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KiDS

Optimised for weak lensing 

• 1000 deg2 analysed  
• Full survey: 1350 deg2 

• 21 million galaxies 

Overlap with VIKING

• 9 photometric bands

ESO/G. Lombardi



Cosmic probes

Cosmic shear






Cosmic probes

Cosmic shear

• correlation between galaxy shapes 



Gravitational lensing



Cosmic probes

Cosmic shear

• correlation between galaxy shapes 

Galaxy-galaxy lensing

• correlation between galaxy positions and galaxy shapes 
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Cosmic probes

Cosmic shear

• correlation between galaxy shapes 

Galaxy-galaxy lensing

• correlation between galaxy positions and galaxy shapes 

Galaxy clustering

• correlation between galaxy positions



Gravitational lensing



Cosmic probes

3x2pt

• Joint analysis of 

• Cosmic shear 
• Galaxy-galaxy lensing (GGL) 
• Galaxy clustering



Data

Cosmic shear

• Kilo-Degree Survey (KiDS-1000) 

Galaxy-galaxy lensing

• Foreground galaxies 

• BOSS DR12 
• 2dFLenS 

• Background shapes 
• KiDS-1000 

Galaxy clustering

• BOSS DR12
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KiDS-1000 core papers

Cosmic Shear Cosmology

• Asgari, Lin, Joachimi et al. (arXiv: 2007.15633) 
Combined Probe Cosmology

• Heymans, Tröster et al. (arXiv: 2007.15632) 
Beyond flat ΛCDM 

• Tröster et al. (arXiv:2010.16416) 
Methodology

• Joachimi, Lin, Asgari, Tröster, Heymans et al. (arXiv: 2007.01844) 
Photometric Redshifts

• Hildebrandt, van den Busch, Wright et al. (arXiv: 2007.15635) 
Shear Measurements

• Giblin, Heymans, Asgari et al. (arXiv: 2007.01845)



KiDS-1000 core papers

Cosmic Shear Cosmology

• Asgari, Lin, Joachimi et al. (arXiv: 2007.15633) 
Combined Probe Cosmology

• Heymans, Tröster et al. (arXiv: 2007.15632) 
Beyond flat ΛCDM 

• Tröster et al. (arXiv:2010.16416) 
Methodology

• Joachimi, Lin, Asgari, Tröster, Heymans et al. (arXiv: 2007.01844) 
Photometric Redshifts

• Hildebrandt, van den Busch, Wright et al. (arXiv: 2007.15635) 
Shear Measurements

• Giblin, Heymans, Asgari et al. (arXiv: 2007.01845)



5 tomographic bins

• 0.1 < z < 1.2

A&A 645, A104 (2021)

` > 1500. In contrast both COSEBIs and band powers are essen-
tially insensitive to these scales. As a result we expect the 2PCFs
to be more sensitive to baryon feedback which becomes more
important at smaller physical scales. In addition, ⇠+ is sensitive
to scales below ` of about 10. Contributions from these scales
can produce non-Gaussian distributions due to the small number
of large-scale modes that enter the survey. Figure 17 of J20 com-
pares the distributions of ⇠+ and band powers in the Salmo10

simulations, which contain all KiDS-1000 survey e↵ects. We
show results for COSEBIs using the same suite of simulations in
Fig. E.1. A comparison of these figures shows that the probabil-
ity distribution of ⇠±(✓) for the largest values of ✓ deviates from a
Gaussian, while this is not the case for band powers and COSE-
BIs. Louca & Sellentin (2020) also showed that the COSEBI
likelihood is well approximated by a Gaussian for a survey such
as KiDS. For our fiducial analysis we employ the angular ranges
shown in Fig. 1. We test the ⇠± results for a reduced angular
range in Sect. 4.2 and find that with our setup the non-Gaussian
✓-bins have a negligible e↵ect on the cosmological results. In
Appendix B.1 we compare these statistics and their impact on
parameter estimation, the results of which are summarised in
Sect. 4.3.

3. Data and analysis pipeline

We measure the three summary statistics described in Sect. 2
using the KiDS-1000 data and analyse them with the KiDS Cos-
mology Analysis Pipeline, KCAP11. This pipeline is built on
CosmoSIS (Zuntz et al. 2015), a modular cosmological param-
eter estimation code. The measurements of the 2PCFs are per-
formed with TreeCorr (Jarvis et al. 2004; Jarvis 2015). We
applied our main analysis on blinded data (see G20 for details)
and chose one of the blinds to test the e↵ect of systematics prior
to unblinding. More details on the small number of additional
analyses done after unblinding can be found in Appendix F.

3.1. KiDS-1000 data

The Kilo-Degree Survey (KiDS, Kuijken et al. 2015, 2019; de
Jong et al. 2015, 2017) is a public survey by the European South-
ern Observatory12. KiDS is a survey designed with weak lens-
ing applications in mind, resulting in high-quality images with
the VST-OmegaCAM. The primary images were taken in the r-
band with a mean seeing of 000.7. In combination with infrared
data from its partner survey, VIKING (VISTA Kilo-degree
INfrared Galaxy survey, Edge et al. 2013), the observed galax-
ies have photometry in nine optical and near-infrared bands,
ugriZY JHKs (Wright et al. 2019). This allows us to have a bet-
ter estimate of their photometric redshifts compared to the four
optical bands that KiDS observes (Hildebrandt et al. 2020a).
We analyse the fourth KiDS data release (Kuijken et al. 2019),
named KiDS-1000 as it contains 1006 deg2 of images. After
masking, the e↵ective area of KiDS-1000 in the OmegaCAM
pixel frame is 777.4 deg2.

The KiDS data are processed with the theli (Erben et al.
2013) and Astro-WISE (Begeman et al. 2013) pipelines, and
galaxy shear estimates are produced by lensfit (Miller et al.
2013; Fenech Conti et al. 2017); for details see Giblin et al.

10 Speedy Acquisition of Lensing and Matter Observables.
11 KCAP will become public once the KiDS-1000 analysis papers are
accepted. Early access can be granted to interested parties on request.
12 Data products are made freely accessible through: http://kids.
strw.leidenuniv.nl/DR4

Fig. 2. The redshift distribution of galaxies in five tomographic bins.
The galaxies in each bin are selected based on their best-fitting photo-
metric redshift, zB, the range of which is shown in the legend.

(2021) which also includes a series of null tests, showing that
the impact we expect from known shear-related systematics
detected in the data does not cause more than a 0.1� shift in
S 8 = �8(⌦m/0.3)0.5 after calibration of multiplicative and global
additive shear biases (see Appendix D for the e↵ect of this term
on the two-point statistics).

We perform a tomographic analysis of our cosmic shear data
by dividing the galaxies based on their best-fitting photometric
redshift, zB, into five tomographic bins. The zB of each galaxy is
estimated using the bpz code (Benítez 2000; Benítez et al. 2004).
The redshift distribution of each tomographic bin is then cali-
brated using the self-organising map (SOM) method of Wright
et al. (2020b). The SOM method organises galaxies into groups
based on their nine-band photometry and finds matches within
spectroscopic samples. Galaxies for which no matches are found
are removed from the catalogue. Following Wright et al. (2020a),
we impose an extra quality requirement on our selection which
removes galaxies with a zB that is catastrophically di↵erent from
the redshift of their matched spectroscopic sample (see Eq. (1)
in H20b).

The resulting catalogue forms our “gold” sample for which
redshift distributions with reliable mean redshifts can be
obtained (see H20b for details of the selection criteria and accu-
racy tests of the redshift distributions). We note that a primary
reason for the high accuracy of our redshift calibration is the
nine-band photometry of our galaxy images. With those we
can avoid degeneracies of galaxy spectral energy distributions
present in lower-dimensional colour spaces when calibrating the
data with spectroscopic samples (Wright et al. 2020b). Our cali-
bration additionally benefits from dedicated KiDS-like observa-
tions of spectroscopic galaxy surveys beyond the KiDS footprint
(Hildebrandt et al. 2020a).

The means of the SOM redshift distributions are calibrated
using KiDS-like mocks from the MICE2 simulations (van den
Busch et al. 2020; Fosalba et al. 2015a,b; Crocce et al. 2015;
Carretero et al. 2015; Ho↵mann et al. 2015). These mocks are
also used to determine the expected uncertainties on the means,
which we incorporate into the inference via shift parameters for
each redshift distribution. The redshift distributions of galaxies
in each tomographic bin are shown in Fig. 2 up to z = 2. The
full redshift distributions used in this analysis cover a range of
0  z  6 (see Fig. A.1 and Table A.1). We validate our fidu-
cial redshift distributions estimated with the SOM method in
H20b using an alternative method that employs clustering cross-
correlations with spectroscopic reference samples.
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also include the in-survey non-Gaussian term that was neglected
in Asgari et al. (2020), although that term has a negligible e↵ect
on the analysis (Barreira et al. 2018).

2.3. Band powers

The formalism for band power spectra is described in detail in
J20 (see also Schneider et al. 2002a; van Uitert et al. 2018). Band
powers are essentially binned angular power spectra, but esti-
mated through 2PCFs. We can measure band powers, CE/B,l, via

CE/B,l =
⇡

Nl

Z 1

0
d✓ ✓ T (✓)

h
⇠+(✓) gl

+(✓) ± ⇠�(✓) gl

�(✓)
i
, (10)

where the normalisation,Nl, is defined such that the band powers
trace `2C(`) at the logarithmic centre of the bin,

Nl = ln(`up,l) � ln(`lo,l), (11)

with `up,l and `lo,l defining the edges of the desired top-hat func-
tion for the bin indexed by l. The filter functions, gl

±(✓), are given
in Eq. (23) of J20. We note that the integral in Eq. (10) is defined
over an infinite range of ✓. In practice we cannot measure the
2PCFs over all angular distances, therefore, we need to truncate
the integral at both ends. As a result it is impossible to produce
perfect top-hat functions in Fourier space (Asgari & Schneider
2015). To reduce the ringing e↵ect caused by the limited range of
the 2PCFs we introduced apodisation in the selection function,
T (✓), that softens the edges of the top hat (see Eq. (22) of J20).
We note that T (✓) in Eq. (10) and T±n(✓) in Eq. (7) are unrelated.

The relation between the band powers and the underlying
angular power spectra is given by,

CE,l =
1

2Nl

Z 1

0
d` `
h
W

l

EE(`) CEE(`) +W
l

EB(`) CBB(`)
i
, (12)

CB,l =
1

2Nl

Z 1

0
d` `
h
W

l

BE(`) CEE(`) +W
l

BB(`) CBB(`)
i
,

where

W
l

EE(`) = W
l

BB(`) (13)

=

Z 1

0
d✓ ✓ T (✓)

h
J0(`✓) gl

+(✓) + J4(`✓) gl

�(✓)
i
,

W
l

EB(`) = W
l

BE(`)

=

Z 1

0
d✓ ✓ T (✓)

h
J0(`✓) gl

+(✓) � J4(`✓) gl

�(✓)
i
.

These weight functions are no longer top hat functions (see
Fig. 1), however they allow for the correct transformation of
the angular power spectra to band powers that can be compared
to the measured values from Eq. (10). Similar to COSEBIs, we
need to bin the 2PCFs before measuring the band powers. In
this case we find that with 300 logarithmic ✓-bins in [00.5, 3000]
(with the binning extended on either side to allow for the apodi-
sation) we can reach better than percent level accuracy, which
is su�cient for the analysis of KiDS-1000 data. We define 8
logarithmically-spaced band power filters within the `-range of
100–1500. The covariance matrix of band powers is estimated
by integrating over the covariance matrix of 2PCFs as described
in Appendix E.3 of J20.

Fig. 1. Integrands of the transformation between the angular power
spectrum and 2PCFs (Eq. (6)), COSEBIs (Eq. (8)) and band powers
(Eq. (12)). All integrands are normalised by their maximum value. ⇠±
results are shown for the maximum and minimum angular separations
that are used in our analysis. For COSEBIs we chose n = 1 and
n = 5, showing the range of n-modes that we consider. For band pow-
ers we show all 8 bins. COSEBIs are defined on the angular range
of [00.5, 3000], while the band powers go beyond the indicated range
to account for apodisation in their selection function, T (✓). We define
8 band power filters logarithmically spaced between ` = 100 and
` = 1500.

2.4. Scale sensitivity of the two-point statistics

All two-point statistics considered here can be measured using
linear combinations of finely binned 2PCFs. We set the full
angular range for the measured 2PCFs to ✓ 2 [00.5, 3000]
following the previous analysis of KiDS data, based on the
extent of the survey and its resolution (Hildebrandt et al. 2017).
Hildebrandt et al. (2020a) applied extra ✓ cuts to their data vector.
We apply their lower scale cut on ⇠� to remove all ✓ < 40, since ⇠�
for these scales are very sensitive to small physical scales where
modelling becomes challenging. For COSEBIs and band powers,
however, we use the full range of ✓-scales available.

Our three sets of summary statistics place varying weights
on di↵erent scales. Thus we do not expect them to have the same
response to scale-dependent e↵ects. Figure 1 compares the inte-
grands of these statistics, over the range that is used in the analy-
sis. All integrands are normalised by their maximum value. The
top two panels show results for ⇠+ and ⇠�, for the smallest and
largest ✓ values that we consider in the analysis. The third panel
demonstrates the integrands for the first and the fifth COSEBIs
modes, since we only use the first 5 n-modes in our cosmological
analysis defined on an angular range of [00.5, 3000]. The bottom
panel belongs to band powers and shows all of the bands that
we use.

The first feature that we can immediately see from Fig. 1,
is that both correlation functions show substantial sensitivity to
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3 two-point statistics

• Correlation functions 
• COSEBIs 
• Band powers (Cl)
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Cosmic shear model

Baseline cosmological model

• Flat ΛCDM, fixed neutrino mass 
• Nonlinear modelling with HMCode 

Systematics

• Baryon feedback 
• Intrinsic alignment 
• Photometric redshift calibration uncertainty 
• Shear calibration uncertainty



Cosmic shear band powers
A&A 646, A140 (2021)
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Fig. 1. KiDS-1000 cosmic shear power spectra: tomographic band powers comparing the E-modes (upper left block) with the best-fit cosmological
model from our combined multi-probe analysis. The tomographic bin combination is indicated in the upper right corner of each sub-panel. The null-
test B-modes (lower right block – note the reduced ordinate scale), are consistent with zero for both the full data vector and each bin combination
individually. The errors are estimated analytically (Joachimi et al. 2021). See Sect. 3 for a discussion on the goodness-of-fit.

matter power spectrum, Pm,nl(k, z), which we model using the
halo formalism5 of Mead et al. (2015, 2016). Weak lensing is
therefore a very valuable cosmological probe, as it is sensitive to
changes in both the distance-redshift relation and to the growth
of structures.

We estimate the cosmic shear angular power spectrum
through a linear transformation of the real-space two-point
shear correlation function (Schneider et al. 2002). This approach
circumvents the challenge of accurately determining the sur-
vey mask for a direct power spectrum estimate. Joachimi et al.
(2021) detail the apodisation advances that we have adopted for
the transformation, in addition to the modelling that we use to
account for the minor di↵erences between the theoretical expec-

5 We calculate the non-linear power spectrum using HMCode
(Mead et al. 2016), which is incorporated in camb (Lewis & Bridle
2002). Joachimi et al. (2021) demonstrate that the Mead et al. (2016)
halo model prescription provides a su�ciently accurate model of the
non-linear matter power spectrum into the highly non-linear regime
through a comparison to weak lensing observables emulated using
the N-body CosmicEmu simulations (Heitmann et al. 2014). It also has
the added benefit of allowing us to marginalise over our uncertainty on
the impact of baryon feedback on the shape of the non-linear total matter
power spectrum (Semboloni et al. 2011; Mead et al. 2015, 2020).

tation of the true angular power spectrum in Eq. (1) and the mea-
sured ‘band powers’.

Figure 1 presents the Asgari et al. (2021a) KiDS-1000 cos-
mic shear power spectra for the auto- and cross-correlated tomo-
graphic bins. Here we have constructed both E-mode (upper left)
and B-mode (lower right) band powers in order to isolate any non-
lensing B-mode distortions (see Eqs. (17)–(21) of Joachimi et al.
2021). As expected from the analysis of Giblin et al. (2021), the
measured B-modes are found to be consistent with zero6. The
measured E-modes can be compared to the theoretical expecta-
tion from Eq. (1), given the best-fit set of cosmological parameters
from our multi-probe analysis in Sect. 3.

6 Giblin et al. (2021) present a ‘COSEBIs’ B-mode analysis following
Asgari et al. (2019). The alternative band power B-mode measurement,
presented in Fig. 1, is consistent with random noise, finding a p-value of
p = 0.68 for the full data vector. Here p corresponds to the probability
of randomly producing a noisy B-mode that is more significant than the
measurements. Inspecting each individual tomographic bin combination
we find that these are also consistent with random noise with a minimum
p = 0.02foundfor the1�3bincombination.A⇠2�deviation isexpected,
given the 15 di↵erent bin combinations analysed, and we note that the
bin combination outlier in this test di↵ers from the ⇠2� deviation bin
combination outliers in the two di↵erent COSEBIs analyses, supporting
the hypothesis that the measured B-modes are simple noise fluctuations.
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Cosmic shear cosmology constraints

A&A 645, A104 (2021)

Table 3. Goodness of fit and S 8 constraints.

�2 DoF p-value S 8, best fit+PJ-HPD S 8, max+Marginal

COSEBIs 82.2 75�4.5 0.160 0.759+0.024
�0.021 0.758+0.017

�0.026
Band Power 152.1 120�4.5 0.013 0.760+0.016

�0.038 0.761+0.021
�0.033

2PCFs 260.3 225�4.5 0.034 0.764+0.018
�0.017 0.765+0.019

�0.017

Notes. �2 and p-values (probability to exceed the given �2 value) for the best-fitting parameters, given the e↵ective number of degrees of freedom
(DoF). The e↵ective number of parameters is estimated using a �2 fitted to results of mock data analysis. The first column shows which statistic is
used. In the fifth column we show the multivariate maximum posterior (MAP) for S 8 = �8(⌦m/0.3)0.5 and its 68% credible interval (CI) calculated
using its projected joint highest posterior density (PJ-HPD). In the rightmost column we show the peak of the marginal distribution of S 8 and its
associated 68% credible interval.
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Fig. 6. Marginalised constraints for the joint distributions of �8 and ⌦m (left), as well as S 8 and ⌦m (right). The 68% and 95% credible regions are
shown for COSEBIs (orange), band powers (pink) and the 2PCFs (cyan). Planck (2018, TT, TE, EE+lowE) results are shown in red.

Table 4. Best-fit ⌃8 and ⌦m � �8 degeneracy line.

Fitted ↵ ⌃8, best fit+PJ-HPD ⌃8, max+Marginal

COSEBIs 0.54 0.753+0.026
�0.016 0.752+0.017

�0.021
Band Power 0.58 0.765+0.018

�0.024 0.756+0.020
�0.020

2PCFs 0.51 0.762+0.018
�0.017 0.763+0.019

�0.017

Notes. ⌃8 = �8(⌦m/0.3)↵ values with fitted ↵ to the �8 and ⌦m posterior samples for each set of statistics. The second column shows the best-
fitting ↵, the third shows the best-fitting ⌃8 for that ↵ and its credible interval PJ-HPD. The last column shows the maximum and 1� region around
it for the marginal distribution of ⌃8. We note that the values of ⌃8 between di↵erent statistics cannot be directly compared with each other, since
they correspond to di↵erent values of ↵.

its standard deviation is increased by 4%. This final test assesses
the Gaussian likelihood approximation since the distribution of
⇠+ is significantly non-Gaussian for these bins (see Fig. 17 of
J20).

To quantify the impact of the di↵erent setups shown in Fig. 7,
we extract two key properties of each test analysis, relative to the
fiducial case. In the left-hand panel of Fig. 8 we plot the di↵er-
ence between the upper edge of the marginal credible interval
shown in Fig. 7 for the fiducial setup, ⌃fid

8 , and the cases named
on the abscissa, ⌃case

8 . We normalise �⌃8 := ⌃case
8 � ⌃fid

8 by half

of the length of the marginal credible interval that we found for
each case, �case. We chose the upper edge since we are primar-
ily interested in a comparison with the Planck inferred value for
⌃8 which is larger than our measurements. We show results for
all three statistics, COSEBIs (orange), band powers (pink) and
2PCFs (cyan).

The right-hand panel of Fig. 8 compares the size of the con-
straints on ⌃8 between di↵erent cases and the fiducial case. The
⌃8 for each case is defined with its own corresponding best-fit ↵.
As the width of the ⌦m � �8 degeneracy is the main parameter
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3x2pt model

Baseline cosmological model

• Same as cosmic shear 
• Full-shape perturbative model for BOSS galaxies 

Systematics

• Same as cosmic shear + 

• Non-linear bias model  
• Redshift-space distortions 
• Magnification
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Table 1. Goodness-of-fit of the flat ⇤CDM cosmological model to each of the single and joint probe combinations with cosmic shear, galaxy
clustering and galaxy-galaxy lensing (GGL).

Probe �2
MAP Data d.o.f. Model d.o.f. PTE Model d.o.f. PTE

(Joachimi et al. 2021) (Raveri & Hu 2019)

KiDS-1000 cosmic shear 152.1 120 4.5 0.013 3.0 0.016
BOSS galaxy clustering 167.7 168 – – 10.6 0.272
Cosmic shear+GGL 178.7 142 8.7 0.005 7.3 0.007
Cosmic shear+ galaxy clustering 319.9 288 – – 11.9 0.036
3 ⇥ 2 pt 356.2 310 – – 12.5 0.011

Notes. We list the �2 value at the maximum of the posterior, the number of degrees of freedom (d.o.f.) of the data, the e↵ective d.o.f. of the model,
and the probability to exceed (PTE) the measured �2 value, assuming the total d.o.f. are given by data d.o.f.�model d.o.f. The e↵ective d.o.f. of the
model are estimated following Joachimi et al. (2021) and Raveri & Hu (2019), accounting for the impact of priors and non-linear dependencies
between the parameters.
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Fig. 8. Marginalised posterior distribution in the �8�⌦m plane, com-
paring the 3⇥ 2 pt analyses from KiDS-1000 with BOSS and 2dFLenS,
with the 3 ⇥ 2 pt analysis from DES Y1 (Abbott et al. 2018), and
the CMB constraints from Planck Collaboration VI (2020). The KiDS-
1000 3⇥2 pt result can also be compared to our previous KV450-BOSS
analysis from Tröster et al. (2020b).

KiDS-1000 features improvements in the accuracy of the shear
and photometric redshift calibrations, albeit at the expense of a
decrease in the e↵ective number density (see Giblin et al. 2021;
Hildebrandt et al. 2021, for details).

The o↵set in S 8 between the KiDS-1000-BOSS and KV450-
BOSS S 8 constraints reflects a number of di↵erences between
the two analyses. First, as the S 8 constraints from the 3 ⇥ 2 pt
analysis are primarily driven by KiDS (see Fig. 6), we expect
a reasonable statistical fluctuation in this parameter given the
sampling variance arising from the significant increase in the
KiDS survey area. Using a simple model analysis in Appendix F,
we conclude that we should expect di↵erences, on average, of
|�S 8| = 0.016, and as such the increase that we find in S 8
between KV450 and KiDS-1000 is consistent with the expec-
tation from simple statistical fluctuations. BOSS primarily con-
strains ⌦m which is impacted by the choice of prior on ns.

The wider ns prior adopted in Tröster et al. (2020b), favours a
slightly higher but less well-constrained value for ⌦m, leading
to a slightly lower but less well-constrained value for �8, when
combined with cosmic shear (see Appendix B). If we had also
chosen an uninformative prior on ns for our KiDS-1000-BOSS
analysis, a decision that we cannot revise post unblinding, this
would have likely served to exacerbate any tension with the
Planck CMB constraints.

3.2. Comparison with Planck

In our KiDS-1000-BOSS 3 ⇥ 2 pt analysis we find good agree-
ment with Planck for the matter density parameter, ⌦m, and the
Hubble parameter, h, (see Fig. 4). The amplitude of matter fluc-
tuations, �8, that we infer from the clustering of galaxies within,
and lensing by, the large-scale structure of the low-redshift Uni-
verse is lower, however, than that inferred by Planck

16 from the
CMB.

To quantify the level of discrepancy in the amplitude of
matter fluctuations, we first concentrate on the parameter S 8 =
�8
p
⌦m/0.3 as it is tightly constrained and only exhibits negli-

gible degeneracies, if at all, with the other cosmological param-
eters, ⌦m, h, and ns, as illustrated in Fig. 6. Comparing the
reported marginal S 8 constraints, we find S 8 to be 8.3 ± 2.6%
lower than the CMB constraint from Planck Collaboration VI
(2020).

We define the widely used S 8-di↵erence measure

⌧ =
|S 8

3⇥2 pt � S 8
Planck |

q
Var
h
S

3⇥2 pt
8

i
+ Var

h
S

Planck

8

i , (8)

where S 8 and Var[S 8] denote the means and variances of the
Planck and 3⇥2 pt S 8 posterior distributions. If both distributions
are Gaussian, ⌧ can be used to measure how likely it is that the
mean of the di↵erence between the distributions is consistent
with zero.

Comparing the S 8 posterior distributions between our 3 ⇥
2 pt analysis and the Planck plik_lite_TTTEEE+ lowl+ lowE
likelihood, we find ⌧ = 3.1, meaning there is a 3.1� di↵er-
ence between the KiDS-1000 and Planck constraints. Adopt-
ing two tension measures that do not assume Gaussianity of
16 A recent independent Atacama Cosmology Telescope CMB analysis
reports S 8 = 0.830 ± 0.043, in agreement with the Planck constraint
of S 8 = 0.834 ± 0.016 (ACT, Aiola et al. 2020). Our results are fully
consistent with the ACT CMB analysis, reflecting the larger uncertainty
in the ACT constraints.
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(Dis)agreement with Planck?

Tension with Planck

• Same overall precision as 

Planck for the structure 
growth parameter S8 

• S8 from KiDS is 8.3 ± 2.6 % 
lower than Planck: ~3𝜎 

• Full parameter space: ~2𝜎
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Standard model of cosmology

• Minimal neutrino mass 

• Spatially flat Universe 

• Cosmological constant 

• General relativity



Massive neutrinos

0.2
5

0.4
0

⌦m

1

2

P
m
⌫

0.70

0.78

h

0.7

0.8

S
8

0.6

0.8�
8

0.6 0.8

�8

0.7 0.8

S 8

0.7
0

0.7
8

h

1 2
P

m⌫

⌫⇤CDM

KiDS-1000 cosmic shear
BOSS galaxy clustering
3 ⇥ 2pt
Planck TTTEEE+lowE

Tröster+ 2021



Curvature

• H0 priors matter!
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Dark energy equation of state
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Modified gravity - f(R)
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• Full non-linear modelling 
using reaction formalism 

• github.com/nebblu/ReACT, 
arXiv:2005.12184

Tröster+ 2021

http://github.com/nebblu/ReACT


Summary

Data well described by a model of the Universe with

• Minimal neutrino mass 
• Spatially flat 
• Cosmological constant 
• General relativity 

Tension with Planck in S8 persists*



Fix amplitude to Planck

Planck constrains amplitude of the matter power 
spectrum in the early Universe

• Parametrised by As  

Lensing constrains 


•  is a complicated function of As and other parameters 

• Poor constraints on As

S8 = σ8 Ωm/0.3

σ8



Fix amplitude
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Model selection

Do the data prefer any of the models?



Model selection criteria

Deviance information criterion (DIC)


• Compares improvement in best-fit  with increase in model 
complexity 

Watanabe-Akaike information criterion (WAIC)

• Similar to DIC  
• Does not rely on point estimates 

Evidence ratio

• Compares the Bayesian evidences

χ2



Summary

No indication for physics beyond flat ΛCDM


No preference for or against any of the models 
considered


S8-tension with Planck remains at ~3σ



Thanks to KiDS and all our funders!

Thanks to KiDS and all our funders
KiDS Pre-lockdown

KiDS in-lockdown
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