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KiDS & DES survey properties
• Mirror/Focus (2.6 m Cassegrain vs 4.0 m Prime) 

• Area (450 sq vs 1800 sq deg) —> 1350 vs 5000 sq deg 

• Depth (r~24 vs r~23) 

• Seeing (0.68 vs 0.96 arcsec) 

• FOV (1.0 vs 3.0 deg2) 

• Source density (~8.5 vs ~5.5 gal/arcmin2) 

• Filters (ugri{ZYJHKs} vs griz{Y}) 

• Team size (~30 vs ~130)



Differences in the analyses
• Matter power spectrum w/ baryonic feedback (HMCODE vs Halofit+cuts) 

• Shear measurement (lensfit vs Metacalibration/im3shape) 

• Photometric redshift calibration (spec-z vs 30-band photo-z) 

• Photo-z uncertainty (bootstrap realizations vs mean-z shifts) 

• Intrinsic galaxy alignments (A vs {A, η}) 

• Covariance (analytic & numerical simulations) 

• Propagation of shear calibration uncertainty (covariance vs free parameters) 

• Lens sample (overlapping spec-z surveys vs RedMagic) —> RSDs
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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
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Figure D3. (a): Projection of cosmological constraints in the S8 versus ⌦m plane from the KiDS-450 analysis presented here (‘KiDS-450,
QE, 3 z-bins’) and the fiducial correlation-function analysis by Hildebrandt et al. (2017, ‘KiDS-450, CF, fiducial’). For comparison we
also show contours from Planck Collaboration et al. (2016, ‘TT+lowP’). The inner contours correspond to the 68 per cent credibility
interval and the outer ones to the 95 per cent credibility interval. Note that the contours are smoothed with a Gaussian for illustrative
purposes only. (b): The same as in (a) but comparing to the ‘⇠+ large scales correlation-function analysis from Hildebrandt et al. (2017).

Figure E1. The di↵erence between a shear power spectrum extracted from reference Gaussian random fields (GRFs) and the power
spectrum extracted from GRFs in which a global c-term of c = 2 ⇥ 10�3 was applied to both ellipticity components. From left to right
the unique correlations of the two redshift bins are shown. The GRFs were created to match the four fields of CFHTLenS in area, shape,
noise properties, and redshift range (z1: 0.50 < zB  0.85 and z2: 0.85 < zB  1.30). The signal extraction, however, employs the multipole
binning that is also used in the subsequent KiDS data analysis and extends to multipoles significantly below the one set by the field size.
The globally applied c-term only a↵ects the band power estimate of the first multipole bin but has no e↵ect on the remaining bands.
Hence, removing the first band power from a subsequent cosmological analysis is su�cient to account for a leftover global c-term in the
data. The 1� error bars are based on the Fisher matrices and the horizontal dashed (grey) line indicates the square of c = 2 ⇥ 10�3.
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Figure 10. Constraints on Ωm - σ8 and Ωm - S8 from this work for different combinations of power spectra. Also shown are the fiducial
results for KiDS-450 (H+17; Hildebrandt et al. 2017) and Planck (P+16; Planck Collaboration et al. 2016).

Figure 11. Reduced χ2 values of the best-fitting models, corresponding p-values of the fit, and constraints on the amplitude of the
intrinsic alignment model AIA and effective biases of the two foreground samples, bz1 and bz2, for the different combinations of power
spectra. The lower points show the results of the conservative run, where we excluded the lowest ℓ bin from PE (c1) and the highest ℓ
bin from P gm and P gg (c2) in the fit. The red, vertical dashed line in the second panel indicates a p-value of 0.05, the 2σ discrepancy
line.

constrained in the combined fit, with AIA = 1.27 ± 0.39.
Most of the constraining power on AIA comes from P gm,
as the redshift distributions of the foreground samples
and the shape samples partly overlap; fitting only PE,
AIA = 0.92+0.76

−0.60 and is therefore only inconclusively de-
tected. In an analysis of cosmic shear data from CFHTLenS
combined with WMAP7 results, Heymans et al. (2013) re-
ported AIA = −1.18+0.96

−1.17 . Joudaki et al. (2017b) analysed
CFHTLenS data and found AIA = −3.6 ± 1.6, while the
correlation function analysis of KiDS (Hildebrandt et al.
2017) reported AIA = 1.10 ± 0.64. Hence, similar to
Hildebrandt et al. (2017), our results prefer a positive intrin-
sic alignment amplitude, but we detect it with a larger sig-
nificance. The preference for negative values in CFHTLenS

but positive values in KiDS suggests that AIA is not simply
a measure of the amount of intrinsic alignments of galaxies,
but that in fact it accounts for systematic effects that might
differ between surveys. Further evidence for this scenario is
that the amplitude we obtain is larger than what is expected
based on results from previous dedicated intrinsic alignment
studies; although intrinsic alignments have been detected for
luminous red galaxies (e.g. Joachimi et al. 2011; Singh et al.
2015), the constraints for less luminous red galaxies and blue
galaxies are consistent with zero (Mandelbaum et al. 2006;
Hirata et al. 2007; Mandelbaum et al. 2011). We provide ev-
idence that AIA effectively accounts for uncertainty in the
redshift distributions in Sect. 4.3.

The effective biases of the foreground samples are con-
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Figure 7. Marginalized posterior contours in the �8 – ⌦m plane (inner 68% CL, outer 95% CL) from observations of cosmic shear, galaxy-galaxy lensing, and
redshift-space multipole power spectra for KiDS overlapping with 2dFLenS and BOSS. We show constraints from {⇠+, ⇠�} in green, {⇠+, ⇠�, �t, P0, P2}
in purple, and {⇠+, ⇠�, �t, P0, P2} with conservative data cuts in pink. For comparison, we show the constraints from Planck 2015 in red.

ever, they constrain the galaxy biases more strongly than galaxy-
galaxy lensing (further discussed in Section 5.4). The baryonic
feedback and shot noise parameters are unconstrained within
their prior ranges. For fiducial cuts to the P0/2 measurements,
the 2dFLenS velocity dispersion parameters are bounded from
above, such that {�v,2dFLOZ, �v,2dFHIZ} < {5.6, 5.7} h�1

Mpc.
For BOSS, the bounds are two-sided: {�v,LOWZ, �v,CMASS} =

{3.4+1.4
�0.8, 5.5

+1.1
�0.8} h�1

Mpc. For conservative cuts, the velocity
dispersion parameters are unconstrained within their prior ranges,
with the exception of �v,CMASS < 7.6 h�1

Mpc. Our CMASS
constraints agree with those given for the full survey in Beutler
et al. (2014). The constraints can be converted to units of km s

�1

by multiplying with the Hubble constant, and correspond to veloc-
ities of hundreds of km s

�1 as expected.

5.4 Cosmic shear, galaxy-galaxy lensing, and redshift-space
galaxy clustering {⇠+, ⇠�, �t, P0, P2}

5.4.1 Cosmological constraints

We show the key cosmological parameter constraints in the �8 –
⌦m plane in Fig. 7. Analogous to the {⇠±, P0/2} data combina-
tion, the {high-�8, low-⌦m} end of the underlying cosmic shear
contour is seemingly disfavored (following an improvement on �8

by {60, 40}% and on ⌦m by {50, 10}% for {fiducial, conser-
vative} data cuts10). Perpendicular to the lensing degeneracy di-
rection, there is a minor narrowing of the contours, reflected in
S8 = 0.742+0.035

�0.035 for fiducial data cuts, and S8 = 0.721+0.036
�0.036

with conservative cuts. The {⇠±, �t, P0/2} constraints on S8 are
8-9% stronger than the respective constraints from {⇠±, P0/2},
9-13% stronger than the constraints from {⇠±, �t}, and 19-22%
stronger than the constraint from ⇠±. These improvements are rel-
atively modest due in part to the currently incomplete overlap of
KiDS with 2dFLenS and BOSS, the careful selection of scales
for �t and P0/2, and the large number of nuisance parameters

10 The real impact is larger given the dependence of the ‘cosmic shear
only’ results along the lensing degeneracy direction on the cosmological
priors (Joudaki et al. 2017a).

that are simultaneously varied in the analysis (19 parameters for
{⇠±, �t, P0/2} compared to 7 parameters for cosmic shear alone).

The fully combined fiducial and conservative S8 constraints
are in complete agreement relative to one another, and with the
earlier sub-vector constraints (visualized in Fig 8). However, the
fully combined S8 constraints are discordant with Planck at the
level of 2.6� and 3.0� in the fiducial and conservative cases, re-
spectively. In Appendices A and C, we show that these discor-
dances are largely unaffected by the new Planck HFI measurement
of the reionization optical depth (Aghanim et al. 2016) and by an
extended treatment of the astrophysical systematics. We moreover
evaluated the log I diagnostic, which accounts for the discordance
over the full parameter space. As shown in Table 5, log I = �3.1
for fiducial cuts to the data, which indicates ‘decisive’ discordance
with Planck, and log I = �1.3 with conservative cuts indicating
‘strong’ discordance. Hence, despite the similar level of discor-
dance with Planck as quantified by S8, the discordance between
the probes is larger in the fiducial scenario given the stronger con-
straints on the underlying parameter space (as can be seen in Fig 7).

5.4.2 Shot noise prior dependence

The constraints are subject to an important caveat predominantly
along the lensing degeneracy direction. As discussed in Section 4.3,
our fiducial shot noise prior 0 < Nshot < 2300 h�3

Mpc

3 is mo-
tivated by the analysis of Beutler et al. (2014) for BOSS. While
we expect Nshot on the order of 1000, our data is unable to con-
strain the shot noise on its own, and our results along the lensing
degeneracy direction are sensitive to the choice of prior on this pa-
rameter (to lesser extent when employing conservative data cuts).
Given the anti-correlation between Nshot and ⌦m, a lower bound
on the shot noise prior shifts the constraints along the lensing de-
generacy direction towards larger matter density (and smaller �8),
while a higher upper bound shifts the constraints toward smaller
matter density (and larger �8).

The prior dependence of the cosmological constraints along
the lensing degeneracy direction was illustrated for cosmic shear
alone in Joudaki et al. (2017a). We now further advise caution in the
interpretation of cosmological constraints along the lensing degen-
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Figure 7. Marginalized posterior contours in the �8 – ⌦m plane (inner 68% CL, outer 95% CL) from observations of cosmic shear, galaxy-galaxy lensing, and
redshift-space multipole power spectra for KiDS overlapping with 2dFLenS and BOSS. We show constraints from {⇠+, ⇠�} in green, {⇠+, ⇠�, �t, P0, P2}
in purple, and {⇠+, ⇠�, �t, P0, P2} with conservative data cuts in pink. For comparison, we show the constraints from Planck 2015 in red.
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feedback and shot noise parameters are unconstrained within
their prior ranges. For fiducial cuts to the P0/2 measurements,
the 2dFLenS velocity dispersion parameters are bounded from
above, such that {�v,2dFLOZ, �v,2dFHIZ} < {5.6, 5.7} h�1

Mpc.
For BOSS, the bounds are two-sided: {�v,LOWZ, �v,CMASS} =

{3.4+1.4
�0.8, 5.5

+1.1
�0.8} h�1

Mpc. For conservative cuts, the velocity
dispersion parameters are unconstrained within their prior ranges,
with the exception of �v,CMASS < 7.6 h�1

Mpc. Our CMASS
constraints agree with those given for the full survey in Beutler
et al. (2014). The constraints can be converted to units of km s

�1

by multiplying with the Hubble constant, and correspond to veloc-
ities of hundreds of km s

�1 as expected.

5.4 Cosmic shear, galaxy-galaxy lensing, and redshift-space
galaxy clustering {⇠+, ⇠�, �t, P0, P2}

5.4.1 Cosmological constraints
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⌦m plane in Fig. 7. Analogous to the {⇠±, P0/2} data combina-
tion, the {high-�8, low-⌦m} end of the underlying cosmic shear
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9-13% stronger than the constraints from {⇠±, �t}, and 19-22%
stronger than the constraint from ⇠±. These improvements are rel-
atively modest due in part to the currently incomplete overlap of
KiDS with 2dFLenS and BOSS, the careful selection of scales
for �t and P0/2, and the large number of nuisance parameters

10 The real impact is larger given the dependence of the ‘cosmic shear
only’ results along the lensing degeneracy direction on the cosmological
priors (Joudaki et al. 2017a).

that are simultaneously varied in the analysis (19 parameters for
{⇠±, �t, P0/2} compared to 7 parameters for cosmic shear alone).

The fully combined fiducial and conservative S8 constraints
are in complete agreement relative to one another, and with the
earlier sub-vector constraints (visualized in Fig 8). However, the
fully combined S8 constraints are discordant with Planck at the
level of 2.6� and 3.0� in the fiducial and conservative cases, re-
spectively. In Appendices A and C, we show that these discor-
dances are largely unaffected by the new Planck HFI measurement
of the reionization optical depth (Aghanim et al. 2016) and by an
extended treatment of the astrophysical systematics. We moreover
evaluated the log I diagnostic, which accounts for the discordance
over the full parameter space. As shown in Table 5, log I = �3.1
for fiducial cuts to the data, which indicates ‘decisive’ discordance
with Planck, and log I = �1.3 with conservative cuts indicating
‘strong’ discordance. Hence, despite the similar level of discor-
dance with Planck as quantified by S8, the discordance between
the probes is larger in the fiducial scenario given the stronger con-
straints on the underlying parameter space (as can be seen in Fig 7).

5.4.2 Shot noise prior dependence

The constraints are subject to an important caveat predominantly
along the lensing degeneracy direction. As discussed in Section 4.3,
our fiducial shot noise prior 0 < Nshot < 2300 h�3

Mpc

3 is mo-
tivated by the analysis of Beutler et al. (2014) for BOSS. While
we expect Nshot on the order of 1000, our data is unable to con-
strain the shot noise on its own, and our results along the lensing
degeneracy direction are sensitive to the choice of prior on this pa-
rameter (to lesser extent when employing conservative data cuts).
Given the anti-correlation between Nshot and ⌦m, a lower bound
on the shot noise prior shifts the constraints along the lensing de-
generacy direction towards larger matter density (and smaller �8),
while a higher upper bound shifts the constraints toward smaller
matter density (and larger �8).

The prior dependence of the cosmological constraints along
the lensing degeneracy direction was illustrated for cosmic shear
alone in Joudaki et al. (2017a). We now further advise caution in the
interpretation of cosmological constraints along the lensing degen-
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K900/1350 opportunities & 
challenges
• Double/triple the area: improved statistics 

• Photometric redshifts (will improve with VIKING overlap, 5th bin) 

• Increase in spectroscopic overlap —> systematics calibration & new physics 

• Cross-survey measurement comparison: Lensing without borders 

• Intrinsic alignments (nonlinear scales - A, L, z dependence, red/blue split) 

• Matter power spectrum (current DM-only calibration ~5% level) 

• Baryonic feedback (large spread in hydrodynamical simulations) 

• Shear calibration (additive and multiplicative biases) 

• Modeling of galaxy bias (linear/nonlinear, validate against simulations) 

• Psychological systematics: blinding



Thanks for listening.


