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What is the Universe made of? 

Dark Energy 
Dark Matter 

Ordinary Matter 

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?  
-  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. a cluster 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 <0.2%. 

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. (2015) 



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. (2015) 



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. (2015) 



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 means that we need to 
account for intrinsic alignments (which we did). 



CFHTLenS: constraints on dark energy 

Heymans et al. (2013): w=-1.02±0.10 



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 
 

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 

KiDS+GAMA: properties of galaxy groups 11

Table 2. Summary of the bin limits used to compute the stacked ESD signal, the number of groups in each bin, the mean redshift of the groups in each bin and
the mean stellar mass of the BCG.

Observable Bin limits Number of lenses Mean redshift log(hMBCG
? [h�2

M�]i)

log[L

grp

/(h�2

L�)] (9.4, 10.9, 11.1, 11.3, 11.5, 11.7, 12.7) (540, 259, 178, 233, 142, 66) (0.13, 0.20, 0.23, 0.26, 0.30, 0.35) (11.00, 11.23, 11.29, 11.37, 11.47, 11.70)
�/(s�1

km) (0, 225, 325, 375, 466, 610, 1500) (501, 359, 124, 198, 147, 89) (0.15, 0.19, 0.21, 0.23, 0.26, 0.31) (11.05, 11.20, 11.30, 11.36, 11.41, 11.64)
N

fof

(5, 6, 7, 8, 11, 19, 73) (481, 261, 170, 239, 181, 86) (0.21, 0.21, 0.21, 0.19, 0.18, 0.16) (11.17, 11.23, 11.29, 11.29, 11.35, 11.45)
L

BCG

/L
grp

(1.0, 0.35, 0.25, 0.18, 0.13, 0.08, 0) (346, 252, 296, 227, 200, 97) (0.10, 0.16, 0.20, 0.25, 0.29, 0.34) (11.16, 11.19, 11.22, 11.29, 11.36, 11.53)

Figure 7. Stacked ESD profile measured around the groups BCG of the 6 group luminosity bins as a function of distance from the group centre. The group
r-band luminosity increases from left to right and from top to bottom. The stacking of the signal has been done using only groups with N

fof

> 5. The error
bars on the stacked signal are computed as detailed in section 3.4 and we use dashed bars in the case of negative values of the ESD. The orange and yellow
bands represent the 68 and 95 percentile of the model around the median, while the red line shows the best fit model.

• For each luminosity bin, a mean halo mass is inferred with a
typical uncertainty on the mean of ⇠ 0.12 dex.
• The relative normalisation of the concentration-halo mass re-

lation (see Equation 31) is constrained to be f
c

= 0.84+0.42
�0.23, in

agreement with the nominal value based on Duffy et al. (2008).
• The probability of having an off-centred BCG is p

o↵

< 0.97
(2-sigma upper limit), whereas the average amount of mis-centring
in terms of the halo scale radius, R

o↵

, is unconstrained within the
prior.
• The amount of mass at the centre of the stack which con-

tributes as a point mass to the ESD profiles is constrained to be
M

PM

= A

PM

hMBCG
? i = 2.06+1.19

�0.99 hMBCG
? i.

Figure 9 shows the posterior distributions of the halo model
parameters and their mutual degeneracies. Table 3 and 4 list the me-
dian values of the parameters of interest with errors derived from
the 16th and 84th percentiles of the posterior distribution. We dis-
cuss the constraints on the model parameters in further detail in the
remainder of this section.

5.1.1 Masses of dark matter haloes

The dark matter halo masses of the galaxy groups that host the
stacked galaxy groups analysed in this work span one and a half
orders of magnitude with M 2 [10

13..1014.5]h�1

M�. Since our
ESD profiles extend to large radii, our 2h�1

Mpc cut-off is larger

than R
200

over this full mass range, these mass measurements are
robust and direct as they do not require any extrapolation. The un-
certainties on the masses are obtained after marginalising over the
other model parameters. Typically these errors are 15% larger than
what would be derived by fitting an NFW profile to the same data,
ignoring the scatter in mass inside each luminosity bins. Note that
a simple NFW fit to the data in the 6 luminosity bins, with fixed
concentration (Duffy et al. 2008) would also lead to a bias in the
inferred masses of approximately 25%.

The inferred halo masses in each luminosity bin are slightly
correlated due to the assumption that the scatter in halo mass is
constant in different bins of total luminosity. We compute the cor-
relation between the inferred halo masses from their posterior dis-
tribution, and we show the results in Figure 10. Overall, the correla-
tion is at most 20%, and this is accounted for when deriving scaling
relations (see Section 6).

5.1.2 Concentration and mis-centring

The shape of the ESD profile at scales smaller than ⇠ 200h�1

kpc

contains information on the concentration of the halo and on the
mis-centring of the BCG with respect to the true halo centre. How-
ever, the relative normalisation of the concentration-halo mass re-
lation, f

c

, and the two mis-centring parameters, p
o↵

and R
o↵

are
degenerate with each other. A small value of f

c

has a similar ef-

c� 2015 RAS, MNRAS 000, 000–000

Viola et al. (submitted) 



Mass-to-light ratio 

Viola et al. (submitted) 



Testing feedback models 
Viola et al. (subm

itted) 



Satellites in groups: a complex signal 

Sifon et al. (in prep.) 



Satellites in groups: halo modeling 

Sifon et al. (in prep.) 
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Figure 5. Excess surface density of satellite galaxies in the three radial bins summarized in Table 1 and shown in the legends in units of h�1Mpc. Black
points show lensing measurements around GAMA group satellites using KiDS data; errorbars correspond to the square root of the diagonal elements of the
covariance matrix. The solid black line is the best-fit model where subhalos are modelled as having NFW density profiles, and orange and yellow shaded
regions mark 68% and 95% credible intervals, respectively. Dashed lines show the contribution of a point mass with a mass equal to the median stellar mass
of each bin, which is included in the model.

groups. For comparison, using the same parameterization as we do,488

Viola et al. (2015) measured f host
c = 0.84+0.42

�0.23. Our smaller error-489

bars are due to the fact that we do not account for several nui-490

sance parameters considered by Viola et al. (2015) in their halo491

model implementation. Most notably, accounting for miscentring492

significantly increases the uncertainty on the concentration, since493

both a↵ect �⌃ at similar scales (Viola et al. 2015). Indeed, when494

they do not account for miscentring, Viola et al. (2015) measure495

f host
c = 0.59+0.13

�0.11, consistent with our measurement both in the cen-496

tral value and the size of the errorbars. While this means that our497

estimate of f host
c is biased, accounting for extra nuisance param-498

eters such as miscentring is beyond the scope of this work; our499

aim is to constrain satellite masses and not galaxy group properties.500

As shown in Figure 6, f host
c is not correlated with any of the other501

model parameters and therefore this bias in f host
c does not a↵ect our502

estimates of the satellite masses.503

Group masses are consistent with the results from Viola et al.504

(2015) (with the same caveat that the small errorbars are an artifact505

produced by our simplistic modelling of the host groups). Specif-506

ically, our average mass-to-light ratios follow the mass-luminosity507

relation found by Viola et al. (2015). As shown in Figure 6, group508

masses are slightly correlated because they are forced to follow509

the same mass-concentration relation determined by Equation 10.510

Groups in the third bin are on average ⇠ 3.4 ± 0.8 times more511

massive than groups in the first radial bin. This is a selection ef-512

fect, arising because groups in each bin must be big enough to513

host a significant number of satellites at the characteristic radius514

of each bin. For example, groups in the first radial bin have6
515

loghMhost,1/(h�1M�)i = 13.46+0.06
�0.06 and hc1i ⇡ 3.3, which imply a516

scale radius hrs,1i = 0.19 h�1Mpc, beyond which the density drops517

as ⇢ / r�3 (cf. Equation 8). The average 3-dimensional distance518

of satellites to the group centre (obtained by randomly drawing519

such distances from NFW profiles with a lower limit given by the520

measured 2-dimentional distance, Rsat) in the third radial bin is521

6 Throughout, we quote masses and radii for a given radial bin by adding
an index from 1 to 3 to the subscript of each value.

hrsat,3i = 0.46 h�1Mpc. At this radius, the average density in groups522

in the first radial bin is seven times smaller than at hrs,1i.523

As mentioned above, our simplistic modelling of groups does524

not a↵ect the posterior satellite masses significantly. Therefore it is525

su�cient that our group masses are consistent with the results of526

Viola et al. (2015), and we do not explore more complex models527

for the group signal. For a more thorough modelling of the lensing528

signal of groups in the KiDS-GAMA overlap region, see Viola et529

al. (2015).530

4.3 The masses of satellite galaxies531

We detect the signal from satellites with significances >99% in all532

three radial bins. Satellite masses are consistent across radial bins.533

We show the marginalized posterior estimates and 68% credible534

intervals in Figure 7 as a function of 3-dimensional group-centric535

distance, rsat (in units of the group radius r200).536

Figure 7 also shows the subhalo mass as a function of 3-537

dimensional separation from the group centre found in numeri-538

cal simulations by Gao et al. (2004). Our data points are broadly539

consistent with this trend. The bottom panel shows the average540

stellar mass fractions, which are also consistent with each other,541

hM?,sat/Msubi ⇠ 0.04 h�1.542

We also show in Figure 7 the results obtained for the543

truncated theoretical model. The di↵erence between each pair544

of points depends on the posterior rt estimated in each545

bin through Equation 13. Specifically, we estimate hrti =546

(0.04+0.02
�0.01, 0.06+0.03

�0.02, 0.09+0.04
�0.02) h�1Mpc. To illustrate this we also547

show in Figure 7 the masses obtained by integrating the posterior548

NFW models up to said truncation radii, shown by the dashed line,549

which are fully consistent with the truncated model. This implies550

that the truncated model produces the same results as the full NFW551

model except we integrate the density profile up to di↵erent radii552

rt.553

MNRAS 000, 1–?? (2015)



Satellites in groups: evidence for stripping 

Sifon et al. (in prep.) 
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Figure 7. Top: Marginalized posterior mass estimates of satellite galaxies
from the full NFW (black, large circles) and truncated NFW (grey, small
circles) models, and the dashed black line shows the NFW masses within
rt for comparison. Horizontal errorbars are 68% ranges in (3-dimensional)
rsat/r200 per bin. The black solid line shows the radial dependence of sub-
halo mass predicted by the numerical simulations of Gao et al. (2004) with
an arbitrary normalization. Bottom: Stellar-to-total mass ratios in each bin.

4.4 The average subhalo mass554

We can link the above results to predictions from numerical simula-555

tions. Comparisons of the satellite populations of observed galaxies556

(or groups) provide valuable insights as to the relevant physical pro-557

cesses that dominate galaxy formation, as highlighted by the well558

known “missing satellites” (Klypin et al. 1999; Moore et al. 1999)559

and “too big to fail” (Boylan-Kolchin et al. 2011) problems, which560

suggest either that our Universe is not well described by a ⇤CDM561

cosmology, or that using numerical simulations to predict observa-562

tions is more complicated than anticipated. While the former may563

in fact be true, the latter is now well established, as the formation564

of galaxies inside dark matter halos depends strongly on baryonic565

physics not included in N-body simulations, and the influence of566

baryons tends to alleviate these problems (Zolotov et al. 2012).567

Here we specifically compare the average subhalo-to-host568

mass ratio,  ⌘ Msub/Mhost, to ⇤CDM predictions through the sub-569

halo mass function (SHMF), which describes the mass distributions570

of subhalos for a given dark matter halo mass. In numerical simu-571

lations, the resulting SHMF is a function only of  (e.g., van den572

Bosch et al. 2005; Jiang & van den Bosch 2014). As summarized573

in Table 2, we find typical subhalo-to-host mass ratios in the range574

0.005 . h i . 0.025, statistically consistent across group-centric575

distance. We obtain these values by taking the ratio Msub/Mhost at576

every evaluation in the MCMC. For comparison, the values we ob-577

tain using the truncated model are in h tNFWi ⇡ 0.005, also consis-578

tent across radial bins.579

We compare our results to the analytical evolved (that is, mea-
sured after the subhalos have become satellites of the host halo, as

opposed to one measured at the time of infall) SHMF proposed by
van den Bosch et al. (2005),

dN
d 
/ 1
 

(�/ )↵ exp (� /�) , (17)

where ↵ = 0.9 and � = 0.13, and calculate the average subhalo
mass (in units of the host mass),

h i =
"Z  max

 min

dN
d 

d 
#�1 Z  max

 min

 
dN
d 

d , (18)

where  min ⇡ 10�3 is approximately the minimum fractional satel-580

lite mass we observe, and  max = 1 is the maximum fractional satel-581

lite mass by definition. Integrating in this range gives h i = 0.0052.582

There are many uncertainties involved in choosing a  min rep-583

resentative of our sample, such as survey incompleteness and the584

conversion between stellar and total mass; we defer a proper mod-585

elling of these uncertainties to future work. For reference, changing586

 min by a factor 5 modifies the predicted h i by a factor ⇠3. Con-587

sidering the uncertainties involved, all we can say at present is that588

our results are consistent with ⇤CDM predictions.589

5 DISCUSSION & CONCLUSIONS590

We used an e↵ective area of 68.5 deg2 over 100 deg2 of optical591

imaging from KiDS to measure the lensing signal around spec-592

troscopically confirmed satellite galaxies from the GAMA galaxy593

group catalogue. We model the signal assuming NFW profiles for594

both host groups and satellite galaxies, including the contribution595

from the stellar mass for the latter, in the form of a point source.596

Taking advantage of the combination of statistical power and high597

image quality we split the satellite population into three bins in598

projected separation from the group centre, which serves as a (high-599

scatter) proxy for time-since-infall. We fit the data with a model that600

includes the satellite and group contributions using an MCMC (see601

Section 3 and Figure 5), fully accounting for the data covariance.602

As a consistency check, we find group masses in good agreement603

with the weak lensing study of GAMA galaxy groups by Viola et604

al. (2015), even though we do not account for e↵ects such as mis-605

centring or the contribution from stars in the BCG.606

We model both host groups and satellite galaxies with NFW.607

This model fits the data well, with �2/d.o.f. = 0.85 (PTE = 0.69).608

We are able to constrain total satellite masses to within ⇠ 0.3 dex or609

better. Satellite galaxies have similar masses across group-centric610

distance, consistent with what is found in numerical simulations611

(accounting for the measured uncertainties). Satellite masses as a612

function of group-centric distance are influenced by a number of613

e↵ects. Tidal stripping acts more e�ciently closer to the group cen-614

tre, but on the other hand dynamical friction makes massive galax-615

ies sink to the center more e�ciently, an e↵ect referred to as mass616

segregation (e.g., Frenk et al. 1996). In addition, by binning the617

sample in (projected) group-centric distance we are introducing a618

selection e↵ect such that outer bins include generally more massive619

groups, which will then host more massive satellites on average.620

Future studies with increased precision may be able to shed light621

on the interplay between these e↵ects by, for instance, selecting622

samples residing in the same host groups or in bins of stellar mass.623

As a proof of concept, we compare our results to predic-624

tions from N-body simulations. These predict that the subhalo625

mass function is a function only of the fractional subhalo mass,626

 ⌘ Msub/Mhost. Our binning in satellite group-centric distance pro-627

duces a selection e↵ect on host groups, such that each bin probes628
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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! 
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Figure 23. The E-type shear correlation functions from the 97
tiles of KiDS data that pass the PSF systematics tests. Measure-
ments from all four blindings are shown, with the true shear mea-
surement indicated with an error bar. For comparison the E-mode
signal expected from three di↵erent ⇤CDM cosmological models
are shown; Planck cosmology using the TT spectra (dashed), and
EE spectra (dotted) along with the best-fit CFHTLenS result
(solid). Note that the vertical axis has been multiplied by ✓ in
order to improve the visualisation by enhancing the di↵erences.

the additive calibration correction (§5.4). The impact of this
two-step calibration can also be seen in the B-mode signal
(lower panel), which is consistent with zero on all scales,
demonstrating excellent control of systematic errors in shape
measurement with KiDS. Without the field selection or ad-
ditive ellipticity corrections, however, we find a significant
B-mode signal on scales ✓ > 100. In preparation for future
releases we are currently implementing a number of improve-
ments in both the data reduction pipeline, PSF modelling
and shape measurement analysis which are designed to re-
duce the significance of the calibration corrections on our
analysis.

To illustrate how the implemented blinding scheme
modified the results, Fig. 23 compares the E-mode mea-
sured from all four blindings, with the true shear measure-
ment indicated as the data point with Poisson error bars.
For comparison the E-mode signal expected from a range
of ⇤CDM cosmological models are also shown, using the ef-
fective weighted redshift distribution shown in Fig. 14, as
estimated from the weighted sum of the photometric red-
shift probability distributions p(z). The three cosmological
models use the Planck results from table 3 of Planck Col-
laboration et al. (2015a) showing the di↵erence between the
cosmology fit to the TT spectra (dashed) and EE spectra
(dotted) along with the best-fit CFHTLenS result (solid)
from Kilbinger et al. (2013).

7 CONCLUSIONS

In this paper we present the first lensing analysis of the
Kilo-Degree Survey (KiDS) data obtained at the VLT Sur-
vey Telescope (VST) at ESO’s Paranal Observatory. KiDS
is a multi-band survey specifically designed for weak lensing
tomography, that takes advantage of the very good image
quality at the VST. A particular advantage of the VST,
where the camera operates at an f/5 Cassegrain focus, com-
pared to much faster wide-field prime-focus cameras, is the
simplicity and generally low amplitude of the ellipticity pat-
tern, as well as the uniformity of the size of the point spread
function (PSF) over the full field of view.

The KiDS lensing analysis draws heavily on heritage
from the CFHTLenS project (Heymans et al. 2012), in par-
ticular in the use of theli (Erben et al. 2013) and lensfit
(Miller et al. 2013) for measuring galaxy shapes (§3), and
bpz (Beńıtez 2000) for photometric redshifts (Hildebrandt
et al. 2012). As input for the photometric redshifts, aperture-
matched colours are derived from PSF Gaussianization of
the public data release of the Astro-WISE reduction of the
KiDS images (de Jong et al. 2015), and subsequent Gaussian
Aperture and PSF (GAaP) photometry. This procedure,
which was developed specifically for KiDS, is described in de-
tail in §4 and Appendix A. The resulting shear/photometric
redshift catalogues are available to the community (Ap-
pendix C), and form the basis of three companion scientific
analyses (Sifón et al. 2015; van Uitert et al. 2015; Viola et al.
2015) that exploit the overlap of these data with the GAMA
spectroscopic survey (Driver et al. 2011). The KiDS lens-
ing catalogues contain 8.88 galaxies per square arcminute
with non-zero lensing weight, cover an unmasked area of 68
square degrees, and provide an inverse shear variance of 69
per square arcminute. The median redshift of the galaxies,
accounting for the lensfit weight, is 0.53.

Considerable attention was paid to quantifying and cor-
recting the lensing estimates for additive and multiplicative
bias. In order to validate the galaxy ellipticities, we car-
ried out extensive tests (§5). All indications are that the
data are indeed ‘lensing-quality.’ For example, the degree of
star-galaxy shape correlation in the KiDS data is essentially
consistent with the expectations from realistic simulated
cosmic shear fields, with just 4 percent of the tiles falling
outside expected parameter ranges, and the amplitude of
galaxy-galaxy lensing around magnitude-limited foreground
lenses scales in the same way as it did in CFHTLenS even
though the depths of the surveys di↵er. Taking advantage
of the GAMA overlap, we also tested the way the tangen-
tial shear around galaxies at known (spectroscopic) redshift
scales with the (photometric) redshift of the sources. Also
here we recover the expected dependence, which gives us
confidence in both the photometric redshifts and the shears
we measure.

Finally, in §6 we present a first measurement of the cos-
mic shear correlation function from these data. Though ad-
mittedly still noisy, the results are consistent with previous
measurements, and show negligible B-mode signal, demon-
strating the high fidelity of the KiDS lensing data.

KiDS observations continue at the VST, and as the area
of the survey grows more refined cosmological lensing mea-
surements will follow.

MNRAS 000, 1–33 (2015)

Kuijken et al. (submitted) 



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 > 4000 when combined with Planck 



Euclid: modified gravity constraints 

ΛCDM+GR predict γ=0.55; Euclid will achieve an error of Δ∆γ~0.007, 
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! 
 
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 



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! 


