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Baryonic feedback is a major systematic in weak lensing cosmology. Its most studied effect is
the suppression of the lensing power spectrum, a second-order statistic, on small scales. Motivated
by the growing interest in statistics beyond the second order, we investigate the effect of baryons
on lensing non-Gaussian statistics and the resulting biases in the matter clustering amplitude S8 =
σ8

√
Ωm/0.3. We focus on the Subaru Hyper Suprime-Cam Year 1 (HSC-Y1) data which, with its

high source number density, closely resembles those expected from the upcoming Euclid and Rubin
LSST. We study four non-Gaussian statistics — peak counts, minimum counts, the probability
distribution function, and the scattering transform — in addition to the usual power spectrum. We
first estimate the biases in S8 using mock observations built from the IllustrisTNG and BAHAMAS
hydrodynamical simulations and theoretical models built from dark matter-only simulations. We
find up to 1σ bias in S8 when the smallest scales (2 arcmin) and the highest feedback level are
considered. We then analyze the HSC-Y1 data and compare the S8 obtained for each statistic with
different smoothing scales or scale cuts. As we expect that baryons mostly affect the small scales,
comparing the results obtained from including and excluding small scales can indicate the level of
impact from baryons. With HSC data, we find only minor (≤ 0.5σ) differences in S8 for all statistics,
even when considering very small scales (2 arcmin). Our results suggest that the effect of baryons
is insignificant at the level of HSC-Y1 down to 2 arcmin for all statistics examined here, or it is
canceled by other scale-dependent systematics.

I. INTRODUCTION

Weak gravitational lensing (WL) is a powerful tool for
scrutinizing the standard cosmological model, known as
the Λ Cold Dark Matter (ΛCDM) model. This phe-
nomenon generates small distortions of the observed
shapes of background galaxies caused by the gravita-
tional influence of foreground large-scale structure (LSS)
[1]. In addition to serving as a sensitive indicator of the
total density of matter in the Universe, when analyzed
tomographically, WL offers a unique capability to trace
the evolution of structural growth.

In recent years, Stage-III cosmic shear surveys1 such
as the Dark Energy Survey (DES) [3–5], Kilo Degree
Survey (KiDS) [6, 7], and the Subaru Hyper Suprime-
Cam (HSC) [8] have achieved great precision in con-
straining cosmological parameters. The conventional ap-
proach in weak lensing analyses typically involves using

∗ d.i.grandon.silva@math.leidenuniv.nl
1Definition introduced by the Dark Energy Task Force report

[2].

the power spectrum or two-point correlation function
of galaxy shapes. While these summary statistics can
fully describe Gaussian random fields, such as the cos-
mic microwave background (CMB), they are unable to
capture the non-Gaussian features present in the late-
time random cosmic fields. Because of physical pro-
cesses such as the gravitational collapse of structures,
non-Gaussianities also emerge in the lensing field, and
hence statistical tools that capture this additional infor-
mation are needed. For this reason, non-Gaussian statis-
tics, also known as higher-order statistics (HOS), have
gained significant attention in constraining cosmological
parameters for weak lensing [9–13]. Through Fisher fore-
cast analysis, it has been indicated that non-Gaussian
statistics can provide improved statistical power in cos-
mological constraints compared to relying solely on the
weak lensing power spectrum [14–22]. Furthermore, the
application of non-Gaussian statistics to real data has
demonstrated their effectiveness in constraining cosmo-
logical parameters (e.g. [13, 23, 24]). As these tools
capture information beyond the linear regime, they have
become useful tools for studying the impact of astrophys-
ical systematics and constraining the mass of the neutri-
nos [15, 20, 25, 26]. As an example, in [16, 27–29], it has
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been shown that the non-Gaussian statistics can be im-
pacted by systematic effects in different ways, and thus
a detailed analysis of their sensitivity to these systemat-
ics could provide crucial guidance for developing future
pipelines in weak lensing.

One astrophysical systematic that impacts the WL sig-
nal is the baryonic feedback. This corresponds to astro-
physical processes that modify the distribution of mat-
ter inside haloes, reshaping the gravitational potentials
where WL occurs [30–32]. As a result, it has been shown
that baryons suppress matter clustering on intermediate
to small scales, mainly driven by the feedback of AGN
[33]. The opposite affect can be observed in sufficiently
small scales of k ∼ 10 h/Mpc, where star formation and
gas cooling dominate, producing a stronger matter clus-
tering. Unfortunately, these feedback mechanisms en-
compass an extensive list of astrophysical phenomena
that currently lack comprehensive theoretical models,
which makes their analytical treatment challenging.

Given the expectation that baryonic physics can poten-
tially bias cosmological constraints, various approaches
have been adopted by the community to mitigate such
biases. Stage-III surveys have applied severe scale cuts
to mitigate potential biases due to the unmodelled bary-
onic feedback at small scales [34–36], but such strategies
reduce statistical power and would need to become even
more restrictive for Stage-IV. To reduce the need for scale
cuts, various methods for incorporating baryonic uncer-
tainty into the theoretical model have been employed.
These include parametrization of baryonic effects on the
matter power spectrum [37, 38], or principal component
analysis parametrization of the effects of baryons based
on hydrodynamical simulations, whose parameters can
be marginalized over in order to mitigate biases [39]. An-
other approach consists of displacing dark matter parti-
cles in N-body simulations that can mimic the effect of
baryons inside haloes [40–44], also known as baryonifica-
tion.

The efficacy of the described modeling approaches has
typically only been rigorously evaluated for matter power
spectra. How well they work for the non-Gaussian statis-
tics is an open question. An important step towards re-
solving this issue is to develop intuition for the severity
of baryonic biases in non-Gaussian statistics. Developing
such intuition is the primary purpose of this work. In
order to keep the presentation concise, we restrict our-
selves to some of the more popular non-Gaussian statis-
tics, namely peak and minimum counts, the probability
distribution function (PDF), and the scattering trans-
form (ST). These summaries have interesting differences
in which features of the convergence map they retrieve
information from and should therefore provide a repre-
sentative sample to elucidate the baryonic effects. Given
the heightened interest in the matter clustering ampli-
tude, S8 ≡ σ8

√
Ωm/0.3, we focus on this parameter. It

should be noted that some of the most interesting appli-
cations of non-Gaussian statistics may be for parameters
and model extensions beyond S8 (which is optimized for

two-point inference). Since theoretical priors for baryonic
feedback scenarios are poorly defined, we begin tackling
the problem by making reference to a representative sub-
set of hydrodynamical simulations. Using data vectors
corrected for baryonic effects according to the simula-
tions, we identify how information on different angular
scales translates into biases on S8 when inference is per-
formed using the various non-Gaussian statistics. We
then extend the analysis to real data from HSC-Y1, con-
centrating on relative shifts in S8 posteriors. As HSC
is the deepest Stage-III galaxy weak lensing survey con-
ducted to date, analyzing non-Gaussian statistics of HSC
data provides a great avenue to delve into the impact of
baryonic effects. This serves as a crucial stepping stone
towards the upcoming data from the Legacy Survey of
Space and Time (LSST) of the Vera C. Rubin Observa-
tory, enabling us to enhance our understanding of sys-
tematic challenges of future weak lensing surveys.

This paper is structured as follows. In Section IIA
we present the N-body simulations from which we build
our weak lensing mocks and likelihood pipeline, along
with the cosmological hydrodynamical simulations that
account for the baryonic feedback. Later, we describe the
setup of HSC year 1 data. In this section, we assess our
baryonic feedback strategy. In Section III we describe
the summary statistics we employ in this work. Section
IV presents the likelihood shape, and the parameter in-
ference specifications. In Section V we show our results
on the impact of baryons on the summary statistics and
cosmological constraints of S8, to finally compare our re-
sults with real data cosmological analysis. We summarize
our results and main conclusions in Section VI.

II. HSC Y1 DATA AND SIMULATIONS

In our analysis, we utilize a set of weak lensing conver-
gence (mass) maps that have been reconstructed from
cosmological N-body and hydrodynamical simulations.
The simulations employed in this paper incorporate spe-
cific features of the HSC Y1 dataset. Therefore, we first
provide a description of the HSC Y1 data, followed by
a presentation of the N-body simulations and hydrody-
namical simulations. Finally, we conclude this section
with a step-by-step guide for our mock production and
baryonic feedback strategy.

A. HSC-Y1 real data

To investigate the impacts of different analysis choices
on the shifts in the inferred S8, we use the HSC first data
release (Y1) shear catalog [45]. This catalog is based on
observations conducted between March 2014 and April
2016 using the Subaru Hyper Suprime-Cam in five broad-
bands, grizy. Conservative cuts are applied to select
galaxies with reliable shape measurements (S/N ≥ 10
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and i < 24.5), resulting in a sample that spans 136.9 deg2

across 6 individual patches of the sky.
The redshifts of the source galaxies are determined

from HSC five broadband photometry using multiple in-
dependent codes [46]. For our analysis, we employ three
tomographic bins, 0.3 < zbest < 0.6, 0.6 < zbest < 0.9
and 0.9 < zbest < 1.2, where zbest denotes the best-fit
photo-z determined by the MLZ code. This redshift range
is selected to align with the accuracy range defined by the
HSC team, and within which we observe no indications of
unmodeled effects in our mocks, redshift miscalibration,
or other systematic issues in the real data (see further
discussion in [12, 13, 36]).

We generate pixelized shear maps using a regular flat
grid with a pixel size of 0.88 arcmin, taking into account
the correction for shear responsivity and biases, as out-
lined in [45]. The shear maps are smoothed using the
Gaussian kernel WG defined as

WG(θ) =
1

2πθ2s
exp

(
− θ2

2θ2s

)
, (1)

where we consider the smoothing scales of θs = {2, 5, 8}
arcmin. Finally, we reconstruct the convergence maps
following the Kaiser–Squires inversion method [47]. For
additional details on the map-making procedure, we refer
the reader to [12].

B. HSC-Y1 simulations

The parameter inference analysis is based on two sets
of N-body simulations, customized to incorporate spe-
cific features of the HSC Y1 dataset. These adaptations
account for various factors, including shape noise levels,
variations in the lensing weight, uncertainties in image
calibration, the spatial inhomogeneity of source galaxies,
uncertainties in redshift distribution, and considerations
for survey geometry.

To construct an emulator that generates predictions for
the summary statistics, we employ the cosmology-varied
simulations introduced in [48]. This suite encompass 100
cosmological models within the Ωm−σ8 parameter space,
spanning the ranges Ωm ∈ [0.1, 0.7] and S8 ∈ [0.23, 1.1].
For each cosmological model, there are 50 ray-tracing
realizations of the underlying density field.

Furthermore, we utilize 2268 mock realizations of the
HSC-Y1 shape catalogs to estimate our covariance ma-
trix. This suite of simulations is constructed based on 108
quasi-independent full-sky N -body lensing simulations
presented in [49], with the flat-ΛCDM model cosmology
consistent with the best-fit result of the Wilkinson Mi-
crowave Anisotropy Probe (WMAP) nine-year data [50]:
Ωb = 0.046, Ωm = 0.279, ΩΛ = 0.721, h = 0.7, σ8 = 0.82,
and ns = 0.97. Finally, we adapted these simulations to
replicate the properties of the real data, following the
steps outlined in Section 3.1 of [12]. We reconstruct the
convergence maps using the same procedure as for real

data, including the chosen redshift bins and smoothing
scales.

C. Hydrodynamical simulations

In order to model baryonic feedback processes, a state-
of-the-art strategy involves the use of hydrodynamical
simulations, wherein baryonic effects are mimicked by
sub-grid models. In this work, we utilize BAryons and
haloes of MAssive Systems (BAHAMAS, [51, 52]) and
IllustrisTNG (TNG300-1) [53, 54] simulations to recon-
struct weak lensing convergence maps. Each of these sim-
ulations considers specific calibration strategies, repro-
ducing a subset of observables (e.g., star formation his-
tory, stellar-to-halo-mass relation) to a reasonable degree
within the measurement uncertainties. Therefore, by us-
ing the two hydrodynamical simulations, we can explore
and compare the extent to which different implementa-
tions of baryonic processes can impact our cosmological
constraints. As described below, the simulations are used
to compute ratios of full-physics vs. gravity-only sum-
mary statistics. Hence, the requirement on the mocks
are somewhat relaxed since slight model-misspecification
compared to the HSC-Y1 mocks cancels to leading order
when computing the ratio.

1. BAHAMAS

BAHAMAS is a set of cosmological hydrodynamical
simulations of box size 400 h−1 Mpc. They are designed
to replicate the observed stellar and hot gas properties
of massive haloes [52]. As the AGN feedback is consid-
ered one of the most influential baryonic feedback mech-
anisms in LSS [33], we utilize three BAHAMAS runs in
which AGN heating temperature is varied. The purpose
of varying this temperature is to encompass the scatter
observed in the gas fraction for galaxy groups in X-ray
observations. For the fiducial model, the subgrid param-
eters are calibrated such that the efficiencies of stellar
and AGN feedback match the observed amplitude of hot
gas fraction–halo mass relation of groups and clusters,
and galaxy stellar mass function (for M∗ > 1010M⊙).
For the other two models, the AGN heating tempera-
ture is raised and lowered by 0.2 dex. We refer to those
models as high and low AGN, respectively. We utilize
BAHAMAS simulations at the WMAP 9-yr cosmology
Ωb = 0.0463, Ωm = 0.2793, h = 0.7, σ8 = 0.821, and ns

= 0.972 [50], from which we construct HSC-Y1-like weak
lensing convergence maps for 60 source redshifts up to
zs = 3. Each map covers an area of 5× 5 deg2 of the sky
and contains 3402 pixels.
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2. IllustrisTNG

The TNG300-1 simulations are a set of cosmological
and large-scale hydrodynamical simulations of box-size
205 h−1 Mpc [53, 55] at the Planck 2016 cosmology: Ωb

= 0.0486, Ωm = 0.3089, h = 0.6774, σ8 = 0.8159, and
ns = 0.9667 [56]. Sub-grid prescriptions are aimed at
modeling black hole feedback, thermal and kinetic AGN
feedback, stellar evolution, chemical evolution, galactic
winds, and magnetic fields [57], among others. In this
work, we use the already existing κTNG convergence
maps presented in [54]. These 10242 pixels maps cover
5 × 5 deg2 of the sky for 40 source redshifts up to
zs = 2.6, obtained from random rotations, translation,
and flips of the snapshots.

3. Treatment of the Hydrodynamic mocks

We build hydrodynamic mocks based on the BA-
HAMAS and κTNG light cones. We refer to the baryonic
feedback models as: BAHAMAS low-AGN, BAHAMAS
fiducial-AGN, BAHAMAS high-AGN, and IllustrisTNG.
For each simulation, we have 10,000 realizations of con-
vergence maps at source redshifts. All of them pose a
dark-matter-only counterpart, based on the same corre-
sponding simulation and initial conditions.

Our methodology proceeds as follows:

1. Initially, we assign weights to the lightcone simula-
tions based on the HSC Y1 galaxy source redshift
distribution and sum them along the line-of-sight.
We adopt the tomographic redshift bins outlined
in Section IIA, utilizing three bins that cover the
same range as the real data, i.e., 0.3 < z < 1.2.

2. In order to mimick the HSC-Y1 shape noise, we
add noise to each pixel, whose value is drawn from
a Gaussian distribution centered at zero, with vari-
ance

σ2 =
σ2
e

neff
g Apix

, (2)

where σe ∼ 0.28 is mean intrinsic ellipticity of
galaxies, neff

g is the effective galaxy number den-

sity 5.14, 5.23, 3.99 arcmin−2 for each tomographic
bin, and Apix is the solid angle of a pixel in units
of arcmin−2.

3. Smoothing convergence maps is a standard proce-
dure to reduce the shape noise per pixel, and to ex-
ploit the features encoded in the maps [43]. In our
case, this method is useful to investigate the scale
at which the baryonic effects can be sufficiently mit-
igated. Therefore, we apply the Gaussian smooth-
ing filter in Eq. 1 to the mocks. We consider the
smoothing scales θs = {2, 5, 8} arcmin.

4. Data vector and baryon injection: The
method we employ to account for the presence of
baryons proceeds as follows:

(a) We measure the summary statistics on con-
vergence maps that include baryonic feedback,
which we denote as NH for the peak and min-
imum counts, PDFH for the probability dis-
tribution function, {sH1 , sH2 } for the scatter-
ing transform coefficients, and CH

ℓ for power
spectrum. We repeat on the corresponding
dark matter-only counterparts, where the re-
sults are denoted with the upper label ’DM’.

(b) We divide the two data vectors, which gen-

erates the ratios NH/NDM, PDFH/PDFDM,
sH1 /s

DM
1 , sH2 /s

DM
2 and CH

ℓ /C
DM
ℓ . These results

quantify the impact of baryons on weak lens-
ing non-Gaussian statistics and power spec-
trum.

In order to propagate the effect of baryons into cos-
mological constraints, we inject baryons to the DM-
only data vectors as follows

DVH = DVDM ⟨NH⟩
⟨NDM⟩

, (3)

where we consider the ratio as a correction factor
(with the peak/minimum counts ratio as an exam-
ple) and the angular brackets denote average over
10.000 realizations. This step-by-step methodology
is repeated for the different analysis choices: sum-
mary statistics, tomographic bins and smoothing
scales.

III. NON-GAUSSIAN STATISTICS AND
POWER SPECTRUM

In this work, we focus on the power spectrum, peak
counts, minimum counts, PDF and scattering transform
coefficients, to study the convergence field.

A. Peaks and Minimum counts

Peak statistic has been studied in the literature ex-
tensively and hence it is positioned as one of the most
popular non-Gaussian statistics to study the WL conver-
gence field [15, 18]. We employ the definition of peaks
which is the counting of pixels in the smoothed map
whose (convergence κ) value is higher than their sur-
rounding eight pixels. It has been shown that high peaks
trace the massive haloes in the line of sight, whereas low
peaks trace the superposition of smaller haloes [58]. Con-
versely, minimum counts correspond to pixels with lower
values compared to their eight neighbors, tracing under-
dense regions and probing information complementary
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to the peak counts alone [16]. We measure the peaks in
the linear signal-to-noise ratio κ/⟨σ(κ)⟩ with 19 equally
spaced bins from -4 to 4. It is important to note that
the average ⟨σ(κ)⟩ refers to the average over the individ-
ual σ(κ) obtained for each map realization. We remove
the extreme bins for both statistics and apply further
scale cuts, which varies according to the emulator per-
formance. For the peak counts, we utilize 14 bins in the
range −1.8 < κ/⟨σ(κ)⟩ < 4, whereas for the minimum
counts the same number of bins is obtained encompass-
ing the values −4 < κ/⟨σ(κ)⟩ < 1.8.

B. Probability distribution function (PDF)

The probability distribution function is a summary
statistic that captures the amplitude of the weak lensing
signal. It is sensitive to the NG information contained
in the fields and has been shown to contribute to tight-
ening cosmological constraints [17]. Analytic modeling
approaches, such as the halo model [19] or large devi-
ation statistics [14, 59–61], can be employed to study
and interpret the PDF. In this work, the convergence
PDF is built upon histogramming pixels of convergence
maps, following the same method described for the peak
counts and minimum counts, to enable clear comparisons
in our results. It is important to note that this method
differs from the PDF analysis presented in [13], where
the authors divide each map by its own standard devi-
ation (instead of being divided by an average standard
deviation, as we do in this work) and hence the infer-
ence relies on the non-Gaussian character of the map.
As for peaks and minima, the PDF is calculated in 19
equally spaced signal-to-noise (S/N) bins κ/⟨σ(κ)⟩ with
19 equally spaced bins from -4 to 4. We consider the
range −2.6 < κ/⟨σ(κ)⟩ < 3.6.

C. Scattering Transform

The scattering transform (ST) is a powerful statisti-
cal tool borrowing ideas from convolutional neural net-
works but does not need training [62]. It has been re-
cently introduced to cosmology and shown to extract
a similar amount of information as convolutional neu-
ral networks in the weak lensing context [63]. It also
demonstrates stability properties, a desired advantage
for practical applications [22]. For a statistically homo-
geneous and isotropic field, it consists of a set of coeffi-
cients s1, s2. The coefficients s1(j1) capture the strength
of fluctuations at different scales j1, therefore have a simi-
lar interpretation as the power spectrum. The coefficients
s2(j1, j2) are sensitive to localized structures and capture
the non-Gaussian information in terms of sparsity and
shape at different combinations of scales (j1, j2). More
details can be found in a pedagogical paper [64]. Partly
based on wavelet transform, scales are naturally sepa-
rated in the scattering transform and are labeled by the

wavelet size index j1. Here we use the same wavelets
and definition of the scattering transform as in [63]. The
scale increases by a factor of 2 when j1 increases by 1.
To cover the scales of 300 < ℓ < 1900, we use only
wavelets with j1 = 3, 4, which have central frequencies
of ℓ = 1200 and 550, respectively. As a result, for each
tomographic map, we use 3 scattering coefficients in our
analysis: s1(3), s1(4), s2(3, 4). We do show coefficients
with more scales in Fig. 1 for visualization purpose.

D. Power spectrum

We compute the pseudo-Cℓ estimator on the maps us-
ing NaMaster public code [65]2. We obtain the pseudo-
power spectrum for each tomographic redshift bin in
14 logarithmically equally spaced angular multipole bins
spanning the range 81 < ℓ < 6580. To assess the influ-
ence of baryonic effects, we consider three different scale
cut strategies: 300 < ℓ < 900, 300 < ℓ < 1900, and
900 < ℓ < 1900. A lower multipole range ℓ < 300 is
excluded due to the presence of B modes residuals com-
ing from unmodelled PSF systematics, as indicated in
[66, 67]. This was further validated in our companion
paper [24], and in [13]. Scales beyond ℓ > 1900 are also
excluded due to other unmodeled systematics [66].

IV. PARAMETER INFERENCE

To model and predict the summary statistics at arbi-
trary cosmologies, we train a Gaussian Processes emu-
lator with a Radial-Basis-Function (RBF) kernel imple-
mented in scikit-learn3. The training set consists of 100
cosmological models from [48] and the associated sum-
mary statistics. We emphasize that the training mocks
do not contain baryonic effects. We train multiple em-
ulators, each of them trained to predict an individual
element of the data vectors, given input cosmological pa-
rameters S8 and Ωm. In order to prevent overfitting and
search for the best hyperparameters, we perform a leave-
one-out cross-validation test, at which we compare the
truth value with the emulator prediction. Our emulators
present on average ∼ 2− 3% of fractional error between
the prediction and truth for all statistics and smoothing
scales. It is important to note that the scale cuts are
decided based on preserving the emulator precision and,
at the same time, preserving the maximum cosmological
information from the bins.
For the non-Gaussian statistics, we apply the data lin-

ear compression algorithm MOPED [68], which reduces the
number of bins to the number of cosmological parameters
(two in this analysis, S8 and Ωm) while preserving the

2https://namaster.readthedocs.io/
3https://scikit-learn.org

https://namaster.readthedocs.io/
https://scikit-learn.org
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FIG. 1: The impact of baryonic feedback on the convergence power spectrum (top), scattering transform coefficients s1 and
s2 (left) and probability distribution function (right) for κ-maps smoothed with a Gaussian kernel of θs = 2 arcmin. We show
the results for the hydrodynamical simulations BAHAMAS high-AGN (solid purple line), fiducial-AGN (dashed-dot blue
line), low-AGN (dashed teal line) and κTNG (solid pink line). The vertical axis corresponds to the fractional difference where
CH

ℓ corresponds to the baryon-injected data vector (same for sH1,2 and PDFH), and CDM
ℓ the dark-matter-only data vector

(and also sDM
1,2 and PDFDM, based on the dark matter-only runs of each simulation). The grey-shaded region corresponds to

1σ HSC-Y1 uncertainty.

Fisher information. With this, we can reduce the noise
of the covariance matrix and Gaussianize the likelihood
[69]. The compressed data vector Dcompr equals

Dcompr
α =

∂DT

∂pα
C−1D, (4)

where D is the data vector before compression, and ∂D
∂pα

is the partial derivative of the model data vector with
respect to the α-th parameter.

Finally, we adopt a Gaussian likelihood given by

L(x|p) ∝ exp

(
−1

2
[x− µ(p)]TC−1[x− µ(p)]

)
, (5)

where x is the data vector and µ the emulator prediction
as a function of the parameters p. The covariance matrix
C is built based on the 2268 realizations of the fiducial
model from full-sky N-body simulations [49] described
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FIG. 2: Same as Fig. 1, but for the peak counts (left), and minimum counts (right) for κ-maps smoothed with a Gaussian
kernel of θs = 2 arcmin.

in IIA. In order to obtain an unbiased inverse of the
covariance matrix, we apply the Hartlap factor (Ns−Nb−
1)/(Ns − 1)[70], where Ns is the number of realisations
and Nb the number of bins.
We perform a Monte Carlo Markov Chain (MCMC)

analysis for Bayesian inference of cosmological parame-
ters Ωm and S8, adopting the flat priors 0.15 < Ωm <
0.45 and 0.45 < S8 < 1. This is implemented through
the public code Cobaya [71, 72].

V. RESULTS

We first give an overview of the data vector-level effects
of baryons, before turning to the results on inference of
S8 for both synthetic and observed data vectors.

A. Data vectors

The effect of baryons on the summary statistics and
tomographic bins is shown in Fig. 1 and Fig. 2. For
the non-Gaussian statistics, these figures show the re-
sults for the convergence maps smoothed with a Gaussian
kernel of θs = 2 arcmin. The grey shaded region corre-
sponds to 1σ uncertainty from HSC-Y1, and the verti-
cal axis depicts the fractional difference between bary-
onic physics data vectors and the dark matter only case.
The main effect of baryons in the four baryonic feedback
scenarios considered in this work, namely κTNG, low-
AGN, fiducial-AGN, and high-AGN is the suppression of
the structures at κ/⟨σ(κ)⟩ > 1.5 and κ/⟨σ(κ)⟩ < −1.5.
This is clearly seen for the PDF, peak counts, minimum
counts, and the scattering transform coefficients. The
impact of these baryon scenarios exhibit variations in am-

plitude and scale, consistent with previous studies [30].
In Fig. 1, top panel, we show the fractional difference for
the convergence power spectrum, where the BAHAMAS
high-AGN reaches ∼ 10% to ∼ 15% suppression for all
tomographic bins at scales ℓ ≈ 300 to ℓ ≈ 1000, with
a more pronounced effect observed in the third tomo-
graphic bin z3. This result is also observed for the scat-
tering transform coefficients, s1(j1) being sensitive to the
same information contained in the power spectrum (the
strength of matter fluctuations). For the power spec-
trum, we also observe a turn-around, meaning baryons
start to enhance the the clustering of structures, which
is mainly attributed to gas cooling and star formation
at the smaller scales. In all redshift bins, the effects of
the BAHAMAS low-AGN and κTNG scenarios are the
weakest, being comparable between each other.

For the smoothing scale θs = 2 arcmin, the peaks and
PDF are the most impacted by baryons when consider-
ing BAHAMAS high-AGN, with suppressions in κ of ap-
proximately ∼ 10% in the high κ regime; and ∼ 6% for
BAHAMAS fiducial-AGN. This means that the presence
of baryons dilutes the overdense regions for the baryonic
feedback scenarios considered, and thus matter is redis-
tributed, populating underdense regions as well. This
feature is captured by the supression of the negative
(mainly for the PDF and minimum counts) and positive
κ tails. The three BAHAMAS scenarios exhibit a slight
increase in structures in the range 0 < κ/⟨σ(κ)⟩ < 1.5 for
peaks and PDF, due to the material from high κ being
removed and placed in lower κ regions under the effect
of AGN feedback. It is important to highlight that al-
though the deviations from zero are relatively small in
comparison to the 1σ uncertainties of the HSC-Y1 data,
the correlations between the bins are not depicted in the
Figures 1 and 2, and could potentially influence the over-
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FIG. 3: The impact of baryonic feedback on S8 for the non-Gaussian statistics and power spectrum pseudo-Cℓ using mock
data. We show the results for the hydrodynamical simulations BAHAMAS high-AGN (purple), fiducial-AGN (blue),
low-AGN (teal) and IllustrisTNG (pink). The vertical axis corresponds to the scales considered and the horizontal axis is the
S8 discrepancies defined as ∆S8 = SH

8 − SDM
8 where ‘H’ stands for the resulting S8 from the baryon-corrected synthetic data

vector and ‘DM’ for dark matter only (no baryonic correction).

all parameter inference. Therefore, we proceed to inves-
tigate the total impact of such deviations in terms of the
cosmological parameters.

B. Mock data: Impact on S8

In Fig. 3, we show the impact of baryons on the cosmo-
logical forecasts on S8. It is important to emphasize that
the likelihood in Eq. 5 incorporates data vectors corrected
by the same effects observed in Fig. 1 and Fig. 2. The
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FIG. 4: Results for HSC-Y1 real data analysis, where error bars show 68% credible regions. The horizontal axis
corresponds to S8 ≡ σ8

√
Ωm/0.3 cosmological constraints for the power spectrum pseudo-Cℓ (teal), scattering

transform (purple), peak counts (red), minimum counts (blue), and PDF (yellow). We report the S8 median and 1σ
uncertainties at the right side of the vertical axis.

horizontal axis displays the shift ∆S8 = SH
8 −SDM

8 , where
SH
8 denotes posterior median inferred from the baryon-

corrected data vectors, SDM
8 denotes the results obtained

from dark matter-only data vectors.

For the power spectrum with scale range
900 < ℓ < 1900, we observe that the impact of
baryons leads to a bias of −0.93σ in the high-AGN
baryonic feedback scenario, while the bias is ∼ −0.16σ
for TNG and low-AGN scenarios. For large scales
300 < ℓ < 900, the strongest feedback produces −0.7σ
bias. The best constraining power for power spectrum
is achieved when considering all data points, namely
300 < ℓ < 1900. In this case, biases range from −0.17σ
until −0.9σ depending on the baryon case. Therefore,
even if we aim at extending scales up to ℓ = 1900 to
achieve better precision, the power spectrum is not
strongly affected by baryons and hence we can preserve
accuracy even if we include baryonic feedback in the
analysis.

On the other hand, the non-Gaussian statistics peak
counts for θs = 2 arcmin and scattering transform with
ℓcenter = 1200 exhibit ∼ −0.94σ biases for high-AGN,
similar to power spectrum. For the same analysis choices,
the PDF is the statistic most impacted, with a −0.98σ
bias; and minimum count the most robust against bary-
onic feedback (−0.55σ), consistent with Ref. [16]. In gen-
eral lines, our results indicate that a 5 arcmin smoothing
scale is enough to preserve accurate constraints on S8 for
HSC-Y1, including all the different baryon models cov-
ered in this work.

C. Real data results

We repeat our inference analysis using the HSC Y1
real data vectors, rather than a synthetic data vector cor-
rected by baryonic effects. We aim to investigate whether
we observe any significant shifts in S8 derived from real
data when employing the same analysis choices presented
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for mock data, with a special interest in the impact of in-
cluding the small scales. It is important to note that for
this analysis baryons are no longer modeled, therefore we
are not thinking of baryonic feedback as an isolated sys-
tematic. Still, we aim to further investigate the trends
found with HSC Y1-like mock data, and have a wide
comparison of the non-Gaussian statistics for HSC real
data.

We show the results for the HSC Y1 real data anal-
ysis in Fig. 4. Our results are in good agreement with
previous HSC Y1 constraints, such as the results based
on the power spectrum analysis S8 = 0.780+0.030

−0.033 from
Ref. [66], and the two-point correlation function con-
straints S8 = 0.823+0.032

−0.028 from Ref. [73]. It is impor-
tant to note that our analysis differs from these studies
in many aspects, including the tomographic bins, covari-
ance matrix prescription, the parameters considered for
parameter inference, among others. Besides the afore-
mentioned HSC Y1 two-point analyses, our results are
also statistically consistent with HSC Y1 deep learning
results from Ref [74].

The real data results in Fig. 4 show no statistically
significant shift in S8 when comparing large and small
scales. For instance, the scattering transform ℓcenter =
1200 shows 0.3σ bias in S8 respect to central frequency
ℓcenter = 550. For the rest of the non-Gaussian statistics,
this bias is also very minor. The inferred S8 from power
spectrum pseudo-Cℓ with scale range 900 < ℓ < 1900
exhibits a 1σ bias towards higher S8. In order to inves-
tigate this result further, we run a cosmological anal-
ysis employing a naive estimation of the Cℓ (without
considering th pseudo-Cℓ approach). Our constraints
are: S8 = 0.825+0.042

−0.046 for Cℓ in the scale range 900 <

ℓ < 1900, S8 = 0.810+0.034
−0.030 for 300 < ℓ < 1900, and

S8 = 0.804+0.038
−0.034 for 300 < ℓ < 900. Therefore, the trend

observed in the S8 constraints from the pseudo-Cℓ anal-
ysis, particularly when including small scales, becomes
less significant when adopting the naive power spectrum
computation. This can be attributed to the potential
presence of systematics in real data, which are captured
by the mixing of scales in the pseudo-Cℓ approach. Fur-
ther investigation of this phenomenon is warranted in
future studies.

Finally, from Fig. 4 we observe that the constraints
from the PDF for 2 arcmin smoothing scale outperform
all statistics. The PDF is followed by the scattering
transform with central frequency ℓcenter = 550, 1200 and
the peak counts 2 arcmin, with constraining power simi-
lar to power spectrum pseudo-Cℓ 300 < ℓ < 1900. Hence,
a combined analysis of these non-Gaussian statistics can
provide tighter cosmological constraints. It’s notewor-
thy that while both [13] and [12] employ the same set
of simulations used in this work, the results presented in
Fig. 4 exhibit differences in constraining power. This di-
vergence stems from varied analysis choices, encompass-
ing the combination of smoothing scales considered, how
the convergence maps were normalized, and other specific
choices.

Only focusing on baryonic physics as a systematic
effect, these results suggest that the impact of bary-
onic effects on the HSC Y1 real data is potentially sub-
dominant than what is expected in simulations. However,
it is essential to consider the complexity and limitations
of the simulations when interpreting these results. On
the other hand, other sources of bias may arise in real
data, from unaccounted scale-dependent effects. For in-
stance, the intrinsic alignment of galaxies can introduce
correlations between the galaxy shapes that are scale-
dependent and may impact cosmic shear measurements
[27]. Neutrino masses can also introduce supression of the
matter power spectrum on small scales and impact the
non-Gaussian statistics [15, 75], influencing the overall
cosmological constraints. Given the multitude of poten-
tial scale-dependent effects, it is crucial to carefully ac-
count for and model all relevant astrophysical and other
systematics when conducting cosmological analyses. Our
main results may also indicate that other systematic un-
certainties might play a more significant role in shaping
the cosmological constraints obtained from the real HSC
Y1 observational data.

VI. CONCLUSIONS

In this paper, we investigate the impact of baryons
on the convergence power spectrum and non-Gaussian
statistics: peak counts, minimum counts, PDF and scat-
tering transform using HSC Y1-like lensing convergence
maps. To quantify the effect of baryons we consider con-
vergence maps built upon cosmological hydrodynamical
simulations κTNG; and BAHAMAS low-AGN, fiducial-
AGN, and high-AGN. The impact of each of these bary-
onic feedback scenarios is then propagated into cosmo-
logical constraints on S8 and Ωm for HSC Y1 mock data.
Furthermore, in this work we report constraints on cos-

mological parameter S8 for HSC Y1 real data using all
non-Gaussian statistics listed above, acccounting for var-
ious analysis choices. Our main results and conclusions
are:

• We find that the impact of baryons on the statistics
evolves with redshift, as shown Fig. 1 and Fig. 2.
This effect is larger for the third tomographic bin
in all the statistics considered, in agreement with
previous works [27]. In general, our results show
that the BAHAMAS high-AGN feedback model
produces the strongest impact of baryonic effects
on all summary statistics for HSC Y1 mock data,
also consistent with other non-Gaussian statistics
works [54].

• The impact of baryons on the constraints on S8

for the analysis of mock data is shown in Fig. 3.
The general tendency is that the baryonic feedback
models shift S8 towards lower values (∆S8 < 0),
being more significant for the smallest scales (2 ar-
cmin, ℓ > 900). The baryonic feedback model BA-
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HAMAS low-AGN tends to shift S8 in the other
direction, namely ∆S8 > 0 for PDF and minimum
counts, however, it is statistically non-significant.
This is due to the enhancement of structures in the
intermediate to low κ regime when considering this
feedback scenario.

• We observe that all non-Gaussian statistics are im-
pacted by baryons at a similar level. Based on
the BAHAMAS high-AGN model, the peak counts,
PDF and scattering transform exhibit a 0.91σ to
0.98σ bias on S8 when considering the smallest
scales (2 arcmin, ℓcenter = 1200). The minimum
counts reach a −0.55σ bias for the same scale.
These biases are mainly driven by the differences in
constraining power of the statistics employed. For
the 5 arcmin scale, the biases are −0.47σ for peak
counts and −0.84σ for the ST, with PDF and min-
imum counts showing biases ∼ −0.3σ. For the BA-
HAMAS fiducial-AGN, biases are less than −0.45σ.

• We perform parameter inference using HSC-Y1 real
data under the different scenarios we considered for
the simulations. This is shown in Fig. 4. Among
the non-Gaussian statistics, the PDF and scatter-
ing transform yield the tightest constraints. A
similar result was found in [21], running a Fisher
forecast analysis instead of a full MCMC inference
pipeline.

• For real data, we do not find any significant shifts
in S8 when incorporating the small scales, with a
∆S8 much less prominent than the results found
for mock data. Hence, our analysis suggests that
weak baryonic scenarios are more likely to repro-
duce HSC-Y1 real data systematics at small scales
or that other scale-dependent systematics may have
a more substantial impact in constraining the cos-
mological parameters. Our results are consistent
with other Stage-III analyses using the two-point
information [76–78].

• As a final remark, all S8 constraints found
in this work are consistent with Planck
TT+TE+EE+lowE result S8 = 0.834 ± 0.016
[79] and the recent Planck data release PR4
analyses S8 = 0.819± 0.014 [80, 81].

This work highlights the advantages of exploring vari-
ous non-Gaussian statistics and the impact of systematics

to perform weak lensing analyses. By considering various
statistical measures beyond the power spectrum, we can
gain a more comprehensive understanding of how bary-
onic physics impacts cosmological parameter estimation,
in addition to providing improved constraining power on
S8.

We expect future analyses will be able to discriminate
more precisely between baryonic feedback prescriptions
and determine if the lower amplitude in S8 found in some
LSS studies can be attributed to baryonic feedback sys-
tematics. The non-Gaussian statistics are particularly
valuable for this task, as they provide crucial insights
into the impact of different feedback models on cosmo-
logical constraints.

Upcoming Stage-IV surveys will provide precise
constraints on cosmological parameters, and thus the
biases produced by unmodelled baryonic physics will be
more significant than the ones we found in this work.
For such surveys, scale cuts based on the analysis of
baryon-corrected data vectors with varying baryonic
feedback strength need to be revisited.
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[9] D. Zürcher, J. Fluri, R. Sgier, T. Kacprzak, and A. Re-
fregier, Cosmological Forecast for non-Gaussian Statis-
tics in large-scale weak Lensing Surveys, JCAP 01, 028,
arXiv:2006.12506 [astro-ph.CO].
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delbaum, M. Takada, F. Köhlinger, H. Miyatake, A. J.
Nishizawa, H. Aihara, et al., Cosmology from cosmic
shear power spectra with subaru hyper suprime-cam first-
year data, Publications of the Astronomical Society of
Japan 71, 43 (2019).

[67] M. Oguri, S. Miyazaki, C. Hikage, R. Mandelbaum,
Y. Utsumi, H. Miyatake, M. Takada, R. Armstrong,
J. Bosch, Y. Komiyama, et al., Two-and three-
dimensional wide-field weak lensing mass maps from the
hyper suprime-cam subaru strategic program s16a data,
Publications of the Astronomical Society of Japan 70,
S26 (2018).

[68] A. Heavens, R. Jimenez, and O. Lahav, Massive loss-
less data compression and multiple parameter estimation
from galaxy spectra, Mon. Not. Roy. Astron. Soc. 317,
965 (2000), arXiv:astro-ph/9911102.

[69] M. Gatti, C. Chang, O. Friedrich, B. Jain, D. Ba-
con, M. Crocce, J. DeRose, I. Ferrero, P. Fos-
alba, E. Gaztanaga, D. Gruen, Harrison, et al.
(DES collaboration), Dark Energy Survey Year 3
results: cosmology with moments of weak lens-
ing mass maps – validation on simulations, Monthly
Notices of the Royal Astronomical Society 498,
4060 (2020), https://academic.oup.com/mnras/article-
pdf/498/3/4060/33796426/staa2680.pdf.

[70] J. Hartlap, P. Simon, and P. Schneider, Why your model
parameter confidences might be too optimistic: Unbiased
estimation of the inverse covariance matrix, Astron. As-
trophys. 464, 399 (2007), arXiv:astro-ph/0608064.

[71] J. Torrado and A. Lewis, Cobaya: code for bayesian anal-
ysis of hierarchical physical models, Journal of Cosmol-
ogy and Astroparticle Physics 2021 (05), 057.

[72] J. Torrado and A. Lewis, Cobaya: Code for Bayesian
Analysis of hierarchical physical models, JCAP 05, 057,
arXiv:2005.05290 [astro-ph.IM].

[73] T. Hamana, M. Shirasaki, S. Miyazaki, C. Hikage,
M. Oguri, S. More, R. Armstrong, A. Leauthaud,
R. Mandelbaum, H. Miyatake, A. J. Nishizawa, M. Simet,
M. Takada, H. Aihara, J. Bosch, Y. Komiyama, R. Lup-
ton, H. Murayama, M. A. Strauss, and M. Tanaka, Cos-
mological constraints from cosmic shear two-point corre-
lation functions with HSC survey first-year data, Publ.
Astron. Soc. Jpn. 72, 16 (2020), arXiv:1906.06041 [astro-
ph.CO].

[74] T. Lu, Z. Haiman, and X. Li, Cosmological constraints
from HSC survey first-year data using deep learn-
ing, Mon. Not. Roy. Astron. Soc. 521, 2050 (2023),
arXiv:2301.01354 [astro-ph.CO].

[75] J. C. Broxterman, M. Schaller, J. Schaye, H. Hoek-
stra, K. Kuijken, J. C. Helly, R. Kugel, J. Braspen-
ning, W. Elbers, C. S. Frenk, J. Kwan, I. G. McCarthy,
J. Salcido, M. P. van Daalen, and B. Vandenbroucke,
The FLAMINGO project: Baryonic impact on weak
gravitational lensing convergence peak counts, arXiv
e-prints , arXiv:2312.08450 (2023), arXiv:2312.08450
[astro-ph.CO].

[76] H.-J. Huang, T. Eifler, R. Mandelbaum, G. M. Bern-
stein, A. Chen, A. Choi, J. Garćıa-Bellido, D. Huterer,
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R. Keskitalo, G. Lagache, C. R. Lawrence, B. Partridge,
and D. Scott, Cosmological parameters derived from the

https://arxiv.org/abs/2010.09731
https://doi.org/10.1186/s40668-019-0028-x
https://doi.org/10.1186/s40668-019-0028-x
https://arxiv.org/abs/1812.05609
https://arxiv.org/abs/1812.05609
https://doi.org/10.1051/0004-6361/201525830
https://arxiv.org/abs/1502.01589
https://doi.org/10.1093/mnras/stx3112
https://doi.org/10.1093/mnras/stx3112
https://arxiv.org/abs/1707.03406
https://doi.org/10.1103/PhysRevD.94.043533
https://arxiv.org/abs/1606.01318
https://arxiv.org/abs/1606.01318
https://arxiv.org/abs/astro-ph/0006270
https://arxiv.org/abs/astro-ph/0006270
https://doi.org/10.1093/mnras/stab818
https://doi.org/10.1093/mnras/stab818
https://arxiv.org/abs/2012.03831
https://doi.org/10.48550/arXiv.2307.09468
https://doi.org/10.48550/arXiv.2307.09468
https://arxiv.org/abs/2307.09468
https://doi.org/doi: 10.1109/TPAMI.2012.230
https://doi.org/doi: 10.1109/TPAMI.2012.230
https://arxiv.org/abs/1203.1513
https://arxiv.org/abs/1203.1513
https://doi.org/10.1093/mnras/staa3165
https://arxiv.org/abs/2006.08561
https://doi.org/10.48550/arXiv.2112.01288
https://doi.org/10.48550/arXiv.2112.01288
https://arxiv.org/abs/2112.01288
https://arxiv.org/abs/2112.01288
https://doi.org/10.1093/mnras/stz093
https://doi.org/10.1093/mnras/stz093
https://arxiv.org/abs/1809.09603
https://arxiv.org/abs/1809.09603
https://doi.org/10.1046/j.1365-8711.2000.03692.x
https://doi.org/10.1046/j.1365-8711.2000.03692.x
https://arxiv.org/abs/astro-ph/9911102
https://doi.org/10.1093/mnras/staa2680
https://doi.org/10.1093/mnras/staa2680
https://doi.org/10.1093/mnras/staa2680
https://arxiv.org/abs/https://academic.oup.com/mnras/article-pdf/498/3/4060/33796426/staa2680.pdf
https://arxiv.org/abs/https://academic.oup.com/mnras/article-pdf/498/3/4060/33796426/staa2680.pdf
https://doi.org/10.1051/0004-6361:20066170
https://doi.org/10.1051/0004-6361:20066170
https://arxiv.org/abs/astro-ph/0608064
https://doi.org/10.1088/1475-7516/2021/05/057
https://doi.org/10.1088/1475-7516/2021/05/057
https://doi.org/10.1088/1475-7516/2021/05/057
https://arxiv.org/abs/2005.05290
https://doi.org/10.1093/pasj/psz138
https://doi.org/10.1093/pasj/psz138
https://arxiv.org/abs/1906.06041
https://arxiv.org/abs/1906.06041
https://doi.org/10.1093/mnras/stad686
https://arxiv.org/abs/2301.01354
https://doi.org/10.48550/arXiv.2312.08450
https://doi.org/10.48550/arXiv.2312.08450
https://arxiv.org/abs/2312.08450
https://arxiv.org/abs/2312.08450
https://doi.org/10.1093/mnras/stad3107
https://arxiv.org/abs/2309.07959
https://doi.org/10.1093/mnras/stac2429
https://doi.org/10.1093/mnras/stac2429
https://arxiv.org/abs/2206.11794
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://arxiv.org/abs/1807.06209


15

final Planck data release (PR4), Astron. Astrophys. 682,
A37 (2024), arXiv:2309.10034 [astro-ph.CO].

[81] E. Rosenberg, S. Gratton, and G. Efstathiou, CMB
power spectra and cosmological parameters from Planck

PR4 with CamSpec, Mon. Not. Roy. Astron. Soc. 517,
4620 (2022), arXiv:2205.10869 [astro-ph.CO].

https://doi.org/10.1051/0004-6361/202348015
https://doi.org/10.1051/0004-6361/202348015
https://arxiv.org/abs/2309.10034
https://doi.org/10.1093/mnras/stac2744
https://doi.org/10.1093/mnras/stac2744
https://arxiv.org/abs/2205.10869

