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Mellier (1999)

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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HANDBOOK FOR THE GREAT08 CHALLENGE 5

Fig. 2. Illustration of the forward problem. The upper panels show how the original galaxy
image is sheared, blurred, pixelised and made noisy. The lower panels show the equivalent
process for (point-like) stars. We only have access to the right hand images.

Stars are far enough away from us to appear point-like. They therefore
provide noisy and pixelised images of the convolution kernel (lower panels of
Figure 2). The convolution kernel is typically of a similar size to the galaxies

Fig. 3. Illustration of the inverse problem. We begin on the right with a set of galaxy and
star images. The full inverse problem would be to derive both the shears and the intrinsic
galaxy shapes. However shear is the quantity of interest for cosmologists.

Shape measurements
Bridle et al. (2009)
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Cosmic shear
Credit: LSST



• 1500 sq. deg. survey 
• VLT Survey Telescope (VST) 
• four bands: ugri 
• same footprint as VIKING 
• overlap with 2dF, GAMA, 

SDSS, COSMOS, DEEP2



Cosmic shear with KiDS-450

• 450 deg2 (observations up to July 2015). 

• Tomographic analysis: 4 photo-z slices (0.1-0.9)

Hildebrandt et al. (2016)



Focus on robustness!
• Telescope design: Cassegrain vs. prime focus 

• Observing conditions: 0.7” median seeing 

• Survey design: shallow+wide vs. deep+narrow 

• State-of-the-art analysis tools 

• Redundancy 

• Blinding



Analysis tools
• Shear calibration systematics 

• Photometric redshifts 

• Intrinsic alignments 

• Baryon effects on matter power spectrum 

• Covariance matrix

New low-bias lensfit 
Extensive image sims

Fenech Conti 
et al. 2016

Direct calibration to deep spec-z fields 
Comparison with clustering crosscorrelation

Include parametric prescription with 
wide prior in models

— ” —

Analytic prescription 
Compare to mock simulations Joachimi et al. 2016

KiDS-450 cosmic shear
(Hildebrandt et al. 2016)
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Marginalisation



Photo-z calibration (Comparison)

DIR
CrossCorr
BOR
BPZ

Hildebrandt et al. (2016)
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Data vector & covariance

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

• pick radial ranges to avoid small-scale model systematics and 
large-scale shear systematics

16 Hildebrandt, Viola, Heymans, Joudaki, Kuijken & the KiDS collaboration

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)



Redundancy
• Data reduction with THELI and AstroWise 

• Catalogue pipeline developed by large team with git 

• Four different methods for photo-z calibration 

• Correlation functions estimated with ATHENA and TREECORR 

• Three different methods for covariance estimation 

• Checked CosmoMC against NICAEA and MONTEPYTHON/CLASS 

• ξ+ vs. ξ- 

• 2D vs. tomography



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 et al. (2016)



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

Hildebrandt et al. (2016)
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Result

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

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

σ8√(Ωm/0.3)=0.745±0.039

Hildebrandt et al. (2016)
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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)



Sensitivity analyses

Photo-z calibration? Hildebrandt et al. (2016)
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Figure 7. Marginalized posterior contours (inner 68% CL, outer
95% CL) in the ⌦m-�8 plane, examining the impact of photomet-
ric redshift uncertainty and calibration methods. Shown are the
constraints in the ⌦m-�8 plane for the weighted direct calibration
with errors (DIR, blue), the calibration with cross-correlations
with errors (CC, grey), the original stacked P (z) from bpz (green),
and their re-calibrated version (BOR, yellow).

Fig. 5). The numerical covariance incorrectly gives too much
weight to the large-scale results, resulting in a shift to lower
S8 values when the numerical covariance is used.

In this case, where we have neglected all systematic un-
certainties, the reduced �2 when using the numerical covari-
ance (�2

red = 1.3) is lower than the analytic covariance anal-
ysis (�2

red = 1.5). This di↵erence can be understood from
Fig. 4 where the numerical covariance predicts slightly larger
errors for the angular scales which carry the most informa-
tion. This is particularly true for the ⇠� statistic.

6.5 Impact of B modes

As detailed in Appendix D6, we find small but signifi-
cant B modes in the KiDS-450 data on angular scales
✓ < 4.2 arcmin. In order to assess their importance we tested
two mitigation strategies; excluding the small-scale measure-
ments, and subtracting 2 ⇥ ⇠B from our ⇠+ measurements.
The latter correction is valid if the origin of the systematic
creates E modes with the same amplitude as the B mode.
Note that ⇠� is not modified under this assumption, as ex-
plained in Appendix D6. Fig. 8 shows the e↵ect of these two
B-mode correction schemes on the constraints in the ⌦m-�8

plane. The contours shift somewhat when the correction is
applied, and grow when only large scales are used, but the
changes are well within the 1-� confidence region. It there-
fore appears that our analysis is not significantly a↵ected
by B modes: in particular the B modes are not su�cient
to explain the tension with respect to the Planck results.
If anything, the B-mode correction increases the tension.
Applying the B mode correction does however result in an
improvement in the goodness-of fit, with the �2

red reducing
from 1.3 to 1.1.

Figure 8. Marginalized posterior contours (inner 68% CL, outer
95% CL) in the ⌦m-�8 plane, examining the impact of di↵erent
ways of handling the B modes. Shown are the primary constraints
in the ⌦m-�8 plane but neglecting baryon feedback and photo-z
errors (red), an analysis that subtracts 2⇥ ⇠B from ⇠+ (B mode;
blue), and an analysis that only uses large scales in ⇠+ (grey).

6.6 Impact of intrinsic galaxy alignment and
baryon feedback modelling

In our primary analysis, we constrain the amplitude of the
intrinsic alignments to AIA = 1.10 ± 0.64. This is in con-
trast to the di↵erent CFHTLenS analyses: from a combined
analysis with WMAP7 Heymans et al. (2013) find an over-
all negative amplitude with AIA = �1.18+0.96

�1.17, and Joudaki
et al. (2016) find AIA = �3.6±1.6 from lensing alone. Inter-
estingly, if we switch from our preferred n(z) (DIR, deter-
mined from the weighted direct calibration) to the stacked
P (z) estimated by the photo-z code bpz (see Section 6.3), i.e.
the redshift distribution methodology used for CFHTLenS,
we also find a negative AIA for KiDS and a considerably
worse �2 (for details see Appendix F and in particular Ta-
ble F1). Since the n(z) for these two di↵erent cases di↵er
significantly in the first tomographic bin where the rela-
tive influence of intrinsic alignments is greatest, we conclude
that the bpz distributions are particularly biased in this bin
which is properly calibrated by our now favoured DIR ap-
proach from Section 3.2. The inclusion of the IA parameter
gives �DIC = �2.7, such that it is slightly preferred by the
data.

The KiDS-450 data do not strongly constrain the
baryon feedback amplitude B, reflecting that this astrophys-
ical e↵ect is relatively unimportant for our study. Only fu-
ture cosmic shear surveys with higher signal-to-noise mea-
surements and finer binning in angle and redshift or cross-
correlations between lensing and baryonic probes will allow
B to be constrained to reasonable levels. Moreover, the in-
clusion of baryon feedback only improves the DIC by 1.0,
such that it is neither favoured nor disfavoured by the data.

6.7 wCDM cosmology

While a comprehensive analysis of KiDS-450 constraints on
extensions to the standard model of cosmology is beyond the
scope of this paper, we include one test of the e↵ect of al-

MNRAS 000, 1–49 (2016)



Full results for S8

Hildebrandt et al. (2016)
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Figure 10. Constraints on S8 for the di↵erent runs considered in the KiDS-450 analysis as well as several literature measurements.
The grey band indicates the 1� constraints from our primary analysis. Note that most of the runs which test for systematic errors (blue
data points) switch o↵ some of the astrophysical or redshift systematics. Hence not all data points shown here are fully comparable. For
numerical values of the plotted data points see Table F1.

that concordance tests grounded in the deviance information
criterion (DIC; Section 6.1) and Bayesian evidence largely
agreed, with the former enjoying the benefit of being more
readily obtained from existing MCMC chains. We therefore
follow this approach and assess the level of concordance be-
tween the two datasets D1 and D2 by computing

I(D1, D2) ⌘ exp{�G(D1, D2)/2}, (14)

where

G(D1, D2) = DIC(D1 [ D2) � DIC(D1) � DIC(D2), (15)

and DIC(D1 [ D2) is the DIC of the combined dataset.
Thus, log I is constructed to be positive when the datasets
are concordant and negative when the datasets are discor-
dant. The significance of the concordance test follows Jef-
freys’ scale (Je↵reys 1961), such that log I values in excess
of ±1/2 are ‘substantial’, in excess of ±1 are ‘strong’, and
in excess of ±2 are ‘decisive’.

For our primary analysis we find that log I = �0.79,
which translates into substantial discordance between KiDS-
450 and Planck. This is consistent with the level of discor-
dance inferred from the respective S8 constraints.

7 DISCUSSION

The KiDS-450 dataset analysed here represents one of the
most powerful cosmic shear surveys to date. Its combination

of area, depth, and image quality is unprecedented, and this
results in one of the most accurate and precise cosmological
constraints from cosmic shear to date. In view of this preci-
sion, understanding systematic uncertainties becomes more
important than in any previous such analysis. The treatment
of systematic errors in the shear and photo-z measurements
of KiDS-450 is based on the most advanced methods de-
scribed in the literature. After accounting for residual uncer-
tainties in these calibrations, KiDS-450 yields a constraining
power on cosmological parameters similar to CFHTLenS.

The results presented in Section 6 reveal a tension be-
tween Planck and KiDS-450 constraints on the matter den-
sity and the normalisation of the matter power spectrum.
While the 2.3-� level tension in the combined parameter S8

is similar compared to previous analyses like CFHTLenS,
there is now less room for explaining this tension with pho-
tometric redshift errors that were either unaccounted for or
not considered as rigorously in the past. The reduced �2

value of �2
e↵/dof = 1.3 for our primary analysis indicates

that our model is a reasonable fit. Traditionally weak lens-
ing analyses have focused on possible systematic errors in
the shear measurements, and there are now a number of
techniques that are able to achieve calibration uncertainties
on the order of a per cent (see Mandelbaum et al. 2015 for
a recent compilation). This level of accuracy is adequate for
ground-based surveys like KiDS. Attention is therefore shift-
ing to the other main observable, the photometric redshifts.

The calibration of the source redshift distribution re-

MNRAS 000, 1–49 (2016)



Summary
• KiDS-450: new measurement of LSS clustering amplitude 

• Tension Planck versus ground-based lensing persists (~2.3σ) 

• Emphasis on 

• Robustness 

• Redundancy 

• Blind analysis 

• Photo-z calibration



Data release
• Go to  

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

• Main MCMC available now 

• Redshift distributions available now 

• Data vector and covariance matrix available on 
September 1st

• Full catalogues and images available on 
January 1st, 2017

• Advance access possible! Contact us.



Outlook
• More KiDS data coming soon (>~700 sq. deg. now) 

• Combination w. VIKING for better photo-z calibration 

• Include more spec-z calibration fields 

• Investigate if tension between low-z and CMB persists 

• Ideal preparation for Euclid / WFIRST missions
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Telescope design

DES

f/2 prime focus f/5.5 Cassegrain focus

DES KiDS



de Jong et al. 2015
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Photo-z
Photo-z calibration (1 - Weighted direct calibration)

• Split galaxies by BPZ maximum-likelihood z into 4 bins 

• Calibrate n(z) in each bin with deep spectroscopic surveys 

• KiDS-like images of COSMOS, DEEP2, CDF-S 

• Re-weight spec-z n(u,g,r,i) to mimic each z-bin 

Hildebrandt et al. (2016)



Hildebrandt et al. (2016)

Photo-z
Photo-z calibration (2 - Cross-Correlation)

• Split galaxies by BPZ maximum-likelihood z into 4 bins 

• Cross-correlate KiDS galaxy positions with thin z-slices of 
overlapping deep spec-z surveys 

• Correct for bias



Photo-z calibration ( 3 - Re-calibration of P(z) )

• Integrate P(z) from BPZ for each training galaxy 
as suggested by Bordoloi et al. (2010):

Hildebrandt et al. (2016)
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Figure 2. Comparison of the normalised redshift distributions for the four tomographic bins as estimated from the weighted direct
calibration (DIR, blue with errors), the calibration with cross-correlations (CC, red with errors), the re-calibrated stacked Precal(z)
(BOR, purple with errors that are barely visible), and the original stacked P (z) from bpz (green). The gray-shaded regions indicate the
target redshift range selected by cuts on the Bayesian photo-z zB.

ative values that would lead to unphysical negative ampli-
tudes in the n(z). Nevertheless, it is important to allow
for these negative values in the estimation of the cross-
correlation functions so as not to introduce any bias. Such
negative amplitudes can for example be caused by local over-
or underdensities in the spec-z catalogue as explained by
Rahman et al. (2015). Only after the full redshift recovery
process do we re-bin the distributions with a coarser redshift
resolution to attain positive values for n(z) throughout.

The redshift distributions from this method, based on
the combination of the DEEP2 and zCOSMOS results, are
displayed in Fig. 2 (red line with confidence regions). Note
that the uncertainties on the redshift distributions from the
cross-correlation technique are larger than the uncertainties
on the weighted direct calibration, owing to the relatively
small area of sky covered by the spec-z catalogues. As will
be shown in Section 6, propagating the n(z) and associated
errors from the CC method into the cosmological analysis
yields cosmological parameters that are consistent with the
ones that are obtained when using the DIR redshift distribu-
tions, despite some di↵erences in the details of the redshift
distributions.

3.4 Re-calibration of the photometric P(z ) (BOR)

Many photo-z codes estimate a full redshift likelihood, L(z),
for each galaxy or a posterior probability distribution, P (z),
in case of a Bayesian code like bpz. Bordoloi et al. (2010)
suggested to use a representative spectroscopic training sam-
ple and analyse the properties of the photometric redshift
likelihoods of those galaxies.

For each spectroscopic training object the photometric
P (z) is integrated from zero to zspec yielding the cumulative
quantity:

P⌃(zspec) =

Z zspec

0

P (z0) dz0 . (1)

If the P (z) are a fair representation of the underlying prob-
ability density, the P⌃ for the full training sample should be
uniformly distributed between zero and one. If this distribu-
tion N(P⌃) is not flat, its shape can be used to re-calibrate
the original P (z) as explained in Bordoloi et al. (2010).

One requirement for this approach to work is that the
training sample is completely representative of the photo-
metric sample to be calibrated. Since this is not the case for
KiDS-450 we employ this re-calibration technique in combi-
nation with the re-weighting procedure in magnitude space
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Figure C5. Distribution of P⌃ before (blue) and after (green)
re-calibration with the method by Bordoloi et al. (2010).

scopic and photometric samples will also pose a formidable
challenge.

C3.3 Re-calibration of the photometric P(z) (BOR)

The main criterion for quality control in the photo-z re-
calibration method by Bordoloi et al. (2010) is the shape of
the N(P⌃) (Eq. 1) which should be flat after a successful
re-calibration. In Fig. C5 this distribution is shown before
and after application of the method. As can be seen the
distribution of P⌃ is indeed flat after re-calibration of the
P (z). A more in-depth study of systematic e↵ects of this
technique can be found in Bordoloi et al. (2012). We do not
explore this method further in the present analysis.

C4 Galaxy-galaxy-lensing shear-ratio test

Assuming a fixed cosmology, there is a clear prediction for
the lensing signal around galaxies (galaxy-galaxy-lensing;
GGL), where the amplitude depends on mass and cosmol-
ogy, and the signal should scale for sources in the di↵erent
tomographic bins, given their n(z). Here we test this red-
shift scaling with lenses with spectroscopic redshifts from
BOSS (Alam et al. 2015) and from GAMA (Driver et al.
2011). This ‘shear-ratio’ test (Jain & Taylor 2003; Kitching
et al. 2015; Schneider 2016) is similar to the tests described
in Heymans et al. (2012) (see section 6 and fig. 12 of that
paper) and Kuijken et al. (2015) (see section 5.2 and fig. 18
of that paper). As the GGL signal is rather insensitive to the
choice of cosmology, this analysis can be used to verify the
redshift distributions and the redshift scaling of the shear
calibration correction m (Eq. D3).

For three lens samples; BOSS LOWZ with 0.15 < zl <
0.43, BOSS CMASS with 0.43 < zl < 0.7 and GAMA se-
lected with zl < 0.2, we measure the azimuthally averaged
tangential shear �t around the lenses, in bins of angular sep-
aration. We make four measurements for each lens sample,
using the KiDS-450 source galaxies from each of the four
tomographic bins used in our cosmic shear analysis (see Ta-
ble 1). The measured GGL signal is presented in Fig. C6,

where, as expected, we see �t increasing with the redshift of
the source galaxies. Note that the SNR when using sources
from the first tomographic bin with the CMASS lenses is
higher than for sources in the second and third bin because
of the high-z tail of the DIR redshift distribution for the first
bin.

We fit a maximally-flexible lens model to all data points
of one lens sample simultaneously, in which we leave the
amplitudes at each angular scale free (five angular scales
in the BOSS analyses and seven in the GAMA analysis).
We compare the model to the data by multiplying by the
appropriate predictions of the lensing e�ciency � in each
tomographic bin:

� =

Z 1

0

dzl nl(zl)

Z 1

zl

dzs ns(zs)
D(zl, zs)
D(0, zs)

, (C3)

where D(z, z0) is the angular diameter distance between red-
shifts z and z0, nl(z) is the redshift distribution of the lenses,
and ns(z) the redshift distribution of one of the source sam-
ples. This test is independent of any properties of the lens
sample and hence represents a clean shear-ratio test. For
BOSS we use a covariance matrix for the correlated �t mea-
surements estimated from the simulated mock catalogues
described in Section 5.2. For GAMA, where we focus on
small-scale correlations, we use an analytical covariance ma-
trix, as described in Viola et al. (2015). The resulting best-
fit models give p-values of ca. 50 and 80 per cent for the
LOWZ and CMASS samples, respectively and ca. 20 per
cent for GAMA, indicating that the scaling of the observed
GGL signal is fully consistent with the expectations given
the redshift distributions estimated with the DIR technique.

Note that we choose di↵erent angular scales for the
BOSS and GAMA measurements, and that for the GAMA
analysis we do not measure the GGL signal for the lowest
tomographic bin. This is because for the BOSS lenses there
is significant redshift overlap between the lens samples and
most of the tomographic bins. As these BOSS galaxies are
strongly biased we expect to find a significant dilution of the
GGL signal at small scales; the galaxies at these close sep-
arations are more likely to be clustered with the lens such
that the n(z) for our source sample becomes ✓ dependent.
This e↵ect is similar to the dilution seen in cluster lensing
studies, where it is usually corrected for via a boost fac-
tor (see e.g. Hoekstra et al. 2015). While in principle one
could estimate a similar correction for the shear-ratio test
shown here, such an analysis lies beyond the scope of this
paper and would introduce new unknowns. Instead we per-
form the GGL analysis for our BOSS sample only at large ✓
where the dilution e↵ect is minimal.

In order to take advantage of the high signal-to-noise ra-
tio at small angular scales to provide a more stringent test,
and to avoid additive systematics that could in principle bias
the large-scale results14 we analyse the lowest GAMA red-
shift sample with zl < 0.2 in order to reduce redshift overlap
with the 2nd, 3rd, and 4th tomographic bins (see Fig. 2).
With this GAMA selection, lens-source clustering should be

14 We apply an empirical c-correction in our BOSS GGL analysis
by subtracting the tangential shear signal around random points
from the actual tangential shear around the lens galaxies (see e.g.
van Uitert et al. 2016). This correction is not necessary for our
GAMA measurements as we use small scales only.
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Figure D11. Tomography measurements using ⇠B for each redshift bin combination, as denoted in the caption inset in each panel.
Lower right: the measured B mode ⇠B (Eq. D9). Upper left: Measurements of ⇠obs+ (open symbols) are corrected using the measured B
mode (crosses, Eq. D13). The data with and without B-mode correction can be compared to the best-fit cosmological model (solid) with
its own error arising from uncertainty in the measured DIR redshift distribution.

based on their measured seeing and PSF ellipticity, finding
no significant di↵erence in the resulting measured E and B
modes.

(xi) Astrometric errors: We test whether random errors
in the astrometric solution could cause B-modes. Under the
assumption that the VST OmegaCAM camera shear is rel-
atively stable (as motivated by de Jong et al. 2015), we can
estimate a spatially dependent astrometric error from the
measured camera shear per pointing (see for example Erben

et al. 2013). Defining astrometric errors in this way pro-
duced E and B mode measurements that were insignificant
in comparison to the measured ⇠E/B .

Unfortunately none of our tests were able to isolate the
B mode or reveal its origin, but we can nevertheless proceed
to test the assumption that whatever is the source of the B
mode, the contaminating systematic contributes equally to
the tangential and cross distortions. In Fig. D12 we compare
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Figure 7. Marginalized posterior contours (inner 68% CL, outer
95% CL) in the ⌦m-�8 plane, examining the impact of photomet-
ric redshift uncertainty and calibration methods. Shown are the
constraints in the ⌦m-�8 plane for the weighted direct calibration
with errors (DIR, blue), the calibration with cross-correlations
with errors (CC, grey), the original stacked P (z) from bpz (green),
and their re-calibrated version (BOR, yellow).

Fig. 5). The numerical covariance incorrectly gives too much
weight to the large-scale results, resulting in a shift to lower
S8 values when the numerical covariance is used.

In this case, where we have neglected all systematic un-
certainties, the reduced �2 when using the numerical covari-
ance (�2

red = 1.3) is lower than the analytic covariance anal-
ysis (�2

red = 1.5). This di↵erence can be understood from
Fig. 4 where the numerical covariance predicts slightly larger
errors for the angular scales which carry the most informa-
tion. This is particularly true for the ⇠� statistic.

6.5 Impact of B modes

As detailed in Appendix D6, we find small but signifi-
cant B modes in the KiDS-450 data on angular scales
✓ < 4.2 arcmin. In order to assess their importance we tested
two mitigation strategies; excluding the small-scale measure-
ments, and subtracting 2 ⇥ ⇠B from our ⇠+ measurements.
The latter correction is valid if the origin of the systematic
creates E modes with the same amplitude as the B mode.
Note that ⇠� is not modified under this assumption, as ex-
plained in Appendix D6. Fig. 8 shows the e↵ect of these two
B-mode correction schemes on the constraints in the ⌦m-�8

plane. The contours shift somewhat when the correction is
applied, and grow when only large scales are used, but the
changes are well within the 1-� confidence region. It there-
fore appears that our analysis is not significantly a↵ected
by B modes: in particular the B modes are not su�cient
to explain the tension with respect to the Planck results.
If anything, the B-mode correction increases the tension.
Applying the B mode correction does however result in an
improvement in the goodness-of fit, with the �2

red reducing
from 1.3 to 1.1.

0.1 0.2 0.3 0.4 0.5

�m
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Figure 8. Marginalized posterior contours (inner 68% CL, outer
95% CL) in the ⌦m-�8 plane, examining the impact of di↵erent
ways of handling the B modes. Shown are the primary constraints
in the ⌦m-�8 plane but neglecting baryon feedback and photo-z
errors (red), an analysis that subtracts 2⇥ ⇠B from ⇠+ (B mode;
blue), and an analysis that only uses large scales in ⇠+ (grey).

6.6 Impact of intrinsic galaxy alignment and
baryon feedback modelling

In our primary analysis, we constrain the amplitude of the
intrinsic alignments to AIA = 1.10 ± 0.64. This is in con-
trast to the di↵erent CFHTLenS analyses: from a combined
analysis with WMAP7 Heymans et al. (2013) find an over-
all negative amplitude with AIA = �1.18+0.96

�1.17, and Joudaki
et al. (2016) find AIA = �3.6±1.6 from lensing alone. Inter-
estingly, if we switch from our preferred n(z) (DIR, deter-
mined from the weighted direct calibration) to the stacked
P (z) estimated by the photo-z code bpz (see Section 6.3), i.e.
the redshift distribution methodology used for CFHTLenS,
we also find a negative AIA for KiDS and a considerably
worse �2 (for details see Appendix F and in particular Ta-
ble F1). Since the n(z) for these two di↵erent cases di↵er
significantly in the first tomographic bin where the rela-
tive influence of intrinsic alignments is greatest, we conclude
that the bpz distributions are particularly biased in this bin
which is properly calibrated by our now favoured DIR ap-
proach from Section 3.2. The inclusion of the IA parameter
gives �DIC = �2.7, such that it is slightly preferred by the
data.

The KiDS-450 data do not strongly constrain the
baryon feedback amplitude B, reflecting that this astrophys-
ical e↵ect is relatively unimportant for our study. Only fu-
ture cosmic shear surveys with higher signal-to-noise mea-
surements and finer binning in angle and redshift or cross-
correlations between lensing and baryonic probes will allow
B to be constrained to reasonable levels. Moreover, the in-
clusion of baryon feedback only improves the DIC by 1.0,
such that it is neither favoured nor disfavoured by the data.

6.7 wCDM cosmology

While a comprehensive analysis of KiDS-450 constraints on
extensions to the standard model of cosmology is beyond the
scope of this paper, we include one test of the e↵ect of al-
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