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ABSTRACT

Extracting precise cosmology from weak lensing surveys requires modelling the non-linear matter power spectrum, which is
suppressed at small scales due to baryonic feedback processes. However, hydrodynamical galaxy formation simulations make
widely varying predictions for the amplitude and extent of this effect. We use measurements of Dark Energy Survey Year 3 weak
lensing (WL) and Atacama Cosmology Telescope DRS5 kinematic Sunyaev—Zel’dovich (kSZ) to jointly constrain cosmological
and astrophysical baryonic feedback parameters using a flexible analytical model, ‘baryonification’. First, using WL only, we
compare the Sg constraints using baryonification to a simulation-calibrated halo model, a simulation-based emulator model,
and the approach of discarding WL measurements on small angular scales. We find that model flexibility can shift the value of
Sg and degrade the uncertainty. The kSZ provides additional constraints on the astrophysical parameters, with the joint WL +
kSZ analysis constraining Sg = 0.823’:8:8;3. We measure the suppression of the non-linear matter power spectrum using WL +
kSZ and constrain a mean feedback scenario that is more extreme than the predictions from most hydrodynamical simulations.
We constrain the baryon fractions and the gas mass fractions and find them to be generally lower than inferred from X-ray
observations and simulation predictions. We conclude that the WL + kSZ measurements provide a new and complementary
benchmark for building a coherent picture of the impact of gas around galaxies across observations.
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1 INTRODUCTION

The standard cosmological model, lambda-cold dark matter
(ACDM), has been very successful when tested against observations
of the cosmic microwave background (CMB; Bennett et al. 2003;
Planck Collaboration VI 2020a), the lensing of the CMB at inter-
mediate redshifts (Planck Collaboration VIII 2020b; Madhavacheril
et al. 2024) and low-redshift observations of the expansion history
as probed by baryon acoustic oscillations (Eisenstein et al. 2005).
Measurements of weak galaxy lensing provide a strong test of
ACDM at relatively small scales in the low-redshift Universe. In
order to extract unbiased cosmological constraints from weak lensing
(WL), accurate modelling of the non-linear matter distribution at
k > 0.1 hMpc~! is crucial. This requires understanding both the
non-linear dark matter evolution due to gravity to percent-level
accuracy, as well as the impact of the baryons. In particular, a number
of physical processes associated with baryons redistribute gas and
impact the non-linear matter power spectrum by up to ~ 30 per cent
(see e.g. Chisari et al. 2019; van Daalen, McCarthy & Schaye 2020).
This ‘baryonic feedback’ encapsulates the energetic effect of active
galactic nuclei (AGNs) heating gas and ejecting it to the outskirts
of groups and clusters, as well as the likely subdominant effects of
stellar winds, supernovae feedback, and gas cooling (van Daalen et al.
2011). At present, astrophysical model uncertainties, such as those
due to baryonic feedback, have been shown to limit the precision
of WL surveys (Amon et al. 2022; DES & KiDS Collaborations
2023). Therefore, to extract maximal information from WL data
demands improved modelling of baryonic effects and their impact
on the matter distribution. Moreover, it has been proposed that the
‘Sg tension’ — the finding that WL constraints on the clustering
amplitude parameter, Sg = 05(2,/ 0.3)%3, are lower than predictions
from the CMB - could be explained by a suppression of the non-
linear matter power spectrum (Amon & Efstathiou 2022; Preston,
Amon & Efstathiou 2023). This could either be caused by a more
extreme baryonic feedback effects than hydrodynamical simulations
predict or extensions to the standard model of cosmology. In order to
isolate a departure from the standard cosmological model, baryonic
effects must be better understood.

Powerful AGN feedback is believed to have the ability to eject
baryons beyond the virial radius of galaxies, redistributing the gas
to the outskirts of galaxy groups and clusters (McCarthy et al. 2011;
Dubois et al. 2016; Henden et al. 2018; Springel et al. 2018). Indeed,
studies of hydrodynamical simulations have demonstrated that AGN
feedback alters the total matter distribution relative to dark-matter-
only simulations, and that it causes a suppression of the power
spectrum at scales 0.1 < k < 10 Mpc™!, whereas increased star
formation can enhance power on the smallest scales (see Chisari
et al. 2019, for a review). These simulations reproduce many of the
observed properties of galaxies, including optical properties, galaxy
group/cluster profiles, scaling relations, and Sunyaev—Zel’dovich
counts. However, despite these successes, the scale, amplitude, and
redshift dependence of the larger scale power suppression remain
largely uncertain, with significant variation between simulations.
These differences are direct outcomes of the ‘subgrid’ modelling
of astrophysical processes, which take place below the resolution
scale of the simulation.

Specifically, subgrid models are required to follow the formation,
growth, and feedback of black holes, as well as gas cooling, metal
enrichment, star formation, and associated stellar feedback. The
AGN feedback may operate in either kinetic or thermal modes
(generally associated with the radio and quasar modes, respectively),
or alternate between the two depending on the black hole accretion
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rate in a ‘two-mode’ feedback scenario (see Sijacki et al. 2007). The
feedback model normally has a number of associated ill-constrained
parameters encoding the feedback strength, such as the efficiency
of thermal/kinetic coupling, the black hole accretion rate, and, in
some models, the minimum heating temperature of gas cells before
a feedback event occurs. While physical arguments can be used
to narrow the plausible range of some of these parameters, this
is normally not sufficiently constraining for precision cosmology
purposes. Thus, it is often the case that the parameters are calibrated
against key observables.

X-ray measurements of the hot gas fractions of groups and clusters
within the virial radius are most widely used to benchmark the
simulations, along with galaxy stellar mass function, star formation
history, and galaxy sizes (McCarthy et al. 2017; Henden et al. 2018;
Nelson et al. 2019; Kugel et al. 2023; Schaye et al. 2023). Even
with identical subgrid physics, the box size and resolution of the
simulation can also have a non-negligible impact on the matter
distribution (van Daalen et al. 2011; Pandey et al. 2023). Indeed,
there is a large parameter space of feedback prescriptions, modelling
choices and simulation properties that result in significant variation
in the suppression of the matter power spectrum (Henden et al. 2018;
Davé et al. 2019; Herndndez-Aguayo et al. 2023; Salcido et al. 2023;
Schaye et al. 2023).

Recent WL analyses have devised various approaches to mitigate
the impact of baryonic feedback on cosmological constraints. The
DES Y3 (Dark Energy Survey Year 3) cosmic shear analysis opted
to discard measurements from the analysis on angular scales that
are impacted by baryonic effects from the analysis (Krause et al.
2021; Amon et al. 2023; Secco, Samuroff et al. 2022). Alternatively,
baryon feedback has been modelled using a halo model approach
(Asgari et al. 2021; Li et al. 2023), and using a halo model that is
calibrated to a hydrodynamical simulations (Mead et al. 2021; DES
& KiDS Collaborations 2023). More recently, Salcido et al. (2023)
have developed an emulator trained using a suite of hydrodynamical
simulations with varied feedback efficiencies.

Instead of relying on the hydrodynamical simulations, the bary-
onification (bfc) model is another approach which shifts particle
outputs in gravity-only simulations to attain modified halo profiles,
modelling the re-arrangement of baryon material caused by feedback
effects (Schneider & Teyssier 2015). This approach has been used in
Schneider et al. (2022), Chen et al. (2023), and Arico et al. (2023).
Other approaches include a principal component analysis (Huang
et al. 2019).

An alternative approach to using models that are informed by
hydrodynamical simulations (and therefore indirectly benchmarked
against X-ray data) is to jointly analyse WL data with observations
of the gas content in and around galaxy groups and clusters. This
has been done to improve cosmological constraints by reducing
the model space of the nuisance parameters and exploiting the
complementary dependence of the cross-correlated data sets on
cosmological parameters (Troster et al. 2020). The suppression of the
matter power spectrum has also been constrained using this approach
(Schneider et al. 2022).

A highly complementary observable to X-ray is the kinetic
Sunyaev—Zel’dovich (kSZ) effect, caused by the Thomson scattering
of the CMB photons by free electrons moving with bulk motion
in groups and clusters of galaxies relative to the CMB rest frame
(Sunyaev & Zeldovich 1972, 1980). This causes a shift in the CMB
temperature while preserving the blackbody spectrum. If the bulk
line-of-sight velocity is known, the kSZ effect directly measures
the free electron number density, independent of temperature (Hand
et al. 2012; Planck Collaboration XXXVII 2016; Soergel et al. 2016;
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Schaan et al. 2021). The kSZ effect is well suited to probe low density
and low temperature environments like the outskirts of galaxies and
clusters, whereas X-ray measurements are more sensitive to the inner
regions (Amodeo et al. 2021).

The goals of this work are threefold:

1. We test the performance of four baryon feedback mitigation
strategies for analysing mock and DES Y3 WL data: the DES Y3
scale cut approach (Krause et al. 2021), a halo model approach (Mead
et al. 2021) calibrated to a hydrodynamical simulation, an emulator
built using a suite of hydrodynamical simulations (Salcido et al.
2023) and the bfc model (Schneider & Teyssier 2015; Schneider
et al. 2019).

II. As an alternative to simulation-driven models, we use the
most flexible model, bfc, to jointly analyse the lensing data with
the Atacama Cosmology Telescope (ACT) kSZ measurements for
improved constraints on the baryonic feedback parameters and
therefore the cosmological parameters.

III. We constrain astrophysical observables for the first time in a
joint WL and kSZ analysis, providing a new avenue to benchmark
the hydrodynamical simulations.

The paper is structured as follows. Section 2 describes the DES
Y3 cosmic shear and ACT DRS5 kSZ data sets used in this analysis.
Section 3 outlines the modelling of the cosmic WL and kSZ
measurements, including the four baryon models.

In Section 4, we summarize the findings of a mock analysis. We
compare the cosmological constraints when analysing the shear data
with different baryon mitigating models and model complexities
in Section 5. In Section 6, we present our constraints on both
cosmological and baryonic parameters obtained from a joint WL
+ kSZ analysis. Finally, in Section 7, we consider our constraints on
the observables that simulations benchmark against. We summarize
key findings and conclude in Section 8.

2 DATA

2.1 Dark Energy Survey cosmic shear

The DES has completed six years of photometric observations in the
grizY bands, using the 4-m Blanco telescope located at the Cerro
Tololo Inter-American Observatory. The survey spans ~5000 deg?
in the Southern Hemisphere.

For this analysis, we use data taken during the survey’s first three
years of operation (DES Y3), between 2013 and 2016 (Sevilla-
Noarbe et al. 2021). The DES Y3 footprint covers 4143 deg? with a
number density of 5.59 galaxies arcmin™2 to a depth of i~ 23.5. The
METACALIBRATION WL catalogue has over 100 million galaxies that
have passed a raft of validation tests (Gatti et al. 2022). The sample
has been divided into four redshift bins and the calibrated redshift
distributions and associated uncertainty are defined in Myles et al.
(2021). Remaining biases in the shape measurement and redshift
distributions, primarily due to blending, are calibrated using image
simulations, and the associated corrections for each redshift bin are
reported in MacCrann et al. (2022). The DES Y3 cosmic shear
tomographic two-point correlation functions, £, are measured in
20 angular logarithmic bins spanning 2.5-250.0 arcmin (Amon et al.
2022; Secco et al. 2022).

2.2 Atacama Cosmology Telescope kinetic Sunyaev-Zel’dovich

The ACT is a 6-m millimeter waveband telescope, observing the
CMB. Since first light in 2007, it has had three generations of
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receivers, the most recent of which is the polarization-sensitive Ad-
vanced ACTPol (AdvACT), which extended the frequency coverage
to five bands spanning 28-230 GHz. The fifth data release (herinafter
DRS5) co-adds maps collected from 2008 to 2018 covering approx-
imately 18000 deg® and utilizes data from all three generations of
receiver (Naess et al. 2020).

This work uses the kSZ measurements presented in Schaan et al.
(2021). These are stacked measurements of the ACT DRS and
Planck CMB temperature maps at 98 GHz (hereinafter called f90
for consistency with Schaan et al. 2021) and 150 GHz (f150) with
the reconstructed velocities of the spectroscopic Baryon Oscillation
Spectroscopic Survey (BOSS) CMASS galaxy catalogue. The kSZ
signal is detected at a 6.5¢ significance. The galaxy sample spans the
redshift range 0.4 < z < 0.7 with a median redshift of z = 0.55. It
corresponds to a selection of relatively massive galaxies with a mean
stellar mass of log;,(Msur/Me) & 11.3 and an assumed mean halo
mass of ~ 10'3 Mg (Amodeo et al. 2021; Schaan et al. 2021), though
the latter is quite uncertain. Given its importance to the modelling of
the stacked kSZ sample, we will discuss the mean halo mass of this
sample later in the work.

2.3 Hydrodynamical simulations

Throughout the paper, we compare our constraints on the matter
power spectrum to predictions from a range of hydrodynamical
simulations: the FLAMINGO (1 Gpc)? box with baryonic particle
masses of 10°My (Schaye et al. 2023, solid line); BAHAMAS
(400 Mpc 2~")3 box with ®xgny = 7.8 and 10243 dark matter and
baryonic particles (McCarthy et al. 2017, dashed-dotted line);
SIMBA (100 Mpc 2~")? box with 10243 gas elements (Davé et al.
2019, dotted line); MillenniumTNG 740 Mpc? with baryonic mass
resolution of 3.1 x 107 Mg (Pakmor et al. 2023, dashed line);
and FABLE (100 Mpc2~')* box with 12803 dark matter particles
and 12807 baryonic resolution elements (double-dotted—dashed
line, Henden et al. 2018, Bigwood et al. in preparation). These
simulations not only span a range of box sizes and resolutions,
but also feedback implementations, hydrodynamical schemes, and
calibration strategies. Fig. 1 shows the suppression of the non-
linear matter power spectrum due to baryonic effects, P(k)/ Ppmonly
as predicted by each simulation, demonstrating the spread in the
predicted amplitude and scale dependence. Several additional hydro
simulations are also used to calibrate the baryonic feedback models
tested throughout this work. We therefore also plot the prediction
from the OWLS-AGN (100 Mpc 2~ ')? box with 5123 dark matter and
baryonic particles, respectively (Schaye et al. 2010; van Daalen et al.
2011, dark green solid line), the span in the suppression predicted
by BAHAMAS when ® gy is varied within the range 7.6-8.0 (see
Section 3.2.2), and range modification measured by the ANTILLES
suite of 400 simulations (Salcido et al. 2023, light green region), each
with box size (100 Mpc/~')? and 256 dark matter and baryonic
particles, respectively. ANTILLES spans significantly more extreme
feedback scenarios than the other simulations considered, such that
baryonic effects impact the power spectrum with greater amplitude
and at smaller k scales.

3 MODELLING

3.1 Cosmic shear signal

The shear two-point correlation functions, £4.(6), for a given angular
separation, 6, computed for redshift bins i, j, can be related to the
3D non-linear matter power spectrum. First, it can be expressed as a
decomposition of the 2D convergence power spectrum C2/(£) at an
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Figure 1. The suppression of the matter power spectrum due to baryonic
effects predicted by hydrodynamical simulations. We show OWLS-AGN
(Schaye et al. 2010; van Daalen et al. 2011, dark green solid line), which
informed the scale cuts baryonic feedback mitigation approach. We also plot
the matter power spectrum suppression measured in the 400 simulations
of the ANTILLES suite, which calibrated the SP(k) emulator (Salcido
et al. 2023, light green region). The range in the suppression predicted
by the BAHAMAS suite spanning ®agn = 7.6 — 8.0 from which HM20
was calibrated (McCarthy et al. 2017, dark blue region). We further plot
FLAMINGO (Schaye et al. 2023, black solid line); BAHAMAS (McCarthy
et al. 2017, black dashed—dotted line); SIMBA (Davé et al. 2019, black
dotted line); MillenniumTNG (Pakmor et al. 2023, black dashed line); and
FABLE (double-dotted—dashed line, Henden et al. 2018; Bigwood et al. in
preparation). Finally, we show in red the three baryonic feedback scenarios
we test in our mock analysis (Section 4.2): BAHAMAS Theat = 8.0 (dotted
red line), cosmo-OWLS Ty = 8.5 (dashed red line), and Apog = 0.858
(solid red line, Preston et al. 2023).

angular wave number, ¢, as

£0)=> Z%IGf(cose)[CL’,EE(ﬂ) + Clpp(0)]. ey
[

We note that weak gravitational lensing does not produce B modes.
However, we show the more general expression here, as a B-mode
contribution from intrinsic alignments (IA) is possible. The functions
ij are computed from the Legendre polynomials following Stebbins
(1996).

Under the Limber and flat-sky approximations (Limber 1953;
LoVerde & Afshordi 2008), we can relate C2/(£) to the 3D non-
linear matter power spectrum, P, via

. Mo Wi (0OW; £+4+0.5
cl =/ dxi‘(”2 10 p (k = ,z) : @)
0 X x(2)
Here, we assume a spatially flat Universe, x is the comoving angular
diameter distance and yy is the horizon distance. W;(x) are the
lensing efficiency kernels, given by:

3H2Qum X XH X =X
o / dx' m(x)=—=, 3)
2 a(x) Jy

Wi(x) =

X

where a()) is the scale factor at comoving distance x, and n; () )dx

is the effective number density of galaxies in dx, normalized to unity.
In this analysis, the linear matter power spectrum is calculated

using CAMB (Lewis, Challinor & Lasenby 2000), and the non-linear
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correction is determined using HMCODE2020 (Mead et al. 2021).
We refer the reader to DES & KiDS Collaborations (2023) for a
detailed comparison of cosmic shear analysis choices, which we use
as a guide to formulate the baseline model in this work. We assume
three neutrino species with two massless states and one massive
state with a mass fixed at the minimum mass allowed by oscillation
experiments, m, = 0.06eV (Patrignani 2016).

The IA of galaxies with their local environment also contributes
to the shear correlation function and must be modelled. We chose
to do this using the non-linear linear-alignment model (NLA),
which describes the linear tidal alignment of galaxies with the
density field (Hirata & Seljak 2004), with a non-linear correction
to the linear matter power spectrum (Bridle & King 2007). This
approach requires two additional free nuisance parameters: Aja,
modulating the amplitude of the IA model (see equations 3-5
in Bridle & King 2007 for the NLA IA power spectra, Cg; and
Cyr) and a redshift-dependence parameter, using a power law with
[(1 4+ z)/(1 + 0.62)]"A. The choice of modelling IA with NLA, and
the dependence of our cosmological results on this model choice, are
further discussed in Section 6.1 and Appendix C.

We model the uncertainty in mean redshift and the shear cali-
bration for each redshift bin i as the free parameters Az and m’,
respectively, following Amon et al. (2022) and Secco et al. (2022),
and preserve values of the uncertainty determined by Myles et al.
(2021) and MacCrann et al. (2022). In the cases where the small-scale
measurements are analysed, we refer the reader to Chen et al. (2023)
for validation that higher order cosmic shear modelling corrections
remain subdominant.

3.2 Modelling baryonic feedback for cosmic shear

Strategies have been devised to account for baryonic effects when
analysing WL measurements in order to extract unbiased cosmolog-
ical information. In this section, we outline the four approaches we
investigate in this work: (1) restrict angular scales, (2) a halo model
approach, (3) a hydrodynamical simulation-based emulator, and (4)
an analytical N-body simulation model. In Table 1, we summarize
the free parameters of each baryon feedback model and prior choices.

3.2.1 Restricting angular scales

The DES Y3 cosmic shear analysis mitigates the impact of baryonic
effects by discarding the measurements at small angular scales
(Krause et al. 2021; Amon et al. 2023; Secco et al. 2022) and
analysing the data assuming a dark-matter-only model. In this work,
we adopt their ‘ACDM Optimized’ scale cuts, which were designed
to minimize the bias on ACDM cosmological parameters due to
unmodelled baryonic effects to be less than 0.305p in the Q,, — Sg
parameter space, for a joint lensing and clustering analysis. For a
ACDM analysis of cosmic shear alone, this corresponds to up to
a 0.140,p potential bias. Note that to determine the angular scales
to be used, the OWLS-AGN hydrodynamical simulation (Schaye
et al. 2010; van Daalen et al. 2011) was chosen as a representative
feedback scenario (shown as the green line, Fig. 1). Synthetic cosmic
shear data vectors were contaminated according to

Pryaro(k, 2)
Pomo(k, z)
where Piyaro(k, ) and Ppmo(k, z) are the full hydrodynamical and

dark-matter-only matter power spectra from the OWLS-AGN suite
and P(k, z) is the non-linear matter power spectrum.

Py(k, z) = Pk, 2), “
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Table 1. Qualitative descriptions of the parameters associated with the HM20, SP(k), and BCEmu methods, which each model the impact of baryonic feedback
on the non-linear power spectrum. We also show the priors utilized on each parameter in this analysis, and the conservative prior alternative if applicable. U[ ]
brackets indicate flat uniform priors within the range shown. N() brakets indicate Gaussian priors described by their mean and 1o width. The BCEmu1 model
has log| M. as the only free parameter, BCEmu3 varies log;( M, 6j and 7cga, and all seven parameters are free in BCEmu?7. In the case of using the reduced
model complexity of BCEmul or BCEmu3 models, we also show the values that the BCEmu parameters are fixed to. Note that the M>oo mass parameter is only
included in the BCEmu joint WL + kSZ analysis and the choice of the fixed value is adopted from Schaan et al. (2021).

Parameter Description Prior Wide prior Fixed value

Halo model: HM20

®acN logo(Tacn/K) Subgrid heating parameter calibrated to the BAHAMAS U[7.6, 8.0] U[7.3,9.0] -
simulations designed to modulate the amplitude and shape of
the ‘one-halo’ term in the halo model

Simulation-based: SP(k)

o Power-law normalization for the fi,—Mpalo N(4.16, 0.07) U[2.85, 4.50] -
relation (equation 7)

B Power-law slope for the fi,—Mhalo relation (equation 7) N(1.20, 0.05) U[0.95, 1.60] -

y Redshift dependence of the power-law normalization of N(0.39, 0.09) U[0.12, 0.85] -
the fy—Mhalo relation (equation 7)

Baryonification: BCEmu

logyy M. The characteristic mass scale at which the slope of the gas U[11.0, 15.0] - -
profile becomes shallower than —3 (equations 9 and 10)

Ocj Specifies the maximum radius of gas ejection U[2.0, 8.0] - 3.5
relative to the virial radius

ns Related to the stellar fraction of the central galaxy: U[0.05, 0.4] - 0.20
M5 = Nega — 1 (equation 11)

" Defines how fast the slope of the gas profile becomes U[0.0, 2.0] - 1.0
shallower towards small halo masses (equations 9 and 10)

y Exponent in gas profile parametrization (equation 9) U[1.0, 4.0] - 2.5

8 Exponent in the gas profile parametrization (equation 9) U[3.0, 11.0] - 7.0

n Specifies the total stellar fraction within a halo (equation 11) U[0.05, 0.4] - 0.20

Mh 200 Me) Halo mass of the kSZ sample, used in the joint analysis only U[5 x 10'2,7 x 1013] - 3 x 1013

A benefit of this approach is that it is agnostic to the exact shape
and physics of the matter power spectrum suppression, once the
feedback in the Universe is lower in amplitude and scale extent
than the simulation chosen (in this case, OWLS-AGN). However,
this approach misses the opportunity to extract high- signal-to-
noise information about the underlying cosmological model and the
astrophysical effects.

3.2.2 Halo-model approach: HM20

HMCODE2020, hereinafter HM20, models the non-linear power
spectrum and includes a free parameter to modulate the amount
of baryonic feedback, ®sgn = log,o(Tagn/K) (Mead et al. 2021).
This parameter scales the halo concentration and the stellar and gas
content, leading to a modification in the overall amplitude and shape
of the ‘one-halo’ term in the halo model. The model is calibrated to
fit the power spectrum ‘response’ (the matter—matter power spectrum
divided by the same measurement in an equivalent dark-matter-only
box) of the BAHAMAS hydrodynamical simulations (McCarthy
et al. 2017; van Daalen et al. 2020) in the range ®agn = [7.6 — 8.0]
(blue shaded region, Fig. 1). We note that Tagy is related to A They,
which is the BAHAMAS subgrid heating parameter, where an AGN
feedback event will only occur after the black hole has stored
sufficient energy to heat a fixed number of gas particles by ATjey.

We define two prior ranges for this case. The first spans the range
of ®agn values that bracket the BAHAMAS ®Opgny = 7.6 — 8.0
simulations that the model was calibrated against. The ‘wide prior’
chosen here to be ®xgn = 7.3 — 9.0 extends beyond the calibration
range to span more extreme scenarios and allow for a dark-matter-
only case.

This approach has been shown to be accurate at the level of <
2.5per cent to k < 102 Mpc~! (Mead et al. 2021) when fitting

simulated power spectra at z < 2 with a range of cosmologies thus
allowing all measured angular scales of the DES Y3 data set to be
utilized (in this case, to 2.5 arcmin). A downside of this model is that
it relies on the accuracy of the specific feedback implementation and
predicted power suppression of a particular simulation and may not
be flexible enough to capture the true scenario.

3.2.3 Hydrodynamical simulation emulator: SP(k)

SP(k) is a flexible empirical model trained on the ANTILLES suite of
400 cosmological hydrodynamical simulations (plotted as the green
lines in Fig. 1, Salcido et al. 2023). The model predicts the power
spectrum suppression given the baryon fraction—halo mass relation of
galaxy groups and clusters as input, building upon previous insights
from van Daalen et al. (2020). The ANTILLES suite span a range of
feedback scenarios, allowing the emulator to achieve a ~2 per cent
level accuracy to describe baryonic effects at scales of up to k <104
Mpc~! and redshifts up to z = 3.

In particular, SP(k) casts the suppression in terms of the baryon
fraction at the optimal mass, Mk, defined as the halo mass that
maximizes the strength of the correlation between the suppression
of the total matter power spectrum and the total baryon fraction of
haloes of different mass. It uses an exponential plateau function to
model for the fractional impact of baryons as,

Phyaro(k)/ Pom(k) = Ak, z) — [A(k, 2) — pu(k, 2)]
x exp[—v(k, 2) fil, (%)

where f; is the baryon fraction at the optimal halo mass normalized
by the universal baryon fraction, that is:

Jo = foMiso(k. 2))/ (/) Rm) (6)
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and Mk,so, Ak, z), u(k, z), and v(k, z) are functions with best-fitting
parameters given in Salcido et al. (2023).

For the mass range that can be relatively well probed in cur-
rent X-ray and Sunyaev—Zel’dovich effect observations (10" <
My [Mg] < 10%9), the total baryon fraction of haloes can be
roughly approximated by a power law with constant slope (e.g.
Mulroy et al. 2019; Akino et al. 2022). Salcido et al. (2023) find
that a modified version of the functional form,' presented in Akino
et al. (2022) provides a reasonable agreement with simulations up to
redshift z =1,

s Msw. \"™' ([ EQ@) \’
Jo/ (§26/ Q) = (m> (m) (E(0.3)> ; @)

where o sets the power-law normalization, 8 sets power-law slope, y
provides the redshift dependence, E(z) is the dimensionless Hubble
parameter, and f;, is the baryon fraction measured within Rsgy. We use
this function to facilitate the marginalization over the uncertainties
in the observed baryon fractions, introducing «, 8, and y as free
parameters in our WL analysis.

SP(k) effectively depends only on a single physically meaningful
parameter, that is, the baryon fraction. The benefit of this approach
is that observational constraints on the baryon fraction could be
used to inform the priors used in cosmological analysis. For our
study, we use two different sets of priors to marginalize over the
uncertainties in the observed baryon fractions: wide (conservative)
priors consistent with the range of feedback models probed by the
ANTILLES simulations used to calibrate the SP(k) model (Salcido
et al. 2023), and ‘observational’ priors that encompass current
observational constraints on the baryon fraction—halo mass relation
from Akino et al. (2022). Table 1 reports the priors on «, §, and y
for the two choices.

As with the scale cuts and HM20 model, we caveat that the SP(k)
method is limited by the specific feedback implementation used in
the hydrodynamical simulation it was trained on, in this case the
ANTILLES suite. While ANTILLES is currently the largest and
widest suite of hydro simulations in terms of feedback variations,
it still may not cover all possible baryonic responses (see e.g.
Appendix B4).

3.2.4 Analytical N-body simulation model: Baryonification

Bfc is a method for including the effects of baryonic feedback in
dark-matter-only N-body simulations based on perturbative shifts of
particles that mimic the effects of feedback at cosmological scales
(Schneider & Teyssier 2015; Schneider et al. 2019; Arico et al.
2020). The particles are shifted in order to obtain modified halo
profiles that include the presence of gas and stars which are shaped
by feedback effects. We provide a summary of the method including
some important aspects of the parametrization and refer the reader
to Schneider et al. (2019) and Giri & Schneider (2021) for a more
detailed explanation.

In practice, the bfc method relies on a modification of profiles
via spherically symmetrical particle shifts around the centres of N-
body haloes with Navarro—Frenk—White (NFW)-like profiles, pnsy,
following

pnfw(r) - bec(") = pclm(r) + ;Ogas(r) + pcga(r) . (8)
The final baryonified profiles, pps, consist of three components:
the collisionless matter, gas, and central galaxy. The collisionless

ISee https://github.com/jemme07/pyspk.
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matter (o.m) profile is dominated by dark matter but also contains
satellite galaxies and halo stars. Its shape is modified with respect
to the original NFW shape via adiabatic contraction and expansion
(Teyssieretal. 2011). The central galaxy profile, ocg,, is parametrized
as a power law with an exponential cut-off. This component affects
only the innermost part of the halo, rather than cosmological scales.

At cosmological scales, baryonic effects are primarily caused by
feedback-induced changes of the gas distribution around haloes,
described by the gas profile, pg,. Motivated by X-ray observa-
tions (Eckert et al. 2016; Schneider et al. 2019), these effects are
parametrized with five model parameters as

Q Qm_ slarM
Peas(r) & o/ Fua(M) —BOD) ° C)]

(™ G

which consists of a cored power-law profile with a truncation at the
ejection radius, rej = 6 Rago, Where 6, is a dimensionless-free model
parameter.” The shape of the truncation beyond the ejection radius is
controlled by the y and § parameters, where the former defines the
abruptness and the latter defines the slope of the function. The core
of the profile is fixed to 7¢ore = Ocore R200 With Oore = 0.1. The slope
of the power law B(M) is a function that varies with halo mass,’ and
is parametrized as
=
14+ (M/M)*

The halo mass dependence of 8 accounts for the fact that AGN
feedback is more efficient in removing gas around galaxy groups
while large clusters tend to keep most of their gas inside the virial
radius. The free model parameters M. and u thereby define the scale
and the abruptness of the transition when the slope of the profile goes
from 3 to O for decreasing halo masses.

The total fraction of stars, fy.,, and the fraction of stars that belong
to the central galaxy, fcg,, indirectly affect the available gas that can
be pushed out by feedback processes. They are parametrized as

S

M ni
fi(M) =0.055 (ﬁ) (11)

with i = {star, cga} and where M, = 2.5 x 10'! Mg 4~!. The power
law is constructed to match the Moster relation (Moster, Naab
& White 2013), which is reasonably well understood for galaxy
groups and clusters. Note that following Giri & Schneider (2021),
we redefine the parameters as 1) = 7,y and 8, = 7cga — 7, star- These
two additional bfc parameters, together with the five gas parameters,
are summarized in Table 1.

An efficient cosmological analysis will marginalize over a mini-
mum number of baryonic feedback parameters. How many parame-
ters are required is an open research question that ultimately depends
on the unknown baryonic feedback realized in nature. For now, we
adhere to the requirement that a given parametrization needs to be
able to fit the matter power spectrum suppression predicted by a
range of hydrodynamical simulations. Following Giri & Schneider
(2021), in this work we consider the models BCEmu7, BCEmu3,
and BCEmul, referring to the number of model parameters varied
in the analysis. While in BCEmu7 all parameters introduced above
are kept free, BCEmu3 only allows log,, M., 0, and ns to vary

2Note that the gas profile is normalized so that an integral over r2/272 x p
gives the total halo mass.

3Here, we define the halo mass as the mass enclosed within a radius, centred
on the group or cluster, within which the mean density is 200 times the critical
density of the Universe. The notation M»(y is also used throughout the paper.
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and BCEmul only uses log,, M. as a free parameter. The fixed
parameters in the BCEmu3 and BCEmul models are listed in
Table 1 and have been selected so that they provide the best fit
to a variety of hydrodynamical simulations (see Giri & Schneider
2021, for more information about the method). Both BCEmu7 and
BCEmu3 are able to reproduce the baryonic suppression or the power
spectrum predicted by a variety of hydrodynamical simulations
to better than one percent. The BCEmul model, on the other
hand, shows deviations of order five per cent, hinting towards the
possibility that one parameter is generally insufficient to describe
the variety of existing results from simulations (Giri & Schneider
2021).

A key feature of the bfc model is that it is based on physically
motivated profiles around halo centres. The model is not restricted to
the power spectrum but can also be used to obtain the 3D baryonified
density field and therefore many corresponding summary statistics.
In the following we will take advantage of the connection between
power spectrum and halo profiles to obtain simultaneous predictions
for the cosmic shear and the stacked kSZ signal. Compared to other
approaches, the bfc model BCEmu7 is not calibrated to specific
hydrodynamical simulations. It rather depends on the parameters of
empirical density profiles that are broadly motivated by observa-
tions. The model therefore provides a independent check with very
different modelling choices and systematics compared to the subgrid
modelling in hydrodynamical simulations. We note that despite
the model’s valuable flexibility, it can result in potentially non-
physical scenarios. Other limitations include the fact that the model
parameters are currently assumed to have no redshift dependence, as
well as the fact that the gas profiles do not separate a hot and cold
gas component.

3.3 Kinetic Sunyaev-Zel’dovich signal

The kSZ measurements can be used to constrain the gas density. This
effect arises from the bulk motion of the ionized gas in and around
galaxies, galaxy groups, and clusters, which imparts a Doppler shift
on CMB photons. It preserves the blackbody frequency spectrum of
the CMB and instead the thermodynamic temperature fluctuates as
ATz _ ot

= e "nevpdl, (12)
Tems ¢ Jos o

where Tcyp 1S the present-day temperature of the CMB, ot is the
Thomson cross-section, c is the speed of light, 7, is the free-electron
physical number density, v, is the peculiar velocity, and 7 is the
optical depth due to Thomson scattering along the line-of-sight
distance, d/. Following Schaan et al. (2021) and Amodeo et al. (2021),
for the redshift range of the kSZ measurements used in this work, the
mean optical depth is observed to be below the percent level (Planck
Collaboration XXXVII 2016) and the CMASS galaxy groups are
optically thin, therefore we can assume that the integral e™* &~ 1.
Furthermore, as the measurements are stacked, the velocity field is
independently estimated from the large-scale distribution of galaxies
via a reconstruction method, thereby eliminating the dependence on
the velocity. We therefore follow Schaan et al. (2021) and Amodeo
et al. (2021) in simplifying equation (12), so that the resulting shift
in the CMB temperature can be approximated as;

ATisz

Tems

Ur
= Tgal(e)? , (13)

where 74, refers to the contribution of the optical depth to Thomson
scattering of the galaxy group considered and v, is the root mean
square (RMS) of the peculiar velocities projected along the line
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of sight. For the median redshift of the CMASS sample in the
linear approximation, z = 0.55, the RMS of the peculiar velocities
projected along the line of sight is v, = 1.06 x 10~3¢ (Schaan et al.
2021). The uncertainty on the velocity reconstruction is estimated
to be less than a few percent, which we ignore given the statistical
precision (Schaan etal. 2021; Ried Guachalla et al. 2024; Hadzhiyska
et al. 2024).

To model the ACT kSZ measurements it is necessary to convolve
equation (13) with the beam profiles utilized at the f90 and {150
frequencies. We follow Schaan et al. (2021) and approximate the
beam using a Gaussian with FWHM = 2.1 arcmin for the former
band and FWHM = 1.3 arcmin for the latter. Furthermore, to
minimize noise due to degree-scale CMB fluctuations, compensated
aperture photometry filters were also used on the observations. We
therefore apply the same filter function that was used in the analysis of
the data. The smoothing function is +1 between 0 < 64, —1 between
64 < 0 < +/264 and O otherwise, where 6, is the aperture radius
centred around each galaxy (Schaan et al. 2021, equation 9).

To calculate 7,4, measured within a disk of radius 6 centred on the
group or cluster, we assume spherical symmetry and integrate the
electron number density, n., over the line of sight as

Tga(0) = 207 / ne(\/I? + da(2)?0%)dl , (14)
0

where dj is the angular diameter distance. We assume a fully ionized
medium with primordial abundances to describe the electron density
in terms of the gas density as

(XH + 1) )Ogas(r)
2 Mamu '

ne(r) = 15)
with Xy = 0.76 being the hydrogen mass fraction and m,y, the
atomic mass unit. We evaluate equation (14) at the median redshift
of the CMASS sample, z = 0.55. Future work will test the validity
of this assumption, that is, that the kSZ signal does not have
significant redshift evolution in the CMASS sample, and that our
assumption is representative over the full redshift range we are
sensitive to.

In order to calibrate the model for the kSZ profile, the mean
halo mass of the CMASS galaxy sample is needed. Note that
because the integrated kSZ signal scales with the gas mass and this
quantity approximately tracks the halo mass, it is important that the
theoretical predictions are for a sample with the same mean halo
mass as the CMASS sample. Given the significant scatter in the
literature, we choose to include an additional model parameter in
the analysis, My, 200, corresponding to the mean Mg, of the CMASS
sample, with a prior range provided in Table 1. The justification
for this prior choice, and an investigation of its impact are given in
Appendix B3.

3.4 Modelling kSZ with baryonification

The bfc method provides a model for the gas density (equation 9) and
describes the gas content as measured by kSZ (equations 13-15). We
select this model to jointly analyse the kSZ measurements with the
lensing data given that it is agnostic to any choice of hydrodynamical
simulation.

In Fig. 2, we aim to build a better intuition on the BCEmu model
by exploring the impact of each parameter on the suppression of the
matter power spectrum, P (k)/ Pomonty (k) (top row) and the kSZ radial
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Figure 2. Top: the impact of varying parameters of the bfc model, BCEmu, on the ratio of the total matter power spectrum compared to a dark-matter-only
power spectrum, P(k)/ PpMonly(k). Each panel varies one bfc parameter at a time within the prior bounds (reported in Table 2), whilst keeping the remaining
six parameters at their fiducial fixed value, corresponding to the fit to a range of hydrodynamical simulations (Giri & Schneider 2021). For reference, various
predictions for the suppression of the matter power spectrum from simulations are overplotted in black: FLAMINGO (Schaye et al. 2023, solid line); BAHAMAS
(McCarthy et al. 2017, dashed—dotted line); SIMBA (Davé et al. 2019, dotted line); MillenniumTNG (Pakmor et al. 2023, dashed line); and FABLE (double-
dotted—dashed line, Henden et al. 2018, Bigwood et al. in preparation). Bottom: the stacked kSZ temperature profile at 98 GHz as a function of angular radius,
0, centred on the group or cluster (bottom) for the same bfc parameters as above. The ACT CMASS measurements at 98 GHz are shown as the black data points
in the bottom panels and the model profiles are convolved with the f90 beam profile for comparison.

temperature profile Tixsz(0) (bottom row). At a fixed cosrnology,4 we
test the dependence on each of the seven BCEmu parameters from
left to right within the defined prior range, whilst fixing the remaining
six model parameters at their fiducial fixed value (see Table 1).

The M, parameter controls the mass or proportion of groups and
clusters that have had feedback-induced gas removal and has been
previously identified as the most important in the model (Schneider
& Teyssier 2015; Giri & Schneider 2021). Indeed, we see that within
its prior range, this parameter modulates the amplitude, slope and
extent of the suppression of the matter power spectrum at scales
k 2 0.1 and the amplitude and slope of the kSZ profile. For clusters
of mass greater than M., the slope of the gas profile (equation 10)
tends to B =3 and the gas profile approaches a truncated NFW
profile. However, for groups of mass smaller than M., the slope of
the power law decreases and the gas profile more closely resembles
one that has experienced AGN feedback and had gas ejected from
the halo. Hence, a larger value of M, results in a greater proportion
of groups and clusters having gas profiles that mimic the effect of
baryonic feedback, leading to a greater suppression of the matter
power spectrum and simultaneously, a decrease in the amount of gas
within an aperture centred on the galaxy, which gives a smaller kSZ
signal.

In the reduced complexity BCEmul model, the remaining param-
eters are kept fixed, although it is clear that their value choice can
have a significant impact on the predictions for the matter power
spectrum and the kSZ signal. We observe that even at fixed M.,
a larger value of 6; increases the radius that gas is ‘ejected to’ in
the gas profile and effectively causes matter to be redistributed on
smaller k-scales. This corresponds to a decrease in the amount of
gas as measured by the amplitude of the kSZ signal. Similarly, we
find that increasing the exponent in the gas profile parametrization y
results in a greater suppression of the power spectrum and lower kSZ

4We chose the parameters h = 0.742, Qn = 0.255, and fi, = Qp/Q2m =
0.166.
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amplitude, although the impact is on smaller scales (k 2 1) than the
effect of log,, M. and 6. The remaining gas parameters, 6 and L,
have the reverse effect, that is, decreasing them results in an enhanced
power spectrum suppression and a lower kSZ signal.

Decreasing the values of stellar parameters, n and ns, makes a
less steep stellar—halo mass relation, so that a larger amount of stars
condense out of the gas and form galaxies. This causes a boost in the
matter power spectrum at large k, as we observe in Fig. 2. The kSZ
radial temperature profile is only dependent on the gas density profile
of groups and clusters (equation 15) and so not directly impacted by
the stellar parameters n and n;. However, n can indirectly have a
small impact on the kSZ signal as it alters the number of stars in
groups and clusters, and therefore the the reservoir of available gas.

We note two limitations in our modelling of the kSZ signal.
While we vary the halo mass of the kSZ sample in our analysis, we
assume that the mass dependence of the model is valid beyond the
range probed by the kSZ measurement and at varying redshift. The
kSZ measurements span a mass range Mpy = [0.5 — 7] X 103 Mg,
which is similar to the halo mass range that cosmic shear is most
sensitive to (Mg & 1035 My,). Nevertheless, cosmic shear still has
contributions from higher and lower mass haloes (e.g. Salcido et al.
2023).

Future kSZ measurements that span multiple mass and redshift
bins will provide a better understanding of the dependence of the
kSZ signal on galaxy properties and the suitability of this assumption.
Another issue that we do not address in the present study is the role
of centrals versus satellites in the observed stacked kSZ profiles.
Our theoretical predictions correspond to central galaxies that are
assumed to be perfectly centred within their host haloes and we may
reasonably expect some degree of bias (with respect to theoretical
predictions) to be introduced by the inclusion of satellites. Without
forward modelling the BOSS CMASS selection function, which is
beyond the scope of this work, it is difficult to predict the magnitude
or sign of this effect. On the one hand, satellites will obviously be
mis-centred with respect to their host haloes and one may expect this
to lead to a lower kSZ signal. On the other hand, a stellar mass-based
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Table 2. Summary of cosmological, observational, and astrophysical param-
eters and priors used in the analysis. In the case of flat priors, the prior is
bound to the range indicated in the ‘value’ column, while Gaussian priors are
described by their mean and 1o width.

Parameter Type Value
Cosmological
Qm, total matter density Flat [0.1, 0.9]
Qyp, baryon density Flat [0.03, 0.07]
10‘9AS, scalar spectrum amplitude Flat [0.5, 5.0]
h, Hubble parameter Flat [0.55,0.91]
ng, spectral index Flat [0.87,1.07]
Q, h?, neutrino mass density Flat 0.06

Observational

Az!, source redshift 1 Gaussian (0.0, 0.018)
Az, source redshift 2 Gaussian (0.0, 0.015)
AZ3, source redshift 3 Gaussian (0.0, 0.011)
Az*, source redshift 4 Gaussian (0.0, 0.017)
m!, shear calibration 1 Gaussian (—0.006, 0.009)
mz, shear calibration 2 Gaussian (—0.020, 0.008)
m?3, shear calibration 3 Gaussian (—0.024, 0.008)
m4, shear calibration 4 Gaussian (—0.037, 0.008)
Intrinsic alignment

ay, tidal alignment amplitude Flat [-5,5]

11, tidal alignment redshift index Flat [-5,5]

selection implies that the satellites will typically be in hosts that are
more massive than a host which has a central of similar stellar mass.
This will tend to boost the kSZ signal. For the present study we
neglect these uncertainties, leaving their careful consideration for a
future study.

4 MODEL PIPELINE AND VALIDATION

In this section, we briefly describe the set up of the cosmological
inference pipeline (Section 4.1). We validate the robustness of this
pipeline using each of the four baryon models with a mock analysis,
described in Appendix A. Here, we briefly motivate the choices made
in the construction of the mock data (Section 4.2) and summarize the
findings (Section 4.3).

4.1 Inference pipeline

To analyse the cosmic shear data, we build upon the public DES
Y3 cosmological inference pipeline. We utilize one parameter for
redshift and shear calibration per tomographic bin, with prior ranges
set to those used in DES Y3. Without feedback models, we have 15
parameters that we marginalize over in the analysis. Table 2 summa-
rizes the cosmological, observational, and astrophysical priors used
in this work.

Parameters are estimated via nesting sampling using MULTINEST’
(Feroz, Hobson & Bridges 2009) within the COSMOSIS framework
(Zuntz et al. 2015), with the sampler settings listed in Appendix D.
We note however that DES & KiDS Collaborations (2023) demon-
strate that MULTINEST can underestimate the 68 per cent confidence
levels for Ss, at the level of ~ 10percent —20 per cent, while
POLYCHORD (Handley, Hobson & Lasenby 2015) is more accurate.
In agreement with this finding, Appendix D reports that sampling
with MULTINEST instead of POLYCHORD in a WL-only analysis with
BCEmu?7 results in a 18 per cent smaller 68 per cent confidence level

5 MULTINEST: https://github.com/farhanferoz/MultiNest
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for Sg, and a 9 per cent smaller 68 per cent confidence level for Sg
in a joint WL and kSZ analysis with BCEmu7. We follow Amon
et al. (2022) and Secco et al. (2022) when reporting the parameter
constraints and quote the mean of the 1D marginal distribution, along
with the 68 per cent confidence limit, which defines the area around
the peak of the posterior within which 68 per cent of the probability
lies.

4.2 Mock data

In order to assess the robustness of our lensing inference pipeline,
non-linear power spectrum model and baryon feedback models, we
perform analyses using synthetic data and test the ability to recover
unbiased cosmology. The mock data were created using the best-
fitting cosmological parameters obtained from the DES Y3 joint
lensing and clustering analysis (DES Collaboration 2022).”

We create two dark-matter-only mock data vectors, using different
models for the non-linear matter power spectrum. The first uses
HM?20, the same model used to analyse the data throughout this
work. This mock is important for testing that the analysis pipeline
can accurately recover cosmological parameters before considering
feedback effects. The second mock uses the EuclidEmulator2 (EE2),
which has been shown to be accurate to 1 per cent for k < 10 » Mpc ™!
(Euclid Collaboration: Knabenhans et al. 2019, 2021; Adamek et al.
2023). This mock is used to ensure that HM20 provides a sufficiently
accurate description for the non-linear matter power spectrum when
compared to EE2, for the full angular scale range of the DES Y3
cosmic shear data.

To test the four baryon mitigation strategies, we chose three baryon
feedback scenarios to build the mock data and their predictions for
the suppression of the matter power spectrum are shown as the red
lines in Fig. 1. These choices include extreme scenarios as they are
designed to test the flexibility and limits of the baryon models, rather
than an attempt to chose the most accurate prescription. First, we
consider the upper limit of the BAHAMAS hydrodynamic simulation
suite, with Tje, = 8.0 (McCarthy et al. 2017). Next, we consider
a mock universe with a more extreme power spectrum prescribed
by cosmo-OWLS Tiey = 8.5 (Le Brun et al. 2014), although this
simulation does not replicate the local gas fractions in groups and
clusters. As it is possible that hydrodynamical simulations do not
capture the complexities of feedback, we want to test the ability of
the baryon models to accurately capture a scenario that modulates
the matter power spectrum with a different shape than that in typical
simulations. We consider a mock with a suppression described by
the Apoq parameter (Amon & Efstathiou 2022; Preston et al. 2023),
where Anog & 0.858 is that required to reconcile the DES Y3 cosmic
shear with Planck ACDM cosmology.

4.3 Mock results

The results of these mock tests are detailed in Appendix A. Here, we
summarize the findings, which are shown in Fig. A2:

(i) When analysing an EE2-generated dark-matter-only mock with
the HM20 dark-matter-only model, Sg is overestimated by ~ 0.40.
(This is reduced to ~ 0.2 when analysing restricted angular scale

6Formally, these are credible intervals; however, we choose to use the term
‘confidence interval’ in this paper to retain consistency with the language
used in Amon et al. (2022) and Secco et al. (2022).

TThat is, with Sg = 0.7805, Qm = 0.3380 and o3 = 0.7353 (see Appendix A
for more detail).

MNRAS 534, 655-682 (2024)

$20Z JaqWBAON 6 UO Jasn eipiey uoseys Aq G915/ //SS9/L/yES/8101e/SBIUW/WOod dNo"olWapeoe//:sdy Wolj papeojumo(


https://github.com/farhanferoz/MultiNest

664 L. Bigwood et al.

measurements.) Furthermore, we find that €2, is underestimated by
~ 0.90. However, we identify projection effects in this parameter of
~ 0.50 by analysing an HM20 mock with an HM20 model. In this
work, we focus on the Sg parameter, and we note that further testing
is needed to assess the reliability of the €2,, constraints.

(ii) The DES Y3 ‘ACDM-optimized’ scale cuts underestimate Sg
in all three mock baryonic feedback scenarios. This is as expected,
as these scale cuts were defined with the OWLS-AGN scenario,
which predicts less power suppression than BAHAMAS 8.0, cosmo-
OWLS 8.5, and Ap.q. While the scale cuts, by design, remove the
sensitivity of the analysis to the impact of baryon feedback, this
method’s success relies on the true feedback scenario to be less
extreme than the simulation used to define the cuts.

(iii) HM20, as used with their fiducial BAHAMAS-based prior,
underestimates Sg by ~ 0.7¢ for the BAHAMAS 8.0 mock, and by
more than 1o when analysing a mock with a more extreme feedback
scenario. Using a wide prior alleviates this, with the model recovering
the true cosmology within ~ 0.5¢ for all mock scenarios, although
with a cost of almost a factor of two in the precision of the Sg
constraint.

(iv) The SP(k) model, used with both a wide and X-ray prior, can
recover the input cosmology to within ~ 0.20 for a BAHAMAS 8.0
mock. With the more extreme cosmo-OWLS 8.5 and A,oq mocks,
this model underestimates the value of Sg by up to ~ 0.5¢. This
is as expected, as both cosmo-OWLS 8.5 and A4 are outside the
expected baryon fractions as compared to observations by Akino
et al. (2022).

(v) When allowing only one parameter to vary in BCEmu emula-
tor, BCEmul, we recover Sg to within ~ 0.20 for the BAHAMAS
8.0 mock, and ~ 0.50 for cosmo-OWLS 8.5. When we use the more
flexible BCEmu7, all mock scenarios recover the true cosmology
within ~ 0.50, and the error bar on Sy is up to 1.5 times wider.

Overall, we find that when more restrictive modelling choices
are used, we tend to underestimate Sg. The bias is worsened when
restrictive choices are used to analyse mocks with the more extreme
baryonic feedback scenarios, that is, cosmo-OWLS 8.5 and Ajq.
‘We note that despite the greater accuracy of using more conservative
priors or marginalizing over a greater number of baryonic feedback
parameters, it is at the expense of the precision. We find that the
uncertainty on the constraint of Sg can degrade by up to a factor of
two when switching to more flexible modelling choices.

5 RESULTS: ASSESSING MODELS FOR
BARYONIC EFFECTS

The results of the WL-only DES Y3 analysis are divided into
three sections. In Section 5.1, we present the headline cosmological
constraints using the four baryon feedback strategies outlined in
Section 3.2. In Section 5.2, we show the constraints on the suppres-
sion of the power spectrum. Finally, in Section 5.3, we explore the
dependence of our results on the model complexity and prior choices
within each strategy.

5.1 Cosmological parameter constraints

The 1D marginalized constraints obtained for Sg are summarized
in Fig. 3 for analyses using all model variants. Here, we compare
those from the DES Y3 ‘ACDM optimized’ scale cuts, HM20:
BAHAMAS, SP(k): Xray and BCEmu7. For these approaches, the
mean marginal values of Sg are found with 68 per cent confidence
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Figure 3. Summary of the 1D marginalized constraints on Sg from analysing
the DES Y3 cosmic shear data with different baryonic feedback mitigation
strategies. The mean of the Sg marginalized posterior is indicated by the
symbol and 68 per cent confidence levels are shown as horizontal bars.
The primary result from the joint analysis of WL + kSZ using BCEmu7 is
represented as the purple shaded region. We compare to the Planck TTTEEE
result presented in Efstathiou & Gratton (2021).

levels to be
BCEmu7: S5 = 0.818*0%
Spk : Xray : S = 0.80670013
HM20 : BAHAMAS : S5 = 0.81170013

Scale cuts : Sz = 0.80570018.

16)

For reference, we show the result when all angular scales are
analysed without any model for baryonic effects and the Planck
TTTEEE.® ACDM result (orange, Efstathiou & Gratton 2021). The
2D marginalized posteriors for Ss, Q2n,, and og using DES Y3
WL data are plotted in the left panel of Fig. 4, also showing no
baryon mitigation (dotted grey), DES Y3 ‘ACDM optimized’ scale
cuts (dashed green), HM20: BAHAMAS (navy), SP(k): Xray (solid
green), BCEmu7 (pink), and Planck TTTEEE (orange). Table 3 lists
the mean constraints on Sg and €2, and quantifies the goodness of
fit to the data of each modelling variant by quoting the minimum
and reduced x2, x2;,, and x2,. We find that each baryon feedback
analysis variant demonstrates a suitable fit to the measurements.
When analysing all angular scales without modelling baryonic
feedback, we attain a low value of Sg = 0.7947 0", This is up to
lo lower than constraints attained with modelled baryonic effects,
highlighting the importance of mitigating feedback to avoid biased
cosmology. When accounting for baryonic effects, we find, in
agreement with the mock analysis for the models tested, that the
measured Sg is consistent at the level of 0.6c (~ 2 per cent).’
However, the error bar on the Sg constraint varies by a factor of
1.5. In more detail, we see that HM20: BAHAMAS and SP(k):Xray

STTTEEE refers to the high multipole likelihood attained from combining
the temperature power spectra (TT), temperature-polarization E-mode cross
spectra (TE) and polarization E-mode power spectra (EE).

Note that throughout the following sections we quantify the shift in the mea-
sured value of Sg by two analyses using the metric ASg/[(US'8 2+ (aszs)zll/z,
where A Sy is the difference between the respective mean values and OSIR s 0'528
are the 1o errors on Sg.
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Figure 4. Left: the marginalized posteriors for Qp,, og, and Sg using the DES Y3 cosmic shear data and different baryon feedback models. We compare
the DES Y3 optimized scale cut approach (green dashed) to scenarios where all angular scales of the DES Y3 lensing data are modelled: HM?20, using their
recommended BAHAMAS-based prior (HM20: BAHAMAS, navy), the seven-parameter bfc model (BCEmu7, pink), and the SP(k) emulator, using their ‘X-ray
observational prior’ (SPk: Xray, solid green). For reference, we show the case where all scales of the DES data vector are used but baryons are not modelled
(grey dotted) and the Planck TTTEEE likelihood (orange, Efstathiou & Gratton 2021). The inner and outer contours show the 68 per cent and 95 per cent
confidence levels, respectively. Right: the corresponding constraints on the suppression of the total matter power spectrum compared to a dark-matter-only
scenario, P(k)/PpMonty(k), at z = 0 using the DES Y3 cosmic shear and again, HM20 (HM20: BAHAMAS, navy), BCEmu (BCEmu7, pink), and SP(k) (SPk:
Xray, green). The solid lines show the mean suppression and the shaded regions indicate the 68 per cent confidence levels. For reference, various predictions
from hydrodynamical simulations are overplotted in black: FLAMINGO (Schaye et al. 2023, solid line); BAHAMAS (McCarthy et al. 2017, dashed—dotted
line); SIMBA (Davé et al. 2019, dotted line); MillenniumTNG (Pakmor et al. 2023, dashed line); and FABLE (double-dotted—dashed line, Henden et al. 2018;

Bigwood et al. in preparation).

Table 3. The constraints on Sg, 2, attained for each method of baryonic feedback mitigation. We report the mean value of each parameter
with errors given by the 68 per cent confidence levels. We also demonstrate the quality of the fit by reporting x2;,, the minimum value of x2,
for each analysis variant. We report szed = X%m /Ndof, With Nyof being the number of degrees of freedom Ngof = Nap — Nparam, Where Ny,
and Nparam are the number of data points and model parameters utilized in the analysis. With the exception of the scale cuts method, angular

scales down to 2.5 arcmin of the DES Y3 data were used.

Model

SS,mean

Qm,meam

No baryon mitigation

Scale cuts

HM20 ®pgn = 7.6 — 8.0
HM20 ®pgn = 7.3 —9.0
BCEmul

BCEmu3

BCEmu7 WL

BCEmu7 WL + kSZ
BCEmu7, m, : [0.06, 0.6]
BCEmu7, TATT

SP(k) conservative prior
SP(k) Xray et al. (2022) prior

0.79450513
0.805% 5,015
0.81175:912
0.8220:917
0.80410016
0.81419019
0.81879017
0.82370019
0.813790%
0.80270:028
0.8175001
0.8067 0.3

0.278; 0.0
0.2817503
0.261+0:926
0.252+0:927
02747385
0.26179029
0.255+00%
0.2507 002
02690178
023901
0.25575.02
0.2615 002

Xinin Ngp Nparam Ndot x4
418.37 400 15 385 1.09
284.86 273 15 258 1.10
415.25 400 16 384 1.08
415.82 400 16 384 1.08
414.49 400 16 384 1.08
414.97 400 18 382 1.09
414.21 400 22 378 1.10
439.33 418 23 395 1.11
414.64 400 23 377 1.10
408.54 400 25 375 1.09
415.44 400 18 382 1.09
415.02 400 18 382 1.09

give the tightest constraints on the Sy parameter, which are in
excellent agreement with each other. This is expected, as these
models are calibrated on hydrodynamical simulations informed by
X-ray constraints. The BCEmu7 analysis gives the highest value of
Ss. As in the case of the mock analysis, this supports our findings that

restrictive modelling choices for baryonic feedback leads to lower
value of Sy when compared to more flexible models. The flexibility
of BCEmu7 comes at a cost, as the uncertainty on Sg is a factor of
1.5 larger than that in the HM20: BAHAMAS analysis. This is to be
expected given the degeneracy between the extremity of feedback and
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Ss; greater flexibility in the modelling of baryons inevitably results
in a larger error bar on the Sg constraint. The analysis using the DES
Y3 scale cuts does not suffer as substantial a loss in constraining
power as the BCEmu7 case, but results in the lowest value for Sg.'°

5.2 Power suppression constraints

Baryon feedback processes modify the gravitational evolution of
the cosmic density field and suppress the matter power spectrum
compared to a dark-matter-only scenario on non-linear scales, as
seen in hydrodynamic simulations. This effect has been previously
observed by analyses of WL data using variations of the bfc model
(Schneider et al. 2022; Arico et al. 2023; Chen et al. 2023). In this
section, we constrain the amplitude and scale dependence of the
suppression of the matter power spectrum due to baryonic effects,
P(k)/ Ppmoniy(k), using the DES Y3 cosmic shear. For the first time,
we show the model dependence of the constraints by considering the
model complexity of the bfc model and the comparison to the SP(k)
and HM20 models. For each baryonic feedback model, we record
the power spectrum suppression at each step in the chain.

In the right panel of Fig. 4 we plot the mean suppression
and the and 68 per cent confidence levels inferred from analyses
with our three baseline models: BCEmu7, HM20: BAHAMAS
(®aon = 7.6 — 8.0), and SP(k):Xray. We find that the suppression
inferred by the three models are consistent within the 68 per cent
confidence limits up to k~ 3 hMpc~'. However, we find that
BCEmu?7 allows more extreme suppression of the power spectrum
at all non-linear scales. There are substantial differences in the size
of the uncertainties, correlated with the flexibility of the model.
BCEmu7, the most flexible model, has the largest uncertainty.
SP(k):Xray provides the tightest constraints on the power spectrum
suppression and constrains a less extreme feedback scenario in terms
of the amplitude and the scale extent of the suppression.

We compare our constraints to five hydrodynamical simulations:
FLAMINGO, (Schaye et al. 2023, solid line); BAHAMAS (Mc-
Carthy et al. 2017, dashed—dotted line); SIMBA (Davé et al. 2019,
dotted line); MillenniumTNG (Pakmor et al. 2023, dashed line); and
FABLE (double-dotted—dashed line, Henden et al. 2018, Bigwood
et al. in preparation). HM20 predicts a feedback strength that
encompasses BAHAMAS Ty, = 7.8, which is unsurprising, given
that the model is calibrated to span these simulations, but it is notable
that the mean constraint is more extreme on all scales. Interestingly,
all three models find the mean suppression to be more extreme than
FLAMINGO on scales k~ 0.2-4 h~! Mpe, at the level of 1.1o
(BCEmu7), 3.00 (SP(k):Xray), and 1.40 (HM20:BAHAMAS) at
k=2h""Mpc.

The power suppression constraints are broadly consistent with
those from previous WL analyses (Schneider et al. 2022) and slightly
more extreme than the constraints of Arico et al. (2023), Chen et al.
(2023), Garcia-Garcia et al. (2024), and Terasawa et al. (2024). Here,
we make note of some details. Owing to the enhanced statistical
power of the DES Y3 data over that of the Kilo-Degree Survey, we

19Note that the DES Y3 ‘ACDM optimized” cosmic shear analysis (Amon
et al. 2023; Secco et al. 2022) obtains a lower value of Sg than that obtained
here (Sg = 0.772f8:8}§). Based on the study of the impact of analysis choices
in (DES & KiDS Collaborations 2023), we attribute the difference in our
results primarily to the use of HM20 to model the dark matter non-linear
matter power spectrum, which was shown to be more accurate than HALOFIT,
as well as the IA model that we chose for this analysis, and the choice to fix
the neutrino mass in the analysis. In Appendix C, we investigate the impact
of these choices further.
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find substantially improved constraints from the WL-only analysis
compared to Schneider et al. (2022), even though we include an
additional parameter for the IA model and eight additional nuisance
parameters to account for the uncertainty in the shear and redshift
calibration. Furthermore, we use a different bfc model to that of
Chen et al. (2023) and Arico et al. (2023) and we do not impose
X-ray priors on any of the baryon parameters. One way in which
this model is different from BCEmu is that only particles within the
virial radius, Ry, are displaced (see Grandis et al. 2024, for a more
detailed discussion of the model comparison). One implication of
the model differences is that it is not straightforward to compare
constraints on the M, parameter. We note however that in our choice
to use BCEmu over the bfc emulator used in Chen et al. (2023) and
Arico et al. (2023), BACCOemu, the posterior on the M, parameter
is not limited by the upper value of the prior. This may allow our
analysis to constrain more extreme feedback scenarios than analyses
with BACCOemu, and therefore constrain a greater matter power
spectrum suppression than Arico et al. (2023).

5.3 Impact of model complexity

The mock analysis revealed that marginalizing over a greater number
of baryonic nuisance parameters, or utilizing wider priors on these
parameters, generally improved the accuracy of the cosmological
constraints. However, we saw that this was at the expense of inflated
errors on the cosmological parameters, which is clearly suboptimal
for an effective cosmological analysis. In this section, we explore
the impact of altering the complexity and prior choices of each
baryon feedback model on the measured cosmological and baryonic
constraints when analysing the DES Y3 &, measurements.

The upper left panel of Fig. 5 shows the impact of the BAHAMAS-
informed prior on the HM20 feedback parameter ®sgn on the
marginalized Sg posterior. In the light blue constraint, we extend the
prior range for ®sgN outside of the calibration range to encompass
more extreme feedback scenarios, as well as a dark-matter-only
scenario. The parameters are degenerate and opening up the ®agn
prior leads to long tails that extend to higher values of Sg, such that
the mean constraintis > 0.5¢ higher. This illustrates how high values
of Sg are disfavoured by the restricted prior on the baryonic feedback
model, and suggests that WL data may favour a higher value of
®acn than the BAHAMAS simulations span. (Although we note
that the HM20 model was only calibrated within the BAHAMAS
range, so the mapping between the power spectrum suppression and
the baryon fraction outside this range is uncertain.) Similarly, for the
case shown in the right-hand panel of Fig. 5, when the X-ray informed
prior is lifted, the data constrains higher values of Sg by ~ 0.5¢
(the posteriors on the SP(k) parameters are shown in Appendix B1).
These shifts are consistent with those we determine in the mock
analysis (Section 4.2, Appendix A). In Section 7, we discuss the
implications of these results on our understanding of the gas models
and observations.

We test the impact of limiting the bfc model complexity to the one
(BCEmul) and three-parameter (BCEmu3) case, compared to the
fiducial BCEmu7. The central panel of Fig. 5 shows the marginalized
posteriors on 2y, Sg, and the bfc parameter log,, M.. The posteriors
on all of the baryonic feedback parameters are shown in Ap-
pendix B2. BCEmu7 and BCEmu3 produce comparable constraints
on cosmological and feedback parameters, generating a shift in Sg
of only ~ 0.20. We also do not see any significant improvement of
the precision on these constraints when marginalizing over four less
baryonic parameters. However, switching to BCEmul from BCEmu7
results in a substantially lower values of Sg by > 0.50, consistent
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Figure 5. Top: the degeneracy of the marginalized Sg posterior with varying the baryon model complexity or prior choices on baryon model parameters. For
each panel, the inner and outer contours show the 68 per cent and 95 per cent confidence levels, respectively. Left: HM20 — Sg and ®agn attained when using a
prior bracketing the BAHAMAS simulations (dark blue, Oagn = 7.6 — 8.0) and a less-informative prior choice, (light blue, Oagn = 7.3 — 9.0). Centre: BCEMu
— Sg and log;y(M,) attained for the full seven parameter (pink, BCEmu7), three parameter (purple, BCemu3), and one parameter (blue, BCEmul) models.
Right: SP(k) — Sg and f attained for the X-ray informed model (dark green) and a less-informative prior (light green). Bottom: the corresponding constraints
on the suppression of the total matter power spectrum compared to a dark-matter-only scenario, P (k)/Ppmonty(k), at z = 0 for each of the models. In general,
when allowing for a more flexible model, the constraints indicate more extreme suppression of power, although with degraded constraining power. For each
panel, the solid lines show the mean suppression predicted, and the shaded regions the 68 per cent confidence levels. For reference, various predictions for the
suppression of the matter power spectrum from simulations are overplotted in black: FLAMINGO (Schaye et al. 2023, solid line); BAHAMAS (McCarthy et al.
2017, dashed—dotted line); SIMBA (Davé et al. 2019, dotted line); MillenniumTNG (Pakmor et al. 2023, dashed line); and FABLE (double-dotted—dashed line,

Henden et al. 2018; Bigwood et al. in preparation).

with the mock analysis. This reduction in the flexibility of the model
forces log,, M. to a larger value, since the full extremity of feedback
has to be captured by only the one parameter. We attribute this shift
in the cosmology and feedback parameters to the values at which
the remaining six ‘under-the-hood’” bfc parameters are fixed to in
the BCEmul model, quoted in Table 1.'! Given that the analysis
using BCEmul gives a larger value of log,, M. than that attained
using BCEmu7, and that for example, the posterior on 6; is toward
higher values than the fixed 3.5, this implies that the values for the
simulation-informed fixed parameters of BCEmul represent a less-
extreme feedback scenario than those constrained by an analysis of
DES cosmic shear.

The lower panels of Fig. 5 illustrate how the corresponding
constraints on the power spectrum suppression are sensitive to the
restrictiveness of the choices within each model. Analogously to
the upper panels, the left and rightmost panels test switching to the

The fixed parameters were determined by fitting to the baryonic suppression
of the matter power spectrum of a number of hydrodynamical simulations,
then summing the likelihoods to find the best-fitting parameters to all of the
simulations (Giri & Schneider 2021).

more conservative prior choices of the HM20 and SP(k) models, that
is, ®agn = 7.3 — 9.0 and a prior spanning the feedback landscape
of the ANTILLES suite, respectively. The central panel shows the
impact of restricting the model complexity of BCEmu, by allowing
only one (BCEmul) out of the full seven (BCEmu7) bfc parameters
to vary in the analysis. As before, we compare the data constraints
to predictions from hydrodynamical simulations.

For each model, when we opt for the more flexible modelling
choices, the mean constraint on the power spectrum suppression
tends to more extreme scenarios at all non-linear k£ with respect to
their more restrictive counterpart. In particular, each of the flexible
models is most consistent with more extreme feedback scenarios (e.g.
SIMBA). This could suggest that the restrictive baryonic modelling
choices do not have the flexibility to capture the full extremity of
feedback that the data prefer and therefore the higher values of Ss.
It is clear, however, that the WL data cannot place strong constraints
on feedback on its own. The use of the more conservative model
choices comes at the expense of reduced constraining power. For
example, SP(k) displays over a factor of two increase in the size of
the 68 per cent confidence level at all scales when switching from
the restrictive to conservative modelling choice. A complementary
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Figure 6. Left: the marginalized posteriors for Qy, and Sg attained modelling baryonic feedback with the BCEmu7 model using the DES Y3 cosmic shear data
set only (pink), or a combined analysis of DES Y3 cosmic shear and ACT DR5 kSZ measurements (purple). The inner and outer contours show the 68 per cent
and 95 per cent confidence levels, respectively. We compare to the CMB ACDM constraint measured by Planck TTTEEE likelihood (Efstathiou & Gratton
2021). Right: the constraints on the suppression of the total matter power spectrum compared to a dark-matter-only scenario, P(k)/ PbMonly(k), at z = 0 when
modelling baryonic feedback with the BCEmu7 model using the DES Y3 cosmic shear data set only (pink), or a combined analysis of DES Y3 cosmic shear
and ACT DRS5 kSZ measurements (purple). The solid lines show the mean suppression and the shaded regions indicate the 68 per cent confidence levels. For
reference, various predictions for the suppression of the matter power spectrum from simulations are overplotted in black: FLAMINGO (Schaye et al. 2023,
solid line); BAHAMAS (McCarthy et al. 2017, dashed—dotted line); SIMBA (Davé et al. 2019, dotted line); MillenniumTNG (Pakmor et al. 2023, dashed line);
and FABLE (double-dotted—dashed line, Henden et al. 2018; Bigwood et al. in preparation).

avenue to simulation-based models that still maximizes cosmological
constraints is to use the flexible model framework and jointly analyse
the lensing with observations of the gas.

6 RESULTS: JOINT WEAK LENSING +
KINETIC SZ

In the previous section, we demonstrated that WL Sg constraints are
degenerate with the amount of baryonic feedback. A complementary
approach to simulation-informed baryon models is to use a flexible
model to jointly analyse cosmic shear with probes of the gas
distribution in order to better constrain the model parameters. In
this section, we report the results of a joint analysis of the DES
Y3 cosmic shear and ACT kSZ measurements, using the BCEmu7
baryon mitigation model, described in Section 3.3.

6.1 Cosmological parameter constraints

The left panel of Fig. 6 compares the marginalized posteriors on Sg
and Q,, attained from the WL-only analysis using BCEmu7 (pink) to
those obtained from a joint analysis with kSZ (purple). The Planck
TTTEEE ACDM posteriors are shown for reference (Efstathiou &
Gratton 2021). The mean marginal value of Sg for the joint analysis
is found with 68 per cent credible levels to be
= 0.823%00%

Lensing + kSZ Sg (17

which corresponds to a ~ 0.20 shift towards higher values with
respect to the result of the WL-only BCEmu7 analysis of Sg =
0 818+0‘017

. 0.024-
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Amon & Efstathiou (2022) and Preston et al. (2023) have proposed
that the Sg tension could be resolved if the non-linear matter power
spectrum is suppressed more strongly than is currently assumed in
WL analyses, either due to unmodelled baryonic feedback effects or
non-standard dark matter. For baryonic feedback to be the source, its
effects on the matter power spectrum would be more extreme than is
currently predicted by the hydrodynamical simulations. The impact
of the kSZ on the Sg constraint to reduce the uncertainty and shift the
value toward Planck is minor given the low signal-to-noise ratio of
the kSZ measurements. However, it motivates us to investigate the
impact of the kSZ on the P (k) constraints and discuss the possibility
of a more extreme suppression.

We find that incorporating a joint analysis with kSZ results in a
significant improvement in the constraint on log,, M., reducing the
uncertainty by a factor of ~3 with respect to the WL-only analysis.
The joint kSZ and WL data prefer larger values of 6, and y, and
lower values of u (see Fig. B2 and Table B2), suggesting that gas is
ejected to larger radii, redistributing matter on larger scales (Fig. 2).
This supports the idea of a more extreme feedback scenario, resulting
in higher values of Ss. The improvement on the WL constraint on Sg
with the inclusion of kSZis ~ 10 per cent. Although this is modest, it
is clear that the parameter space of the bfc model is better constrained,
even in this case of a kSZ measurement with signal-to-noise ratio of
~7.

We compare the best-fitting models to the measured DES Y3
cosmic shear two-point correlation functions, &1 in Fig. 7. The dark
green line indicates the best fit for our reanalysis of DES Y3 using
their scale cuts, which are indicated by the green shaded region. The
purple line shows that for the BCEmu joint analysis of all angular
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Figure 7. The DES Y3 cosmic shear two-point correlation function measurements, £, as a function of angular separation, 6, (black data points, upper panels)
from Amon et al. (2022) and Secco et al. (2022) for each pair of redshift bins, indicated by the panel label. The measurements are scaled by 6 for visual aid. The
error bars are calculated as the square root of the diagonal of the analytic covariance matrix. We show the best-fitting ACDM theoretical predictions to the large
angular scale measurements (indicated by the shaded regions) without a baryon model (green line) and the best fit obtained from jointly analysing all angular
scales of the DES shear measurements with ACT kSZ data using the BCEmu7 model (purple line). The residuals between the measurement and best-fitting

model predictions §&4 /&4 are shown in the lower panels.

scales of the lensing measurement and the kSZ. The lower panels
highlight the fractional residuals between the measurements and
the model, (§4 — &odel) /gmedel following the same colour scheme.
While the fits are indistinguishable at large scales, at small scales,
particularly for &_, the predictions differ and the best-fitting line for
the joint analysis has a lower amplitude. Both of these model choices
provide a good fit to the data, although their Sg values differ by ~ 1o
and their non-linear matter spectrum predictions differ substantially.
This highlights the degeneracy between a low-Sg cosmology and a
higher-Sg cosmology with baryonic effects modelled on non-linear
scales. Fig. 8 displays the joint WL + kSZ BCEmu7 constraints
on the stacked kSZ radial temperature profile at 98 and 150 GHz
(purple). We verify that like the DES data vector, the WL + kSZ
model provides a good fit to the data. The x2, values reported in
Table 3 further show that the best-fitting models attained from the
shear and WL + kSZ analyses are an equally good fit to the data sets.

It is important to note that the constraints on Sg that we obtain are
dependent on the choice of NLA as the IA model. Appendix C tests
the impact of using the Tidal Alignment and Tidal Torquing (‘TATT’;
Blazek et al. 2019) superspace IA model. In a WL-only analysis with
BCEmu7 and using TATT, we find a value of Sg~ 0.5¢ lower than
that we obtain in our fiducial analysis with NLA. This shift is found
to be consistent across the various baryon models that we consider,

as well as with previous findings (e.g. Secco et al. 2022; DES &
KiDS Collaborations 2023). Therefore, when considering the results
of this work in the context of the Sg tension, it is important to bear
in mind the existing uncertainty in IA modelling and the shifts in
cosmological parameters that can occur as a result.

6.2 Power suppression constraints

We investigate how the constraint on the suppression of the matter
power spectrum changes with the addition of the kSZ data. The
right panel of Fig. 6 shows the mean constraint and 68 per cent
confidence level for the BCEmu7 cosmic shear analysis (pink),
as shown previously, compared to the joint WL and kSZ analysis
(purple). The joint analysis results in a mean suppression that is more
extreme at all displayed k-scales. For example, at k = 24 Mpc™!,
the 1o bounds on the power suppression from the WL-only analysis
range from 5 per cent to 20 per cent, and with the inclusion of the kSZ,
the suppression ranges from 10 per cent to 25 per cent. Consistent
with Schneider et al. (2022), we find that the inclusion of kSZ data
in the analysis improves the constraint from WL only to favour more
extreme scenarios. Compared to the hydrodynamical simulations, the
mean suppression from the joint analysis is more extreme than all of
MillenniumTNG, BAHAMAS, FLAMINGO, FABLE, and SIMBA
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Figure 8. Stacked ACT DRS5 kSZ temperature profile measurements (black
points) as a function of angular radius, €, at 98 and 150 GHz (Schaan et al.
2021) and the best fit from the joint analysis with the DES Y3 cosmic shear
using the BCEmu7 model (purple). The model profiles are convolved with
the f90 and f150 beam profile for comparison to the 98 and 150 GHz data,
respectively.

at k = 2h Mpc~! by more than ~ 2.50, ~ 1.40, ~ 1.90, ~ 2.40,
and ~ 0.90 respectively. Of the simulations, SIMBA shows the best
agreement with the WL and kSZ constraint. We note, however, that
for BAHAMAS and FLAMINGO we compare to only their fiducial
feedback variants here, but both suites have more extreme feedback
variations which are in better agreement with our measurements.

Finally, we consider our findings in the context of Amon & Efs-
tathiou (2022) and Preston et al. (2023), which proposed that the Sg
tension could be resolved if a more extreme baryon feedback scenario
than that predicted by the state-of-the-art hydrodynamical situations
existed. These works analysed the KiDS and DES WL data assuming
the Planck cosmology on linear scales, and modulating the non-
linear power spectrum suppression via the Apg parameter. Preston
etal. (2023) therefore quantified the small-scale suppression required
to resolve the suppression, which corresponds to Apeq = 0.858. In
this scenario, the matter power suppression is suppressed enough to
reconcile the difference in Sg between DES Y3 cosmic shear and
the Planck ACDM model. The joint WL + kSZ constraints on the
suppression of the matter spectrum that we obtain are consistent with
the Apog = 0.858 prediction.

7 DISCUSSION: CONSISTENCY OF X-RAY AND
KINETIC SZ DATA

Our WL + kSZ approach is complementary to existing efforts toward
the goal of a complete model of baryonic feedback that is consistent
with a wide range of observables. X-ray measurements of cluster
gas mass fractions are the primary observable used to calibrate or
benchmark many hydrodynamical simulations (e.g. McCarthy et al.
2017; Henden et al. 2018; Kugel et al. 2023). Observations of the
thermal Sunyaev-Zel’dovich (tSZ) power spectrum and tSZ flux—halo
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mass relation have also been used to assess the simulations’ realism
(Henden et al. 2018; McCarthy et al. 2023; Pakmor et al. 2023;
Schaye et al. 2023). In general, while tSZ and X-ray measurements
are more sensitive to the inner regions of galaxy groups and clusters,
the kSZ effect is well suited to probe the outskirts of haloes, through
its sensitivity to low-density and low-temperature environments
(Schaan et al. 2021). Furthermore, X-ray and tSZ observations are
typically derived from massive cluster haloes (Msoy > 10'%), while
our kSZ measurements represent haloes of mass Mgy ~ 10'3, closer
to the mass range that WL is most sensitive to. Since the kSZ effect
probes the gas in haloes of a different mass regime and on different
scales to that which is currently used to calibrate feedback effects in
simulations, it may allow new insights to be gained.

Our WL constraints on the matter power spectrum suppression
point to a feedback scenario that is more extreme than most
simulations predict. This observation holds in all three flexible model
scenarios tested (Fig. 5). The addition of the kSZ data pushes the
mean constraint towards an even more disruptive feedback scenario:
atk = ZhMpc*l , the fiducial FLAMINGO simulation is disfavoured
at ~ 20 and MillenniumTNG at ~ 2.50. Beyond the comparison
to the simulations, our findings point to a more disruptive feedback
scenario than inferred from the predicted P (k) suppression using X-
ray gas and stellar fraction observations (Grandis et al. 2024), as well
as tSZ-mass relation of clusters (To et al. 2024), which could point to
interesting differences between the X-ray view of baryon feedback,
compared to that from WL and kSZ. We note that a strong feedback
scenario was also found using an analysis of the cross-correlation of
diffuse X-ray and WL (Ferreira et al. 2024), and hints of a stronger
scenario with the cross-correlation of tSZ with galaxies (Pandey et al.
2023).

7.1 Mass dependence of the total baryon fraction

As discussed in Section 3.2.3, the baryon fraction, f,,, measured
in haloes of mass Msy ~ 10'* My can be related directly to the
matter power spectrum suppression in a manner which is robust to a
number of baryonic feedback prescriptions (van Daalen et al. 2020).
In this section, we scrutinize the WL constraints on the halo mass
dependence of the total baryon fraction in haloes with respect to the
cosmic baryon fraction, f,/(2y/ 2m). For a given set of parameters,
we can use the BCEmu model to compute the baryon fraction through
the summation of the integrated gas and stellar profiles (see equations
9 and 11) out to Rsp. For both the WL-only and WL + kSZ
BCEmu7 analyses, we compute the f,/(2y/ 2m)—Msgo relation for
the cosmology and baryonic feedback parameters sampled at each
step of the chain.

Fig. 9 shows the constraints for the WL-only analysis in pink
and the WL + kSZ in purple, with the mean relation indicated by
a solid line and 68 per cent confidence level as a shaded region.
Measurements of halo masses are generally reliant on the assumption
of hydrostatic equilibrium and hence may suffer a bias due to non-
thermal pressure support in the halo (see e.g. Rasia et al. 2006).
However, estimates have also been obtained from WL data which
do not require this assumption (Hoekstra et al. 2015; Eckert et al.
2016; Mulroy et al. 2019; Akino et al. 2022). As a result we compare
to the 1o region of the X-ray Hyper Suprime-Cam (HSC)-XXL
constraint (Akino et al. 2022) in hatched black. The X-ray data have
adependence on cosmology through E(z), hence we scale the data to
the mean cosmology constrained by the WL 4 kSZ analysis. We also
show the baryon fractions measured in BAHAMAS (McCarthy et al.
2017), FLAMINGO (Schaye et al. 2023), MillenniumTNG (Pakmor
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Figure 9. Left: the total baryon fraction, fy/Qb/2m, as a function of halo mass, Msg, where Q2p/ Q2 is the cosmic baryon fraction and f;, is the fraction
of mass in baryons to the total halo mass in groups and clusters. We plot the constraint attained from analysing the DES Y3 cosmic shear data with BCEmu7
(pink) in addition to the constraint attained from the joint WL + kSZ analysis (purple). Solid lines show the mean baryon fraction halo mass relation, and the
shaded regions enclose the 1o constraints. Right: the fraction of mass in gas to the total halo mass in groups and clusters, M5 500/ M500, as a function of halo
mass, Msgo. We plot the constraint attained from analysing the DES Y3 cosmic shear data with BCEmu7 (pink) in addition to the constraint attained from the
joint WL + kSZ analysis (purple). Solid lines show the mean gas fraction halo mass relation, and the shaded regions enclose the 1o constraints. In both panels,
we plot the X-ray constraints from HSC-XXL 1o (Akino et al. 2022) as the black hatched region, scaled to the mean cosmology obtained from the WL + kSZ
analysis. For reference, we also plot the measurements from BAHAMAS (McCarthy et al. 2017, dashed—dotted line); FLAMINGO (Schaye et al. 2023, solid
line); MillenniumTNG (Pakmor et al. 2023, dashed line); and FABLE (double-dotted—dashed line, Henden et al. 2018; Bigwood et al. in preparation).

et al. 2023), and FABLE (Henden et al. 2018, Bigwood et al. in
preparation).

Overall, the BCEmu7 WL-only and WL + kSZ constraints are
in good agreement. The addition of the kSZ reduces the uncertainty
by a factor of ~ 1.5 at M5y ~ 103 Mg and prefers lower baryon
fractions for all masses. For large groups with Msp Z 5 x 10 Mo,
we find good consistency between the 68 per cent confidence levels
on fy/(Q/2y) as predicted by BCEmu7 WL-only and WL +
kSZ analyses compared to the X-ray data. However, for lower mass
groups with masses Msyy &~ 1013 Mg, the WL + kSZ data prefers a
total baryon fraction that is lower than the X-ray data by ~ 1.4o0.
With the exception of BAHAMAS which is in best agreement, all
of the simulations predict higher values of f;,/(2y/2y) for all
masses compared to the mean of the WL 4 kSZ constraint. At
Mspo ~ 4 x 10 Mg, FLAMINGO predicts ~ 1.5¢ higher values,
MilleniumTNG ~ 3.10 and FABLE ~ 1.40.

In Appendix B4, we compare the relationship between the baryon
fraction and power suppression that our WL + kSZ constrains to that
proposed by van Daalen et al. (2020), which is a good fit to many
of the hydrodynamical simulations. We note that the BCEmu model
does not impose a prior on this relationship and therefore provides
a route to place constraints using data. Given that our constraints
differ from the simulation-based relationship, we can conclude that
either there are unaccounted for systematics in the WL and kSZ data,
the BCEmu model allows non-physical scenarios, or simulations do
not currently capture the full possible range of feedback effects,
thereby overestimating the relationship (see e.g. Debackere, Schaye
& Hoekstra 2020). Future work is needed to further understand this
relationship using data.

The SP(k) baryon model also provides a direct mapping from
the matter power spectrum suppression to the baryon fraction. In
Appendix B1, we show the mean and 68 per cent confidence levels
for the baryon fraction attained from the WL-only SP(k) analyses.
Similar to the BCEmu case, there is good agreement of the lensing

analysis with SP(k):wide and X-ray data at high masses M5y ~
1 x 10'*Mg,. In agreement with the findings with BCEmu, we find
that lensing prefers slightly lower baryon fractions for haloes M5y ~
10" M, with the SP(k): wide analysis lying lower by ~ 1.3 This
highlights that the lensing data alone, when analysed with flexible
modelling choices, prefers a lower baryon content in haloes to that
measured by X-ray observations and that predicted by simulations.

7.2 Mass dependence of the gas mass fraction

The majority of baryonic mass in galaxy groups and clusters exists
as diffuse gas and measurements of the fraction of the halo mass
in gas, Mg,s/Msy, are also sensitive to the matter power spectrum
suppression (Schneider & Teyssier 2015; van Daalen et al. 2020;
Arico et al. 2023). The hot intracluster medium is X-ray luminous,
hence studies of the X-ray emissivity of groups and clusters allow
measurements of the gas mass to be derived.

In this section, we compare X-ray derived measurements of the
M gys/ Mspo—M o relation to those constrained by the BCEmu7 WL-
only and joint WL + kSZ analyses in this work. As with the baryon
fractions, we calculate the M,/ Msoq—Mspo Telation at each step
in the chain by integrating equation (9) to rsp. The right panel of
Fig. 9 shows the mean and 68 per cent confidence levels on the gas
fraction—halo mass relation for both the WL-only (pink) and WL
+ kSZ chains (purple). We compare to the 1o region of the X-
ray HSC-XXL constraint (Akino et al. 2022) in hatched black (also
scaled to the mean cosmology obtained in the WL + kSZ analysis)
and the baryon fractions measured in BAHAMAS (McCarthy et al.
2017), FLAMINGO (Schaye et al. 2023), MillenniumTNG (Pakmor
et al. 2023), and FABLE (Henden et al. 2018, Bigwood et al. in
preparation).

In consistency with the baryon fraction result, we find that
the BCEmu7 WL-only and WL + kSZ constraints are in good
agreement with each other and the X-ray data for massive groups
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of Msgo Z, 5 x 103 M. For groups of lower masses we find that
the joint WL + kSZ analysis significantly improves the constraining
power on the gas fractions, with the 68 per cent confidence levels on
M/ Moo at Mgy ~ 10" M shrinking by a factor of ~2 between
the WL-only and WL + kSZ analyses. At Msyy ~ 10'* M, the WL
+ kSZ data constrain a total baryon fraction that is lower than the
X-ray data by ~ 1.60. The fiducial BAHAMAS simulation is in
best agreement with the WL + kSZ constraint, with the remaining
simulations predicting higher values of Mg, 500/ Mseo at all halo
masses. At Msp ~ 4 x 103 Mg, the fiducial FLAMINGO simu-
lation predicts ~ 2.30 higher values, MilleniumTNG ~ 7.2¢ and
FABLE ~ 2.10.

The baryon and gas fraction constraints by the WL + kSZ data im-
ply that lower mass groups are expelling a greater amount of baryonic
matter due to feedback than predicted by X-ray measurements. When
combined with the findings of Section 6.2 that WL + kSZ predicts a
greater mean matter power spectrum than all of the simulations, we
build a consistent picture: that X-ray observations constrain a weaker
feedback scenario than that preferred by WL + kSZ, subject to the
uncertainties we have discussed.

8 SUMMARY AND CONCLUSIONS

WL measurements at small angular scales are statistically pow-
erful. Not only do they offer a window to test ACDM in the
non-linear regime, but also to constrain baryonic feedback effects
and benchmark hydrodynamical simulations. Extracting accurate
cosmological information relies on accurate modelling of physical
processes associated with baryons which can re-distribute matter on
small scales. Otherwise, unmodelled baryonic effects can bias the
cosmological constraints from lensing analyses (Amon & Efstathiou
2022; Preston et al. 2023) or severely limit their precision (Amon
et al. 2022; DES & KiDS Collaborations 2023). The aim of this
work has been twofold. First, we test four baryon model approaches,
comparing their ability to constrain cosmological parameters and the
suppression of the matter power spectrum. Secondly, we perform a
joint analysis of DES cosmic shear with ACT kSZ measurements.
We demonstrate that a combined WL and kSZ analysis provides an
exciting opportunity to not only improve constraints on cosmological
parameters, but also on astrophysical effects. The main results of this
study are:

(i) We perform the most extensive mock baryon model comparison
for cosmic shear to date, in order to assess the robustness of the
models to recover the underlying cosmology in a DES Y3-like
analysis. We consider three different mock ‘feedback scenarios’ to
test four baryon strategies; a halo model approach, a simulation-based
emulator, an analytical N-body simulation model, and the approach
of discarding small angular scales. In general, using restrictive
modelling choices which do not capture the input matter power
spectrum suppression can underestimate the recovery of Sg. Given
the spread in the true suppression of the matter power spectrum as
predicted by simulations and the lack of observational constraints
on this quantity, model flexibility is crucial to ensure accurate
cosmology, but it comes at a cost: the uncertainty on Sg can degrade
by up to a factor of ~ 2 with different model choices.

(i) We analyse the DES Y3 cosmic shear data with the three
baryon feedback models, with the scale cut approach, and with no
feedback model. We find that each baryon model provides a good fit
to the DES Y3 data, but the measured value of Sg varies by ~0.50-2¢
and the errorbar by a factor of ~1.5.
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(iii) We output the posterior for the suppression of the matter
power spectrum using the three models, with and without their
informative priors. For all three of the models, without their in-
formative priors, the mean suppression of the matter power spectrum
constrained using DES Y3 WL is more extreme than the prediction
from the hydrodynamical simulations considered.

(iv) We jointly analyse the DES Y3 cosmic shear with kSZ
measurements from ACT DR5 and CMASS, in order to constrain
the BCEmu7 model parameters. We find a slightly higher value of
Sg = 0.8237091% " compared to the value attained by the WL-only
analysis. If instead we analyse the DES Y3 cosmic shear jointly with
X-ray baryon fraction constraints using SP(k), we find a lower value
of Sz = 0.80670313.

(v) The kSZ significantly improves the constraint on the suppres-
sion of the matter power spectrum from WL. The joint WL+kSZ
predicts a more extreme suppression of the matter power spectrum
than the WL scenario, with a mean constraint predicting a greater
suppression than the fiducial BAHAMAS, MillenniumTNG, fiducial
FLAMINGO, and FABLE simulations. At k > 14 Mpc~!, only
SIMBA falls within the 1o bound.

(vi) We constrain the baryon fraction—halo mass and the gas
fraction—halo mass relations using WL + kSZ data. Both the baryon
fraction and gas fraction is consistent with that from Akino et al.
(2022) X-ray data within the 68 per cent confidence level for groups
Msp =~ 10" Mg. However for lower mass groups Msg =~ 10" Mg
the baryon fraction lies ~ 1.40 lower than the X-ray data and the
gas fraction lies ~ 1.6 lower.

(vii) Our constraints on the matter power spectrum suppression,
baryon fractions and gas fractions all point towards a tension between
the feedback of groups and clusters predicted by WL 4+ kSZ and X-
rays, or X-ray-calibrated models.

The next generation of shear surveys, such as Vera C. Rubin
Observatory’s Legacy Survey of Space and Time (LSST Dark Energy
Science Collaboration 2012), Euclid (Laureijs et al. 2011), and the
Nancy Grace Roman Space Telescope (Spergel et al. 2015) will de-
liver unprecedented statistical power to test the cosmological model
in the non-linear regime (k > 0.1 /2Mpc~!) using WL (Foreman,
Becker & Wechsler 2016). This work highlights the importance of
determining an accurate model for baryonic effects, which is flexible
enough to not bias cosmological constraints. It will be crucial to test
models of feedback with thorough mock analyses. In order for the
model uncertainty in WL analyses to not limit the statistical power
of the survey, it is crucial to either incorporate external probes of
the gas content to constrain the additional baryon parameters, or to
reduce the uncertainty in simulation-based priors. The latter requires
a consistent picture for baryonic feedback effects, supported by a
range of observations.

‘We demonstrate that joint analyses of gas measurements with WL
data not only improve cosmological constraints, but provide valuable
constraints on astrophysical feedback models and benchmark hydro-
dynamical simulations. We find a consistent picture that could imply
that the WL and kSZ data is in tension with the X-ray measurements,
and as a result, the predictions from simulations calibrated to X-ray
data. This is not particularly surprising as X-ray measurements are
generally sensitive to the hot gas content in the inner regions of
clusters, compared to the outer regions and lower mass haloes that
kSZ measurements probe.

Looking ahead, kSZ measurements as a function of mass and
redshift will provide a handle for improved baryonic feedback
models. Spectroscopic galaxy surveys, such as the Dark Energy
Spectroscopic Instrument (DESI; DESI Collaboration 2016) and the
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Prime Focus Spectrograph (Sugai et al. 2012), will greatly increase
the sample size of galaxy catalogues, in combination with the state-
of-the-art CMB observations, for example, from Simons Observatory
(Ade et al. 2019).
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APPENDIX A: MOCK ANALYSIS

In this section, we provide more detail on the mock analysis presented
in Section 4.2. We create the synthetic cosmic shear data using
the best-fitting cosmological parameters attained from the DES Y3
joint lensing and clustering analysis (DES Collaboration 2022).'2
As described in Section 4.2, the mocks were created with HM20
as the dark-matter-only non-linear correction to the matter power
spectrum, unless otherwise stated. We create data vectors with three
variants for the impact on the non-linear power spectrum of baryonic
feedback; we use the power suppression predicted by BAHAMAS
8.0, cosmo-OWLS 8.5, and Aoa = 0.858. In this section, we present
a more detailed summary of the dark matter and baryonic feedback
model validation tests ran using synthetic data vectors. We refer to
Table A1 which presents the MULTINEST mean values of Sg attained
for the full mock suite, reporting the relative shifts from the input
cosmology. The results are also summarized in Fig. A2, where we
additionally plot the mean and best-fitting €2, and og for each mock
test.

We validate the choice to model the dark-matter-only power
spectrum with HM20 using dark-matter-only mocks created with
HM?20 and EE2. Here, we summarize the findings of mock tests 1-4.

(1) This test analyses a mock with the same model choices used to
create it and is useful for identifying projection effects. We find these
to be present for 2, and og, which are under- and overestimated,
respectively, by ~ 0.50.

(i1)) When modelling dark matter with HM20 in a HM20 generated
mock, allowing the neutrino mass to vary with the prior Y m,:
[0.06,6] eV improves the recovery of 2, and og. It however decreases
the accuracy in the recovery of Sg, resulting in an underestimation of
0.50.

(iii) Modelling the non-linear dark-matter-only power spectrum
with HM20 in an EE2 generated mock overestimates Sg by ~ 0.40,
which is reduced marginally to ~ 0.2c when scale cuts are applied.
We note that DES & KiDS Collaborations (2023) find a smaller
bias in the mean of ~ 0.1c when scale cuts are used. In this mock
analysis, there are two setup differences that could explain this: we

120, = 0.3380, Qp = 0.0450, 109A, = 1.8418, h = 0.615, n, = 0.949,
Sg = 0.7805, and og = 0.7353.
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Figure A1. Marginalized posteriors for Sg and the baryon model parameter
using each mock for analyses using the HM20 (upper), BCEmu (middle), and
SP(k) (lower) models. The mocks are labelled in the format ‘model used to
create the mock: model/analysis choices used to analyse the mock’. The inner
and outer contours show the 68 per cent and 95 per cent confidence levels,
respectively and the dashed line indicates the input cosmology.
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use a higher value of 2, to create the mock and we marginalize over
As, instead of Ss.

Next we validate each of our four baryon models (scale cuts,
HM20 with free ®5gn, BCEmu, and SP(k)) and their respective
prior and analysis variants. We test the modelling choices on three
‘baryonic feedback scenarios’ of increasing ‘extremity’ in terms of
their impact on the matter power spectrum suppression: BAHAMAS
8.0, cosmo-OWLS 8.5, and Ao = 0.858. Here, we summarize the
findings of the mock tests 5-29 and Fig. Al. Note that in the figure,
mocks are labelled in the format ‘model used to create the mock:
model/analysis choices used to analyse the mock’. For example,
‘BAHAMAS: HM20 BAHAMAS’ denotes a mock created with
BAHAMAS-like baryon feedback scenario and analysed with HM20
with the BAHAMAS Oagn = 7.6 — 8.0 prior.

(1) Optimized scale cuts underestimates Sg by 0.50 — 1.20 in the
three feedback scenarios we test, with the tension worsening with
more extreme feedback. As noted in Section 4.2, this is as expected
given our choice of feedback scenarios used to build the synthetic
data. The OWLS-AGN scenario, which was used to decide which
angular scales of the measurement would be discarded in the DES
Y3 analysis predicts a less extreme feedback scenario than the three
scenarios used here.

(ii) The left panel of Fig. Al compares prior choices of the
HM20 model with ©agn as a free parameter. We find that HM20
with the BAHAMAS calibrated prior choice of ®xgny = 7.6 — 8.0
underestimates Sg by ~ 0.70 — 1.20, with the tension worsening
with a more extreme feedback scenario. Using the wide prior
choice of Oxgn = 7.3 — 9.0 overestimates Sy in BAHAMAS 8.0
and cosmo-OWLS 8.5 by ~ 0.50, but still underestimates Sg in an
Amod = 0.858-like feedback scenario by ~ 0.20.

(iii) The right panel of Fig. Al shows that SP(k) with the X-
ray informed prior demonstrates the best recovery of Sg in a
BAHAMAS 8.0-like feedback scenario of all the baryonic feedback
modelling choices. In more extreme feedback scenarios, it however
underestimates Sg by ~ 0.30 — 1.60. Using the wide prior choice
improves the recovery of Sg to be within ~ 0.40 for the three
feedback scenarios.

(iv) The central panel of Fig. Al demonstrates that BCEmu7
overestimates Sg in both BAHAMAS 8.0 and cosmo-OWLS 8.5
baryonic feedback scenarios by ~ 0.40, but underestimates Sg
in an Apoq = 0.858-like feedback scenario by ~ 0.20. BCEmul
underestimates Sg by 0.30 — 1.20, again with the tension worsening
when testing more extreme feedback scenarios.

(v) In the mock tests which overestimate Sg, freeing the neutrino
mass with the prior Y m,: [0.06,6] eV appears to improve recovery
of the input cosmology. The shifts we see in Sg are however consistent
with the ~ 0.2¢ shift to lower values we find when testing the dark-
matter-only modelling of HM20 with and without free neutrinos, that
is, tests 1 and 2.

Ultimately we find that choosing the restrictive analysis variant of
a model tends to result in an underestimation of Sg. This motivates
the use of more flexible modelling choices in cosmic shear analyses,
since these tend to result in improved recovery of Sg, however this is
at the consequence of a loss in precision.
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Table A1. Summary of the mock tests we performed to validate the modelling of the non-linear matter power spectrum. Mock tests 1-3 validate the non-linear
correction to the matter power spectrum due to dark matter only. The remaining tests validate the baryon feedback mitigation strategies we test in this work; scale
cuts (4-7), HM20 (8-14), SP(k) (15-20), and BCEmu (21-29). We test analysing the mocks with various prior and analysis choices for each of the four baryon
model approaches. If not otherwise specified, the mocks were created with HM20 as the dark-matter-only non-linear correction to the matter power spectrum,
and three ‘baryonic feedback scenarios’; BAHAMAS, cosmo-OWLS, and Apeq = 0.858. The ‘mock’ column therefore states the model/baryonic feedback
scenario used to create the mock and the ‘model” column labels the model/analysis choices used to analyse the mock’. For example, a mock of ‘EuclidEmu’
and model of HM20-DM’ denotes a mock created with Euclid Emulator for the non-linear correction to the matter power spectrum, and analysed with HM20.
We report the Sg constraints and 68 per cent confidence level using the mean-marginal approach Sg, with A Sg quantifying the offset from the true Sg = 0.7805,
as a fraction of the lo error.

No. Mock Model Sg ASg
1 HM20-DM HM20-DM 0.78179012 0.0440
2 HM20-DM HM20-DM 3 m,: [0.06,6] eV 0.7755 00" —0.461c
3 EuclidEmu-DM HM20-DM 0.78550:02 0.4030
4 EuclidEmu-DM HM20-DM + Scale cuts 0.7844 0.2 0.2390
5 BAHAMAS 8.0 Scale cuts 0.77150%° —0.5660
6 cosmo-OWLS 8.5 Scale cuts 0.763&8'10713 —1.191¢
7 Amod = 0.858 Scale cuts 0.7625 5.6 ~1.1140
8 BAHAMAS 8.0 HM20 BAHAMAS 0.77259013 —0.6750
9 cosmo-OWLS 8.5 HM20 BAHAMAS 0.7655 0% -1.1820
10 Amod = 0.858 HM20 BAHAMAS 0.7655 013> ~1.2700
11 BAHAMAS 8.0 HM20 wide 0.7928 0! 0.5090
12 BAHAMAS 8.0 HM20 wide 3" m,: [0.06,6] eV 0.7887 0537 0.3580
13 cosmo-OWLS 8.5 HM20 wide 0.7927 3021 0.5370
14 Amod = 0.858 HM20 wide 0.7775001° —0.1800
15 BAHAMAS 8.0 SP(k): X-ray 0.78170017 0.0170
16 cosmo-OWLS 8.5 SP(k): X-ray 0.7755 056 —0.3470
17 Amod = 0.858 SP(k): X-ray 0.76130:012 ~1.6430
18 BAHAMAS 8.0 SP(k) wide 0.7807 0015 —0.0100
19 cosmo-OWLS 8.5 SP(k) wide 0.7745 001 —0.4240
20 Amod = 0.858 SP(k) wide 0.7735 0015 —0.479
21 BAHAMAS 8.0 BCEmul 0.7765 0017 —0.2480
2 cosmo-OWLS 8.5 BCEmul 0.7735901 —0.4890
23 Amod = 0.858 BCEmul 0.7593 036 —1.239%
24 BAHAMAS 8.0 BCEmu7 0.7924 0729 0.5100
25 BAHAMAS 8.0 BCEmu7 3~ m,: [0.06,6] eV 0.7857 0220 0.2020
26 BAHAMAS 8.0 + EuclidEmu-DM BCEmu7 0.7913 9220 0.4660
27 BAHAMAS 8.0 + EuclidEmu-DM BCEmu7 3~ m,: [0.06,6] eV 0.7877 0019 0.2870
28 cosmo-OWLS 8.5 BCEmu7 0.7917 9022 0.439
29 Amod = 0.858 BCEmu7 0.7775 a4 —0.1650
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Figure A2. Summary of the 1D marginalized constraints on Sg, 21y, and oy attained by our mock analysis with respect to the input cosmology. We plots the
mean and 68 per cent confidence levels as listed in Table Al, with crosses showing the MULTINEST best-fitting result. The mocks were created with DES-Y3
covariance, with the input cosmology indicated by the vertical yellow line. The top panel shows the results of validating the non-linear correction to the matter
power spectrum due to dark matter only. The mocks are labelled in the format ‘model used to create the mock: model/analysis choices used to analyse the
mock’. For example, ‘EuclidEmu: HM20-DM’ denotes a mock created with Euclid Emulator for the non-linear correction to the matter power spectrum, and
analysed with HM20. The remaining panels validate the four methods of mitigating for baryonic feedback we test in this work; optimized scale cuts, HM20,
BCEmu, and SP(k). If not otherwise specified, the mocks were created with HM20 as the dark-matter-only non-linear correction to the matter power spectrum,
and three ‘baryonic feedback scenarios’; BAHAMAS, cosmo-OWLS, and Apmeq = 0.858. We test analysing the mocks with various prior and analysis choices
for each of the four baryon model approaches. Each mock was analysed with HM20 as the dark-matter-only non-linear correction to the matter power spectrum.
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APPENDIX B: BARYON FEEDBACK
CONSTRAINTS

B1 SP(k)

The mean and 68 per cent confidence levels on the SP(k) parameters
constrained by the WL-only SP(k) analyses with the wide and X-ray
informed prior choices are reported in Table B1. The corresponding
marginalized posteriors for these analyses are shown in the upper
panel of Fig. B1. Since SP(k) directly maps between the baryon
fraction in groups and clusters, and the matter power spectrum
suppression, we also show the constraints on the f;,/ 2,/ 2m—MSs00
relation predicted when analysing the DES cosmic shear with the
two SP(k) analysis variants in the lower panel of Fig. B1.

B2 Baryonification

The mean and 68 per cent confidence levels on the bfc parameters
constrained by the WL-only BCEmul, BCEmu3 and BCEmu7
analyses, in addition to the WL 4 kSZ BCEmu7 joint analysis
(for which the average halo mass of the kSZ sample M} »y is also
reported) are given in Table B2. The corresponding marginalized
posteriors for these analyses are shown in Fig. B2.

B3 Prior choice for the halo mass of the kSZ sample

Given the significant scatter in the literature, we choose to include an
additional model parameter in the analysis, My 200, corresponding to
the mean M, of the CMASS sample, with a prior range provided
in Table 1. For example, the stacked stellar mass—halo mass relation
of Sonnenfeld, Wang & Bahcall (2019) of CMASS galaxies derived
from HSC galaxy—galaxy lensing measurements, when combined
with the stellar mass distribution of CMASS, implies a mean
My =~ 0.5 x 103 My, whereas the abundance matching methods

Table B1. The constraints on the SP(k) parameters attained by the WL-only
SP(k) analyses with both the wide and X-ray informed prior choices. We
report the mean and 68 per cent confidence levels.

Parameter Wide prior X-ray prior
—+0.409 +0.061

o 3.8307 363 4.1537 ) 058
+0.104 +0.043

117475 158 1.2067 04>

+0.265 +0.077

y 0.5197 757 0.3887 ) 576

Table B2. The constraints on the bfc parameters attained by the WL-only
BCEmul, BCEmu3 and BCEmu7 analyses, as well as the BCEmu7 WL
+ kSZ BCEmu7 analysis. For the WL + kSZ analysis we also report the
constraint on the average halo mass of the kSZ sample (10'3 M). We report
the mean and 68 per cent confidence levels.

Parameters BCEmul BCEmu3 BCEmu?7 WL + kSZ
logo M. 13.424090 1313407 1306000 1322705
O - 5310y S4nE sashig

s - 02255 02355 02255y

" - - S

y - - 2.575100 266408

8 - - 6.8373% 7.357%16

n - - 022151 021551

My 200 - - - 410733
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Figure B1. SP(k) marginalized posteriors when analysing the DES Y3
cosmic shear data with the wide prior on SP(k) (light green) and X-ray
informed prior (dark green). We show the 68 per cent and 95 per cent
confidence levels of the Sg and the three model parameters (upper panel)
and the mean total baryon fraction, f,/Qb/m, and 1o uncertainty as a
function of halo mass, Msgy (lower). The X-ray prior is derived from HSC-
XXL 1o constraints (black hatched, Akino et al. 2022), in this plot scaled to
the mean cosmology obtained from the S Pk: X-ray analysis.

of Kravtsov, Vikhlinin & Meshcheryakov (2018), Moster, Naab &
White (2018), and Behroozi et al. (2019) imply mean Mpyy values
of 2.7 x 1013, 4.4 x 10"3, and 6.6 x 10'> Mg, respectively. A halo
occupation distribution (HOD)-based analysis of the clustering of
BOSS CMASS galaxies by White et al. (2011) found a mean M5y of
3.6 x 10" M. Given this large study-to-study variance, we choose
a flat prior range of [0.5 — 7] x 10'3 My, and marginalize over this
parameter.

The combined WL 4 KkSZ analysis constrains My 200 =
4.09871238 x 10" M, indicating we are prior constrained at the
20 level. For comparison to the remainder of this work which
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BCEmu7 WL + kSZ
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Figure B2. The marginalized posteriors for Sg, the seven bfc parameters, and the average halo mass of the kSZ sample M}, 299 attained by the WL-only BCEmul
(red solid line), BCEmu3 (light purple dotted line), and BCEmu7 (pink dashed line) analyses, as well as the WL 4 kSZ BCEmu7 (dark purple line) analysis.
The inner and outer contours show the 68 per cent and 95 per cent confidence levels, respectively. The grey dashed lines show the values the BCEmu parameters
are fixed to in the case of using BCEmul and BCEmu3, and the mean halo mass of the CMASS sample reported by Schaan et al. (2021).

generally quotes halo masses in My, this corresponds to M), so0 =
3.01 x 10'3 My, assuming an NFW profile and a concentration—mass
relation from Dutton & Maccio (2014).

In this appendix, we explore the impact on our cosmology and
baryon model parameter constraints of choosing a wider prior
M 200 : [0.8, 30] x 1013 Mg. We also consider a fixed M} 200 anal-
ysis using the mean mass of the CMASS sample as determined by
Schaan et al. (2021) and used in Amodeo et al. (2021): My 200 =
3 x 103 Mg,. Fig. B3 shows the marginalized posteriors for Qp,, Ss,
log,o(M.), 6, and My, 200 in a WL + kSZ analysis with the different
prior choices on My 500. The halo mass, My 20, is correlated with

log,((M.) and in the case of a wider prior, both M}, 200 and log,,(M.)
prefer higher values. However, Sg is relatively stable to the halo mass
prior, shifting by 0.30°.

B4 The relationship between baryon fraction and matter power
spectrum suppression

It has been demonstrated that in hydrodynamical simulations, the
mean baryon fraction in haloes of M ~ 10'* M, can be predictive
for the suppression of the matter power spectrum due to baryonic
feedback effects, robust to a number of feedback prescriptions (van
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Figure B3. Upper: the stacked kSZ temperature profile at 98 GHz as a func-
tion of angular radius, 6, centred on the group or cluster (bottom) when vary-
ing the mean halo mass of CMASS galaxy sample modelled, M} 200, within
the limits of the fiducial prior choice My 200 : [5 x 102, 7 x 1013]Mg. The
ACT CMASS measurements at 98 GHz are shown as the black data points
in the bottom panels and the model profiles are convolved with the f90 beam
profile for comparison. Lower: the marginalized posteriors for Sg, log;o(M.),
and My, 200 in a WL + kSZ analysis with different prior choices on Mj, 200. We
show the prior used in the fiducial analysis My, 200 : [5 % 10'2,7 x 1013] Mo
(purple), as well as a wide prior Mj 200 : [8 % 10]2, 3 x 1014] Mg (light blue)
and fixed My 200 = 3 x 103] Mg (dark blue, also shown as the dashed grey
line). The inner and outer contours show the 68 per cent and 95 per cent
confidence levels, respectively.

Daalen et al. 2020). This relationship can be described by an empir-
ical fitting function relating the mean baryon fraction, f;,/ 2,/ Q2m,
measured within Rsgy for haloes of mass Msy = 10'* Mg to the
suppression of the matter power spectrum P (k)/ Ppmonty(k) at k =
1h Mpc~! (equation 5 in their work). The best-fitting relation, shown
as the solid grey line in Fig. B4, was fit to the cosmo-OWLS (Le Brun
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Figure B4. The relation between the matter power spectrum suppression
P(k)/ Pomonty(k) atk = thpc_1 and the mean baryon fraction, fi,/ b/ Q2m,
measured within Rsg for haloes of mass Mspg = 1014 Mg . We plot the empir-
ical best-fitting relation of van Daalen et al. (2020) as the grey solid line, with
the 1 per cent accuracy on the relation’s ability to predict P (k)/Ppmonty (k)
shown as the shaded grey region. We plot the constraints obtained in our anal-
ysis in the P (k)/ Ppmonty(k)—fv/ b/ 22m plane. We show the WL-only (pink
starred) and WL + kSZ (pruple starred) analyses with BCEmu7, and the WL-
only results with SPk, showing both the wide (light green starred) and X-ray
(dark green starred) prior choices. We also plot the simulations FLAMINGO
(Schaye et al. 2023); BAHAMAS (McCarthy et al. 2017); SIMBA (Davé
et al. 2019); MillenniumTNG (Pakmor et al. 2023); and FABLE (Henden
et al. 2018, Bigwood et al. in preparation) as the black data points.

etal. 2014) and BAHAMAS (McCarthy et al. 2017) simulations and
is accurate to 1 per cent for the simulations they test, shown as the grey
shaded region in Fig. B4. In this section, we discuss where constraints
of our analysis lie in the P(k)/Ppmonty(k)- fo/ b/ R2m plane with
respect to the van Daalen et al. (2020) relation. In Fig. B4, we plot
the result for the WL-only and WL + kSZ analyses with BCEmu7
baryon modelling, as well as the WL-only results with SP(k)’s wide
and X-ray informed prior choices. For comparison, we also show the
simulations discussed throughout this work: FLAMINGO (Schaye
etal. 2023); BAHAMAS (McCarthy et al. 2017); SIMBA (Davé et al.
2019); MillenniumTNG (Pakmor et al. 2023); and FABLE (Henden
et al. 2018, Bigwood et al. in preparation).

This van Daalen et al. (2020) relationship is at the core of the
the SP(k) model (Salcido et al. 2023). Given that the ANTILLES
simulations follow this relationship, the mean baryon fraction is used
to calibrate their emulator. Naturally, both of our WL-only analyses
with SP(k) fall on the van Daalen et al. (2020) relation to within
1 per cent. However, the BCEmu model does not enforce the van
Daalen et al. (2020) relationship between the baryon fraction and
matter power suppression, and allows for greater flexibility in the
impact of feedback on the matter distribution, including scenarios
which, according to the simulations, could be deemed unphysical.
Both the WL-only and WL + kSZ analyses with BCEmu give a
mean constraint below the van Daalen et al. (2020) relation. That is,
they allow for a more extreme matter power spectrum suppression
for their predicted mean baryon fraction predicted. In the future, it
will be important to test this relationship with a range observations,
including those probe lower halo masses (see also Pandey et al. 2023).
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APPENDIX C: INTRINSIC ALIGNMENT MODEL

In this appendix, we consider the impact of the IA model choice on
our results. Throughout this work, we use the NLA IA model, which
is a subspace of the TATT model. A WL-only analysis using BCEmu7
with TATT constrains Sg = 0.8027002%, lying ~ 0.5 lower than that
constrained using NLA. This shift in Sg between the two IA models
is consistent when using BCEmul instead of BCEmu7, and similar
to that found in previous work when using HM20 (DES & KiDS
Collaborations 2023) and scale cuts (Secco et al. 2022; Amon et al.
2023). As in the literature, both IA model choices give comparable
x24 values (see Table 3). In future work, it is important to determine
the more accurate IA model. Here, we use this test as validation
that our baryon model choice and the results of our baryon model
comparison are independent of the choice of IA model.

APPENDIX D: SAMPLING ALGORITHM
CHOICE

In this appendix, we compare the cosmological parameter estimates
attained using the MULTINEST and POLYCHORD samplers. Throughout
the work, we use the MULTINEST settings nj,. = 500, efficiency
= 0.3, tolerance = 0.1, constant efficiency = False, and max.
iterations = 50 000 for computing efficiency. For POLYCHORD, we use
niive = 500, tolerance = 0.01, nepeas = 60, and fast fraction= 0.1.
Considering the BCEmu7 WL-only analysis, we find that sampling
with POLYCHORD estimates a mean value of Sg = 0.817] 052", consis-
tent with that attained by MULTINEST of Sy = 0.818705, . However,
in agreement with the findings of DES & KiDS Collaborations
(2023), we find that the 68 per cent confidence level for Sg attained
using MULTINEST is 18 per cent smaller than that estimated with POLY-
CHORD. Similarly we find a WL + kSZ analysis with POLYCHORD
returns Sy = 0.821 055", consistent with the Sz = 0.823 03 using
MULTINEST but with a 9 per cent larger confidence region.
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