/current/

Figure 6. Marginalized posterior mass estimates of satellite galaxies. Hori-
zontal errorbars are 68% ranges in (3-dimensional) r/r200 per bin. The black
line shows the radial dependence of subhalo mass predicted by the numeri-
cal simulations of Gao et al. (2004) with an arbitrary normalization.

given by

� 2 lnL =
X

m

X

n

(O �E)T
mC

�1
mn(O �E)n � ln P(✓), (14)

where Om and Em are the observed and expected measurements
in radial bin m, respectively, and Cmn is the covariance matrix be-
tween radial bins m and n, and P(✓) is the prior for parameters ✓.
Thus we include the full covariance matrix in our MCMC.

We first focus on the results from our fiducial model; we dis-
cuss the results from extensions to this model in Section 4.3. The
data is well fit by the model of Section 2. The median model is
shown in Fig. 4 and gives �2/d.o.f. = 1.17. Joint 2-dimensional
posterior distributions are shown in Fig. 5. Marginalized posterior
estimates for all seven parameters, together with 68% credible in-
tervals, are reported in Table 2.

4.1 Group masses

Before discussing the results on the satellite galaxies, we explore
the constraints on group masses and the group c � M relation. The
masses of these same galaxy groups have been directly measured
by Viola et al. (2015), which provides a valuable sanity check to
our estimates. uncertainties, group luminosities

The best-fit normalization to the Du↵y et al. (2008) c � M re-
lation is consistent with that found by Viola et al. (2015). Such a
low normalization compared to dark matter only simulations can
be attributed to the presence of baryons. Masses are in general con-
sistent with the results of Viola et al. (2015);

4.2 The masses of satellite galaxies

We detect satellite masses with high significance: they are larger
than their stellar masses for all three radial bins, with significances
of XX, YY, and ZZ as we move outwards in the group. Moreover,
the average satellite mass increases with distance from the group
centre with a di↵erence between the first and third bins of 0.77 ±
0.33 dex

First, the di↵erence of 0.77 ± 0.33 dex in (average) total mass

c� 0000 RAS, MNRAS 000, 000–000
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As KiDS grows up… 

The early science papers use only half of the overlap with GAMA. The full analysis 
will not only reduce uncertainties, but by combining lensing and clustering 
measurements we can break some parameter degeneracies. 
 
Cosmic shear results will also be competitive: 
 
-  Thanks to GAMA redshifts we can constrain models of intrinsic alignments. 
-  Thanks to the NIR data photometric redshifts should be more reliable 

compared to CFHTLenS: better constraints on cosmological parameters.   

 
Much more to come in the next few years! 



What is next? 



We need to do 10x better 



This leads to big research teams! 



Euclid: a satellite designed to do weak lensing 



Euclid: a High Definition view of the sky 
To measure the amount of stretching we need to take sharp pictures. 
The Hubble Space Telescope has been taking sharp pictures of the 
Universe for the past 25 years, but the camera is too small … 

A single Hubble exposure 



Euclid: a High Definition view of the sky 
Euclid will provide a high-definition view of 1/3 of the sky allowing us 
to measure shapes for more than two billion galaxies. This enormous 
data set has the potential to lead to many other discoveries.  

A single Euclid exposure 
(1/60,000th of the survey) 

A single Hubble exposure 



Euclid: dark energy constraints 

FoM > 400 (e.g. wp~0.016 and wa~0.16) 



Euclid: modified gravity constraints 

ΛCDM+GR predict γ=0.55; Euclid will achieve an error of Δ∆γ~0.02, 
sufficient to decisively prefer GR over some modified gravity theories. 



But Euclid can do much more! 
The primary cosmology probes drive the design of the survey, but the resulting data set 
enables an enormous amount of legacy science, which cannot be done otherwise: 
 
Euclid will image 15000 deg2 in YJHAB=24, which would take 680 years to complete with 
VISTA. The deep survey of 40 deg2 down to YJHAB=26 would take 72 years with VISTA. 
 
 
 
 
The Euclid NIR imaging is a 100 times more ambitious than anything currently underway (and 
>10 times any conceived project). The same is true for the spectroscopy. 
 
Euclid probes a much larger volume than the SDSS: 20 Gpc3 at z~2±0.05 compared to ~0.3 
Gpc3 probed by SDSS at z~0.2 



Euclid is “SDSS” at z~1 
Why will Euclid be great?Why will Euclid be great?

“M51”: “M51”: 

SDSS @ z=0.1SDSS @ z=0.1Euclid @ z=0.1Euclid @ z=0.1 Euclid @ z=0.7Euclid @ z=0.7

Euclid images of z~1Euclid images of z~1 galaxies will have the galaxies will have the same same 

resolution as resolution as SDSS images at z~0.05SDSS images at z~0.05 and be at and be at 

least 3 magnitudes deeper.least 3 magnitudes deeper.

Euclid images of z~1 galaxies will have the same resolution as SDSS images 
at z~0.05 and will be at least 3 magnitudes deeper.    

M51 seen at different redshift   



Large samples of strong lenses 

100% of SLACS 



Large samples of strong lenses 

SLACS (2010) 

From curiosity to a multi-purpose tool for unique galaxy structure & formation studies 

EUCLID (2020)EUCLID (2020+)2% of Euclid lenses… 



Strong lensing 
-  Increase the number of strong lensing galaxy systems to ~300,000. This allows for 

population studies, but also provides interesting numbers of rare events (double rings, high 
magnification, substructure statistics). 

-  Increase the number cluster strong lenses to ~5000. 

Simulated Euclid image (VIS+NIR) Rare lensing event 



NIR spectroscopy: high-z QSOs 

Spectroscopy

R = 250 spectroscopy
1.1µm < l < 2µm

Two roll-angles

High-z QSOs will 
be rare but very 
exciting if we find 
them

Roche et al (2011)

Wednesday, 4 April 2012

Roche et al. (2011) 

Rare but exciting! We expect to discover ~30 QSO with z>8.  
And Euclid will do much more… 
 



Conclusions 

Weak gravitational lensing studies are yielding excellent results. 
 
Still very much a work in progress as better measurements lead to 
new insights. To achieve the full potential of the next surveys a 
number of issues remain...  
 
The data analysis and interpretation is complex: success relies on 
improving our understanding of observational and astrophysical 
biases.  
 
…but no show-stopper has been found! 


