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• 1500 sq. deg. survey 
• VLT Survey Telescope (VST) 
• Four bands: ugri 
• Shapes down to r~24 

~8 gal/arcmin2 
• Overlap with VIKING 

(ZYJHKs)



Cosmic shear with KiDS-450

• 450 deg2 (observations up to July 2015). 

• Tomographic analysis: 4 photo-z slices  
0.1<zphot<0.3,         0.3<zphot<0.5,  
0.5<zphot<0.7,         0.7<zphot<0.9 Hildebrandt, Viola et al. (2017)



Cosmic shear
Credit: LSST

Weak gravitational lensing basics

In the weak lensing regime ( ⌧ 1) circular light bundles are
distorted into ellipses. Unfortunately, galaxies aren’t intrinsically

circular but rather elliptical with axis ratio r :

|✏| = 1 � r
1 + r

. (1)

Their ellipticity is a combination of intrinsic ellipticity and shear:

✏ = ✏(s) + g (2)

Assuming that their intrinsic ellipticities are randomnly oriented:

h✏i =
D
✏(s)

E
+ hgi = hgi (3)

Hence, each image ellipticity is an unbiased (but very noisy)
estimate of the local reduced shear. ) Averaging many!
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Cosmological constraints
Kilbinger et al. (2013)

• Measure amount 
of clustered 
matter 

• S8 = σ8 (Ωm/0.3)0.5



S8 results over the years
Kilbinger (2015)

KiDS



Systematic error control
• Shape measurement systematics: 

• Telescope/camera design (Cassegrain focus) 
• Thin CCDs (no brighter-fatter effect) 
• Observing conditions 

• Photo-z systematics: 
• Survey design (shallow and wide) 
• NEW: VIKING overlap 5 NIR bands 

• Theoretical systematics: 
• State-of-the-art analysis tools & Redundancy 
• Avoid angular ranges with large model uncertainties 

• Psychological systematics:  
• Blinding



Shear calibration
• New lensfit code ‘self-calibrates’ noise bias 

• Image simulations with realistic PSFs, dithers, 
noise, crowding, chip gaps, etc. 

• Match observed size, ellipticity, SNR distributions in 
each tomographic bin 

• Residual calibration factor is 1-2% ±0.2%. 

Fenech Conti 
et al. 2016



DIR
CrossCorr
BOR
BPZ

Hildebrandt, Viola et al. (2017)

Photo-z calibration



Data vector

• 130 points from shear-shear correlation functions ξ+, ξ-.  

• pick radial ranges to avoid small-scale model systematics and 
large-scale shear systematics Hildebrandt, Viola et al. (2017)
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Figure 5. Tomographic measurements of ⇠+ (upper-left panels) and ⇠� (lower-right panels) from the full KiDS-450 dataset. The
errors shown here correspond to the diagonal of the analytical covariance matrix (Section 5.3). The theoretical model using the best-fit
cosmological parameters from Table E1 is shown (solid) which is composed of a cosmic shear term (GG, dotted), and two intrinsic
alignment terms (GI, dot-dashed, and II, dashed).

ranges from N ⇠ 500–1000. The importance of the choice of
the redshift calibration technique is tested in Section 6.3.

For the primary analysis we use the analytical estimate
of the covariance matrix described in Section 5.3. This yields
the most reliable estimate of large-scale sample variance (in-
cluding super-sample contributions), is free from noise, and
is consistent with the N -body covariance (see Section 5.2) on
small scales. We compare the results from both covariance
matrices in Section 6.4.

The confidence contours of the cosmologically most rel-
evant parameters constrained by this measurement, ⌦m and
�8 (and their combination S8), are displayed in Fig. 6 in com-
parison to confidence contours from CFHTLenS (Joudaki
et al. 2016), DES (TBC, DES2015), pre-Planck CMB mea-
surements (Calabrese et al. 2013), and Planck (Planck Col-
laboration 2015). In Appendix E we present a plot showing
the confidence contours for all combinations of the primary
model parameters as 2D projections (Fig. E1) to highlight

MNRAS 000, 1–46 (2016)



KiDS-450: Results (blind-1)

• S8=0.745±0.039         2.3σ discrepancy with Planck
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KiDS-450: Results (blind-2)
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• S8=0.720±0.039         2.8σ discrepancy with Planck

Hildebrandt, Viola et al. (2017)



KiDS-450: Results (blind-3)
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• S8=0.772±0.039         1.7σ discrepancy with Planck

Hildebrandt, Viola et al. (2017)
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Result

• S8 constraint very similar to CFHTLenS, pre-planck CMB 

• Tension with Planck — 2.7σKiDS in S8     
(2.3σ discrepancy in full parameter space)

σ8√(Ωm/0.3)=0.745±0.039

Hildebrandt, Viola et al. (2017)
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Figure 6. Marginalized posterior contours (inner 68% CL, outer 95% CL) in the ⌦m-�8 plane (left) and ⌦m-S8 plane (right) from the
present work (green), CFHTLenS (grey), pre-Planck CMB measurements (blue), and Planck 2015 (orange). Note that the horizontal
extent of the confidence contours of the lensing measurements is sensitive to the choice of the prior on the scalar spectrum amplitude As.
The CFHTLenS results are based on a more informative prior on As artificially shortening the contour along the degeneracy direction.

For each of the three calibration methods (DIR, CC,
BOR) we estimate statistical errors from a bootstrap re-
sampling of the spectroscopic calibration sample (see Sec-
tion 6.2 for details of the implementation). Including those
uncertainties will broaden the contours. As can be seen in
Fig. 2 these bootstrap errors are very small for the BOR
method. This is due to the fact that a lot of information
in that technique is based on the photometric P (z) and the
re-calibration is more stable under bootstrap re-sampling of
the spectroscopic calibration sample than for the other two
methods. Hence to further speed up the MCMC runs we ne-
glect the BOR errors in the following with no visible impact
on the results. The uncertainties on the DIR method – while
larger than the BOR errors – are also negligible compared
to the shot noise in the shear correlation function (see Ap-
pendix C2). We nevertheless include these errors here (as
before) since DIR is our primary calibration method. The
statistical errors on the CC method are larger than for the
two other methods, owing to the as yet small area covered by
the spectroscopic surveys that we can cross-correlate with.
More importantly, we estimate that the limited available
area also gives rise to a larger systematic uncertainty on the
CC method compared to the DIR technique. All major re-
quirements for the DIR technique are met in this analysis
whereas the CC method will only realise its full potential
when larger deep spec-z surveys become available.

The resulting confidence contours in the ⌦m-�8 plane
for the four cases are shown in Fig. 7. All four cases give
fully consistent results although there are some shifts in
the contours with respect to each other. However, with
��2

e↵ ' �10, we find that the DIR and CC methods provide
a better fit to the data as compared to the BPZ and BOR
methods. For future cosmic shear surveys, with considerably
larger datasets, it will be essential to reduce the statistical
uncertainty in the redshift calibration in order to not com-
promise the statistical power of the shear measurement. For
KiDS-450 the uncertainty for our favoured DIR calibration
scheme is still subdominant.

In summary, we find that the four possible choices for

the photometric redshift calibration technique yield consis-
tent cosmological parameters.

6.4 Impact of analytical and numerical covariance
matrices

For our primary analysis we choose to adopt the analytical
estimate of the covariance matrix described in Section 5.3,
as it yields the most reliable estimate of large-scale sample
variance (including super-sample contributions), is free from
noise, and is broadly consistent with the N -body covariance
(see Section 5.4). In this section we compare the cosmo-
logical parameter constraints obtained with the analytical
covariance matrix to the alternative numerical estimate as
described in Section 5.2. For this test, we set all astrophysi-
cal and data-related systematics to zero: this applies to the
intrinsic alignment amplitude, the baryon feedback ampli-
tude, the errors on the shear calibration, and the errors on
the redshift distributions. Fixing these parameters allows us
to focus on the e↵ect of the di↵erent covariance matrices on
the cosmological parameters.

We correct for noise bias in the inverse of the numerical
covariance matrix estimate using the method proposed by
Sellentin & Heavens (2016). As we have a significant num-
ber of N-body simulations, however, we note that the con-
straints derived using our numerical covariance matrix are
unchanged if we use the less precise but alternative Hartlap
et al. (2007) bias correction scheme.

We find consistency between the results for the di↵erent
covariance matrices given the statistical errors of KiDS-450.
There are however small shifts in the central values of the
best-fit parameters; most notably the S8 constraints for the
analytical and numerical covariances which di↵er by ⇠ 1�.
We attribute these shifts to super-sample-covariance terms
that are correctly included only in the analytical estimate
(which is also the reason why we adopt it as our preferred
covariance). The SSC reduces the significance of the large
angular ⇠± measurements (see Fig. 4) where our measured
signal is rather low in comparison to the best-fit model (see

MNRAS 000, 1–49 (2016)

Systematics error as 
big as statistical error 

(0.027)



Full results for S8

Hildebrandt, Viola et al. (2017)



S8 results over the years
Kilbinger (2015; updated)

KiDS



Extended cosmologies
• Massive neutrinos. 

• Non-zero curvature. 

• Evolving dark energy. 

• Modified gravity. 

• Running spectral index.

Joudaki et al. (2017)



Evolving dark energy12 Joudaki et al.
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Figure 10. Left: Marginalized posterior contours in the �
8

� ⌦

m

plane (inner 68% CL, outer 95% CL) in a universe with a time-dependent dark energy
equation of state for KiDS in green and Planck in red. For comparison, dashed contours assume fiducial ⇤CDM. Right: Marginalized posterior contours in the
w

0

�wa plane for KiDS in green, Planck in red, JLA SNe in purple, KiDS+Planck in blue, and KiDS+Planck with informative H
0

prior in grey (from Riess
et al. 2016). The dashed lines denote the ⇤CDM prediction.

direction. The realignment of the CMB contour along the lensing
degeneracy direction was also found for CFHTLenS and WMAP7
in Kilbinger et al. (2013), and the extension of the Planck contour
along the ⌦

m

axis is due to the same geometric degeneracy as in
the case of a nonzero curvature. As a result, the respective KiDS
and Planck S

8

constraints agree at 1� (despite seemingly being
in tension in the w � S

8

plane). Accounting for the full parame-
ter space, we find log I = 0.99, which effectively corresponds to
‘strong concordance’ between the KiDS and Planck datasets. In ad-
dition to removing the tension between these datasets, the Planck
constraint on the Hubble constant is now also wider than in ⇤CDM
(0.66 < h < 1.0 at 95% CL, where the upper bound is hitting
against the prior) and in agreement with the Riess et al. (2016) di-
rect measurement of H

0

.
In the w � S

8

plane, KiDS and Planck are both in agree-
ment with a cosmological constant, while the combined analysis
of KiDS+Planck seems to favor a 2.6� deviation from ⇤CDM
(marginalized constraint of �1.93 < w < �1.06 at 99% CL). As
noted in Ade et al. (2016a), deviations from a cosmological con-
stant seem to be preferred by large values of the Hubble constant
(that are arguably ruled out), and so we also consider a ±5� uni-
form Riess et al. (2016) prior on H

0

. While the KiDS+Planck+H
0

contour tightens and moves towards w = �1, we still find an ap-
proximately 2� deviation from a cosmological constant (marginal-
ized constraint of �1.42 < w < �1.01 at 95% CL). As in other
extended cosmologies, the intrinsic alignment amplitude remains
robustly determined when allowing w to vary, with 95% confidence
levels at �0.50 < A

IA

< 2.9 for KiDS, 0.27 < A
IA

< 3.0 for
KiDS+Planck, and 0.38 < A

IA

< 2.4 for KiDS+Planck+H
0

.
We have shown that the introduction of a constant dark en-

ergy equation of state seems to remove the discordance between
KiDS and Planck, and between local Hubble constant measure-
ments and Planck, while moreover deviating from a cosmologi-
cal constant when these measurements are combined. However,
we also want to know to what extent the constant w model is fa-
vored or disfavored by the data. We find that KiDS and Planck on
their own show no preference for w 6= �1, with �DIC = 2.3
for KiDS and �DIC = �0.20 for Planck (respectively degraded
from ��2

e↵

= 0.074 and ��2

e↵

= �3.1 due to the increased

Bayesian complexity). However, the combination of KiDS+Planck
seems to prefer the constant dark energy equation of state model
with �DIC = �5.4 (with near identical Bayesian complexity to
⇤CDM), while this preference reduces to �DIC = �2.9 when
further considering KiDS+Planck+H

0

(marginally degraded from
��2

e↵

= �3.4). Thus, from the point of model selection, we only
find weak preference in favor of a constant dark energy equation of
state model as compared to standard ⇤CDM.

3.5 Dark energy (w
0

-wa)

Although a constant dark energy equation of state as a free param-
eter constitutes the simplest deviation from a w = �1 model, there
is no strong theoretical motivation to keep the equation of state con-
stant once one has moved away from the cosmological constant
scenario. We therefore also consider a time-dependent parameter-
ization to the equation of state, in the form of a first-order Taylor
expansion with two free parameters:

w(a) = w
0

+ (1 � a)wa, (5)

where a is the cosmic scale factor, w
0

is the dark energy equation
of state at present, and wa = �dw/da|a=1

(which can also be
expressed as wa = �2dw/d ln a|a=1/2; Linder 2003).

In Figure 1, we show the impact of a time dependence of the
equation of state on the shear correlation functions. Since a neg-
ative wa makes the overall equation of state more negative with
time, it has the opposite impact on the matter power spectrum and
lensing kernel (and thereby shear correlation functions) to the case
where w > �1 discussed in Section 3.4. Clearly the benefit of
two degrees of freedom to describe the dark energy is that more
complex behavior of the shear correlation functions is allowed than
when only a constant equation of state is considered, enhancing the
ability of the theoretical model to describe the data. Meanwhile,
the extra degree of freedom from nonzero wa further adds to the
geometric degeneracy of the CMB measurements.

Along with the case where the dark energy equation of state is
constant, HMCODE accurately accounts for the impact of w

0

� wa

models on the nonlinear matter power spectrum, as demonstrated
by the N-body simulations in Mead et al. (2016), covering �1.0 <

c� 2016 RAS, MNRAS 000, 000–000

• Resolves tension between KiDS and Planck. 
• Only extensions that is moderately favoured by the data. 
• 3-σ deviation from a cosmological constant. 
• Resolves tension between Riess et al. (2016) and Planck.

Joudaki et al. (2017)



Next steps
• Next KiDS cosmology science projects: 

• Cosmic shear fourier analysis (Köhlinger et al. 2017) 

• Peak statistics (in prep.) 

• Cross-corr. with CMB lensing (Harnois-Déraps et al. 2017) 

• Technical work: 

• Understand B-modes with COSEBIs 

• Photo-z; integrate VIKING data and more spec-z



VIKING@VISTA
• Same footprint as KiDS. 

• Already finished (1350deg2). 

• ZYJHKs images. 

• 5σ depths of 21.2 (Ks) to 23.1 (Z).

12 VIRCAM/VISTA User Manual VIS-MAN-ESO-06000-0002

Figure 5: VIRCAM detector plane looking “down” on it from “above”. On the sky the detectors are
placed in a mirror image with detector No. 1 in the top right. The numbers in brackets at each science
detector indicate the number of the IRACE controller used to run the corresponding detector. The
wavefront sensors are also shown. The gaps between the detectors are ∼10.4 and ∼4.9 arcmin,
along the X and Y axis, respectively. Each detector covers ∼11.6×11.6 arcmin on the sky. North is
up, and East is to the right, for rotator offset 0.0.

0.339 arcsec px−1 on the sky, and each detector covers a ∼694×694arcsec2 area of sky. The 16
detectors cover 274.432 mm×216.064mm on the focal plane, which gives a nominal field of view of
1.292×1.017deg on the sky. To ensure the flatness of the focal plane assembly (FPA), all pixels are
enclosed between two planes, separated by 25µm, measured along the optical axis of the camera.
In other words, the distance between the most deviating pixels, measured along the optical axis is
≤25µm.

The Nyquist sampling suggests an image quality of ∼0.68 arcsec but it is expected to gain a factor
of ∼0.7 (yielding FWHM ∼0.5 arcsec) in resolution because of the sub-pixel sampling. The science
detectors are sensitive over the wavelength range 0.85–2.4µm. The detector readout time is ∼1 sec
and the size of a single file is ∼256.7 MB.

The mean quantum efficiencies of all 16 detectors are: (Z,Y ,J ,H,KS )=(70,80,90,96,92)%. A plot of
the quantum efficiency as function of wavelength for this type of the detectors in shown in Figure 6.
In addition, the combined losses due to reflection off all VIRCAM lens surfaces are 3-5%.

The science detectors are read out simultaneously by four enhanced ESO IRACE IR controllers, with
a total of 256 simultaneous readout channels, so each detector is read into 16 stripes of 2048×128
pixels. The minimum detector integration time is 1.0011 sec.

All detectors but one are linear to ≤4.6% for illumination levels below 10000 ADU, and for the worst
one the non-linearity at this level is ∼10% (Table 3). There is also a small non-linearity of 1-2%
at low illumination levels (<1000 ADU) that affects all detectors. It can not be measured with the
calibration plan linearity monitoring but the effect is neglegible. These values may change with time,
check the VIRCAM web page for more up to date information. The linearity is correctable for up
to ∼25000ADU (the number varies for the different detectors). The stability of the non-linearity



Photometric redshifts



Cosmic shear at high-z
• 5th tomographic bin with ZB>0.9. 

• ~1 gal/arcmin2 (15% of all KiDS galaxies). 

• High signal, large volume. 

• Decrease S8 error by ~20%, i.e. 3% error on S8. 

• ZB>0.9 galaxy ~2.5x as valuable as average galaxy! 

• Need to understand redshift and shear calibration!



Summary & Outlook
• KiDS-450 measures S8 with ~5% error (1/2 syst., 1/2 stat.). 

• Tension Planck versus lensing persists (~2.3σ). 

• Emphasis on robustness, redundancy, blind analysis. 

• All data public:  
http://kids.strw.leidenuniv.nl/cosmicshear2016.php 

• Cosmic shear result tested further from many different angles. 

• KiDS+VIKING ~850deg2 now, 1350deg2 by end 2018 
=> factor >2 improvement in error to robustly test ΛCDM.. 

• Requires excellent calibration data (ESO LP, Keck, VISTA). 

• Lots of other KiDS science (GGL, cross-corr., multi-probe, photo-z, etc.).

http://kids.strw.leidenuniv.nl/cosmicshear2016.php

