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ABSTRACT: We present a cosmological analysis of the combination of the DES-Y3, KiDS-1000
and HSC-DR1 weak lensing samples under a joint harmonic-space pipeline making use of
angular scales down to £pax = 4500, corresponding to significantly smaller scales (66 ~ 2.4)
than those commonly used in cosmological weak lensing studies. We are able to do so by
accurately modelling non-linearities and the impact of baryonic effects using Baccoemu. We
find Sg = 08y/2n/0.3 = 0.795f8:8%?, in relatively good agreement with CMB constraints
from Planck (less than ~ 1.80 tension), although we obtain a low value of Q,, = 0.21270537.
in tension with Planck at the ~ 30 level. We show that this can be recast as an Hj
tension if one parametrises the amplitude of fluctuations and matter abundance in terms of
variables without hidden dependence on Hy. Furthermore, we find that this tension reduces
significantly after including a prior on the distance-redshift relationship from BAO data,
without worsening the fit. In terms of baryonic effects, we show that failing to model and
marginalise over them on scales ¢ < 2000 does not significantly affect the posterior constraints
for DES-Y3 and KiDS-1000, but has a mild effect on deeper samples, such as HSC-DRI1.
This is in agreement with our ability to only mildly constrain the parameters of the Baryon
Correction Model with these data.
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1 Introduction

Cosmology is going through one of its most exciting moments, as the analysis of Stage-III

large scale structure (LSS) surveys winds down [1-9], and we prepare for the unprecedented
volume and quality of data from State-IV facilities such as DESI' [10], the Vera Rubin

Yhttps://www.desi.lbl.gov.
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Obseratory LSST? [11, 12], and Euclid® [13]. This is happening at a moment marked by the
seemingly ever-increasing cosmological tensions between early- and late-time measurements
of the late-time expansion rate, Hy, and of the amplitude of density fluctuations at late
times, parametrised by Sy = 0g1/Qm/0.3, where €, is the fractional energy density of
non-relativistic matter, and og is the standard deviation of the matter overdensity on spheres
of 8 Mpch~! radius (with h = Hy/(100kms~! Mpc™1)). On the one hand, the Hubble
parameter measured locally using type-Ia supernovae (h = 0.7304 +0.0104) [14] is 5.40 higher
than that obtained by the Planck CMB satellite (h = 0.6736+0.0054) [15]. On the other hand,
LSS measurements of Sg present different levels of tension most of them obtaining values
that are systematically below that of Planck (Sg = 0.832 + 0.013) (see e.g. [16] for a review).

Focusing on measurements from cosmic shear data alone, the analysis of the 3-year
data from the Dark Energy Survey (DES-Y3 hereafter) yields Sg = 0.772700:5 [1, 2] and
Sg = O.793f8:8§§ [17], in real- and harmonic space, respectively (in tension with Planck
at ~ 1.5-2.50). The latest analysis of the Kilo-Degree Survey data (KiDS-1000 hereafter)
yielded Sg = 0.76079%% using harmonic-space bandpowers, and Sg = 0.75970-92] using
COSEBIs [7], corresponding to a higher level of tension (~ 30). Finally, the analysis of the
Hyper Suprime-Cam 3-year data yielded Sg = 0.77670032 [4] and Sy = 0.769150s; [5] in
harmonic and real space, respectively, lower than Planck at the ~ 20 level. Similar studies
have been carried out using other LSS observables. These include 3 x 2-point analyses,
combining cosmic shear and galaxy clustering [18, 19], the CMB lensing power spectrum
in combination with BAO data [20, 21|, CMB lensing tomography, combining galaxy auto-
correlations and cross-correlations with CMB lensing maps [22-26], “5 x 2-point” analyses,
combining all three tracers and their cross-correlations [27, 28], galaxy clustering studies
exploiting the non-linear regime [29, 30], and the analysis of cluster abundances [31-33].
The level of tension in Sg found by these studies varies across them. Intermediate-redshift
probes (z 2 1.5), such as the CMB lensing power spectrum, or high-redshift CMB lensing
tomography [20, 21, 25, 26|, have generally found constraints that largely agree with Planck.
In turn, many lower-redshift probes (z < 0.5) have often found lower values of Sg at different
levels of tension [18, 19, 23, 29, 31, 34] (with the distinct exception of the latest cluster
abundance studies by the SPT and eROSITA collaborations [32, 33]). Understanding the origin
of these potential discrepancies, and quantifying the combined level of tension evidenced by
current probes, is therefore of paramount importance. Next-generation data will be powerful
enough to show whether they are a simple statistical anomaly, caused by observational
systematics in current data or, potentially, a signature of new physics beyond the ACDM
model (see some examples in e.g. [16]). For the time being, however, we can make progress by
combining as much of the currently available data as possible, to try to address this question.

In this paper, we will focus on the case of cosmic shear alone. The clear advantage of
galaxy weak lensing over other probes is that it is largely an unbiased tracer of the matter
fluctuations, and is thus less sensitive than other observables to the detailed modelling of
complex astrophysical processes. Nevertheless, a number of observational and astrophysical
systematics must be taken into account in the analysis of cosmic shear data. On the

2https://www.lsst.org.
3https://www.euclid-ec.org/.
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observational side, reliable constraints require a careful characterisation of the redshift
distribution of the samples under analysis, as well as marginalising over the associated
uncertainties. This can be a complicated task, particularly for deep samples, in the presence
of inaccurate photometric redshifts (photo-zs) [35-43]. On the astrophysical side, the two
main systematics are the impact of intrinsic alignments (IAs), and baryonic effects. IAs
refer to the statistical alignment between intrinsic galaxy shapes, caused not by gravitational
lensing, but by local processes (gravitational or otherwise). The most popular TA models, in
order of complexity, are the Non-linear Alignment model (NLA) [44, 45], and its generalisation,
the Tidal Alignment and Tidal Torquing model (TATT) [46]. It has been shown that, due
to the lack of constraining power over these models with current data, the choice of TATT
over NLA can impact the posterior distributions by ~ 0.5¢ [47, 48]. The term “baryonic
effects” refers to all processes modifying the distribution of dark matter owing to the presence
of gas and stars. These include gas virialisation, its ejection in outflows driven by Active
Galactic Nuclei (AGN) feedback, its impact on the dark matter distribution and, to a lesser
extent, the distribution of stars. Baryonic effects may cause a suppression in the matter
power spectrum of up to ~ 30% on the scales (k > 0.3 Mpc™!) that cosmic shear data is
sensitive to. Baryonic effects have been signposted in the literature [47, 49, 50] as a potential
driver of the Ss tension, especially in the context of weak lensing.

Traditionally, a seemingly conservative way to mitigate the impact of baryonic effects has
been to remove all scales from the analysis that are significantly affected by the aforementioned
baryonic suppression. This may mean rejecting a large fraction of the data (e.g. =~ 45%
in DES-Y3 [1]). Alternatively, a model for baryonic effects may be built and marginalised
over, ideally covering all possible physically meaningful models or, at least, those allowed
by current hydrodynamical N-body simulations. In this sense, several approaches have been
proposed in the literature, ranging from purely simulation-driven methods (e.g. marginalising
over the principal components of a suite of simulations [51, 52]), to physics-based analytical
parametrisations, such as the popular HMCoODE2020 [53-55]. Any of these approaches
must be tested and calibrated against hydrodynamical simulations, to ensure that they are
sufficiently accurate over the range of scales used in the analysis. Here, we will make use
of the baryonic effects emulator implemented in Baccoemu [56-60]. The model is based on
the baryonification approach, originally proposed by [61], and based on displacing particles
in a gravity-only simulation according to a physical model of baryonic effects. Trained on
a large suite of baryonified simulations, with a model depending on 7 different baryonic
effects parameters, Baccoemu has been shown to be accurate at the ~ 1-2% level when tested
against 74 cosmological hydro simulations.

This approach was initially applied in [47] (A23 hereafter) to the analysis of the DES-Y3
data in real space, showing that the Sg tension could be reduced through a combination
of a more accurate non-linear power spectrum parametrisation, a simpler IA model (NLA
instead of TATT), and a careful treatment of baryonic effects, while employing a significantly
larger range of scales. In this paper we will extend the analysis of A23, combining the three
currently available cosmic shear datasets: DES-Y3, KiDS-1000, and HSC-DR1, reanalysed
under a common harmonic-space pipeline reaching significantly smaller scales than previous
similar studies (¢max = 4500 in our fiducial analysis). We pay particular attention to the
modelling of the non-linear regime, both the non-linear matter power spectrum, and baryonic



effects. In particular, we use Baccoemu to compute both. It is important to emphasise that,
as shown in A23, using a model more accurate than halofit has a non-negligible impact
even on relatively large scales, i.e. even when applying scale cuts. Moreover, we carefully
account for several other small-scale systematics and validate our analysis against synthetic
data vectors with known cosmology.

The paper is structured as follows: in section 2 we describe our theoretical model and
likelihood. In section 3 we introduce the different datasets used, and the methods employed
to analyse them. Section 5 presents the main findings of this work, while section 6 discusses,
in detail, the robustness of these results to various analysis choices and, in general, the
sensitivity of cosmic shear data to baryonic effects. We conclude in section 7 with a summary
of the main results and a discussion of potential future avenues for further investigation.

2 Theory model and parameter inference

2.1 Cosmic shear

The cross-correlation between the E-mode cosmic shear signal of sources in two different
redshift bins, 7 and j, can be related to the 3D matter power spectrum, Py (k, 2) by the
following expression in the Limber approximation [62],

0+1/2
X

. dx
¢ = 6 [ 000,00 Pam (£ = 22,20 ) (21)
where £ is the angular multipole, k£ the modulus of the wave vector, z is the redshift and y
the comoving radial distance. The contribution from weak lensing to the radial kernel ¢; is
the lensing kernel of the i-th bin. Assuming the validity of General Relativity, a flat Universe,
and in natural units (i.e. ¢ = 1), we can write the lensing kernel as
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where p;(z) is the sample’s redshift distribution, and a = 1/(1 + z) is the scale factor.

The prefactor

C+2)! 1

=TT r 122

(2.3)

accounts for the difference between the 3D Laplacian of the gravitational potential and the
angular Hessian of the associated lensing potential [63].

In the NLA intrinsic alignment model, in which galaxy shapes align with the local tidal
forces at linear order, IAs can be included by simply adding a contribution to the radial
kernel ¢; of the form [44, 45]:

qA,i(x) = —AIA(Z)pi(Z)*X, (2.4)

where the TA amplitude is parametrised as

142 >771A 0.01390,
1+ 2 D(z)

Aia(2) = Arao ( (2.5)



Here, D(z) is the linear growth factor normalised to D(0) = 1, and we choose the pivot
redshift zp = 0.62 (as in e.g. [45, 64]). We keep Aja ¢ and nia as free model parameters.

All theoretical calculations were carried out using the Core Cosmology Library (CCL) [65],
with the linear power spectrum generated by Baccoemu [57] or CAMB [66], when needed. By
default, the non-linear matter power spectrum was computed using the extended version of
Baccoemu from [47],* although we also quantified it using HALOFIT [67] in some cases. For
instance, when using Baccoemu we resort to HALOFIT when the parameters lie outside the
range of the emulator. However, this only happens in very few cases (less than 1% in all
fiducial cases) and does not impact our results. It is also important to note that, although
Baccoemu gives predictions of the matter power spectrum down to k = 10 h Mpc ™!, we use
it up to k = 5hMpc~! (which are small enough scales for our data), to match the scale
cut of the baryon emulator, and we use the CCL default extrapolation scheme (quadratic
spline in logarithmic space) to model the smaller scales. We show in appendix C, that this
extrapolation does not impact our results. Finally, the model used to describe baryonic
effects is outlined in section 2.2.

2.2 Baryonic effects

The distribution of baryonic matter (gas and stars) on small, halo scales is strongly affected by
complex astrophysical processes, including gas accretion, AGN and supernova feedback. These
effects, particularly the ejection of gas outside of the virial radius, can lead to a significant
suppression in the small-scale power spectrum (k ~ 1 h Mpcil), while the formation of galaxies
can lead to an enhancement on much smaller scales (k > 10 h Mpc™t). Moreover, the effect
of AGN feedback can extend to even much larger scales than those traditionally considered
safe in scale-cut-based analyses. In the most extreme scenarios allowed by cosmological

I are already significantly

hydrodynamical simulations, scales as large as k ~ 0.3 h Mpc™
affected by baryonic processes [68]. Finally, these modifications also alter the distribution of
dark matter as it adapts to the new gravitational potential. To account for these physical

effects we will explore various models.

Baryonification emulator. As our fiducial model, we employ the baryonification algorithm
implemented in [58, 69]. Baryonification (or the baryon correction model, BCM), first
introduced by [61] (ST15 hereafter), is a method to modify in post-processing the 3D matter
field given by a gravity-only N-body simulation, to take into account several baryonic processes.
Inspired by the halo model, the density profiles of the simulated haloes are perturbed
by employing analytical stellar and gas density profiles, and the particles are displaced
accordingly. The density profiles are described using a few free parameters with a clear
physical interpretation, which can be constrained using either hydrodynamical simulations or
astronomical observations. Baryonification can reproduce at per-cent level the power spectra
and bispectra of several different hydrodynamical simulations [58, 69].

4The extended version of Baccoemu has broader boundaries than the public version that encompass the
priors used here, with the exception of Qcdam + Qb. In this case the range, Qeam + Qb € [0.150.47], which
is enough to encompass more than 99% of the samples in all fiducial chains and almost all cases shown in
this work.



In this work, we employ a neural network emulator of the matter power spectrum
suppression predicted by baryonification, publicly available in Baccoemu [58]. This emulator
is accurate at 1-2% level down to k = 5hMpc ™!, and was tested fitting the power spectra of
a library of 74 hydrodynamical simulations. It features 7 free baryonic parameters: M, and
B describe the fraction of gas mass still residing in the halo (i.e. not expelled by feedback
processes), with M, the halo mass at which half of the gas mass is lost, and S the slope
of the halo mass dependence. 6i,,, Min,, and 6y, parametrise the scale dependence of the
virialised gas density profile. n characterises the distance to which gas is ejected. M . cen is
the characteristic halo mass scale for central galaxies at z = 0 (see [70] for details). Note
that, implemented this way, this parametrisation does not consider the redshift dependence
of any of its parameters. This is not necessarily a valid assumption, particularly given the
range of redshifts covered by some of our data [69]. However, given the moderate sensitivity
to baryonic effects we find, we do not expect this to have a large effect on our results.

When the parameters are outside the boundaries of Baccoemu, we need to resort to
extrapolation. In this case, we follow A23 and assign the baryon boost corresponding to the
closest cosmology within the range of the emulator, while keeping fixed the (cold) baryon
fraction (1,/(2+Qcdm)). This is a reasonable approximation since the dominant dependence
of baryonic effects on cosmology is through the cosmic baryon fraction [58, 69, 71, 72]. Finally,
the baryon emulator’s smallest scale is k = 5 h Mpc~!. As with the matter power spectrum,
in order to access the smaller scales, when needed, we extrapolate with CCL (quadratic
spline in logarithmic space). Again, we show in appendix C, that this extrapolation does
not impact our analysis.

Other parametrisations. To interpret our results, we will also employ two simpler
parametrisations of the baryonic suppression. First, we will consider the simple analyt-
ical parametrisation provided by ST15 in the context of the BCM. The model in this case
depends on three parameters: M, and 7, (analogous to the M. and n parameters described
above), and kg, the characteristic scale of the stellar component. We fix ks = 55 hMpc1,
since our data is sensitive to much larger scales that are weakly impacted by the stellar
mass distribution. It is important to note that, in contrast to the Baccoemu parametrisation,
when exploring the ST15 fitting function, we will impose top-hat priors on M, and 7 of
the form M, > 102 h~! M, and 7, < 1, approximately covering the range of parameters
for which this parametrisation was validated by ST15.

We will also explore the simple parametrisation of [49, 50] (AE hereafter). This model
parametrises the scale dependence of a generic suppression in the matter power spectrum in
terms of the difference between the linear and non-linear matter power spectra. In detail,
the suppressed non-linear power spectrum is P, = P,? + AAE(P,?IL — P,?), where P,% and
P,SIL are the gravity-only linear and non-linear power spectra, respectively, and Aag is a free
amplitude parameter (with Axg = 1 corresponding to the case with no suppression).

2.3 Likelihood

We assume a Gaussian likelihood for these measured power spectra, justified by the Central
Limit theorem on the scales used in this analysis [73]. We describe the measurements of the
angular power spectra and their covariance matrix in section 3.



Our theoretical model follows closely the analysis choices of the DESY3 analysis [1, 2, 17],
in particular the reanalysis of A23 including small scales. Table 1 collects the set of free param-
eters and priors. In all cases, we vary 6 cosmological parameters, {Qy,, 4s, b, Qp, ng, > My, }.
In addition, we assume an independent set of IA parameters {Aja,ma} for each galaxy
survey. Thus, when combining DES-Y3, KiDS-1000 and HSC-DR1, we have a total of 6 IA
free parameters. We also marginalise over the uncertainty in the calibration of the redshift
distributions by introducing a free parameter per tomographic bin, Az’ that shifts their
redshift distribution p;(z) so that p;(z) — p;(z + Az?). This has been shown to accommodate
the uncertainty in the p(z) calibration of weak lensing samples [74-76]. We use the same
priors used in the official analysis of each survey. As justified in [77], we ignore potential
statistical correlations between the redshift uncertainties of different surveys due to their
use of a common calibration sample. Similarly, we marginalise over the multiplicative shape
measurement biases of each sample, using the priors defined in the official analyses. Finally,
we introduce additional parameters to describe baryonic effects. In the fiducial case of the
Baccoemu implementation of BCM, we add the 7 extra free parameters described in sec-
tion 2.2, {logyo(Me),10g19(n),10g10(8),10819(M1,z,cen); 10810 (Ginm) 10810 (Pout ), 10810 (Minn) }.”
In principle, the BCM parameters may depend on redshift. In Baccoemu, an explicit redshift
dependence is considered only for the stellar-to-halo mass relation (log;q (M 2, cen), for more
details see [69]). We note that, however, both observations and hydrodynamical simulations
suggest such redshift dependence to be below the sensitivity of our data [69, 71, 78]. Therefore,
in our analysis, we use a fixed set of BCM parameters for all redshift bins, in line with the
DES-Y3 real space analysis of A23. In the case of the analytic BCM parametrisation of
ST15, we also vary two global parameters {log;,(M.),log;5(n)} (within a smaller range than
for Baccoemu, as described in section 2.2) and keep ks = 55 hMpc~! fixed. Finally, for the
AE parametrisation we vary a single parameter, Aag.

We sample the posterior distribution with Cobaya [79, 80|, using the Metropolis-Hasting
Markov Chain Monte Carlo (MCMC) method [81, 82]. We address the convergence with the
Gelman-Rubin parameter [83], requiring R — 1 < 0.03 in the diagonalised parameter space.5
We assess the goodness of fit by reporting and comparing the best-fit x> = —2log(Lwr,), where
Lwr1, is the Gaussian likelihood of the weak lensing data, and the corresponding probability-
to-exceed (PTE) or p-value, which, for a x? distribution, is given by p = 1 — F(x?|v). Here,
F' is the cumulative probability distribution and v the number of degrees of freedom, which
we approximate as v = Ng — 2, where Ny is the number of data points and 2 corresponds to
the parameters that weak lensing constraints best (Sg and €y,). Given the size of the data
vectors, a variation of v of order O(1) will not impact our goodness of fit assessment. We
obtain the best-fit parameters as the step in the MCMC chains with minimum x?, to avoid
running costly minimisers. Although this introduces some noise, it is a good approximation
given the typical size of our chains (O(5 x 10°) samples). For comparison, we also report
the x? corresponding to the Maximum a Posteriori (MAP), which takes into account the

5Note that here we are abusing the notation: the masses have units of (hilM@) and, therefore, we
need to divide by them to make the argument of the logarithm dimensionless. As such, log,,(M.) =
logyo(Me/(h™' M), log;(Minn) = logo(Minn/(h™" Mo)) and log(Mi,z.cen) = 10g10(Mi.z9.cen/(h ™ M)).

5We have checked that our choice of R — 1 < 0.03 instead of the more usual R — 1 < 0.01 virtually recovers
the same posteriors while significantly reducing the CPU consumption.



Cosmology Baryons (Baccoemu)
O U(0.1,0.7) logo(M.) U(9,15)
A107 U(0.5,5) logyo(n) U(—0.7,0.7)
h U(0.55,0.90) logy0(B) U(—1.0,0.7)
Qp U(0.03,0.07) logqo(M1 z.cen)  U(9,13)
ns U(0.87,1.07) log1o(finn) U(—2,-0.53)
S my [eV]  U(0.0559,0.400) | logo(Gout) U(—0.48,0)
T 0.08 logo(Minn) U(9,13.5)
Amon-Efsthatiou Schneider & Teyssier 2015
Other baryonic AAE U(0,2) logyo(M,) U(12,15)
effects models logy0(n) U(-0.7,0)
ks 55 hMpc™*
Photo-z shift Shear calibration
A0 N(0,0.018) mV N(—0.0063,0.0091)
DES-Y3 Azt N(0,0.015) m! N(—0.0198,0.0078)
A2 N(0,0.011) m? N(—0.0241,0.0076)
Az3 N(0,0.017) m3 N(—0.0369, 0.0076)
AZ° N(0,0.0106) m? N(0,0.019)
KIDS-1000 Azt N(—0.002,0.0113) | m! N(0,0.020)
Az? N(—-0.013,0.0118) | m? N(0,0.017)
Az3 N(—0.011,0.0087) | m3 N(0,0.012)
Azt N(0.006,0.0097) | m* N (0,0.010)
AZ° N(0,0.0285) mP N(0,0.01)
HSC-DR1 Azt N(0,0.0135) m! N(0,0.01)
Az? N(0,0.0383) m? N(0,0.01)
Az N(0,0.0376) m3 N(0,0.01)
Intrinsic Alignments
All surveys Ara U(-5,5) A U(-5,5)

Table 1. Free parameters and prior distributions. U(a,b) stands for an uniform distribution with
boundaries a and b and N(u, o) for a Normal distribution centred at the mean u and with variance
o. For the photo-z shifts we are neglecting any correlation between redshift bins. We consider an
independent set of IA parameters for each survey.



effect of priors, in table 2. As with the best-fit x2, we estimate it from the chain directly.
Although we discuss the results in terms of the best-fit x2, the conclusions would remain the
same provided we had used the MAP. Finally, we consider a good fit to the data anything
with 0.05 < p < 0.95, corresponding to a 20 region for a Gaussian distribution.

3 Data

3.1 Stage-3 weak lensing surveys

We analyse data from three publicly available weak lensing surveys: DES-Y3, KiDS-1000, and
HSC-DR1. Starting from the public catalogues, we process all data following the same steps
(or as similar as possible), to ensure a self-consistent analysis under the same assumptions.
The left panel in figure 1 shows the redshift distributions of the three different surveys
(split into 4 redshift bins for DES-Y3 and HSC-DR1, and 5 bins for KiDS-1000). The
bottom sub-panel shows the associated lensing kernels. It is interesting to note that the
lensing kernels of the DES-Y3 bins resemble those of bins 2-5 in the KiDS-1000 sample.
Thus, both surveys are sensitive to largely the same range of redshifts. In turn, HSC is
markedly deeper, and will thus allow us to explore the impact of baryonic effects at higher
redshifts. The left panels show the angular footprint of the three surveys and the regions
we cut out around them when combining their data. The rest of this section provides a
brief description of each sample (further details can be found in the original papers), as
well as any specific analysis choices made.

DES-Y3. The Dark Energy Survey is a photometric survey that has observed about 5000 deg?
in 6 years of observations [84-86] in 5 filter bands (grizY’). The observations were taken from
the Cerro Tololo Inter-American Observatory (CTIO) with the 4m Blanco Telescope, using
the 570-Mpix Dark Energy Camera (DECam [87]). In this work, we use the publicly available
weak lensing cosmology catalogues from 3 years of observations” [88]. This catalogue contains
100,204,026 galaxies over an effective area of 4143 deg? and a weighted number density of
negt = 5.59 gal/arcmin®. We closely follow [88] in the production of the cosmic shear maps. In
particular, we divide the sample into four broad tomographic bins in the range z,, € [0, 1.5],
with roughly the same number of objects. We also use the official redshift distributions
for each of these bins [89]. In each bin, we remove the mean ellipticity and correct for
the multiplicative bias. We estimate the later es prescribed for METACALIBRATION; i.e. by
measuring the response tensor R and making the approximation (1 +m) = (Ry1 + Ra2)/2,
as described in [88]. We verified that, using the power spectrum pipeline described in
section 3.2, we are able to reproduce the official harmonic-space data vector from [17] at
high accuracy (see figure 18).

KiDS-1000. The Kilo-Degree Survey (KiDS) is an optical survey that has mapped 1350 deg?
in four bands, ugri, using the VLT Survey Telescope (VST), in the ESO Paranal Observatory.
We use data from the Gold Sample, made available with the public Data Release 4 (DR4)® [90],
which comprises a selection of galaxies with reliable shapes and redshift distributions [90, 91].

Thttps://des.ncsa.illinois.edu/releases/y3a2,/ Y 3key-catalogs.
Shttps://kids.strw.leidenuniv.nl/DR4/KiDS-1000_ shearcatalogue.php.
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Figure 1. Top left: DES-Y3, KiDS-1000 and HSC-DR1 footprints. Bottom left: Same but with the
overlapping areas removed. This is done when combining them to avoid modelling the covariance
between the different surveys. We leave about 1 arcmin of separation between the different footprints.
Right: Redshift distributions for the different weak lensing samples considered in this work. In the
bottom panel, we show the associated lensing kernels (eq. (2.2)).

The Gold Sample includes galaxy images and forced photometry from the VIKINGS survey
in five additional bands, covering 1006 deg?, before masking (777.4deg? after masking).
Following the official analysis of [7], we split the sample into 5 tomographic bins, with
each galaxy being assigned by its best-fitting photometric redshift. We use the official
redshift distributions provided with the DR4, obtained with the self-organising map (SOMPZ)
method [36, 92]. In each bin, we remove any residual mean ellipticity [91], and correct for
the multiplicative biases from table 1 of [7], which were obtained using image simulations.
The maps are built as in section 3.2, assigning the lensfit weights to each galaxy.

HSC-DR1. The Hyper Suprime-Cam Subaru Strategic Program (HSC SSP) is a wide-field
imaging survey that will cover 1000 deg? in five filter bands (grizy). We use the publicly
available data from the first Data Release (HSC-DR1)? of the Wide layer, covering ~ 108 deg?
and with a limiting magnitude my;,, = 26.4 and median i-band seeing of ~ 0.6”. We follow [93]
and select the cosmic shear sample imposing a magnitude limit my,, = 24.5. We then divide
the sample into four tomographic bins with edges [0.3,0.6,0.9,1.2, 1.5] assigning each galaxy
using the Ephor_AB method photo-z. We use the official redshift distributions from [74],
calibrated with the high-quality photometric galaxies from the COSMOS 30-band photometric

“https:/ /hsc-release.mtk.nao.ac.jp/doc/.
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catalogue [94] using the direct calibration (DIR) method [35] with weights obtained with
SOM. Further details can also be found in [9, 77]. From figure 1, it is clear that HSC-DR1 is
deeper than the other two weak lensing surveys. Furthermore, it is interesting to note how
the kernel of the first bin does not go to 0 until z ~ 3. This is a consequence of the high
redshift (z ~ 3.5) bump on the tail of the redshift distribution for this particular bin and
makes the lensing kernel receive non-negligible contributions from high-z.

3.2 Pseudo-C; pipeline

The procedure used to process the shear catalogues and estimate their power spectra follows
closely the methodology described in [9].

We start by generating shear maps <, by averaging ellipticities of all galaxies within
each pixel p:

Ziep wie;

Sy wi (3.1)

Tp =
where w; is the weight of the i-th galaxy. Second, we build the mask w), as the weighted
number count in each pixel

wy = Zwi. (3.2)

1€Ep

From these maps, we estimate the cosmic shear angular power spectrum, accounting for
the mode coupling caused by the presence of the mask, with the pseudo-C; method, as
implemented in NaMaster [95]. The details can be found in [9]. The bias to the shear
auto-correlations caused by shape noise is estimated analytically as described in [9] and
subtracted from the data vector.

We consider three different contributions to the power spectrum covariance matrix [96]:
the “Gaussian” covariance, corresponding to the fully disconnected component of the matter
overdensity trispectrum, the Super-Sample covariance (SSC), sourced by the coupling of
observed modes with modes larger than the survey footprint via the connected trispectrum
in the squeezed limit, and the connected non-Gaussian covariance (cNG), caused by all
remaining contributions to the connected trispectrum. The largest contribution to the power
spectrum covariance, particularly in the presence of significant shape noise, comes from the
Gaussian component [73, 97]. We calculate this component using analytical methods (see
e.g. [98, 99]), specifically the improved Narrow Kernel Approximation (NKA) of [9]. In doing
so, we assume all fields to be spin-0 quantities (i.e. we treat the E- and B-mode components
as uncorrelated scalar fields at the map level), which has been shown to provide a better
estimate of the Gaussian covariance than naively accounting for the spin-2 nature of cosmic
shear in the NKA [98]. In the Gaussian covariance estimator we make use of the mode-coupled
angular power spectra directly measured from the data (see eq. (2.36) of [9]), containing both
signal and noise. This allows us to avoid any possible modelling inaccuracies of the signal and
noise on small scales. The next leading contribution is the SSC, which we estimate using the
halo model as described in [100]. More in detail, we compute the variance of the projected
linear density field, 0%, using the angular power spectrum of the masks involved. Finally, we
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neglect the cNG component for DES-Y3 and KiDS-1000 since its effect is negligible for all
the scales and noise levels of the data used in this work [96]. However, as a safety measure,
given the smaller sky area covered by HSC-DR1, we also include the cNG term for it.

All maps are constructed using a HEALPix!? [101] pixelisation with Ngqe = 4096, cor-
responding to a resolution of §6 ~ 0.85". The smallest scale that is reliably accessible in
this case is fax = 2Ng4e = 8192, corresponding to ~ 1.3’. In our analysis, we will use a
fiducial scale cut of £, = 4500, corresponding to scales 60 ~ 2.4’, in order to approximately
match the scales over which the real-space shear correlation functions measured by DES-Y3
were found to be robust against contamination from e.g. PSF systematics [88]. We will also
provide results for .« = 1000, closer to the typical conservative scale cuts used in previous
analyses (e.g. [7, 17, 102]), and nax = 2048, to study the impact of baryonic effects on other
previous, less conservative analyses (e.g. [27, 74]). On large scales, we use the following
cuts: although the official harmonic space analysis of DES-Y3 does not set a large scale
cut [17], we set £min = 20 in order to remove the first bandpower, for which our analytical
covariances are usually unreliable. We use £y, = 100 for KiDS-1000, following [7, 18],
and i, = 300 for HSC-DRI, as in the official analysis [74]. We bin the measured power
spectra into bandpowers using the following scheme for DES-Y3 and KiDS-1000: bins with
constant linear width A¢ = 30 in the range of 0 < ¢ < 240, and logarithmic down to
¢ = 3Nside — 1 = 12,287 with Alog;y(¢) = 0.055. For HSC-DR1, we use the data from [9],
which is binned as shown in table 2 therein.

3.3 Angular power spectrum measurements

The measured angular power spectra are displayed in appendix F for the different cases
studied in this work. For DES-Y3 and KiDS-1000, we apply the pseudo-Cy method directly
to the full cosmic shear maps, given their wide coverage. In the case of HSC-DR1, we
use the data from [9] which was computed independently in each patch, using the flat-sky
approximation (given their small footprint), and then co-added afterwards. When combining
the different surveys we take a “layer cake” approach, following [48, 103], removing the patches
of the deeper survey from the fainter one. E.g. when combining DES-Y3 and KiDS-1000,
we remove the KiDS-1000 patches from the DES-Y3 footprint. Similarly, when combining
DES-Y3, KiDS-1000 and HSC-DR1, we remove the HSC-DR1 patches from DES-Y3 and
KiDS-1000. When removing a given patch, we also cut out a narrow strip approximately
~ 1-2'-wide from the most exterior pixels in the footprint of the fainter survey to further
reduce the spatial correlation between both samples (which we further validated by ensuring
that the cross-survey correlations are compatible with zero). The resulting set of combined
footprints is displayed in the bottom left panel of figure 1. Note that, unlike in [48], we
remove these patches at the map level by masking the overlapping areas and, therefore,
the METACALIBRATION response tensors and the mean shear are not recomputed. We
verified that this approximation does not affect the final cosmological constraints. Once
this is done we assume that each survey is uncorrelated with the others (i.e. the covariance
matrix of the combination of power spectra from different surveys is block-diagonal). This
approximation was tested in [48], for the case of the DES-Y3 and KiDS-1000 combination,

Yhttp:/ /healpix.sourceforge.net.
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with lognormal simulations. Note, however, that, as discussed in [77], the use of the same
training sample in the calibration of the redshift distributions introduces correlations between
different, otherwise independent, data sets. Fortunately, these correlations were shown to
have a negligible impact on the posterior distributions and we, therefore, neglect them in
this analysis. Finally, since the cosmic shear signal is dominated by E-modes, we treat any
positive detection of B-modes as a signature of possible systematics. We find no evidence
of B-modes at more than 20 (p > 0.05) in all cross-correlations up to the smallest scale
explored in this work (£may = 8192) except for C,”* of DES-Y3 (p = 0.03), C;* of KiDS-1000
(p = 0.03) and C'?’Z of HSC-DR1 (p = 0.02). This small number is compatible with the
look-elsewhere effect and, in fact, a Kolmogorov-Smirnov test on the full set of x? from all
possible spectra with respect to a x? distribution returns p = 0.99,0.46,0.58 for DES-Y3,
KiDS-1000 and HSC-DR1, respectively. Therefore, we conclude that we have no significant
evidence of B-modes in any of the three samples.

Before carrying out the cosmological analysis, it is worth comparing the constraining
power of the different surveys on different scales. Figure 2 shows the cumulative signal-to-noise
ratio (SNR) as a function of scale cut for each survey and combination of them. We clearly
see that, given its significantly larger area, DES-Y3 dominates the SNR and will drive the
overall constraining power. However, it is interesting to see that, while the SNR for DES-Y3
and KiDS-1000 saturates around ¢ = 2000, HSC, being a deeper survey, gains significant
constraining power going to smaller scales. This is easier to see in the right panel of the same
figure, where the SNR curves are normalised at £y, = 450. It is also important to highlight
that our survey-overlap-removal strategy to avoid having to compute the covariance between
the three data sets does not significantly impact the SNR (and hence the corresponding
cosmological constraints), for both DES-Y3 and KiDS-1000. Finally, by combining all three
surveys we gain a ~ 20% increase on the SNR (at £pax = 4500) with respect to DES-Y3 alone.

4 Comparison with official results

In this section we assess the compatibility of our results with the official analyses of DES-Y3
and KiDS-1000. The comparison with the HSC-DR1 results was carried out in [9, 77]. Note
that, although we have tried to match the analysis choices of the official analyses where
possible, we have not been able to match every choice (e.g.: real vs. harmonic space, choice
of samplers, sampled parameters, scale cuts, matter power spectrum modelling, etc.).

DES-Y3. This is, to our knowledge, the first independent reanalysis of the publicly available
DES-Y3 at the catalogue level. We find negligible differences between the power spectra
obtained with our pipeline and the official bandpowers of [17] (see figure 18). The two main
differences between our measurements and the official ones are: first, we only account for
the Gaussian and SSC contributions to the covariance matrix, whereas [17] also includes
the connected non-Gaussian covariance. As shown in [96], this is a good approximation for
cosmic shear data, and should not impact the final results. Furthermore, we remove the large
scales (¢ < 20), where the NKA has been shown to lose accuracy. Secondly, in order to go to
smaller scales, we use a higher resolution map (Ngige = 4096) to reanalyse the data. This
allows us to go to scales as small as £ = 2Ngq. = 8192. As a consequence, we also use a
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Figure 2. Signal-to-noise ratio for each studied case. In the left panel, we see that the SNR is
dominated by DES-Y3, with a small increase when combined with KiDS-1000. In the right panel, we
show the SNR normalised to ¢ = 450 and see that the SNR of HSC, as deeper survey, increases more
than in the other shallower surveys at smaller scales. The vertical gray lines show different scale cuts
used in the analysis (note that £,,,x = 8192 was also used).

different /-binning, as shown in figure 15 and discussed in section 3.2, more appropriate to
the range of scales covered. In order to assess the impact of these differences at the level of
the cosmological parameter constraints we compare our results applying similar scale cuts as
those from the official analysis [17]. The difference in binning and resolution means that the
scale cuts cannot be exactly the same. The result can be seen in figure 3, where we find a
good agreement with the official analysis. Interestingly, we find a better agreement using
the non-linear matter power spectrum from Baccoemu (0.2¢ shift) than HALOFIT (0.40).
This may be a consequence of the different effective scales probed, or of the different binning
schemes (which may have different sensitivity to the detailed scale dependence of the Cy).
The shift between Baccoemu and HALOFIT is compatible with the findings of [47, 48]: a
more precise model of the non-linear power spectrum leads to an upwards shift in Sg.

KiDS-1000. As with DES-Y3, we reanalyse KiDS-1000 at the catalogue level. A similar
reanalysis was carried out in [27]. The main change with respect to that work is our inclusion
of the SSC contribution to the covariance matrix. It was shown in [106], that the pseudo-Cy
estimator used here, as implemented in NaMaster, is able to recover the official bandpower
measurements of [7] at high accuracy. As shown in the central panel of figure 3 we obtain
cosmological constraints that are in reasonable agreement with the official analysis of [7],
despite sampling in different parameters, using a different IA model, and different binning
and scale cuts. The main difference comes from a looser Sg, which is caused by using a
more general IA model, including the time dependence of the IA amplitude (see eq. (2.5)).
This effect has been shown in previous works [27, 48, 107]. Since the official analysis used
lmax = 1500, we also check that we recover compatible results with £y, = 2048 (not shown
in figure 3 for clarity but in equally good agreement).
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Figure 3. Cosmological parameters posterior distributions (68% and 95% C.L. regions) for DES-Y3
(left), KiDS-1000 (center) and their combination (right). Black contours show the results from the
official analyses, while the results found with our pipeline are shown as coloured lines. The choice of
statistic used in the official analyses is shown in the legend (Cy, correlation functions &, and COSEBIs
E,). Left panel: in the case of DES-Y3 we find good agreement when we use the Baccoemu matter
power spectrum (or HALOFIT for a model closer to the official analysis) without accounting for
baryonic effects, once we apply scale cuts similar to those in [17]. The shift apparent for HALOFIT
is likely due to the different effective scales probed: the different binning makes the scale cuts slightly
different. This shift is then partially corrected by using the more accurate non-linear matter power
spectrum of Baccoemu, which is known to shift Ss to higher values [47, 48]. Centre: our pipeline
returns results that are compatible with the KiDS-1000 analysis of [7]. We compare the results with
lmax = 1000 (note that the constraints with £,,x = 2048 are virtually the same) in comparison with
the official .« = 1500. We find reasonable agreement despite the different sampled parameters and
priors, IA modelling, binning and scale cuts. Right panel: we compare our results for the combination
of DES-Y3 and KiDS-1000 with the official analysis from [48], using real-space correlations and
COSEBIs. The Hybrid constraints are obtained using HMC0ODE2020 and sampling the parameters
of the Hybrid analysis of [48], with their priors. The parameter shifts are compatible with the known
discrepancies between real and harmonic-space analyses [104, 105].

DES-Y3 + KiDS-1000. Finally, we compare our reanalysis of the combined DES-Y3 and
KiDS-1000 data sets with the official result of [48]. As shown in figure 3, using the fiducial
modelling of this paper (i.e. Baccoemu non-linear matter power spectrum and BCM baryonic
feedback) we obtain constraints that are in good agreement with the official ones, albeit with
a mild shift on Sg of about 0.60. Differences are expected due to several different analysis
choices. First and most notably, we use different summary statistics: we reanalyze both
DES-Y3 and KiDS-1000 in harmonic space, whereas [48] keeps the fiducial summary statistics
of each survey (real space for DES-Y3 and COSEBIs for KiDS-1000). We follow the same
procedure to avoid accounting for the cross-correlation between DES-Y3 and KiDS-1000 data
sets by removing the overlapping areas of KiDS-1000 from DES-Y3. This difference in the
chosen summary statistics means that we cannot exactly match the scale cuts. Instead, we
use {max = 1000 for this comparison as an approximate scale cut, similar to those used in [48].
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The second major difference is the modelling of the matter power spectrum and baryon
effects. Whereas [48] used HMCODE2020 for both the non-linear matter power spectrum and
baryonic feedback, we use Baccoemu. HMCODE2020 is in agreement with several emulators,
including Baccoemu and EuclidEmulator [108, 109], at < 2.5% down to k < 10 hMpc ™! [55],
whereas the agreement between Baccoemu and EuclidEmulator is at the 1% level [109]. In
this work, we employ the version of Baccoemu first used in A23, which features a much larger
cosmological volume thanks to an additional suite of simulations. Therefore, one would not
expect large differences in the parameter posterior distributions due to the modelling of the
non-linear power spectrum. On the other hand, HMCoDE2020 models baryonic effects with
a single parameter Tagn, calibrated against the BAHAMAS suite of simulations [55]. Within
HMCo0DE2020, changes in Tagn are mapped onto changes on several parameters of the halo
model sensitive to baryonic feedback. Instead, Baccoemu models baryonic effects with 7 free
parameters, linked to physical properties of the gas as explained in section 2.2. This allows
for additional freedom in the model that may not be captured by the single parameter ThgN-.
Apart from the different parameters for the baryonic effects model, both analyses diverge on
the choice of cosmological parameters to sample over. In [48], the sampled parameters are
{Ss, h, wc, wy, ns, my }, whereas in our analysis we sample over {Qy,, Ag, h, Qp, ng, > my}. The
fact that we also marginalise over the multiplicative biases of KiDS-1000 at the likelihood
level is not expected to significantly impact our results, given their tight priors. As discussed
in e.g. [48], the different choices of sampled cosmological parameters can produce noticeable
changes in the posterior distribution. Ultimately, it is worth noting that the parameter
shifts we observe are in agreement with the known discrepancies between real and harmonic
space analyses (e.g. see [104, 105]). In order to quantify this further, we show in figure 3 the
results obtained using HMCoODE2020, while sampling the parameters, with their priors, of
the Hybrid analysis of [48]: the constraints are in agreement with the official ones albeit a
0.30 shift on Sg and a 0.8 shift on €2,,. The extension to lower €2, respect to our fiducial
result, which lies between both results, is due to the effective change of priors when sampling
our set of parameters, or those from [48]. This means that the data is still not precise enough
to be insensitive to the choice of priors. In conclusion, the differences seen between our
analysis and the official ones are consistent with the different modeling, sampled parameters
and, mainly, the different statistics used.

5 Fiducial results

We now present the results of our fiducial analysis, which makes use of our angular power
spectrum measurements up to fmax = 4500. This choice is motivated by attempting to
match the smallest angle used in the real space analysis of A23, O, = 2.5, using the
approximate relation fyax = 7/0min. As we will discuss later in this section (and as shown in
appendix D), this is not necessarily a good approximation: a real-space cut at scale 6, contains
information about harmonic scales beyond ¢ = 7/6, and vice-versa. Nevertheless, although
our measurements are reliable up to £y.x = 8192, we choose a more conservative scale cut to
avoid, in as much as possible, real-space scales over which PSF systematics have been reported
in DES-Y3 [88]. We will study the robustness of our results to this choice in section 6.1.
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Figure 4. Cosmological constraints in the (Ss, Q) plane (68% and 95% C.L. regions) obtained
with our fiducial scale cut fy,,x = 4500. Left panel: constraints from DES-Y3, KiDS-1000, HSC-
DR1, DES-Y3 +KiDS-1000 and DES-Y3 +KiDS-1000 +HSC-DR1, using Baccoemu matter power
spectrum and modelling baryonic effects. The final constraints on Sg are very similar to those found
by DES-Y3, since it dominates the overall SNR. Right panel: constraints from the combination of all
data sets with and without modelling baryonic effects. In both panels, the results from Planck (T'T,
TE, EE+lowE+lensing, [15]) are shown in black. The inclusion of baryons broadens the posterior
distribution of Sg, allowing it to take larger values, and thus reducing the level of tension with Planck
to 1.80. However, we recover a value of €, that is in tension with Planck at the ~ 30 level. This
trend is not associated with any particular survey, and only arises from the combination of all of them
(especially after HSC-DR1 has been added to DES-Y3 and KiDS-1000).

Figure 4 shows the posterior distribution in the Ss—{, plane, the parameters weak
lensing is most sensitive to. We find that the constraints found from different surveys are
in reasonable agreement with one another. Their combination leads to an improvement in
the uncertainty on Sg by a factor 0.1, 0.4, and 0.5, for DES-Y3, KiDS-1000, and HSC-DR1,
respectively. In turn, the improvement factor for ), is 0.4 for DES-Y3, and 0.5 for both
KiDS-1000 and HSC-DR1. As expected, given our discussion of the SNR (see figure 2), the
constraints are mainly driven by DES-Y3, particularly in the case of Sg. On the other hand,
we see that the constraint on €2, gets significantly tighter when combining our datasets.
Overall, we find that ACDM is an excellent fit to our data, with x? = 312 (Nq = 300,
p = 0.28) for DES-Y3, x? = 403 (Ngq = 420, p = 0.69) for KiDS-1000, x? = 105 (N4 = 100,
p = 0.31) for HSC-DR1 and x? = 841 (N4 = 820, p = 0.28) for the combination of all probes.

Constraints on Sg. The right panel of figure 4 shows the posterior constraints on Sg and
Qm plane obtained in our fiducial case (burgundy) and when completely ignoring baryonic
effects (blue), compared to the CMB results from Planck, with varying neutrino mass [15]
(black). In our fiducial case, we infer Sg = 0.79575:012, lower than the Planck value but in
statistical agreement (ASg = 1.80,''). When ignoring baryonic effects, we obtain instead
0.787 £ 0.011, lower than Planck at 2.60. Marginalising over baryonic effects with the BCM

"We define the parameter shifts and tensions based on their mean posterior value and assuming the
distributions to be Gaussian and uncorrelated. Hence we calculate AX[o] = ((Xa) — (X)) /\/0% 4 + 0% 5>
for a given parameter X in the cases A and B.
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model as implemented in Baccoemu produces a 0.40 upwards shift in the posterior mean of Sg,
accompanied by a ~ 30% broadening of the uncertainties. Both conspire towards improving
the agreement with Planck. As discussed in [47], the Sg tension is also alleviated by the use
of a more accurate model of the non-linear matter power spectrum than HALOFIT.

Constraint on €2,,. As shown in the left panel of figure 4, the three cosmic shear datasets
used here recover constraints on €2, that, while not individually in tension with Planck, lie
consistently below the CMB measurements. Combining all three surveys thus dramatically
reduces the upper bound on €1y, and we infer Q,, = 0.212f8:8§g, lower than the Planck value
by 3.50 (in this case, slightly enhanced by the inclusion of baryonic effects). Importantly, this
is not driven by a single survey, but emerges from the combination of all of them. We have
verified that this tension is driven by the data, and not caused by measurement systematics
(e.g. pixelisation effects), residual stochastic noise in the power spectra, or projection effects
due to the lack of constraining power over {),. In particular, using a BBN prior on this
parameter does not alleviate the tension. It is worth noting that, interestingly, we find that
the uncertainty on €, depends on the location of its best fit value in the (Sg, {y,) plane. As
shown in appendix B, analysing a mock dataset centred at our best-fit parameters leads to
constraints on Q, that are ~ 30% tighter than those found for data centred at the Planck
cosmology (using the same covariance as our data in both cases).

In order to further investigate this potential 2, tension, we study our constraints in
different parameter spaces. In particular, following the rationale in [110], we avoid the
use of parameters whose definition depends on the value of the Hubble constant h, using
wm = Qmh?, and Sio = 012(wm/0.14)%4, where 019 is the standard deviation of the linear
matter overdensity on spheres of radius R = 12Mpc (note the “non-h” units). Although
cosmic shear data can obtain tight constraints on the overall amplitude of matter fluctuations,
they are weakly sensitive to the current expansion rate h. Thus, as discussed in [110], the
marginalisation over the unconstrained h mixes the value of og corresponding to a wide range
of physical radii (since og is defined in terms of spheres of constant radius in units of Mpch™1).
Within our prior on h, a scale of 8 Mpc h~! corresponds to radii from ~ 9 to ~ 15Mpec. In the
case of Planck, which is able to obtain tight constraints on h (h = 0.6736 & 0.0054), the radii
are much better defined Rg = 11.88 £ 0.095 Mpc. The results are shown in figure 5, with the
left and right panels showing the constraints in the (Ss, Q) and (Si2,wm) planes, respectively.
We find that, in the (S12,wm) plane, our constraints are in good agreement with Planck.
Overlaid on our fiducial constraints and those from Planck we show the constraints obtained
imposing a prior on h using the Planck measurement (yellow), and the local measurement
from SHOES [14] (h = 0.7304 4 0.0104, blue). Focusing on the right panel, we can see that
our constraints in the (S12,wn) plane improve dramatically in the presence of an h prior.
Interestingly, as was pointed out in [110, 111], using the Planck prior on h we recover again
the tension with Planck, whereas using the SHOES prior restores the concordance with Planck.
A similar result was also observed in [24]. Thus, as discussed in [110, 111], tensions in the
(Ss, Q) plane can seemingly be recast in terms of the Hy tension. It is worth noting, however,
that the fit to the data is still good in both cases with a y? = 842.1 (Ngq = 820, p = 0.27)
with Planck’s prior, and x? = 841.6 (Nq = 820, p = 0.28), with SHOES’ prior. These values
are only mildly higher than the fiducial result (y? = 841.1).
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Figure 5. Posterior distributions in the (Sg, ) (left) and (Si2,wn) (right) planes obtained with
the fiducial scale cut £ = 4500, and including different external priors (see main text for details).

To further examine the dependence of our results on external priors constraining the
background evolution (or, in particular, the distance-redshift relation), we repeated our
analysis including the Baryon Acoustic Oscillation measurements of the Sloan Digital Sky
Survey (SDSS) DR16 [112, 113], which are sensitive to Oy, and h in a different combination,
and thus intersect the (Sg, Qm, h) and (S12,wm, k) hyperplanes in a different direction to the
h-priors. The results are shown as green dashed lines in figure 5. The BAO prior shifts the
value of €y, towards Planck, reducing the level of tension to 2.80. This is done without
worsening the fit to the weak lensing data. The (non-reduced) x? value for the weak lensing
data vector grows only by Ax? = 0.3, with a negligible decrease in the associated p-value of
Ap = 0.002. The BAO prior also retains the good agreement with Planck in the (Si2,wm)
plane (left panel of figure 5). This highlights that the tension we see in ,, although
quantified at 3.50, may be caused by a prior volume effect. To better quantify the relevance
of this tension, taking into account the full multi-dimensional posterior distribution and not
only the Qy,, 1D-projection, we compute the “suspiciousness” metric, defined in [114, 115].
The result, log(S) = —3.9, corresponds to a 2 — 30 tension between the weak lensing and
Planck data sets depending on the method used to estimate the dimensionality of the model
(see appendix E for details). As before, this points towards a better agreement between weak
lensing and Planck data than is apparent from the €, plane.

Constraints on baryonic effects. We exploit Baccoemu to provide independent constraints
on the strength of baryonic effects using our weak lensing datasets. In figure 6 we show both
the posterior distribution of log;(M.), the only BCM parameter that our data can constrain,
and the constraint on the baryonic boost, Si, defined as the ratio between matter power
spectrum including baryonic physics and the gravity-only one. We find log,y(M.) ~ 14 when
combining all probes.'? As expected, DES-Y3 is the most constraining survey and drives the
final constraints. Importantly, the three surveys yield compatible results, with KiDS-1000 and

2Gince log,,(M,) is widely prior dominated, the mean and error are not very informative. Instead, we
report the approximate value of their posterior distribution maximum.
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Figure 6. Left. Constraints on the log;y(M.) BCM parameters from different combinations of data
sets. Right. Reconstruction of the baryonic boost (1o level). We compare our results (brown) to those
obtained in [47] (black) using our same modelling but with DES-Y3 real space correlation functions
and results from some of the main hydrosimulations (dashed lines) as fitted by [58]. The lack of
strong preference for the modelling of baryonic effects translates here into a Sy compatible with 1 (see
table 3). It is worth mentioning here that our results are mostly driven by DES-Y3 only.

DES-Y3 peaking on roughly the same log;y(M,). Interestingly, HSC-DRI1 prefers a slightly
higher value of log; (M, ), and therefore more baryonic feedback, than KiDS-1000 and DES-Y3.
HSC-DRI1 is a deeper survey and is thus more sensitive to higher redshifts and smaller scales,
which explains the different sensitivity to baryonic effects. Alternatively, it could also be
that higher redshift data prefer a different value of log, (M), as seen e.g. in [69]. The BCM
parametrisation used here will not be able to fully capture this evolution, but the impact on
the final constraints should be negligible, given the mild sensitivity to baryonic effects and
the overall dominance of DES-Y3 on the final constraints. Finally, the HSC-DR1 posterior is
in good agreement with the DES-Y3 real-space analysis of A23 (logyo(M.) = 14.3870:%8 see
also [116]), whereas our fiducial log;y(M.), driven by KiDS-1000 and DES-Y3 is lower but
still statistically compatible. For our fiducial scale cuts, our constraining power is limited
and we do not see a clear departure from S; = 1 (i.e. no baryon suppression), in contrast
to A23. At k = 2.5Mpc~! we find Sj, = O.980J_r8:8%. This lack of clear support for a larger
baryon suppression is in agreement with the negligible change in the best fit x? with and
without baryonic effects: Ax? = —0.3, out of a x? ~ 841 (Ngq = 820, p = 0.3). This is also
evident in figures 15, 16, and 17, where we show the best-fit angular power spectra obtained
with and without baryonic effects, along with the data for each survey.

In the right panel of figure 6, we compare the baryonic boost we infer from data with the
one predicted by several cosmological hydrodynamical simulations. Given our constraining
power, we find good agreement with most simulations, except those predicting extreme
levels of baryonic suppression. Simulations that predict weaker baryonic effects, such as
EAGLE [117, 118] or lustris TNG-300 [119-123] all lie within our 68% bounds. Simulations
with stronger AGN feedback, such as BAHAMAS [124, 125], and OWLS [68, 126], lie between
the 68% and 95% bounds of our constraints on scales & > 1 Mpc~!. Finally, simulations with
extreme levels of baryonic suppression, such as Illustris [127], which predict a 30% suppression
at k ~ 2Mpc~!, are more clearly ruled out by our data.
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As mentioned above, the baryonic suppression we find here is weaker than that obtained
in A23 using DES-Y3 correlation functions, raising questions about the compatibility of
both analyses. In order to assess the compatibility, and make sure both pipelines are in
agreement, we check that A23 best fit is a good fit to our DES-Y3 harmonic space data,
and that our fiducial best fit for DES-Y3 is a good fit to A23 real space data, using each
pipeline respectively. Specifically, using the best fit model obtained in A23, we find that
the fit to the harmonic space data with our pipeline gives x? = 323 (Ngq = 300, p = 0.15)
and, therefore, is a good fit. Similarly, the A23 pipeline, using correlation functions, obtains
X% = 419 (N4 = 400, p = 0.22) with our DES-Y3 best fit parameters, also a good fit. It is a
good sign, however, that in both cases, each statistic still prefers its respective best-fitting
model: x? = 312 (Ngq = 300, p = 0.28) with our pipeline and harmonic space, and x? = 414
(Ng = 400, p = 0.27) with A23 pipeline and in real space. Second, we have checked that
both pipelines produce angular power spectra that deviate less than 1o; i.e. always fully
compatible within the data uncertainties, with the largest deviation coming from small scales,
where the matter power spectrum is extrapolated in different ways and the errors of the
measurements are quite large. The difference must then come from the difference between
angular power spectra and correlation functions. In fact, as warned at the beginning of this
section, we see in figure 14 that, indeed, our scale cut ¢p,,x = 4500 corresponds to a larger
scale than the one the correlation function £_ is sensitive to at # = 2.5'. However, we see
that, given the size of the error bars of £_(2.5"), the difference in scales might not be the
only reason. We leave for future work a systematic study of the differences between real-
and harmonic-space measurements that might cause the different sensitivity to baryonic
effects. We thus conclude that this is likely due to the different sensitivity of real- and
harmonic-space measurements to different scales, and is similar in nature to the cosmological
parameter shifts observed discussed in section 4

Finally, we report here the value of our best fit parameters with x? = 841 (Nq = 820,
p = 0.28):

« Cosmological parameters: A, =4.93 x 1079, Q,, = 0.186, Q, = 0.0514, h = 0.851,
ns = 1.058, Y- m, = 0.061 eV, with derived parameters og = 1.029 and o12 = 0.880.

o Baryon parameters: log;,(M.) = 13.35, log;o(n) = 0.0446, log,o(5) = —0.0388,
loglo(MLchen) = 1019, loglo(einn) = —1450, ].Oglo(aout) = 03197 loglo(Mjnn) = 12.80.

e Multiplicative biases: mPF5Y3 = {-0.0014, —0.0125, —0.0280, —0.0458}, mKiDS-1000 —
{-0.0290,0.0047,0.0178, —0.0148,0.0028}, mHSC—PRL — 10,0151, 0.0084, 0.0018,0.0103}

« Redshift shifts: AzPPSY3 = [-0.0063, -0.0100, —0.0077,0.0066}, AzKiDS-1000 —
{-0.0231,0.0250, —0.0174, —0.0288, —0.00422} and AzHSC—PRL — £0.00982,0.00880,
0.0944,0.0127}

o Intrinsic Alignments: {Aja,na} = {—0.709,4.480} for DES-Y3, {1.052,2.733} for
KiDS-1000 and {0.469, —0.987} for HSC-DR1.

Summary. In summary, we provide the first cosmological constraints from the combination
of DES-Y3, KiDS-1000 and HSC-DR1, down to £, = 4500, with a careful modelling of
baryonic effects. This results in Sg = 0.79570:01%, Q, = 0.21270017 and logo(M.) ~ 14.
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The resulting Sg constraints are compatible with Planck within 1.8c, but we find an apparent
tension in €, at the 3.50 level. This tension is alleviated by introducing priors on the
background expansion (e.g. from BAO data) without worsening the fit to the weak lensing
data. Furthermore, we show that the tension disappears in the (S12,wn) space, and may
instead be recast in terms of an Hy tension. Through a joint analysis with Planck, we measure
the suspiciousness of our results to be log(S) = —3.9, corresponding to a statistical tension
at the level of 2-30. Finally, we do not find strong evidence of baryonic suppression on the
scales probed when marginalising over both cosmology and baryonic effects. Nevertheless,
the inclusion of baryonic effects in the model is vital to provide robustness to the final
cosmological constraints, given the currently large uncertainties on their impact. These
must be fully propagated to avoid introducing biases on the cosmological parameters, or
under-estimating their uncertainties.

6 Robustness to modelling and analysis choices

In this section we study the impact of the most relevant aspects of our analysis to our final
results. In particular, we will investigate how our results depend on the scale cut fyax, how
the cosmological parameter constraints change by fixing or imposing strong priors on the
BCM parameters, how the constraints on the BCM parameters from weak lensing change
if we fix the cosmology, and how our results depend on the choice of parametrisation to
describe baryonic effects.

6.1 Scale cuts

Figure 7 shows the posterior distribution of Sg and 2, as a function of £, with and without
baryonic effects modelling for DES-Y3, KiDS-1000, HSC-DR1, and their combination. Similar
results for log; (M), the only BCM parameter we are mildly sensitive to, are shown in figure 8.

When modelling baryonic effects, Sg constraints do not improve significantly by going
to small scales. In turn, the constraints on €, and log;y(M.) improve significantly: the
uncertainty in Q, is reduced by ~ 30%, and log;q(M.) goes from being unconstrained to
log(M.) ~ 14. Specifically, this preference is only evident when fpax 2 4500 (see figure 8).
Including smaller scales pushes €, towards lower values, leading to the 2y, tension with
Planck discussed in section 5. At small scales, €2, changes the tilt of the power spectra in a
way that is no longer degenerated with og, increasing the constraining power over it. DES-Y3
shows a similar behaviour for @, and log;,(M.). In KiDS-1000, we find that the main
improvement in the 2, constraints occurs when including scales up to £pax = 4500, whereas
in HSC-DR1, this happens already at fpax = 2048, and gains are marginal when going
to smaller scales. Looking at baryonic effects, DES-Y3 and KiDS-1000 start constraining
logg(M.) with lmax 2 4500. On the other hand, we find HSC is able to start constraining
log (M) already at fmax = 2048. The reason for this is twofold. First, HSC-DRI is a deeper
survey and can extract more information by going to smaller, scales as seen in figure 2. Second,
by removing the largest scales ({r,i, = 300) we lose the anchor of the overall amplitude of the
matter fluctuations. These two effects make HSC-DR1 the survey most sensitive to baryonic
effects. However, its absolute constraining power is considerably lower than both DES-Y3
and KiDS-1000 and, therefore, its impact on the final constraints is small.
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Figure 7. Posterior distribution for DES-Y3 (blue), KiDS-1000 (orange), HSC-DR1 (red), the
combination of DES-Y3 and KiDS-1000 (green) and the combination of all surveys (brown). The solid
lines show the constraints found when marginalising over baryonic effects, while the filled contours
show the result of ignoring baryonic effects altogether. Going from left to right, results are shown
for different scale cuts: £pax = 1000, ipax = 2048, £ax = 4500 (fiducial), and £y = 8192. We see
little effect up to, and including, #,.x = 2048 for DES-Y3 and KiDS-1000, but not for HSC-DR1,
given its higher number density, which makes it more sensitive to small scales, coupled with its
stricter large-scale cut (£min = 300), which removes the anchor to the amplitude of the fluctuations.
For DES-Y3, KiDS-1000, and their combination, modelling baryonic effects becomes important at
lmax = 4500, whereas for the combination of all surveys, baryonic effects become relevant already
for ¢ max = 1000.
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Figure 8. 1D posterior distributions of the BCM parameter log;,(M,) from different data combina-
tions and scale cuts. We are only able to start placing meaningful constraints on log;,(M.) at our
fiducial scale cut £, = 4500.

We can use these results to determine the scale £,,x at which modelling baryonic effects
becomes a requirement to obtain robust posterior distributions. As shown in figure 7, KiDS-
1000 seems to be the dataset with the smallest sensitivity to baryonic effects, in spite of
recovering the lowest value of Sg out of all three surveys when baryonic effects are ignored.
Even at £pax = 8192 the bias is negligible (0.30 shift in Sg), and the recovered uncertainties
are only slightly underestimated (by 6% in Sg). In the case of DES-Y3, with a higher
SNR, the effect is more important, but still small, even at £y, = 2048, with just slightly
smaller error bars for Sg (by 10%), but with no significant bias (0.20). The effect is larger at
lmax = 4500 (17% on Sg), and certainly significant when considering scales up to £y = 8192
(0.50 shift on Sg, and 20% smaller errors). In contrast, HSC-DRI1 is significantly more
sensitive to the inclusion of baryonic effects in the modelling. For £,,,x > 2048, we find that
ignoring baryonic effects leads to a consistent under-estimation of the Sg errors by ~ 22%
overconstrained, in agreement with the official analysis of [74]. However, we observe no
major shift at any scale, the maximum being 0.50 at . = 8192. Looking now at the
combination of DES-Y3 and KiDS-1000, we see that modelling baryons become necessary
at lmax = 4500. At lhax = 4500, the impact is a downwards 0.30 shift on Sg, becoming
0.50 at lmax = 8192. Finally, for the combination of the three weak lensing surveys, we see
a clear overestimation of the Sg errors even at £y, = 1000 and a shift of 0.40 at already
lmax = 4500, growing to 0.60 at {pax = 8192. In summary, the main impact of neglecting
baryonic effects on the scales explored here (up to fyax = 8192) is a downward shift in Sg
of up to ~ 0.50, and an under-estimation of its uncertainties by ~ 30%. This is in good
agreement with the findings of A23. A quantitative summary of the effect of not including
baryonic effects in the analysis can be found in table 3.

6.2 Fixing baryonic parameters

It is interesting to explore the effect which tight priors on the BCM parameters may have on
our cosmological constraints. This can be achieved by combining, in the same analysis, direct
probes of the gas, such as thermal and kinematic Sunyaev-Zel’dovich cross-correlations [106,
129, 130] or X-rays maps [131]. Alternatively, the impact of baryonic effects may be constrained
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from direct measurements of the bound gas mass fraction in clusters [128, 132, 133]. These
additional measurements can put tight effective priors on the baryonic effect parameters,
beyond the constraints achievable by weak lensing alone (for which baryonic feedback is a
secondary effect). Placing priors on the BCM parameters, we are also able to explore the
robustness of our cosmological constraints. Here we explore two different scenarios:

o First, we fix the BCM parameters that we are not able to constrain (i.e. all except
log,o(M.)), reducing the model dimensionality by 6. In this case, which we will label
the “BAHAMAS prior”, we fix these parameters to the values found by [58] to provide
a good fit to the power spectrum in the BAHAMAS simulations: log;y(n) = —0.33,
logo(8) = —0.28, logo(M zp,cen) = 10.21, logo(0out) = 0.12, logo(finn) = —0.62 and
logo(Minn) = 9.95. Note that setting these parameters while leaving log;,(M.) free
still leaves significant freedom for the possible values of the baryonic suppression factor,
since its amplitude is largely controlled by this parameter.

o In the second case, we use the measurements of log;y(5) and log;o(Mi zycen) (but
not log;,(M.), as our data is sensitive to it) obtained using cluster observations
from [128]. We thus impose Gaussian priors of the form log,o(5) = —0.29 £ 0.11
and log (M z.cen) = 12.00 £ 0.06, as measured in [128], and leave the other parame-
ters free with the fiducial priors of table 1. We label this scenario “clusters prior” in
what follows.

The results of this study can be found in figure 9. First, we note that applying the BAHAMAS
prior and fixing 6 of the 7 BCM parameters shrinks the posteriors of the cosmological
parameters, almost matching those obtained when baryonic effects are ignored. In particular,
the marginalisation over the unconstrained baryonic parameters points towards lower €,
(enhancing slightly the €, tension with Planck discussed in the previous section), higher
Ss (in this case, reducing the tension with Planck), and higher log,q(M.). When fixing
the other BCM parameters to the BAHAMAS best fit, we recover a preference for lower
values of log;,(M.), with the posterior peaking at log;o(M.) ~ 12, and decaying sharply
above log;, (M) ~ 13.5, corresponding to rather weak baryonic suppression. This is probably
caused by the fact that by fixing the BCM parameters to BAHAMAS, we might be favouring
a too strong baryon suppression, not compatible with our data. As a consequence, log;,(M.)
moves towards lower values to reduce the overall impact of baryonic effects. In any case, the
results are not incompatible with our fiducial analysis, given our inability to place a lower
bound on log;y(M.) with our harmonic-space scale cuts.

On the other hand, when we impose Gaussian priors for log;,(5) and log, (M1 2, cen) from
the clusters analysis of [128], we recover almost the same constraints as when marginalising
over all the BCM parameters with flat priors. This is due to the fact that, as in our fiducial
case, these priors are not informative in the most relevant parameters: log;,(M.) and log;o(n).
In fact, once again we cannot constrain the latter, which, after log;o(M.), has the largest
impact on the baryonic suppression at large scales (since it parametrises the distance out to
which gas is ejected by the central AGN). It is worth noting that our prior on this parameter
is rather conservative log,(n) € [—0.7,0.7], allowing values far beyond those preferred by
hydrodynamical simulations, log;,(n) = —0.32 £ 0.22 (see e.g. [58, 128]). To verify if such a
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Figure 9. Left panel: constraints on Ss, Qp, and log;,(M.) (68% and 95% C.L.) in our fiducial run,
freeing up all the BCM parameters free (burgundy contours). We over-plot the result of fixing all
BCM parameters except log;(M.) to the best-fit values from BAHAMAS (red dashed), as well as the
result of placing a prior on log;,(8) and log;y(Mi y,cen) from cluster measurements in [128] (black).
For comparison, we also show the result of ignoring baryonic effects (blue). Right panel: Constraints
on the BCM parameters log,(M.) and log,y(n) in our fiducial analysis (burgundy), when fixing the
cosmological parameters to the Planck best-fit (orange), and when fixing them to our best fit ACDM
model (green). The lower panel shows the resulting 1o constraints on the baryonic suppression factor
Sk. Fixing the cosmology to Planck leads to a preference for a significantly higher log; (M. ), which
causes a dramatically stronger baryonic suppression. This is necessary in order to accommodate the
lower values of Sg and 2, found in our analysis. Note that, nevertheless, the resulting best-fit model
is still a good fit to the data.

large prior might induce a volume effect on our results, we repeated our analysis imposing a
tighter prior —0.7 < log;(n) < 0. We find negligible changes in the posteriors distributions,
of all parameters (including log,y(M.), Ss, and Q).

6.3 Fixing cosmological parameters

We now explore the impact of fixing the cosmological parameters on the constraints of the
BCM model. In particular, we consider two cosmologies:

¢« BF cosmology: our best-fit ACDM parameters for fi.x = 8192 and ignoring the
impact of baryonic effects. In this case:

{AS,Qm,Qb,h,nS,ZmV} = {4.93 x 107°,0.208, 0.0395, 0.711, 1.014, 0.228 V }..
(6.1)
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o Planck18: the best-fit ACDM cosmology found by Planck [15]:

{AS,Qm,Qb,h,nS,ZmV} = {2.10 x 107°,0.3153, 0.0493, 0.6736, 0.9649, 0.06 ¢V }..
(6.2)

The results of these two cases can be seen in the right panels of figure 9.

As could be expected, cosmology has a strong impact on the posterior distributions of the
BCM parameters. Using our BF cosmology leads to a constraint on log;,(M,) that peaks at
the same value as our fiducial analysis, but has significantly suppressed tails at both high and
low masses. The resulting constraints on S are, consequently, tighter. In turn, assuming the
Planck18 cosmology (which, as we described in section 5 is in tension with our best fit at the
~ 2-30 level) has a more dramatic effect. First, the posterior distribution of log;, (M) shows
a clear preference for values above log;y(M.) = 14, corresponding to a significantly stronger
level of baryonic feedback and power spectrum suppression. Interestingly, in this case we are
also able to discard low values of log;((n), with a clear preference for positive values that are
much larger than those favoured by hydrodynamical simulations log;o(n) = —0.32 £ 0.22 (see
e.g. [58, 128]). These dramatic changes are needed to compensate for the higher value of Sg
and Qy, preferred by Planck (1.80 and 3.50 higher than our fiducial analysis). As shown in the
bottom-right panel of figure 9, the resulting baryonic suppression is significantly stronger than
that obtained in our fiducial analysis over all the scales considered. Interestingly, the value of
logg(M.) inferred assuming the Planck18 cosmology is in good agreement with the value
found in the real-space analysis A23, although a much lower value of log,(n) was preferred
in that analysis. This suggests that the Sg tension can be fully solved even when keeping
the gas fractions in haloes consistent with cosmic shear and galaxy clusters observations (e.g.
analysing a collection of galaxy clusters, [128] infer log;,(M.) = 13.82 4 0.36), by ejecting the
gas much further away than normally found in hydrodynamical simulations. Nevertheless,
we caution the reader against over-interpreting the predictions from the BCM model in
such extreme scenarios.

6.4 Comparison with alternative baryonic models

Finally, we explore the impact on our results of using alternative parametrisations for
baryonic effects. In particular, we explore the simpler BCM fitting function of Schneider &
Teyssier (ST15) [61], and the effective power spectrum suppression model of Amon-Efstathiou
(AE) [49, 50]. The choice of ST15 is meant to test whether we need the much more general
and complex model of Baccoemu, or the simpler model of ST15, with just two free parameters,
is enough to describe these data. On the other hand, using the AE model will allow us
to test whether we can recover the lack of evidence for baryonic suppression found in our
fiducial analysis.

Figure 10 shows the posteriors of cosmological and baryonic parameters obtained with
these models compared to our fiducial results. First, we see that the mean of the posterior
distributions of the cosmological parameters is not significantly affected by the choice of
model for baryonic effects, with shifts of 0.50 at most in Sg for the AE model. Moreover, we
see that the lack of strong evidence for baryonic suppression in our data is also confirmed
by these two new models: ST15 is not able to place tight constraints on log;y(M.), and
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Figure 10. Parameter constraints for the fiducial case (burgundy) and the simpler parametrisations
of ST15 [61] (blue) and AE [49, 50] (orange). We have restricted the range of log;y(M.) to match the
allowed regime of the ST15 model (i.e. log,(M.) > 12) [61].

the results are compatible with our fiducial measurement (which implies a weaker baryon
suppression, compatible with Sy = 1 within errors). We remind the reader that ST15 is
restricted to the range of halo masses log;q(M.) > 12 and log;y(n) < 0 to match the range
of parameters for which this parametrisation was validated [61]. We find similar results in
the AE case, with Apgp = 1.07f8:%$, perfectly compatible with no suppression (Axg = 1).
Interestingly, in agreement with our results in section 6.3, and with the results of [49, 50],
the value of Aar parameter changes significantly when assuming the Planck18 cosmology:
Aag = 0.860 £ 0.032, showing a 40 preference for a suppression of the non-linear scales.
Finally, it is worth noting that both models provide also a good fit to the data: x%p = 841.6
(Ngq = 820, p = 0.28) and x&r; = 842.3 (Ng = 820, p = 0.28), very close to our fiducial
X2 = 841.1 (Ng = 820, p = 0.28).

Coming back to the cosmological constraints, we find a good agreement with the mean
values of our fiducial analysis. In fact, ST15 recovers very similar constraints, with just small
shifts on Sg (0.150) and €y, (0.250) and about 8% tighter constraints on Ss. In the case of
AE, however, we obtain noticeably larger error bars on Sg (not so on €,). Although one could
naively expect that a model with fewer free parameters should yield tighter constraints, these
depend instead on the space of possible power spectra suppression allowed by a given model.
The BCM, although flexible enough to fit a large collection of state-of-the-art hydrodynamical
simulations, is limited by construction by our knowledge of gas and stellar distribution in
halos. On the other hand, the phenomenological model of AE can predict arbitrarily strong
Sk, as we cannot impose physical priors on it.
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Overall, the stability of our results under change in baryonic models shows the robustness
of our fiducial constraints.

7 Conclusion

We have presented the first joint analysis of the three major, publicly available, cosmic
shear datasets: DES-Y3, KiDS-1000 and HSC-DR1. We reanalyse these datasets, at the
catalogue level, in a consistent manner, using a harmonic-space pipeline, and homogenising
the analysis choices across all surveys. Furthermore, by carefully modelling non-linearities
and baryonic effects with Baccoemu, we are able to exploit, for the first time, scales down
t0 lmax = 4500 (and, more boldly, . = 8192).

We find that the constraints derived from each survey independently, are in broad
agreement with each other, both in terms of cosmological and baryonic effects parameters.
Combining them with our fiducial analysis choices (¢max = 4500 and baryonic effects described
by Baccoemu with 7 free parameters), we infer Sg = 0.79570:01% and Q,, = 0.21270537.
Compared with the Planck constraints, we find a compatible value for Sg (1.80 lower than
Planck), but a value of 2y, that is lower and in tension at the 3.5¢0 level. This is due to a
combination of two effects: first, each survey individually recovers constraints on €2, that
are lower than (but in reasonable agreement with) Planck. Secondly, including information
from smaller scales leads to additional constraining power on €, (more so than Sg), reducing
its upper limit. We have studied different potential effects that could cause this shift:
pixelisation effects (see section A), residual stochastic noise, prior and volume effects (e.g.
from unconstrained parameters, such as wp or logg(n)). As shown in section B, when
applied to synthetic data with a similarly low ).,, our pipeline recovers unbiased cosmological
constraints. Ultimately, the effect could be caused by unknown systematics (e.g. PSF effects
below scales 6 ~ 3/, which our harmonic space scale cuts could still have some sensitivity to),
which may be unveiled by future data releases from these collaborations.

In order to further investigate this tension, we study our constraints in the (S12,wn)
plane, minimising the dependence of our constraints on the poor ability of cosmic shear data
to constrain h. In this space, we observe no tension. The tension reappears after applying
a prior on h from Planck [15] although, interestingly, it disappears again if using a prior
from local measurements of Hy [14]. This is in agreement with the rationale of [110, 111],
where it was shown that the current Sg tension may be recast in terms of the Hy tension
under this reparametrisation. We also observe that our €2, tension is alleviated by 0.7¢
when including an external prior from BAO measurements, without worsening our fit to
the weak lensing data, which might signal to a prior volume effect on €),,. Finally, to fully
estimate the level of tension accounting for the full dimensionality of the parameter scale, we
computed the suspiciousness statistic [114], obtaining log(S) = —3.9, which corresponds to a
2 — 30 tension (see section E for details). This highlights that the statistical tension between
current weak lensing data and Planck (in this work in terms of Q,, not Ss), although worth
investigating, might not be intrinsic to the LSS, but instead either a different incarnation
of the h tension, or a moderate statistical anomaly.

Our constraints on the BCM parameters are in broad agreement with those of [47],
although we find looser constraints on the dominant parameter log;y(M.). Unlike [47, 116],
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we recover an associated baryonic suppression factor compatible with S = 1 within 1o. As
in the case of cosmological parameters, this is a consequence of employing a harmonic-space
pipeline, as opposed to the real-space analysis of these works. One reason is that a correlation
function measured down to a scale 6, will contain information about multipoles larger than
lmax = T/0Omin — see appendix D. However, given the error of the real space measurements,
we could expect a smaller discrepancy than what we find. A more careful study of the
differences between real- and harmonic-space analysis is needed to fully understand the
reason behind the different sensitivity levels to baryonic effects. This lack of sensitivity to
baryonic effects is confirmed with mock analyses employing hydrodynamical simulations (see
appendix B), and we verified that our harmonic-space theory prediction pipeline agrees with
the predictions used in [47]. More importantly, we find that modelling baryonic effects is
critical to fully propagate all sources of uncertainty to the final cosmological constraints.
The inclusion of baryons allows for larger values of Sg, thus ameliorating the tension with
CMB data, and improving the compatibility of different weak lensing datasets. In turn,
the posterior constraints on BCM parameters depend critically on the cosmological model
assumed. Fixing the cosmology to the Planck best fit, we recover strong evidence for baryonic
suppression, while it remains compatible with S = 1 for our fiducial best-fit model. We find
these qualitative results to be robust to the choice of baryonic effects parametrisation.

We provide results for four different scale cuts: . = 1000, 2048, 4500, and 8192, and
address the impact of baryonic effects at these different scales. We find that for DES-Y3- and
KiDS-1000-like data, the impact of baryons can be largely ignored up to scales £, =~ 2000,
although deeper surveys, such as HSC-DR1 (and future Stage-IV experiments), are sensitive
to baryonic effects over a broader range of scales. This is due to the smaller impact of shot
noise in the measurement uncertainties, and to the different sensitivity to different redshift
ranges. Furthermore, we find that, when including smaller scales (beyond #p,ax ~ 2000), most
of the information is used to reduce the uncertainties on €0,, while the constraints on Sg
largely saturate. With the advent of Stage-4 surveys and the expected significant gain on
SNR at smaller scales, we should be able to improve our Sg constraints by going to higher /.

We leave a careful assessment of the impact of scale cuts, and the correspondence between
real- and harmonic-space cuts for future work, aiming to find an approximate equivalence
between both. It would be interesting to assess if the Q,-tension observed with our harmonic
space pipeline is also reproduced by a joint analysis of DES-Y3, KiDS-1000, and HSC-DR1
in real space. It will also be interesting to study methods to incorporate the theoretical error,
given the limited accuracy of most models for astrophysical systematics and non-linear effects
(e.g. emulators, HALOFIT, HMCoDE2020, IA models), into the analysis in a self-consistent
manner. Propagating these theoretical uncertainties will be vital to ensure that any potential
future tensions in cosmological parameters can be properly quantified. Finally, a more
thorough study of the impact of the model used to describe TAs would be desirable. Current
datasets show no evidence of strong IA contamination (A is compatible with 0 within
20 for all the datasets explored here), and hence models more sophisticated than the basic
NLA are currently not warranted by these data. Nevertheless, future datasets will be more
sensitive to the impact of IAs, and a thorough characterisation of the accuracy requirements
for TA models will be of paramount importance [134].
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In light of the Q,-tension obtained in our work, it would be particularly interesting
the extension of the current weak lensing only analysis to incorporate galaxy clustering
measurements in a 3 x 2 pt study. This would increase the constraining power on €2, and
remove the possible prior volume effect that might be causing it. Whereas this would be
straightforward if we restrict the galaxy clustering to large scales, if we want to push to smaller
scales, we need to calibrate the effect of baryons in the non-linear galaxy bias expansion.
This is left for future work. In the coming months, the data from six years of observations
of DES and three years from HSC [4] will be publicly available. In particular, the increase
in constraining power from HSC-DR3 may allow us to cast light on the impact of baryonic
effects on scales smaller than less dense surveys, as well as their evolution at higher redshifts.
A joint analysis of these datasets, together with the legacy data release from KiDS, will be of
key importance to determine our ability to reliably use cosmic shear data on small scales
in the context of near-future Stage-IV experiments, such as LSST or Euclid.
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Cosmological parameter constraints from KiDS-1000 have been presented in Asgari
et al. 2021 (cosmic shear), Heymans et al. 2021 (3 pt) and Troster et al. 2021 (beyond
ACDM), with the methodology presented in Joachimi et al. 2021.

A Pixelisation effects

A key novelty of this work is our use of small scale cosmic shear data in harmonic space.
One concern on such scales is the impact of the pixelisation scale inherent to the maps
from which the angular power spectra were computed. As discussed in [9], two limiting
regimes exist, depending on the average number of sources per pixel in the survey, Ng. In
the limit Ng < 1, the cosmic shear field is effectively sampled at the galaxy positions, and
the effect of pixelisation is negligible. In turn, for Ng > 1, the field is effectively averaged
within each pixel, and the effect of pixelisation can be corrected by accounting for the
corresponding theoretical pixel window function. In this work, we use high-resolution maps
with Ngqe = 4096, and the average number of galaxies per pixel in the case of DES-Y3 is
Ng ~ 1.1 for all tomographic bins and, therefore, we are in the “sampling” regime. Similarly,
for KiDS-1000, Ng < 1.3 in all bins, and Ng < 1.47 for HSC. Thus, we affect the impact
of pixelisation on the measured power spectra to be small. The effects of pixelisation on
HSC-DR1 were found to be negligible in [9] and thus we do not study it further. Nevertheless,
given the key role played by small-scale lensing in our analysis, we compute the effective pixel
window function for each redshift bin in the DES-Y3 and KiDS-1000 samples as follows: we
generate 100 Gaussian simulated maps of the cosmic shear field, without shape noise, at high
resolution (Ngiqe = 8192). We then produce synthetic shear catalogs by sampling this field at
the positions of the DES-Y3 and KiDS-1000 sources. We then compute the power spectrum
bandpowers C'q,13 from these catalogs using our pipelines (which produces maps of the cosmic

134 here labels each of the £ bins.
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Figure 11. Effective pixel window function measured from 100 Gaussian simulations for DES-Y3
and KiDS-1000. In the top panel, the black line is the input Czheory and the colour dashed lines are
the mean of the 100 realisations. In the bottom panel, the resulting window function. The effect, at
most 2%, does not affect the parameter constraints found in our analysis.

shear field from the catalogs at Ngge = 4096). The resulting estimated bandpowers, averaged
over simulations, (C’q>, are then compared against the theoretical bandpowers C:;h, estimated
by convolving the input power spectrum with the associated bandpower window functions.
The effective pixel window function is then estimated as w, = 1/(Cy)/ Cih. The results are
shown in figure 11. The effective pixel window function deviates from 1 by ~ 2% at most
in all cases on the smallest scales. The measured wy is virtually the same across different
tomographic bins in DES-Y3, and shows some mild variation in the case of KiDS-1000. This
is as expected, since the number densities of the different DES-Y3 bins are similar, while
they vary from 0.62arcmin™2 to 1.85arcmin™2 in the case of KiDS-1000.

We repeat the cosmological analysis of our measured power spectra, correcting them
for this effective pixel window function at £ > 2000. The resulting cosmological constraints
are almost identical to those found in our fiducial analysis, and hence our results are robust
to pixelisation effects. This will likely not be the case for future weak lensing surveys,
given their higher statistical power, and developing estimators that are able to accurately
account for the effects of pixelisation, or to avoid the use of pixels altogether, will be of
paramount importance [143-145].

B Validation against mock data

In order to validate our theory prediction pipeline we generate a mock data vector for the
combined DES-Y3, KiDS-1000 and HSC-DR1 data sets. The mock data are generated using
the redshift distributions, covariance and bandpower window functions from the real data. We
account for the shifts in the redshift distribution, and the multiplicative biases, for which we
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Figure 12. Results found using in mock data. Constraints in the (Ss, Q) plane, showing the 68%
and 95% C.L. regions (top left), on log;y(M.) (top right) and on the baryonic suppression factor
(bottom), with 1o errors. Note that the difference in the baryon suppression factors is only due to
the units in 1/Mpec. We find good agreement with the true input parameters and suppression factors
(dotted lines).

use the mean of their priors. We do not include intrinsic alignments although we marginalise
over them. We carry out two tests. First, we use the non-linear matter power spectrum
and the baryon suppression measured from one BAHAMAS hydrodynamical simulation,
specifically the fiducial Planck2015-Tagy = 1078 K. To avoid sample variance, we model
the gravity-only power spectrum at k < 1Mpc~! with EuclidEmulator2, and apply the
corresponding baryon boost measured from the hydrodynamical simulations. At k > 1Mpc™!,
we use directly the power spectrum from BAHAMAS. Although this leads to a discontinuity
in the power spectrum, it is within the cosmic variance of the simulation and has a negligible
impact on the angular power spectrum once projected. The cosmological model is set to that
of the simulation: Ag 10 = 1.9909, Qeqm = 0.2572, O, = 0.0482, ng = 0.9701, h = 0.6933 and
> m, = 0.06, and the associated baryon suppression can be seen in figure 12. This test allows
us to verify that our pipeline can recover a state-of-the-art simulated power spectrum down
to small scales (both the gravity-only non-linearities, and the baryonic suppression factor).
Second, to understand the effect of cosmology on the posterior distributions, we generate
the non-linear matter power spectrum of our fiducial best-fit cosmology when modelling
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baryonic effects with Baccoemu (A4 107 = 4.9320, Qeqm = 0.13397, Q, = 0.05138, ng = 1.0582,
h = 0.8507 and Y m, = 0.0612), and a baryonic suppression factor estimated from the
BAHAMAS simulation, as before. This allows us to test the impact of having a best-fit
cosmology with low €, on the shape of the final posterior distribution. Note that, in this case,
the baryon suppression and the cosmology are not necessarily in physical agreement, since
the measured Sy, is obtained from a simulation with the best-fit Planck 2015 cosmology [146].
The result of these tests are shown figure 12. We are able to recover the input cosmology and
baryonic suppression in both cases, demonstrating the flexibility of our model to reproduce
realistic observables. Remarkably, we observe the same lack of constraining power beyond
the Ss, 0, and log,o(M.) parameters as with the real data. In fact, despite having an input
baryon boost that suppresses the matter power spectrum by about 10% at k ~ 2Mpc ™!,
the recovered S; is compatible with S = 1 within less than 20. This is also true even if
we repeat the analysis using scales up to fmax = 8192. Interestingly, we also find that the
final cosmological parameter uncertainties do depend on the underlying best-fit cosmology,
particularly in the case of €. The ,, uncertainty shrinks by ~ 50% in the low-£2,,, cosmology
with respect to the Planck 2015 case. However, we find the constraints on log;q(M.) and
the baryon boost to be insensitive to the input cosmology.

C Small-scale extrapolation

In this section we explore the effect of the power spectrum extrapolation at scales beyond the

reach of Baccoemu’s baryon emulator (k > 5hMpc™t). As mentioned in the text, although

the non-linear boost emulator can reach accurately k = 10 hMpc™*

1

, we only model the
scales up to k = 5h Mpc™ " with Baccoemu to match those from the baryon emulator. We
explore two alternatives: a quadratic spline in logarithmic space for both the matter power
spectrum and the baryon boost (our fiducial way) and using HALOFIT to estimate the

1 and the quadratic spline for the baryonic boost.

matter power spectrum at k > 5h Mpc™
We have checked the results in both mock and real data. We report in figure 13 the results on
real data for the combination of DES-Y3, KiDS-1000 and HSC-DR1, our most constraining
case. We see that the impact of the extrapolation is negligible for both the cosmological

and baryonic effect constraints.

D Real space vs. Fourier space

In this section we explore the equivalence of real and harmonic space scales. The mathematical
relation between real space correlation functions and harmonic space angular power spectra,
in the flat-sky approximation, is given by

21é4 (0) = /0 - dtJo4(00)CF" (D.1)

with Jy /4 the Bessel functions of the first kind. The approximate relation € = 7/lmax,
in which fpax is the Nyquist frequency for a grid with spacing 0pin, is not a good estimate
of the largest multipole that must be used in order to reconstruct the correlation function
at high accuracy. This is shown in figure 14, which shows the relative precision of the
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Figure 13. Effect of the power spectrum extrapolation at k > 5hMpe ™!, Sg—Qm (left) and baryon
boost (right) posterior distributions (68% and 95% C.L. regions) with the fiducial scale cut £pa = 4500.
We see that the effect of the extrapolation at k& > 5hMpc ™! is negligible in our fiducial constraints.
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Figure 14. Relative error in the correlation function £_ () as a function of the maximum ¢ used
in the calculation for § = 2.5',4’, in the 4th redshift bin of DES-Y3. The colour band are the £ 1o
error measurement: yellow for § = 4’ and light blue for § = 2.5’. Multipoles significantly larger than
the naive estimate (e.g. £max = 4500 for § = 2.5") are needed to obtain a moderately reliable estimate
of £_(0), although given the large error bar (light blue band), one might not need to that high ¢.

correlation function calculation at 8 = 2.5" and 8 = 4’ achieved as a function of £y, in the
4th redshift bin of DES-Y3. Multipoles up to several times ~ 10* are required to recover the
correlation function with moderate (~ 5%) precision, in contrast with the naive estimate
lmax = 4500 for 6 = 2.5". However, given the actual error bars of these measurements (from
50% to 20% for £_ for 6 € [2.5',4.5']), one does not actually need to go to that high £. In
order to carefully address this question, we would need to study the interplay of the £_

accuracy and the data error. Furthermore, we might need to explore other possible differences
between harmonic and real space.
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E Suspiciousness

In order to address the statistical tension of the weak lensing and Planck datasets, we use
the suspiciousness metric of [18, 115]:

log(5) = (log(Lap))pap — (log(La))p, — (log(LB)) Py , (E.1)

where L 4p is the likelihood from the combination of datasets A and B, L 4(p) is the likelihood
for A(B), and (.)py is the average over the posterior distribution of X, which we compute
as the average over all the MCMC samples.

For multivariate Gaussian distributions, this is simply [114]

2

d . _
log(S) = 5 X? with x? = (ua — pug)(Cova 4+ Covg) (ua — up)’, (E.2)

with pux and Covx the mean and covariance of the posterior distributions constrained with
the likelihood X and d the effective number of dimensions.

Since our posterior distributions are not Gaussian, we use three different approximations
to interpret the fiducial results in section 5:

1. Following DES-Y3 analysis (eq. (E7) of [147]), we estimate the Bayesian Model Dimen-
sionality, dgvmp = da + dp — dap, with d the number of parameters constrained by
one of the cases, and obtained as d = 2({log(L)?) — (log(L))?). Using this approach
we find dgyp = —0.7 which, interpreted as in [147], would mean that the datasets
are completely in agreement (p = 1), as there cannot be tensions if no constrained
parameters are shared. Note that this value is roughly compatible with the value
measured by DES-Y3 of dgyp = 1.5 + 1.6.

2. Using the Gaussian approximation above (log(S) = d/2 — x?/2), we can solve for x?
so that 2 = d — 2log(S), and estimate the number of constrained parameters d, as
the number of parameters that we constrain with the Gaussianised Planck likelihood
(d = 6). With this approach, we find x?> = 14 (p = 0.03), corresponding to a 2.1c
tension. In a very pessimistic case, setting d = 1, x> = 8.8 (p = 0.003), corresponding
to a 3.00 tension.

3. If instead of solving for x2, we compute it as in eq. (E.2), x> = 20 and p = 0.003,

corresponding to a 2.9 tension. Note, however, that in this case: log(S) = —6.8 instead
of the measured log(S) = —3.9.

The value that we report in the main text corresponds to a tension with Planck at the 2 — 30
level, based on the last two approximations. We disregard the first approach, as we do not
believe these two datasets can be fully uncorrelated as shown, for instance, by DES-Y3 [147].

F Power spectrum measurements

This section presents the power spectrum measurements that make up the data vector used
in this analysis. Figures 15, 16, and 17 show the measurements from DES-Y3, KiDS-1000,
and HSC-DR1, respectively, while figure 18 compares the result of our measurement pipeline
with the official results of [17].
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Figure 15. DES-Y3 angular power spectra (black) and the best fit of all three surveys with (orange)
and without (blue) modelling baryonic effects with ;. = 4500. The effect of baryons in the best fit
is quite small, in agreement with our results.
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Figure 16. As figure 15 for the KiDS-1000 sample.
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Figure 17. As figure 15 for the HSC-DR1 data.
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Figure 18. DES-Y3 angular power spectra computed at Ngqe. = 1024 with the same binning used
in the official analysis [17]. The official results are shown in black, with our measurements shown in
orange. The main difference is in the statistical uncertainties of the first bin, which we discard in
this analysis.
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Figure 19. Summary plot showing the constraints for all the cases studied in this work. The lines
with missing points are those for which such parameters were kept constant or not introduced in the
analysis. If not stated otherwise, the fiducial £y, = 4500 is used.

G  Summary of results

This appendix gathers all the results discussed in this paper. Figure 19 shows the constraints
on Sg, Q,, and log;o(M.) obtained with different analysis choices, and compares them with
Planck 2018 constraints [15]. These results are shown quantitatively in table 2. Table 4 shows
the level of tension with respect to the Planck 2018 best-fit cosmology, while table 3 shows
the shifts on Sg and €, (and the change in their posterior uncertainties) when ignoring the
impact of baryonic effects. Note that, care must be exercised when interpreting the numerical
constraints on log;(M.) quoted in these tables. As described in the main text, in most cases
we are not able to fully constrain log;q(M.), its posterior distribution is highly non-Gaussian,
and the quoted intervals depend, at some level, on the priors adopted for this parameter.
The results presented in these tables and figures are only a subset of all data and analysis
choice combinations explored as part of this work.
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Combination Ax? | ASslo] | AQuo] | Aos[%)] | Acq,, [%)]
DES —0.5 0.3 —0.1 —17 —11
KiDS 0.0 0.1 0.1 -9 -5
HSC —0.8 0.4 0.0 —22 )
DES + KiDS -0.9 0.3 —-0.2 —15 —2
DES + KiDS + HSC (¢ < 1000) | —0.7 0.2 —0.2 —-19 0
DES + KiDS + HSC (£ < 2048) | 02 | 0.2 0.0 24 1
DES + KiDS + HSC (£ < 4500) | —0.3 | 04 | —0.2 30 1
DES + KiDS + HSC (¢ < 8192) | —1.0 0.6 —-0.2 —-32 —11
DES + KiDS + HSC (AE) 02 | —03 | o1 62 1
DES + KiDS + HSC (ST15) 0.9 | 03 0.0 Y 0

Table 3. Shifts introduced by not modelling baryonic effects; ie. AX[o] = (Xparyons) —

<Xno baryons>/\/0'1§ary0ns + 0'1210 baryons and Aox = (Xno baryons/Xbaryons -1
have been estimated as the weighted covariance of the chains. If not stated otherwise, the fiducial
limax = 4500 is used.

) X 100. The errors o%

,45,



Combination ASslo] | AQy,[o]
DES -1.7 —-1.5
DES, no baryons —-2.3 —-1.5
KiDS —2.6 —0.8
KiDS, no baryons —-3.0 —-0.9
HSC 0.0 —-1.2
HSC, no Baryons —0.5 -1.1
DES + KiDS —25 | -22
DES + KiDS, no baryons —3.2 —-2.1
DES + KiDS + HSC (¢ < 1000) 19 | -22
DES + KiDS + HSC (£ < 2048) 2.0 | -29
DES + KiDS + HSC (£ < 4500) ~1.8 | -35
DES + KiDS + HSC (£ < 8192) ~16 | -35
DES + KiDS + HSC, no baryons (¢ < 1000) | —2.3 -1.9
DES + KiDS + HSC, no baryons (¢ < 2048) | —2.5 -2.9
DES + KiDS + HSC, no baryons (¢ < 4500) | —2.6 -3.1
DES + KiDS + HSC, no baryons (¢ < 8192) | —2.6 -3.5
DES + KiDS + HSC + Hy Planck 18 prior —-2.0 -3.0
DES + KiDS + HSC + Hy SHOES prior —-2.0 —-2.9
DES + KiDS + HSC + BAO prior —-2.0 —2.8
DES + KiDS + HSC + BAHAMAS prior —24 —-34
DES + KiDS + HSC + clusters prior —1.8 -3.5
DES + KiDS + HSC + Planck 2018 —-1.2 —-0.5
DES + KiDS + HSC (AE) —1.7 -3.1
DES + KiDS + HSC (ST15) 2.0 | -31

H Fiducial full posterior distributions
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Table 4. Comparison with Planck 2018 TTTEEE+lowTT+lowEE+lensing+m,. If not stated
otherwise, the fiducial ¢,,,, = 4500 is used.

This appendix gathers all the full posterior distributions of the fiducial results for DES-Y3,
KiDS-1000, HSC-DR1 and their combination. Figure 20 shows the cosmological parameter
posterior distributions, figure 21, those of the BCM parameters, figure 22 those of the multi-
plicative biases, figure 23 those of the redshift shifts and figure 24 those of the IA parameters.
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Figure 20. Full posterior distribution (68% and 95% C.L. regions) of the cosmological parameters
for the fiducial £, = 4500.
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Figure 21. Full posterior distribution (68% and 95% C.L. regions) of the BCM paramters for the
fiducial 4,2 = 4500.
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fiducial #,,.x = 4500.
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