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A B S T R A C T 

Extracting precise cosmology from weak lensing surv e ys requires modelling the non-linear matter power spectrum, which is 
suppressed at small scales due to baryonic feedback processes. Ho we ver, h ydrodynamical g alaxy formation simulations make 
widely varying predictions for the amplitude and extent of this effect. We use measurements of Dark Energy Surv e y Year 3 weak 

lensing (WL) and Atacama Cosmology Telescope DR5 kinematic Sun yaev–Zel’do vich (kSZ) to jointly constrain cosmological 
and astrophysical baryonic feedback parameters using a flexible analytical model, ‘baryonification’. First, using WL only, we 
compare the S 8 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 
S 8 and degrade the uncertainty. The kSZ provides additional constraints on the astrophysical parameters, with the joint WL + 

kSZ analysis constraining S 8 = 0 . 823 

+ 0 . 019 
−0 . 020 . 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. 

Key words: gravitational lensing: weak – large-scale structure of Universe – cosmology: observations. 
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 I N T RO D U C T I O N  

he standard cosmological model, lambda-cold dark matter
 � CDM), has been very successful when tested against observations
f the cosmic microwave background (CMB; Bennett et al. 2003 ;
lanck Collaboration VI 2020a ), the lensing of the CMB at inter-
ediate redshifts (Planck Collaboration VIII 2020b ; Madhavacheril

t al. 2024 ) and low-redshift observations of the expansion history
s probed by baryon acoustic oscillations (Eisenstein et al. 2005 ).
easurements of weak galaxy lensing provide a strong test of
 CDM at relatively small scales in the low-redshift Universe. In

rder to extract unbiased cosmological constraints from weak lensing
WL), accurate modelling of the non-linear matter distribution at
 > 0 . 1 h Mpc −1 is crucial. This requires understanding both the
on-linear dark matter evolution due to gravity to percent-level
ccuracy, as well as the impact of the baryons. In particular, a number
f physical processes associated with baryons redistribute gas and
mpact the non-linear matter power spectrum by up to ∼ 30 per cent
see e.g. Chisari et al. 2019 ; van Daalen, McCarthy & Schaye 2020 ).
his ‘baryonic feedback’ encapsulates the energetic effect of active
alactic nuclei (AGNs) heating gas and ejecting it to the outskirts
f groups and clusters, as well as the likely subdominant effects of
tellar winds, supernovae feedback, and gas cooling (van Daalen et al.
011 ). At present, astrophysical model uncertainties, such as those
ue to baryonic feedback, have been shown to limit the precision
f WL surv e ys (Amon et al. 2022 ; DES & KiDS Collaborations
023 ). Therefore, to extract maximal information from WL data
emands impro v ed modelling of baryonic effects and their impact
n the matter distribution. Moreo v er, it has been proposed that the
 S 8 tension’ – the finding that WL constraints on the clustering
mplitude parameter, S 8 = σ8 ( �m 

/ 0 . 3) 0 . 5 , are lower than predictions
rom the CMB – could be explained by a suppression of the non-
inear matter power spectrum (Amon & Efstathiou 2022 ; Preston,
mon & Efstathiou 2023 ). This could either be caused by a more

xtreme baryonic feedback effects than hydrodynamical simulations
redict or extensions to the standard model of cosmology. In order to
solate a departure from the standard cosmological model, baryonic
ffects must be better understood. 

Powerful AGN feedback is believed to have the ability to eject
aryons beyond the virial radius of galaxies, redistributing the gas
o the outskirts of galaxy groups and clusters (McCarthy et al. 2011 ;
ubois et al. 2016 ; Henden et al. 2018 ; Springel et al. 2018 ). Indeed,

tudies of hydrodynamical simulations have demonstrated that AGN
eedback alters the total matter distribution relative to dark-matter-
nly simulations, and that it causes a suppression of the power
pectrum at scales 0 . 1 � k � 10 h Mpc −1 , whereas increased star
ormation can enhance power on the smallest scales (see Chisari
t al. 2019 , for a re vie w). These simulations reproduce many of the
bserved properties of galaxies, including optical properties, galaxy
roup/cluster profiles, scaling relations, and Sun yaev–Zel’do vich
ounts. Ho we ver, despite these successes, the scale, amplitude, and
edshift dependence of the larger scale power suppression remain
argely uncertain, with significant variation between simulations.
hese differences are direct outcomes of the ‘subgrid’ modelling
f astrophysical processes, which take place below the resolution
cale of the simulation. 

Specifically, subgrid models are required to follow the formation,
rowth, and feedback of black holes, as well as gas cooling, metal
nrichment, star formation, and associated stellar feedback. The
GN feedback may operate in either kinetic or thermal modes

generally associated with the radio and quasar modes, respectively),
r alternate between the two depending on the black hole accretion
NRAS 534, 655–682 (2024) 
ate in a ‘two-mode’ feedback scenario (see Sijacki et al. 2007 ). The
eedback model normally has a number of associated ill-constrained
arameters encoding the feedback strength, such as the efficiency
f thermal/kinetic coupling, the black hole accretion rate, and, in
ome models, the minimum heating temperature of gas cells before
 feedback event occurs. While physical arguments can be used
o narrow the plausible range of some of these parameters, this
s normally not sufficiently constraining for precision cosmology
urposes. Thus, it is often the case that the parameters are calibrated
gainst key observables. 

X-ray measurements of the hot gas fractions of groups and clusters
ithin the virial radius are most widely used to benchmark the

imulations, along with galaxy stellar mass function, star formation
istory, and galaxy sizes (McCarthy et al. 2017 ; Henden et al. 2018 ;
elson et al. 2019 ; Kugel et al. 2023 ; Schaye et al. 2023 ). Even
ith identical subgrid physics, the box size and resolution of the

imulation can also have a non-negligible impact on the matter
istribution (van Daalen et al. 2011 ; P ande y et al. 2023 ). Indeed,
here is a large parameter space of feedback prescriptions, modelling
hoices and simulation properties that result in significant variation
n the suppression of the matter power spectrum (Henden et al. 2018 ;
av ́e et al. 2019 ; Hern ́andez-Aguayo et al. 2023 ; Salcido et al. 2023 ;
chaye et al. 2023 ). 
Recent WL analyses have devised various approaches to mitigate

he impact of baryonic feedback on cosmological constraints. The
ES Y3 (Dark Energy Surv e y Year 3) cosmic shear analysis opted

o discard measurements from the analysis on angular scales that
re impacted by baryonic effects from the analysis (Krause et al.
021 ; Amon et al. 2023 ; Secco, Samuroff et al. 2022 ). Alternatively,
aryon feedback has been modelled using a halo model approach
Asgari et al. 2021 ; Li et al. 2023 ), and using a halo model that is
alibrated to a hydrodynamical simulations (Mead et al. 2021 ; DES
 KiDS Collaborations 2023 ). More recently, Salcido et al. ( 2023 )

av e dev eloped an emulator trained using a suite of hydrodynamical
imulations with varied feedback efficiencies. 

Instead of relying on the hydrodynamical simulations, the bary-
nification (bfc) model is another approach which shifts particle
utputs in gravity-only simulations to attain modified halo profiles,
odelling the re-arrangement of baryon material caused by feedback

ffects (Schneider & Teyssier 2015 ). This approach has been used in
chneider et al. ( 2022 ), Chen et al. ( 2023 ), and Aric ̀o et al. ( 2023 ).
ther approaches include a principal component analysis (Huang

t al. 2019 ). 
An alternative approach to using models that are informed by

ydrodynamical simulations (and therefore indirectly benchmarked
gainst X-ray data) is to jointly analyse WL data with observations
f the gas content in and around galaxy groups and clusters. This
as been done to impro v e cosmological constraints by reducing
he model space of the nuisance parameters and exploiting the
omplementary dependence of the cross-correlated data sets on
osmological parameters (Tr ̈oster et al. 2020 ). The suppression of the
atter power spectrum has also been constrained using this approach

Schneider et al. 2022 ). 
A highly complementary observable to X-ray is the kinetic

un yaev–Zel’do vich (kSZ) effect, caused by the Thomson scattering
f the CMB photons by free electrons moving with bulk motion
n groups and clusters of galaxies relative to the CMB rest frame
Sun yaev & Zeldo vich 1972 , 1980 ). This causes a shift in the CMB
emperature while preserving the blackbody spectrum. If the bulk
ine-of-sight velocity is known, the kSZ effect directly measures
he free electron number density, independent of temperature (Hand
t al. 2012 ; Planck Collaboration XXXVII 2016 ; Soergel et al. 2016 ;
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chaan et al. 2021 ). The kSZ effect is well suited to probe low density
nd low temperature environments like the outskirts of galaxies and 
lusters, whereas X-ray measurements are more sensitive to the inner 
egions (Amodeo et al. 2021 ). 

The goals of this work are threefold: 

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

II. As an alternative to simulation-driven models, we use the 
ost flexible model, bfc, to jointly analyse the lensing data with 

he Atacama Cosmology Telescope (ACT) kSZ measurements for 
mpro v ed constraints on the baryonic feedback parameters and 
herefore the cosmological parameters. 

III. We constrain astrophysical observables for the first time in a 
oint WL and kSZ analysis, pro viding a new av enue to benchmark
he hydrodynamical simulations. 

The paper is structured as follows. Section 2 describes the DES
3 cosmic shear and ACT DR5 kSZ data sets used in this analysis.
ection 3 outlines the modelling of the cosmic WL and kSZ
easurements, including the four baryon models. 
In Section 4 , we summarize the findings of a mock analysis. We

ompare the cosmological constraints when analysing the shear data 
ith different baryon mitigating models and model complexities 

n Section 5 . In Section 6 , we present our constraints on both
osmological and baryonic parameters obtained from a joint WL 

 kSZ analysis. Finally, in Section 7 , we consider our constraints on
he observables that simulations benchmark against. We summarize 
ey findings and conclude in Section 8 . 

 DATA  

.1 Dark Energy Survey cosmic shear 

he DES has completed six years of photometric observations in the 
rizY bands, using the 4-m Blanco telescope located at the Cerro
ololo Inter-American Observatory. The surv e y spans ∼5000 de g 2 

n the Southern Hemisphere. 
For this analysis, we use data taken during the surv e y’s first three

ears of operation (DES Y3), between 2013 and 2016 (Sevilla- 
oarbe et al. 2021 ). The DES Y3 footprint co v ers 4143 de g 2 with a
umber density of 5.59 galaxies arcmin −2 to a depth of i∼ 23.5. The
ETACALIBRATION WL catalogue has o v er 100 million galaxies that 
ave passed a raft of validation tests (Gatti et al. 2022 ). The sample
as been divided into four redshift bins and the calibrated redshift
istributions and associated uncertainty are defined in Myles et al. 
 2021 ). Remaining biases in the shape measurement and redshift
istributions, primarily due to blending, are calibrated using image 
imulations, and the associated corrections for each redshift bin are 
eported in MacCrann et al. ( 2022 ). The DES Y3 cosmic shear
omographic two-point correlation functions, ξ±, are measured in 
0 angular logarithmic bins spanning 2.5–250.0 arcmin (Amon et al. 
022 ; Secco et al. 2022 ). 

.2 Atacama Cosmology Telescope kinetic Sunyaev–Zel’dovich 

he ACT is a 6-m millimeter waveband telescope, observing the 
MB. Since first light in 2007, it has had three generations of
eceivers, the most recent of which is the polarization-sensitive Ad- 
anced ACTPol (AdvACT), which extended the frequency coverage 
o five bands spanning 28–230 GHz. The fifth data release (herinafter
R5) co-adds maps collected from 2008 to 2018 co v ering approx-

mately 18 000 deg 2 and utilizes data from all three generations of
eceiver (Naess et al. 2020 ). 

This work uses the kSZ measurements presented in Schaan et al.
 2021 ). These are stacked measurements of the ACT DR5 and
lanck CMB temperature maps at 98 GHz (hereinafter called f90 

or consistency with Schaan et al. 2021 ) and 150 GHz (f150) with
he reconstructed velocities of the spectroscopic Baryon Oscillation 
pectroscopic Surv e y (BOSS) CMASS galaxy catalogue. The kSZ 

ignal is detected at a 6 . 5 σ significance. The galaxy sample spans the
edshift range 0 . 4 < z < 0 . 7 with a median redshift of z = 0 . 55. It
orresponds to a selection of relatively massive galaxies with a mean
tellar mass of log 10 ( M star / M �) ≈ 11 . 3 and an assumed mean halo
ass of ∼ 10 13 M � (Amodeo et al. 2021 ; Schaan et al. 2021 ), though

he latter is quite uncertain. Given its importance to the modelling of
he stacked kSZ sample, we will discuss the mean halo mass of this
ample later in the work. 

.3 Hydrodynamical simulations 

hroughout the paper, we compare our constraints on the matter 
ower spectrum to predictions from a range of hydrodynamical 
imulations: the FLAMINGO (1 Gpc ) 3 box with baryonic particle 
asses of 10 9 M � (Schaye et al. 2023 , solid line); BAHAMAS

400 Mpc h 

−1 ) 3 box with � AGN = 7 . 8 and 1024 3 dark matter and
aryonic particles (McCarthy et al. 2017 , dashed–dotted line); 
IMBA (100 Mpc h 

−1 ) 3 box with 1024 3 gas elements (Dav ́e et al.
019 , dotted line); MillenniumTNG 740 Mpc 3 with baryonic mass 
esolution of 3 . 1 × 10 7 M � (Pakmor et al. 2023 , dashed line);
nd FABLE (100 Mpc h 

−1 ) 3 box with 1280 3 dark matter particles
nd 1280 3 baryonic resolution elements (double-dotted–dashed 
ine, Henden et al. 2018 , Bigwood et al. in preparation). These
imulations not only span a range of box sizes and resolutions,
ut also feedback implementations, hydrodynamical schemes, and 
alibration strategies. Fig. 1 shows the suppression of the non- 
inear matter power spectrum due to baryonic effects, P ( k) /P DMonly ,
s predicted by each simulation, demonstrating the spread in the 
redicted amplitude and scale dependence. Several additional hydro 
imulations are also used to calibrate the baryonic feedback models 
ested throughout this work. We therefore also plot the prediction 
rom the OWLS-AGN (100 Mpc h 

−1 ) 3 box with 512 3 dark matter and
aryonic particles, respectively (Schaye et al. 2010 ; van Daalen et al.
011 , dark green solid line), the span in the suppression predicted
y BAHAMAS when � AGN is varied within the range 7.6–8.0 (see
ection 3.2.2 ), and range modification measured by the ANTILLES 

uite of 400 simulations (Salcido et al. 2023 , light green region), each
ith box size (100 Mpc h 

−1 ) 3 and 256 3 dark matter and baryonic
articles, respectively. ANTILLES spans significantly more extreme 
eedback scenarios than the other simulations considered, such that 
aryonic effects impact the power spectrum with greater amplitude 
nd at smaller k scales. 

 M O D E L L I N G  

.1 Cosmic shear signal 

he shear two-point correlation functions, ξ±( θ ), for a given angular
eparation, θ , computed for redshift bins i, j , can be related to the
D non-linear matter power spectrum. First, it can be expressed as a
ecomposition of the 2D convergence power spectrum C 

i,j 
κ ( 
 ) at an
MNRAS 534, 655–682 (2024) 
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M

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 (Dav ́e 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 T heat = 8 . 0 (dotted 
red line), cosmo-OWLS T heat = 8 . 5 (dashed red line), and A mod = 0 . 858 
(solid red line, Preston et al. 2023 ). 
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ngular wave number, 
 , as 

±( θ ) = 

∑ 


 

2 
 + 1 

4 π
G 

±

 ( cos θ )[ C 

ij 

κ, EE ( 
 ) ± C 

ij 

κ, BB ( 
 )] . (1) 

e note that weak gravitational lensing does not produce B modes.
o we ver, we sho w the more general expression here, as a B-mode

ontribution from intrinsic alignments (IA) is possible. The functions
 

±

 are computed from the Legendre polynomials following Stebbins

 1996 ). 
Under the Limber and flat-sky approximations (Limber 1953 ;

oVerde & Afshordi 2008 ), we can relate C 

i,j 
κ ( 
 ) to the 3D non-

inear matter power spectrum, P , via 

 

ij 
κ ( 
 ) = 

∫ χH 

0 
d χ

W i ( χ ) W j ( χ ) 

χ2 
P 

(
k = 


 + 0 . 5 

χ ( z) 
, z 

)
. (2) 

ere, we assume a spatially flat Universe, χ is the comoving angular
iameter distance and χH is the horizon distance. W i ( χ ) are the
ensing efficiency kernels, given by: 

 i ( χ ) = 

3 H 

2 
0 �m 

2 c 2 
χ

a( χ ) 

∫ χH 

χ

d χ ′ n i ( χ ′ ) 
χ ′ − χ

χ ′ , (3) 

here a( χ ) is the scale factor at comoving distance χ , and n i ( χ )d χ
s the ef fecti ve number density of galaxies in d χ , normalized to unity.

In this analysis, the linear matter power spectrum is calculated
sing CAMB (Lewis, Challinor & Lasenby 2000 ), and the non-linear
NRAS 534, 655–682 (2024) 
orrection is determined using HMCODE2020 (Mead et al. 2021 ).
e refer the reader to DES & KiDS Collaborations ( 2023 ) for a

etailed comparison of cosmic shear analysis choices, which we use
s a guide to formulate the baseline model in this work. We assume
hree neutrino species with two massless states and one massive
tate with a mass fixed at the minimum mass allowed by oscillation
xperiments, m ν = 0 . 06eV (Patrignani 2016 ). 

The IA of galaxies with their local environment also contributes
o the shear correlation function and must be modelled. We chose
o do this using the non-linear linear-alignment model (NLA),
hich describes the linear tidal alignment of galaxies with the
ensity field (Hirata & Seljak 2004 ), with a non-linear correction
o the linear matter power spectrum (Bridle & King 2007 ). This
pproach requires two additional free nuisance parameters: A IA ,
odulating the amplitude of the IA model (see equations 3–5

n Bridle & King 2007 for the NLA IA power spectra, C GI and
 II ) and a redshift-dependence parameter, using a power law with

(1 + z) / (1 + 0 . 62)] ηIA . The choice of modelling IA with NLA, and
he dependence of our cosmological results on this model choice, are
urther discussed in Section 6.1 and Appendix C . 

We model the uncertainty in mean redshift and the shear cali-
ration for each redshift bin i as the free parameters �z i and m 

i ,
especti vely, follo wing Amon et al. ( 2022 ) and Secco et al. ( 2022 ),
nd preserve values of the uncertainty determined by Myles et al.
 2021 ) and MacCrann et al. ( 2022 ). In the cases where the small-scale
easurements are analysed, we refer the reader to Chen et al. ( 2023 )

or validation that higher order cosmic shear modelling corrections
emain subdominant. 

.2 Modelling baryonic feedback for cosmic shear 

trate gies hav e been devised to account for baryonic effects when
nalysing WL measurements in order to extract unbiased cosmolog-
cal information. In this section, we outline the four approaches we
nvestigate in this work: (1) restrict angular scales, (2) a halo model
pproach, (3) a hydrodynamical simulation-based emulator, and (4)
n analytical N -body simulation model. In Table 1 , we summarize
he free parameters of each baryon feedback model and prior choices.

.2.1 Restricting angular scales 

he DES Y3 cosmic shear analysis mitigates the impact of baryonic
ffects by discarding the measurements at small angular scales
Krause et al. 2021 ; Amon et al. 2023 ; Secco et al. 2022 ) and
nalysing the data assuming a dark-matter-only model. In this work,
e adopt their ‘ � CDM Optimized’ scale cuts, which were designed

o minimize the bias on � CDM cosmological parameters due to
nmodelled baryonic effects to be less than 0.3 σ2D in the �m 

− S 8 
arameter space, for a joint lensing and clustering analysis. For a
 CDM analysis of cosmic shear alone, this corresponds to up to
 0.14 σ2D potential bias. Note that to determine the angular scales
o be used, the OWLS-AGN hydrodynamical simulation (Schaye
t al. 2010 ; van Daalen et al. 2011 ) was chosen as a representative
eedback scenario (shown as the green line, Fig. 1 ). Synthetic cosmic
hear data vectors were contaminated according to 

 b ( k , z) = 

P hydro ( k , z) 

P DMO ( k , z) 
P ( k , z) , (4) 

here P hydro ( k, z) and P DMO ( k, z) are the full hydrodynamical and
ark-matter-only matter power spectra from the OWLS-AGN suite
nd P ( k, z) is the non-linear matter power spectrum. 
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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 conserv ati ve prior alternati ve if applicable. U[ ] 
brackets indicate flat uniform priors within the range shown. N ( ) brakets indicate Gaussian priors described by their mean and 1 σ width. The BCEmu1 model 
has log 10 M c as the only free parameter, BCEmu3 varies log 10 M c , θej and ηcga , and all seven parameters are free in BCEmu7. In the case of using the reduced 
model complexity of BCEmu1 or BCEmu3 models, we also show the values that the BCEmu parameters are fixed to. Note that the M 200 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 
� AGN log 10 ( T AGN /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 ) 
α Power-law normalization for the f b –M halo N (4.16, 0.07) U[2.85, 4.50] –

relation (equation 7 ) 
β Power-law slope for the f b –M halo relation (equation 7 ) N (1.20, 0.05) U[0.95, 1.60] –
γ Redshift dependence of the power-law normalization of N (0.39, 0.09) U[0.12, 0.85] –

the f b –M halo relation (equation 7 ) 
Baryonification: BCEmu 
log 10 M c 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 ) 
θej Specifies the maximum radius of gas ejection U[2.0, 8.0] – 3.5 

relative to the virial radius 
ηδ Related to the stellar fraction of the central galaxy: U[0.05, 0.4] – 0.20 

ηδ = ηcga − η (equation 11 ) 
μ Defines how fast the slope of the gas profile becomes U[0.0, 2.0] – 1.0 

shallo wer to wards small halo masses (equations 9 and 10 ) 
γ Exponent in gas profile parametrization (equation 9 ) U[1.0, 4.0] – 2.5 
δ Exponent in the gas profile parametrization (equation 9 ) U[3.0, 11.0] – 7.0 
η Specifies the total stellar fraction within a halo (equation 11 ) U[0.05, 0.4] – 0.20 
M h , 200 (M �) Halo mass of the kSZ sample, used in the joint analysis only U[5 × 10 12 , 7 × 10 13 ] – 3 × 10 13 
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A benefit of this approach is that it is agnostic to the exact shape
nd physics of the matter power spectrum suppression, once the 
eedback in the Universe is lower in amplitude and scale extent 
han the simulation chosen (in this case, OWLS-AGN). Ho we ver, 
his approach misses the opportunity to extract high- signal-to- 
oise information about the underlying cosmological model and the 
strophysical effects. 

.2.2 Halo-model approach: HM20 

MCODE2020 , hereinafter HM20, models the non-linear power 
pectrum and includes a free parameter to modulate the amount 
f baryonic feedback, � AGN = log 10 ( T AGN /K) (Mead et al. 2021 ).
his parameter scales the halo concentration and the stellar and gas 
ontent, leading to a modification in the o v erall amplitude and shape
f the ‘one-halo’ term in the halo model. The model is calibrated to
t the power spectrum ‘response’ (the matter–matter power spectrum 

ivided by the same measurement in an equivalent dark-matter-only 
ox) of the BAHAMAS hydrodynamical simulations (McCarthy 
t al. 2017 ; van Daalen et al. 2020 ) in the range � AGN = [7 . 6 − 8 . 0]
blue shaded region, Fig. 1 ). We note that T AGN is related to �T heat ,
hich is the BAHAMAS subgrid heating parameter, where an AGN 

eedback event will only occur after the black hole has stored
ufficient energy to heat a fixed number of gas particles by �T heat . 

We define two prior ranges for this case. The first spans the range
f � AGN values that bracket the BAHAMAS � AGN = 7 . 6 − 8 . 0
imulations that the model was calibrated against. The ‘wide prior’ 
hosen here to be � AGN = 7 . 3 − 9 . 0 e xtends be yond the calibration
ange to span more extreme scenarios and allow for a dark-matter- 
nly case. 
This approach has been shown to be accurate at the level of <

 . 5 per cent to k < 10 h Mpc −1 (Mead et al. 2021 ) when fitting
imulated power spectra at z < 2 with a range of cosmologies thus
llowing all measured angular scales of the DES Y3 data set to be
tilized (in this case, to 2.5 arcmin). A downside of this model is that
t relies on the accuracy of the specific feedback implementation and
redicted power suppression of a particular simulation and may not 
e flexible enough to capture the true scenario. 

.2.3 Hydrodynamical simulation emulator: SP(k) 

P( k ) is a flexible empirical model trained on the ANTILLES suite of
00 cosmological hydrodynamical simulations (plotted as the green 
ines in Fig. 1 , Salcido et al. 2023 ). The model predicts the power
pectrum suppression given the baryon fraction–halo mass relation of 
alaxy groups and clusters as input, building upon previous insights 
rom van Daalen et al. ( 2020 ). The ANTILLES suite span a range of
eedback scenarios, allowing the emulator to achieve a ∼2 per cent 
ev el accurac y to describe baryonic effects at scales of up to k � 10 h

pc −1 and redshifts up to z = 3. 
In particular, SP( k ) casts the suppression in terms of the baryon

raction at the optimal mass, ˆ M k , defined as the halo mass that
aximizes the strength of the correlation between the suppression 

f the total matter power spectrum and the total baryon fraction of
aloes of different mass. It uses an exponential plateau function to
odel for the fractional impact of baryons as, 

 hydro ( k ) /P DM 

( k ) = λ( k, z) − [ λ( k, z) − μ( k, z) ] 

× exp [ −ν( k, z) ˜ f b ] , (5) 

here ˜ f b is the baryon fraction at the optimal halo mass normalized
y the universal baryon fraction, that is: 

˜ 
 b = f b ( ˆ M k, SO ( k, z)) / ( �b /�m 

) , (6) 
MNRAS 534, 655–682 (2024) 
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nd ˆ M k, SO , λ( k, z), μ( k, z), and ν( k, z) are functions with best-fitting
arameters given in Salcido et al. ( 2023 ). 
For the mass range that can be relatively well probed in cur-

ent X-ray and Sun yaev–Zel’do vich effect observations (10 13 �
 200 [M �] � 10 15 ), the total baryon fraction of haloes can be

oughly approximated by a power law with constant slope (e.g.
ulroy et al. 2019 ; Akino et al. 2022 ). Salcido et al. ( 2023 ) find

hat a modified version of the functional form, 1 presented in Akino
t al. ( 2022 ) provides a reasonable agreement with simulations up to
edshift z = 1, 

 b / ( �b /�m 

) = 

(
e α

100 

) (
M 500 c 

10 14 M �

)β−1 (
E( z) 

E(0 . 3) 

)γ

, (7) 

here α sets the power-law normalization, β sets power-law slope, γ
rovides the redshift dependence, E( z) is the dimensionless Hubble
arameter, and f b is the baryon fraction measured within R 500 . We use
his function to facilitate the marginalization o v er the uncertainties
n the observed baryon fractions, introducing α, β, and γ as free
arameters in our WL analysis. 
SP( k ) ef fecti vely depends only on a single physically meaningful

arameter, that is, the baryon fraction. The benefit of this approach
s that observational constraints on the baryon fraction could be
sed to inform the priors used in cosmological analysis. For our
tudy, we use two different sets of priors to marginalize o v er the
ncertainties in the observed baryon fractions: wide (conserv ati ve)
riors consistent with the range of feedback models probed by the
NTILLES simulations used to calibrate the SP( k ) model (Salcido

t al. 2023 ), and ‘observational’ priors that encompass current
bservational constraints on the baryon fraction–halo mass relation
rom Akino et al. ( 2022 ). Table 1 reports the priors on α, β, and γ
or the two choices. 

As with the scale cuts and HM20 model, we caveat that the SP( k )
ethod is limited by the specific feedback implementation used in

he hydrodynamical simulation it was trained on, in this case the
NTILLES suite. While ANTILLES is currently the largest and
idest suite of hydro simulations in terms of feedback variations,

t still may not co v er all possible baryonic responses (see e.g.
ppendix B4 ). 

.2.4 Analytical N-body simulation model: Baryonification 

fc is a method for including the effects of baryonic feedback in
ark-matter-only N -body simulations based on perturbative shifts of
articles that mimic the effects of feedback at cosmological scales
Schneider & Teyssier 2015 ; Schneider et al. 2019 ; Aric ̀o et al.
020 ). The particles are shifted in order to obtain modified halo
rofiles that include the presence of gas and stars which are shaped
y feedback effects. We provide a summary of the method including
ome important aspects of the parametrization and refer the reader
o Schneider et al. ( 2019 ) and Giri & Schneider ( 2021 ) for a more
etailed explanation. 
In practice, the bfc method relies on a modification of profiles

ia spherically symmetrical particle shifts around the centres of N -
ody haloes with Navarro–Frenk–White (NFW)-like profiles, ρnfw ,
ollowing 

nfw ( r) → ρbfc ( r) = ρclm 

( r) + ρgas ( r) + ρcga ( r) . (8) 

he final baryonified profiles, ρbfc , consist of three components:
he collisionless matter, gas, and central galaxy. The collisionless
NRAS 534, 655–682 (2024) 

 See https:// github.com/ jemme07/ pyspk. 

3

o
d

atter ( ρclm 

) profile is dominated by dark matter but also contains
atellite galaxies and halo stars. Its shape is modified with respect
o the original NFW shape via adiabatic contraction and expansion
Teyssier et al. 2011 ). The central galaxy profile, ρcga , is parametrized
s a power law with an exponential cut-off. This component affects
nly the innermost part of the halo, rather than cosmological scales.
At cosmological scales, baryonic effects are primarily caused by

eedback-induced changes of the gas distribution around haloes,
escribed by the gas profile, ρgas . Moti v ated by X-ray observa-
ions (Eckert et al. 2016 ; Schneider et al. 2019 ), these effects are
arametrized with five model parameters as 

gas ( r ) ∝ 

�b /�m 

− f star ( M ) [ 
1 + 

(
r 

r core 

)] β( M) [ 
1 + 

(
r 
r ej 

)γ ] δ−β( M) 
γ

, (9) 

hich consists of a cored power-law profile with a truncation at the
jection radius, r ej = θej R 200 , where θej is a dimensionless-free model
arameter. 2 The shape of the truncation beyond the ejection radius is
ontrolled by the γ and δ parameters, where the former defines the
bruptness and the latter defines the slope of the function. The core
f the profile is fixed to r core = θcore R 200 with θcore = 0 . 1. The slope
f the power law β( M) is a function that varies with halo mass, 3 and
s parametrized as 

( M ) = 

3( M /M c ) μ

1 + ( M/M c ) μ
. (10) 

he halo mass dependence of β accounts for the fact that AGN
eedback is more efficient in removing gas around galaxy groups
hile large clusters tend to keep most of their gas inside the virial

adius. The free model parameters M c and μ thereby define the scale
nd the abruptness of the transition when the slope of the profile goes
rom 3 to 0 for decreasing halo masses. 

The total fraction of stars, f star , and the fraction of stars that belong
o the central galaxy, f cga , indirectly affect the available gas that can
e pushed out by feedback processes. They are parametrized as 

 i ( M) = 0 . 055 

(
M 

M s 

)ηi 

(11) 

ith i = { star, cga } and where M s = 2 . 5 × 10 11 M � h −1 . The power
aw is constructed to match the Moster relation (Moster, Naab
 White 2013 ), which is reasonably well understood for galaxy

roups and clusters. Note that following Giri & Schneider ( 2021 ),
e redefine the parameters as η ≡ ηstar and δη ≡ ηcga − η, star . These

wo additional bfc parameters, together with the five gas parameters,
re summarized in Table 1 . 

An efficient cosmological analysis will marginalize o v er a mini-
um number of baryonic feedback parameters. How many parame-

ers are required is an open research question that ultimately depends
n the unknown baryonic feedback realized in nature. For now, we
dhere to the requirement that a given parametrization needs to be
ble to fit the matter power spectrum suppression predicted by a
ange of hydrodynamical simulations. Following Giri & Schneider
 2021 ), in this work we consider the models BCEmu7, BCEmu3,
nd BCEmu1, referring to the number of model parameters varied
n the analysis. While in BCEmu7 all parameters introduced abo v e
re kept free, BCEmu3 only allows log 10 M c , θej , and ηδ to vary
 Here, we define the halo mass as the mass enclosed within a radius, centred 
n the group or cluster, within which the mean density is 200 times the critical 
ensity of the Universe. The notation M 200 is also used throughout the paper. 

https://github.com/jemme07/pyspk
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nd BCEmu1 only uses log 10 M c as a free parameter. The fixed 
arameters in the BCEmu3 and BCEmu1 models are listed in 
able 1 and have been selected so that they provide the best fit

o a variety of hydrodynamical simulations (see Giri & Schneider 
021 , for more information about the method). Both BCEmu7 and 
CEmu3 are able to reproduce the baryonic suppression or the power 

pectrum predicted by a variety of hydrodynamical simulations 
o better than one percent. The BCEmu1 model, on the other 
and, sho ws de viations of order five per cent, hinting towards the
ossibility that one parameter is generally insufficient to describe 
he variety of existing results from simulations (Giri & Schneider 
021 ). 
A key feature of the bfc model is that it is based on physically
oti v ated profiles around halo centres. The model is not restricted to

he power spectrum but can also be used to obtain the 3D baryonified
ensity field and therefore many corresponding summary statistics. 
n the following we will take advantage of the connection between 
ower spectrum and halo profiles to obtain simultaneous predictions 
or the cosmic shear and the stacked kSZ signal. Compared to other
pproaches, the bfc model BCEmu7 is not calibrated to specific 
ydrodynamical simulations. It rather depends on the parameters of 
mpirical density profiles that are broadly moti v ated by observa- 
ions. The model therefore provides a independent check with very 
ifferent modelling choices and systematics compared to the subgrid 
odelling in hydrodynamical simulations. We note that despite 

he model’s valuable flexibility, it can result in potentially non- 
hysical scenarios. Other limitations include the fact that the model 
arameters are currently assumed to have no redshift dependence, as 
ell as the fact that the gas profiles do not separate a hot and cold
as component. 

.3 Kinetic Sunyaev–Zel’dovich signal 

he kSZ measurements can be used to constrain the gas density. This
ffect arises from the bulk motion of the ionized gas in and around
 alaxies, g alaxy groups, and clusters, which imparts a Doppler shift
n CMB photons. It preserves the blackbody frequency spectrum of 
he CMB and instead the thermodynamic temperature fluctuates as 

�T kSZ 

T CMB 
= 

σT 

c 

∫ 

los 
e −τ n e v p d l , (12) 

here T CMB is the present-day temperature of the CMB, σT is the 
homson cross-section, c is the speed of light, n e is the free-electron
hysical number density, v p is the peculiar velocity, and τ is the 
ptical depth due to Thomson scattering along the line-of-sight 
istance, d l. Following Schaan et al. ( 2021 ) and Amodeo et al. ( 2021 ),
or the redshift range of the kSZ measurements used in this work, the
ean optical depth is observed to be below the percent level (Planck
ollaboration XXXVII 2016 ) and the CMASS galaxy groups are 
ptically thin, therefore we can assume that the integral e −τ ≈ 1. 
urthermore, as the measurements are stacked, the velocity field is 

ndependently estimated from the large-scale distribution of galaxies 
ia a reconstruction method, thereby eliminating the dependence on 
he velocity. We therefore follow Schaan et al. ( 2021 ) and Amodeo
t al. ( 2021 ) in simplifying equation ( 12 ), so that the resulting shift
n the CMB temperature can be approximated as; 

�T kSZ 

T CMB 
= τgal ( θ ) 

v r 

c 
, (13) 

here τgal refers to the contribution of the optical depth to Thomson
cattering of the galaxy group considered and v r is the root mean
quare (RMS) of the peculiar velocities projected along the line 
m  
f sight. For the median redshift of the CMASS sample in the
inear approximation, z = 0 . 55, the RMS of the peculiar velocities
rojected along the line of sight is v r = 1 . 06 × 10 −3 c (Schaan et al.
021 ). The uncertainty on the velocity reconstruction is estimated 
o be less than a few percent, which we ignore given the statistical
recision (Schaan et al. 2021 ; Ried Guachalla et al. 2024 ; Hadzhiyska
t al. 2024 ). 

To model the ACT kSZ measurements it is necessary to convolve
quation ( 13 ) with the beam profiles utilized at the f90 and f150
requencies. We follow Schaan et al. ( 2021 ) and approximate the
eam using a Gaussian with FWHM = 2 . 1 arcmin for the former
and and FWHM = 1 . 3 arcmin for the latter. Furthermore, to
inimize noise due to degree-scale CMB fluctuations, compensated 

perture photometry filters were also used on the observations. We 
herefore apply the same filter function that was used in the analysis of 
he data. The smoothing function is + 1 between θ < θd , −1 between
d < θ < 

√ 

2 θd and 0 otherwise, where θd is the aperture radius 
entred around each galaxy (Schaan et al. 2021 , equation 9 ). 

To calculate τgal measured within a disk of radius θ centred on the
roup or cluster, we assume spherical symmetry and integrate the 
lectron number density, n e , o v er the line of sight as 

gal ( θ ) = 2 σT 

∫ ∞ 

0 
n e ( 

√ 

l 2 + d A ( z) 2 θ2 )d l , (14) 

here d A is the angular diameter distance. We assume a fully ionized
edium with primordial abundances to describe the electron density 

n terms of the gas density as 

 e ( r ) = 

( X H + 1) 

2 

ρgas ( r ) 

m amu 
, (15) 

ith X H = 0 . 76 being the hydrogen mass fraction and m amu the
tomic mass unit. We e v aluate equation ( 14 ) at the median redshift
f the CMASS sample, z = 0 . 55. Future work will test the validity
f this assumption, that is, that the kSZ signal does not have
ignificant redshift evolution in the CMASS sample, and that our 
ssumption is representativ e o v er the full redshift range we are
ensitive to. 

In order to calibrate the model for the kSZ profile, the mean
alo mass of the CMASS galaxy sample is needed. Note that
ecause the integrated kSZ signal scales with the gas mass and this
uantity approximately tracks the halo mass, it is important that the
heoretical predictions are for a sample with the same mean halo

ass as the CMASS sample. Given the significant scatter in the
iterature, we choose to include an additional model parameter in 
he analysis, M h , 200 , corresponding to the mean M 200 of the CMASS
ample, with a prior range provided in Table 1 . The justification
or this prior choice, and an investigation of its impact are given in
ppendix B3 . 

.4 Modelling kSZ with baryonification 

he bfc method provides a model for the gas density (equation 9 ) and
escribes the gas content as measured by kSZ (equations 13 –15 ). We
elect this model to jointly analyse the kSZ measurements with the
ensing data given that it is agnostic to any choice of hydrodynamical
imulation. 

In Fig. 2 , we aim to build a better intuition on the BCEmu model
y exploring the impact of each parameter on the suppression of the
atter power spectrum, P ( k ) /P DMonly ( k ) (top row) and the kSZ radial
MNRAS 534, 655–682 (2024) 
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M

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 ) /P DMonly ( 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 o v erplotted in black: FLAMINGO (Schaye et al. 2023 , solid line); BAHAMAS 
(McCarthy et al. 2017 , dashed–dotted line); SIMBA (Dav ́e 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, 
θ , centred on the group or cluster (bottom) for the same bfc parameters as abo v e. 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. 
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emperature profile T kSZ ( θ ) (bottom row). At a fixed cosmology, 4 we
est the dependence on each of the seven BCEmu parameters from
eft to right within the defined prior range, whilst fixing the remaining
ix model parameters at their fiducial fixed value (see Table 1 ). 

The M c parameter controls the mass or proportion of groups and
lusters that have had feedback-induced gas removal and has been
reviously identified as the most important in the model (Schneider
 Teyssier 2015 ; Giri & Schneider 2021 ). Indeed, we see that within

ts prior range, this parameter modulates the amplitude, slope and
xtent of the suppression of the matter power spectrum at scales
 � 0 . 1 and the amplitude and slope of the kSZ profile. For clusters
f mass greater than M c , the slope of the gas profile (equation 10 )
ends to β = 3 and the gas profile approaches a truncated NFW
rofile. Ho we ver, for groups of mass smaller than M c , the slope of
he power law decreases and the gas profile more closely resembles
ne that has experienced AGN feedback and had gas ejected from
he halo. Hence, a larger value of M c results in a greater proportion
f groups and clusters having gas profiles that mimic the effect of
aryonic feedback, leading to a greater suppression of the matter
ower spectrum and simultaneously, a decrease in the amount of gas
ithin an aperture centred on the galaxy, which gives a smaller kSZ

ignal. 
In the reduced complexity BCEmu1 model, the remaining param-

ters are kept fixed, although it is clear that their value choice can
ave a significant impact on the predictions for the matter power
pectrum and the kSZ signal. We observe that even at fixed M c ,
 larger value of θej increases the radius that gas is ‘ejected to’ in
he gas profile and ef fecti vely causes matter to be redistributed on
maller k-scales. This corresponds to a decrease in the amount of
as as measured by the amplitude of the kSZ signal. Similarly, we
nd that increasing the exponent in the gas profile parametrization γ
esults in a greater suppression of the power spectrum and lower kSZ
NRAS 534, 655–682 (2024) 

 We chose the parameters h = 0 . 742, �m 

= 0 . 255, and f b = �b /�m 

= 

 . 166. 

b  

o  

m  

t  
mplitude, although the impact is on smaller scales ( k � 1) than the
ffect of log 10 M c and θej . The remaining gas parameters, δ and μ,
ave the reverse effect, that is, decreasing them results in an enhanced
ower spectrum suppression and a lower kSZ signal. 
Decreasing the values of stellar parameters, η and ηδ , makes a

ess steep stellar–halo mass relation, so that a larger amount of stars
ondense out of the gas and form galaxies. This causes a boost in the
atter power spectrum at large k, as we observe in Fig. 2 . The kSZ

adial temperature profile is only dependent on the gas density profile
f groups and clusters (equation 15 ) and so not directly impacted by
he stellar parameters η and ηδ . Ho we ver, η can indirectly have a
mall impact on the kSZ signal as it alters the number of stars in
roups and clusters, and therefore the the reservoir of available gas. 
We note two limitations in our modelling of the kSZ signal.
hile we vary the halo mass of the kSZ sample in our analysis, we

ssume that the mass dependence of the model is valid beyond the
ange probed by the kSZ measurement and at varying redshift. The
SZ measurements span a mass range M 200 ≈ [0 . 5 − 7] × 10 13 M �,
hich is similar to the halo mass range that cosmic shear is most

ensitive to ( M 200 ≈ 10 13 . 5 M �). Nevertheless, cosmic shear still has
ontributions from higher and lower mass haloes (e.g. Salcido et al.
023 ). 
Future kSZ measurements that span multiple mass and redshift

ins will provide a better understanding of the dependence of the
SZ signal on galaxy properties and the suitability of this assumption.
nother issue that we do not address in the present study is the role
f centrals versus satellites in the observed stacked kSZ profiles.
ur theoretical predictions correspond to central galaxies that are

ssumed to be perfectly centred within their host haloes and we may
easonably expect some degree of bias (with respect to theoretical
redictions) to be introduced by the inclusion of satellites. Without
orward modelling the BOSS CMASS selection function, which is
eyond the scope of this work, it is difficult to predict the magnitude
r sign of this effect. On the one hand, satellites will obviously be
is-centred with respect to their host haloes and one may expect this

o 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 1 σ width. 

Parameter Type Value 

Cosmological 
�m 

, total matter density Flat [0.1, 0.9] 
�b , baryon density Flat [0.03, 0.07] 
10 −9 A s , scalar spectrum amplitude Flat [0.5, 5.0] 
h , Hubble parameter Flat [0.55, 0.91] 
n s , spectral index Flat [0.87,1.07] 
�ν h 2 , neutrino mass density Flat 0.06 
Observational 
�z 1 , source redshift 1 Gaussian (0.0, 0.018) 
�z 2 , source redshift 2 Gaussian (0.0, 0.015) 
�z 3 , source redshift 3 Gaussian (0.0, 0.011) 
�z 4 , source redshift 4 Gaussian (0.0, 0.017) 
m 

1 , shear calibration 1 Gaussian ( −0.006, 0.009) 
m 

2 , shear calibration 2 Gaussian ( −0.020, 0.008) 
m 

3 , shear calibration 3 Gaussian ( −0.024, 0.008) 
m 

4 , shear calibration 4 Gaussian ( −0.037, 0.008) 
Intrinsic alignment 
a 1 , tidal alignment amplitude Flat [ −5 , 5] 
η1 , tidal alignment redshift index Flat [ −5 , 5] 
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6 Formally, these are credible interv als; ho we ver, we choose to use the term 

‘confidence interval’ in this paper to retain consistency with the language 
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election implies that the satellites will typically be in hosts that are
ore massive than a host which has a central of similar stellar mass.
his will tend to boost the kSZ signal. For the present study we
eglect these uncertainties, leaving their careful consideration for a 
uture study. 

 M O D E L  PIPELINE  A N D  VA LIDATION  

n this section, we briefly describe the set up of the cosmological
nference pipeline (Section 4.1 ). We validate the robustness of this
ipeline using each of the four baryon models with a mock analysis,
escribed in Appendix A . Here, we briefly moti v ate the choices made
n the construction of the mock data (Section 4.2 ) and summarize the
ndings (Section 4.3 ). 

.1 Inference pipeline 

o analyse the cosmic shear data, we build upon the public DES
3 cosmological inference pipeline. We utilize one parameter for 

edshift and shear calibration per tomographic bin, with prior ranges 
et to those used in DES Y3. Without feedback models, we have 15
arameters that we marginalize o v er in the analysis. Table 2 summa-
izes the cosmological, observational, and astrophysical priors used 
n this work. 

Parameters are estimated via nesting sampling using MULTINEST 5 

Feroz, Hobson & Bridges 2009 ) within the COSMOSIS framework 
Zuntz et al. 2015 ), with the sampler settings listed in Appendix D .

e note ho we ver that DES & KiDS Collaborations ( 2023 ) demon-
trate that MULTINEST can underestimate the 68 per cent confidence 
evels for S 8 , at the level of ∼ 10 per cent − 20 per cent , while
OLYCHORD (Handley, Hobson & Lasenby 2015 ) is more accurate. 
n agreement with this finding, Appendix D reports that sampling 
ith MULTINEST instead of POLYCHORD in a WL-only analysis with 
CEmu7 results in a 18 per cent smaller 68 per cent confidence level
 MULTINEST : https:// github.com/ farhanferoz/ MultiNest

u
7

f

or S 8 , and a 9 per cent smaller 68 per cent confidence level for S 8 
n a joint WL and kSZ analysis with BCEmu7. We follow Amon
t al. ( 2022 ) and Secco et al. ( 2022 ) when reporting the parameter
onstraints and quote the mean of the 1D marginal distribution, along
ith the 68 per cent confidence limit, which defines the area around

he peak of the posterior within which 68 per cent of the probability
ies. 6 

.2 Mock data 

n order to assess the robustness of our lensing inference pipeline,
on-linear power spectrum model and baryon feedback models, we 
erform analyses using synthetic data and test the ability to reco v er
nbiased cosmology. The mock data were created using the best- 
tting cosmological parameters obtained from the DES Y3 joint 

ensing and clustering analysis (DES Collaboration 2022 ). 7 

We create two dark-matter-only mock data vectors, using different 
odels for the non-linear matter power spectrum. The first uses 
M20, the same model used to analyse the data throughout this
ork. This mock is important for testing that the analysis pipeline

an accurately reco v er cosmological parameters before considering 
eedback effects. The second mock uses the EuclidEmulator2 (EE2), 
hich has been shown to be accurate to 1 per cent for k ≤ 10 h Mpc −1 

Euclid Collaboration: Knabenhans et al. 2019 , 2021 ; Adamek et al.
023 ). This mock is used to ensure that HM20 provides a sufficiently
ccurate description for the non-linear matter power spectrum when 
ompared to EE2, for the full angular scale range of the DES Y3
osmic shear data. 

To test the four baryon mitigation strategies, we chose three baryon
eedback scenarios to build the mock data and their predictions for
he suppression of the matter power spectrum are shown as the red
ines in Fig. 1 . These choices include extreme scenarios as they are
esigned to test the flexibility and limits of the baryon models, rather
han an attempt to chose the most accurate prescription. First, we
onsider the upper limit of the BAHAMAS hydrodynamic simulation 
uite, with T heat = 8 . 0 (McCarthy et al. 2017 ). Next, we consider
 mock universe with a more extreme power spectrum prescribed 
y cosmo-OWLS T heat = 8 . 5 (Le Brun et al. 2014 ), although this
imulation does not replicate the local gas fractions in groups and
lusters. As it is possible that hydrodynamical simulations do not 
apture the complexities of feedback, we want to test the ability of
he baryon models to accurately capture a scenario that modulates 
he matter power spectrum with a different shape than that in typical
imulations. We consider a mock with a suppression described by 
he A mod parameter (Amon & Efstathiou 2022 ; Preston et al. 2023 ),
here A mod ≈ 0 . 858 is that required to reconcile the DES Y3 cosmic

hear with Planck � CDM cosmology. 

.3 Mock results 

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

(i) When analysing an EE2-generated dark-matter-only mock with 
he HM20 dark-matter-only model, S 8 is o v erestimated by ∼ 0 . 4 σ .
This is reduced to ∼ 0 . 2 σ when analysing restricted angular scale
MNRAS 534, 655–682 (2024) 

sed in Amon et al. ( 2022 ) and Secco et al. ( 2022 ). 
 That is, with S 8 = 0 . 7805, �m 

= 0 . 3380 and σ8 = 0 . 7353 (see Appendix A 

or more detail). 

https://github.com/farhanferoz/MultiNest
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Figure 3. Summary of the 1D marginalized constraints on S 8 from analysing 
the DES Y3 cosmic shear data with different baryonic feedback mitigation 
strategies. The mean of the S 8 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 ). 
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8 TTTEEE 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). 
9 Note that throughout the following sections we quantify the shift in the mea- 
sured value of S 8 by two analyses using the metric �S 8 / [( σ 1 

S 8 
) 2 + ( σ 2 

S 8 
) 2 ] 1 / 2 , 

where �S 8 is the difference between the respective mean values and σ 1 
S 8 

, σ 2 
S 8 

are the 1 σ errors on S 8 . 
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easurements.) Furthermore, we find that �m 

is underestimated by
0 . 9 σ . Ho we ver, we identify projection effects in this parameter of
0 . 5 σ by analysing an HM20 mock with an HM20 model. In this

ork, we focus on the S 8 parameter, and we note that further testing
s needed to assess the reliability of the �m 

constraints. 
(ii) The DES Y3 ‘ � CDM-optimized’ scale cuts underestimate S 8 

n all three mock baryonic feedback scenarios. This is as expected,
s these scale cuts were defined with the OWLS-AGN scenario,
hich predicts less power suppression than BAHAMAS 8.0, cosmo-
WLS 8.5, and A mod . While the scale cuts, by design, remo v e the

ensitivity of the analysis to the impact of baryon feedback, this
ethod’s success relies on the true feedback scenario to be less

xtreme than the simulation used to define the cuts. 
(iii) HM20, as used with their fiducial BAHAMAS-based prior,

nderestimates S 8 by ∼ 0 . 7 σ for the BAHAMAS 8.0 mock, and by
ore than 1 σ when analysing a mock with a more extreme feedback

cenario. Using a wide prior alleviates this, with the model reco v ering
he true cosmology within ∼ 0 . 5 σ for all mock scenarios, although
ith a cost of almost a factor of two in the precision of the S 8 

onstraint. 
(iv) The SP( k ) model, used with both a wide and X-ray prior, can

eco v er the input cosmology to within ∼ 0 . 2 σ for a BAHAMAS 8.0
ock. With the more extreme cosmo-OWLS 8.5 and A mod mocks,

his model underestimates the value of S 8 by up to ∼ 0 . 5 σ . This
s as expected, as both cosmo-OWLS 8.5 and A mod are outside the
xpected baryon fractions as compared to observations by Akino
t al. ( 2022 ). 

(v) When allowing only one parameter to vary in BCEmu emula-
or, BCEmu1, we reco v er S 8 to within ∼ 0 . 2 σ for the BAHAMAS
.0 mock, and ∼ 0 . 5 σ for cosmo-OWLS 8.5. When we use the more
exible BCEmu7, all mock scenarios recover the true cosmology
ithin ∼ 0 . 5 σ , and the error bar on S 8 is up to 1.5 times wider. 

Overall, we find that when more restrictive modelling choices
re used, we tend to underestimate S 8 . The bias is worsened when
estrictive choices are used to analyse mocks with the more extreme
aryonic feedback scenarios, that is, cosmo-OWLS 8.5 and A mod .
e note that despite the greater accuracy of using more conserv ati ve

riors or marginalizing o v er a greater number of baryonic feedback
arameters, it is at the expense of the precision. We find that the
ncertainty on the constraint of S 8 can degrade by up to a factor of
wo when switching to more flexible modelling choices. 

 RESULTS:  ASSESSING  M O D E L S  F O R  

A R  Y  O N I C  EFFECTS  

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

.1 Cosmological parameter constraints 

he 1D marginalized constraints obtained for S 8 are summarized
n Fig. 3 for analyses using all model variants. Here, we compare
hose from the DES Y3 ‘ � CDM optimized’ scale cuts, HM20:
AHAMAS, SP(k): Xray and BCEmu7. For these approaches, the
ean marginal values of S 8 are found with 68 per cent confidence
NRAS 534, 655–682 (2024) 
evels to be 

BCEmu7 : S 8 = 0 . 818 + 0 . 017 
−0 . 024 

Spk : Xray : S 8 = 0 . 806 + 0 . 015 
−0 . 013 

HM20 : BAHAMAS : S 8 = 0 . 811 + 0 . 013 
−0 . 014 

Scale cuts : S 8 = 0 . 805 + 0 . 018 
−0 . 018 . 

(16) 

or reference, we show the result when all angular scales are
nalysed without any model for baryonic effects and the Planck
TTEEE. 8 � CDM result (orange, Efstathiou & Gratton 2021 ). The
D marginalized posteriors for S 8 , �m 

, and σ8 using DES Y3
L data are plotted in the left panel of Fig. 4 , also showing no

aryon mitigation (dotted grey), DES Y3 ‘ � CDM optimized’ scale
uts (dashed green), HM20: BAHAMAS (navy), SP( k ): Xray (solid
reen), BCEmu7 (pink), and Planck TTTEEE (orange). Table 3 lists
he mean constraints on S 8 and �m 

and quantifies the goodness of
t to the data of each modelling variant by quoting the minimum
nd reduced χ2 , χ2 

min , and χ2 
red . We find that each baryon feedback

nalysis variant demonstrates a suitable fit to the measurements. 
When analysing all angular scales without modelling baryonic

eedback, we attain a low value of S 8 = 0 . 794 + 0 . 013 
0 . 011 . This is up to

 σ lower than constraints attained with modelled baryonic effects,
ighlighting the importance of mitigating feedback to a v oid biased
osmology. When accounting for baryonic effects, we find, in
greement with the mock analysis for the models tested, that the
easured S 8 is consistent at the level of 0.6 σ ( ∼ 2 per cent ). 9 

o we ver, the error bar on the S 8 constraint varies by a factor of
.5. In more detail, we see that HM20: BAHAMAS and SP( k ):Xray
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Figur e 4. Left: the mar ginalized posteriors for �m 

, σ8 , and S 8 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: HM20 , 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’ (SP k : 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 le vels, respecti vely. Right: the corresponding constraints on the suppression of the total matter power spectrum compared to a dark-matter-only 
scenario, P ( k ) /P DMonly ( k ), at z = 0 using the DES Y3 cosmic shear and again, HM20 (HM20: BAHAMAS, navy), BCEmu (BCEmu7, pink), and SP( k ) (SP k : 
Xray, green). The solid lines show the mean suppression and the shaded regions indicate the 68 per cent confidence lev els. F or reference, various predictions 
from hydrodynamical simulations are o v erplotted in black: FLAMINGO (Schaye et al. 2023 , solid line); BAHAMAS (McCarthy et al. 2017 , dashed–dotted 
line); SIMBA (Dav ́e 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 S 8 , �m 

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 χ2 

min , the minimum value of χ2 , 
for each analysis variant. We report χ2 

red = χ2 
min /N dof , with N dof being the number of degrees of freedom N dof = N dp − N param 

, where N dp 

and N param 

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 S 8 , mean �m, mean χ2 
min N dp N param 

N dof χ2 
red 

No baryon mitigation 0 . 794 + 0 . 013 
0 . 011 0 . 278 + 0 . 033 

0 . 044 418.37 400 15 385 1.09 

Scale cuts 0 . 805 + 0 . 018 
−0 . 018 0 . 281 + 0 . 035 

−0 . 051 284.86 273 15 258 1.10 

HM20 � AGN = 7 . 6 − 8 . 0 0 . 811 + 0 . 013 
−0 . 014 0 . 261 + 0 . 026 

−0 . 034 415.25 400 16 384 1.08 

HM20 � AGN = 7 . 3 − 9 . 0 0 . 822 + 0 . 017 
−0 . 026 0 . 252 + 0 . 027 

−0 . 039 415.82 400 16 384 1.08 

BCEmu1 0 . 804 + 0 . 016 
−0 . 017 0 . 274 + 0 . 033 

−0 . 042 414.49 400 16 384 1.08 

BCEmu3 0 . 814 + 0 . 019 
−0 . 021 0 . 261 + 0 . 029 

−0 . 044 414.97 400 18 382 1.09 

BCEmu7 WL 0 . 818 + 0 . 017 
−0 . 024 0 . 255 + 0 . 027 

−0 . 038 414.21 400 22 378 1.10 

BCEmu7 WL + kSZ 0 . 823 + 0 . 019 
0 . 020 0 . 250 + 0 . 025 

0 . 036 439.33 418 23 395 1.11 

BCEmu7, �m ν : [0 . 06 , 0 . 6] 0 . 813 + 0 . 019 
−0 . 023 0 . 269 + 0 . 028 

−0 . 043 414.64 400 23 377 1.10 

BCEmu7, TATT 0 . 802 + 0 . 028 
−0 . 024 0 . 239 + 0 . 021 

−0 . 041 408.54 400 25 375 1.09 

SP( k ) conserv ati ve prior 0 . 817 + 0 . 015 
0 . 019 0 . 255 + 0 . 025 

0 . 040 415.44 400 18 382 1.09 

SP( k ) Xray et al. (2022) prior 0 . 806 + 0 . 015 
0 . 013 0 . 261 + 0 . 025 

0 . 036 415.02 400 18 382 1.09 
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ive the tightest constraints on the S 8 parameter, which are in 
xcellent agreement with each other. This is expected, as these 
odels are calibrated on hydrodynamical simulations informed by 
-ray constraints. The BCEmu7 analysis gives the highest value of 
 8 . As in the case of the mock analysis, this supports our findings that
estrictive modelling choices for baryonic feedback leads to lower 
alue of S 8 when compared to more flexible models. The flexibility
f BCEmu7 comes at a cost, as the uncertainty on S 8 is a factor of
.5 larger than that in the HM20: BAHAMAS analysis. This is to be
 xpected giv en the de generac y between the e xtremity of feedback and
MNRAS 534, 655–682 (2024) 
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 8 ; greater flexibility in the modelling of baryons inevitably results
n a larger error bar on the S 8 constraint. The analysis using the DES
3 scale cuts does not suffer as substantial a loss in constraining
ower as the BCEmu7 case, but results in the lowest value for S 8 . 10 

.2 Power suppression constraints 

aryon feedback processes modify the gra vitational ev olution of
he cosmic density field and suppress the matter power spectrum
ompared to a dark-matter-only scenario on non-linear scales, as
een in hydrodynamic simulations. This effect has been previously
bserved by analyses of WL data using variations of the bfc model
Schneider et al. 2022 ; Aric ̀o et al. 2023 ; Chen et al. 2023 ). In this
ection, we constrain the amplitude and scale dependence of the
uppression of the matter power spectrum due to baryonic effects,
 ( k ) /P DMonly ( k ), using the DES Y3 cosmic shear. For the first time,
e show the model dependence of the constraints by considering the
odel complexity of the bfc model and the comparison to the SP( k )

nd HM20 models. For each baryonic feedback model, we record
he power spectrum suppression at each step in the chain. 

In the right panel of Fig. 4 we plot the mean suppression
nd the and 68 per cent confidence levels inferred from analyses
ith our three baseline models: BCEmu7, HM20: BAHAMAS

 � AGN = 7 . 6 − 8 . 0), and SP( k ):Xray. We find that the suppression
nferred by the three models are consistent within the 68 per cent
onfidence limits up to k≈ 3 h Mpc −1 . Ho we ver, we find that
CEmu7 allows more extreme suppression of the power spectrum
t all non-linear scales. There are substantial differences in the size
f the uncertainties, correlated with the flexibility of the model.
CEmu7, the most flexible model, has the largest uncertainty.
P( k ):Xray provides the tightest constraints on the power spectrum
uppression and constrains a less extreme feedback scenario in terms
f the amplitude and the scale extent of the suppression. 
We compare our constraints to five hydrodynamical simulations:

LAMINGO, (Schaye et al. 2023 , solid line); BAHAMAS (Mc-
arthy et al. 2017 , dashed–dotted line); SIMBA (Dav ́e et al. 2019 ,
otted line); MillenniumTNG (Pakmor et al. 2023 , dashed line); and
ABLE (double-dotted–dashed line, Henden et al. 2018 , Bigwood
t al. in preparation). HM20 predicts a feedback strength that
ncompasses BAHAMAS T heat = 7 . 8, which is unsurprising, given
hat the model is calibrated to span these simulations, but it is notable
hat the mean constraint is more extreme on all scales. Interestingly,
ll three models find the mean suppression to be more extreme than
LAMINGO on scales k∼ 0.2–4 h 

−1 Mpc, at the level of 1 . 1 σ
BCEmu7), 3 . 0 σ (SP( k ):Xray), and 1 . 4 σ (HM20:BAHAMAS) at
 = 2 h 

−1 Mpc. 
The power suppression constraints are broadly consistent with

hose from previous WL analyses (Schneider et al. 2022 ) and slightly
ore extreme than the constraints of Aric ̀o et al. ( 2023 ), Chen et al.

 2023 ), Garc ́ıa-Garc ́ıa et al. ( 2024 ), and Terasawa et al. ( 2024 ). Here,
e make note of some details. Owing to the enhanced statistical
ower of the DES Y3 data o v er that of the Kilo-Degree Survey, we
NRAS 534, 655–682 (2024) 

0 Note that the DES Y3 ‘ � CDM optimized’ cosmic shear analysis (Amon 
t al. 2023 ; Secco et al. 2022 ) obtains a lower value of S 8 than that obtained 
ere ( S 8 = 0 . 772 + 0 . 018 

−0 . 017 ). Based on the study of the impact of analysis choices 
n (DES & KiDS Collaborations 2023 ), we attribute the difference in our 
esults primarily to the use of HM20 to model the dark matter non-linear 
atter power spectrum, which was shown to be more accurate than HALOFIT , 

s well as the IA model that we chose for this analysis, and the choice to fix 
he neutrino mass in the analysis. In Appendix C , we investigate the impact 
f these choices further. 
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nd substantially impro v ed constraints from the WL-only analysis
ompared to Schneider et al. ( 2022 ), even though we include an
dditional parameter for the IA model and eight additional nuisance
arameters to account for the uncertainty in the shear and redshift
alibration. Furthermore, we use a different bfc model to that of
hen et al. ( 2023 ) and Aric ̀o et al. ( 2023 ) and we do not impose
-ray priors on any of the baryon parameters. One way in which

his model is different from BCEmu is that only particles within the
irial radius, R 200 , are displaced (see Grandis et al. 2024 , for a more
etailed discussion of the model comparison). One implication of
he model differences is that it is not straightforward to compare
onstraints on the M c parameter. We note ho we ver that in our choice
o use BCEmu o v er the bfc emulator used in Chen et al. ( 2023 ) and
ric ̀o et al. ( 2023 ), BACCOemu, the posterior on the M c parameter

s not limited by the upper value of the prior. This may allow our
nalysis to constrain more extreme feedback scenarios than analyses
ith BACCOemu, and therefore constrain a greater matter power

pectrum suppression than Aric ̀o et al. ( 2023 ). 

.3 Impact of model complexity 

he mock analysis revealed that marginalizing over a greater number
f baryonic nuisance parameters, or utilizing wider priors on these
arameters, generally impro v ed the accurac y of the cosmological
onstraints. Ho we v er, we sa w that this was at the expense of inflated
rrors on the cosmological parameters, which is clearly suboptimal
or an ef fecti ve cosmological analysis. In this section, we explore
he impact of altering the complexity and prior choices of each
aryon feedback model on the measured cosmological and baryonic
onstraints when analysing the DES Y3 ξ± measurements. 

The upper left panel of Fig. 5 shows the impact of the BAHAMAS-
nformed prior on the HM20 feedback parameter � AGN on the
arginalized S 8 posterior. In the light blue constraint, we extend the

rior range for � AGN outside of the calibration range to encompass
ore extreme feedback scenarios, as well as a dark-matter-only

cenario. The parameters are degenerate and opening up the � AGN 

rior leads to long tails that extend to higher values of S 8 , such that
he mean constraint is > 0 . 5 σ higher. This illustrates how high values
f S 8 are disfa v oured by the restricted prior on the baryonic feedback
odel, and suggests that WL data may fa v our a higher value of
 AGN than the BAHAMAS simulations span. (Although we note

hat the HM20 model was only calibrated within the BAHAMAS
ange, so the mapping between the power spectrum suppression and
he baryon fraction outside this range is uncertain.) Similarly, for the
ase shown in the right-hand panel of Fig. 5 , when the X-ray informed
rior is lifted, the data constrains higher values of S 8 by ∼ 0 . 5 σ
the posteriors on the SP( k ) parameters are shown in Appendix B1 ).
hese shifts are consistent with those we determine in the mock
nalysis (Section 4.2 , Appendix A ). In Section 7 , we discuss the
mplications of these results on our understanding of the gas models
nd observations. 

We test the impact of limiting the bfc model complexity to the one
BCEmu1) and three-parameter (BCEmu3) case, compared to the
ducial BCEmu7. The central panel of Fig. 5 shows the marginalized
osteriors on �m 

, S 8 , and the bfc parameter log 10 M c . The posteriors
n all of the baryonic feedback parameters are shown in Ap-
endix B2 . BCEmu7 and BCEmu3 produce comparable constraints
n cosmological and feedback parameters, generating a shift in S 8 
f only ∼ 0 . 2 σ . We also do not see any significant improvement of
he precision on these constraints when marginalizing o v er four less
aryonic parameters. Ho we ver, switching to BCEmu1 from BCEmu7
esults in a substantially lower values of S 8 by > 0 . 5 σ , consistent
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Figure 5. Top: the de generac y of the marginalized S 8 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 le vels, respecti vely. Left: HM20 – S 8 and � AGN attained when using a 
prior bracketing the BAHAMAS simulations (dark blue, θAGN = 7 . 6 − 8 . 0) and a less-informative prior choice, (light blue, θAGN = 7 . 3 − 9 . 0). Centre: BCEMu 
– S 8 and log 10 ( M c ) attained for the full seven parameter (pink, BCEmu7), three parameter (purple, BCemu3), and one parameter (blue, BCEmu1) models. 
Right: SP( k ) − S 8 and β 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 ) /P DMonly ( 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 o v erplotted in black: FLAMINGO (Schaye et al. 2023 , solid line); BAHAMAS (McCarthy et al. 
2017 , dashed–dotted line); SIMBA (Dav ́e 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). 
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ith the mock analysis. This reduction in the flexibility of the model
orces log 10 M c to a larger value, since the full extremity of feedback
as to be captured by only the one parameter. We attribute this shift
n the cosmology and feedback parameters to the values at which 
he remaining six ‘under-the-hood’ bfc parameters are fixed to in 
he BCEmu1 model, quoted in Table 1 . 11 Given that the analysis
sing BCEmu1 gives a larger value of log 10 M c than that attained 
sing BCEmu7, and that for example, the posterior on θej is toward 
igher values than the fixed 3.5, this implies that the values for the
imulation-informed fixed parameters of BCEmu1 represent a less- 
xtreme feedback scenario than those constrained by an analysis of 
ES cosmic shear. 
The lower panels of Fig. 5 illustrate how the corresponding 

onstraints on the power spectrum suppression are sensitive to the 
estrictiveness of the choices within each model. Analogously to 
he upper panels, the left and rightmost panels test switching to the
1 The fixed parameters were determined by fitting to the baryonic suppression 
f the matter power spectrum of a number of hydrodynamical simulations, 
hen summing the likelihoods to find the best-fitting parameters to all of the 
imulations (Giri & Schneider 2021 ). 

o  

c
e  

t  

t

ore conserv ati ve prior choices of the HM20 and SP( k ) models, that
s, � AGN = 7 . 3 − 9 . 0 and a prior spanning the feedback landscape
f the ANTILLES suite, respectively. The central panel shows the 
mpact of restricting the model complexity of BCEmu, by allowing 
nly one (BCEmu1) out of the full seven (BCEmu7) bfc parameters
o vary in the analysis. As before, we compare the data constraints
o predictions from hydrodynamical simulations. 

For each model, when we opt for the more flexible modelling
hoices, the mean constraint on the power spectrum suppression 
ends to more extreme scenarios at all non-linear k with respect to
heir more restrictive counterpart. In particular, each of the flexible 

odels is most consistent with more extreme feedback scenarios (e.g. 
IMBA). This could suggest that the restrictive baryonic modelling 
hoices do not have the flexibility to capture the full extremity of
eedback that the data prefer and therefore the higher values of S 8 .
t is clear, ho we ver, that the WL data cannot place strong constraints
n feedback on its own. The use of the more conservative model
hoices comes at the expense of reduced constraining power. For 
 xample, SP( k ) displays o v er a f actor of tw o increase in the size of
he 68 per cent confidence level at all scales when switching from
he restrictive to conservative modelling choice. A complementary 
MNRAS 534, 655–682 (2024) 



668 L. Bigwood et al. 

M

Figur e 6. Left: the mar ginalized posteriors for �m 

and S 8 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 le vels, respecti vely. We compare to the CMB � CDM 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 ) /P DMonly ( 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 DR5 kSZ measurements (purple). The solid lines show the mean suppression and the shaded regions indicate the 68 per cent confidence lev els. F or 
reference, various predictions for the suppression of the matter power spectrum from simulations are o v erplotted in black: FLAMINGO (Schaye et al. 2023 , 
solid line); BAHAMAS (McCarthy et al. 2017 , dashed–dotted line); SIMBA (Dav ́e 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). 
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venue to simulation-based models that still maximizes cosmological
onstraints is to use the flexible model framework and jointly analyse
he lensing with observations of the gas. 

 RESULTS:  J O I N T  W E A K  LENSING  + 

INETIC  SZ  

n the previous section, we demonstrated that WL S 8 constraints are
egenerate with the amount of baryonic feedback. A complementary
pproach to simulation-informed baryon models is to use a flexible
odel to jointly analyse cosmic shear with probes of the gas

istribution in order to better constrain the model parameters. In
his section, we report the results of a joint analysis of the DES
3 cosmic shear and ACT kSZ measurements, using the BCEmu7
aryon mitigation model, described in Section 3.3 . 

.1 Cosmological parameter constraints 

he left panel of Fig. 6 compares the marginalized posteriors on S 8 
nd �m 

attained from the WL-only analysis using BCEmu7 (pink) to
hose obtained from a joint analysis with kSZ (purple). The Planck
TTEEE � CDM posteriors are shown for reference (Efstathiou &
ratton 2021 ). The mean marginal value of S 8 for the joint analysis

s found with 68 per cent credible levels to be 

Lensing + kSZ S 8 = 0 . 823 + 0 . 019 
−0 . 020 (17) 

hich corresponds to a ∼ 0 . 2 σ shift towards higher values with
espect to the result of the WL-only BCEmu7 analysis of S 8 =
 . 818 + 0 . 017 

−0 . 024 . 
NRAS 534, 655–682 (2024) 
Amon & Efstathiou ( 2022 ) and Preston et al. ( 2023 ) have proposed
hat the S 8 tension could be resolved if the non-linear matter power
pectrum is suppressed more strongly than is currently assumed in

L analyses, either due to unmodelled baryonic feedback effects or
on-standard dark matter. For baryonic feedback to be the source, its
ffects on the matter power spectrum would be more extreme than is
urrently predicted by the hydrodynamical simulations. The impact
f the kSZ on the S 8 constraint to reduce the uncertainty and shift the
 alue to ward Planck is minor gi ven the lo w signal-to-noise ratio of
he kSZ measurements. Ho we ver, it moti v ates us to investigate the
mpact of the kSZ on the P ( k) constraints and discuss the possibility
f a more extreme suppression. 
We find that incorporating a joint analysis with kSZ results in a

ignificant impro v ement in the constraint on log 10 M c , reducing the
ncertainty by a factor of ∼3 with respect to the WL-only analysis.
he joint kSZ and WL data prefer larger values of θej and γ , and

o wer v alues of μ (see Fig. B2 and Table B2 ), suggesting that gas is
jected to larger radii, redistributing matter on larger scales (Fig. 2 ).
his supports the idea of a more extreme feedback scenario, resulting

n higher values of S 8 . The impro v ement on the WL constraint on S 8 
ith the inclusion of kSZ is ∼ 10 per cent . Although this is modest, it

s clear that the parameter space of the bfc model is better constrained,
ven 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

osmic shear two-point correlation functions, ξ± in Fig. 7 . The dark
reen line indicates the best fit for our reanalysis of DES Y3 using
heir scale cuts, which are indicated by the green shaded region. The
urple 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, ξ±, as a function of angular separation, θ , (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 θ 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 � CDM 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 δξ±/ξ± are shown in the lower panels. 
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cales of the lensing measurement and the kSZ. The lower panels 
ighlight the fractional residuals between the measurements and 
he model, ( ξ± − ξmodel 

± ) /ξmodel 
± , following the same colour scheme. 

hile the fits are indistinguishable at large scales, at small scales, 
articularly for ξ−, the predictions differ and the best-fitting line for
he joint analysis has a lower amplitude. Both of these model choices
rovide a good fit to the data, although their S 8 values differ by ∼ 1 σ
nd their non-linear matter spectrum predictions differ substantially. 
his highlights the de generac y between a low- S 8 cosmology and a
igher- S 8 cosmology with baryonic effects modelled on non-linear 
cales. Fig. 8 displays the joint WL + kSZ BCEmu7 constraints
n the stacked kSZ radial temperature profile at 98 and 150 GHz
purple). We verify that like the DES data vector, the WL + kSZ
odel provides a good fit to the data. The χ2 

red values reported in
able 3 further show that the best-fitting models attained from the 
hear and WL + kSZ analyses are an equally good fit to the data sets.

It is important to note that the constraints on S 8 that we obtain are
ependent on the choice of NLA as the IA model. Appendix C tests
he impact of using the Tidal Alignment and Tidal Torquing (‘TATT’;
lazek et al. 2019 ) superspace IA model. In a WL-only analysis with
CEmu7 and using TATT, we find a value of S 8 ∼ 0 . 5 σ lower than

hat we obtain in our fiducial analysis with NLA. This shift is found
o be consistent across the various baryon models that we consider, 
s well as with previous findings (e.g. Secco et al. 2022 ; DES &
iDS Collaborations 2023 ). Therefore, when considering the results 
f this work in the context of the S 8 tension, it is important to bear
n mind the existing uncertainty in IA modelling and the shifts in
osmological parameters that can occur as a result. 

.2 Power suppression constraints 

e investigate how the constraint on the suppression of the matter
ower spectrum changes with the addition of the kSZ data. The
ight panel of Fig. 6 shows the mean constraint and 68 per cent
onfidence level for the BCEmu7 cosmic shear analysis (pink), 
s sho wn pre viously, compared to the joint WL and kSZ analysis
purple). The joint analysis results in a mean suppression that is more
xtreme at all displayed k-scales. For example, at k = 2 h Mpc −1 ,
he 1 σ bounds on the power suppression from the WL-only analysis
ange from 5 per cent to 20 per cent, and with the inclusion of the kSZ,
he suppression ranges from 10 per cent to 25 per cent. Consistent
ith Schneider et al. ( 2022 ), we find that the inclusion of kSZ data

n the analysis impro v es the constraint from WL only to fa v our more
xtreme scenarios. Compared to the hydrodynamical simulations, the 
ean suppression from the joint analysis is more extreme than all of
illenniumTNG, BAHAMAS, FLAMINGO, FABLE, and SIMBA 
MNRAS 534, 655–682 (2024) 
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M

Figure 8. Stacked ACT DR5 kSZ temperature profile measurements (black 
points) as a function of angular radius, θ , 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. 

a  

a  

a  

f  

f  

v
 

t
t  

t  

e  

t  

l  

e  

t  

t  

r  

t  

s  

t

7
K

O  

t  

w  

g  

b  

2  

t  

m  

(  

S  

a  

t  

i  

(  

t  

o  

t  

p  

s  

s
 

p  

s  

s  

m  

a  

a  

t  

s  

r  

a  

i  

c  

s  

d  

s  

2

7

A  

i  

m  

n  

I  

d  

c  

w  

t  

9  

B  

t  

s
 

a  

a  

M  

o  

t  

H  

d  

2  

t  

c  

a  

t  

s  

2  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/534/1/655/7754165 by Liverpool John M
oores U

niversity user on 03 O
ctober 2024
t k = 2 h Mpc −1 by more than ∼ 2 . 5 σ , ∼ 1 . 4 σ , ∼ 1 . 9 σ , ∼ 2 . 4 σ ,
nd ∼ 0 . 9 σ respectively. Of the simulations, SIMBA shows the best
greement with the WL and kSZ constraint. We note, ho we ver, that
or BAHAMAS and FLAMINGO we compare to only their fiducial
eedback variants here, but both suites have more extreme feedback
ariations which are in better agreement with our measurements. 

Finally, we consider our findings in the context of Amon & Efs-
athiou ( 2022 ) and Preston et al. ( 2023 ), which proposed that the S 8 
ension could be resolved if a more extreme baryon feedback scenario
han that predicted by the state-of-the-art hydrodynamical situations
xisted. These works analysed the KiDS and DES WL data assuming
he Planck cosmology on linear scales, and modulating the non-
inear power spectrum suppression via the A mod parameter. Preston
t al. ( 2023 ) therefore quantified the small-scale suppression required
o resolve the suppression, which corresponds to A mod ≈ 0 . 858. In
his scenario, the matter power suppression is suppressed enough to
econcile the difference in S 8 between DES Y3 cosmic shear and
he Planck � CDM model. The joint WL + kSZ constraints on the
uppression of the matter spectrum that we obtain are consistent with
he A mod = 0 . 858 prediction. 

 DISCUSSION:  CONSISTENCY  O F  X - R AY  A N D  

INETIC  SZ  DATA  

ur WL + kSZ approach is complementary to existing efforts toward
he goal of a complete model of baryonic feedback that is consistent
ith a wide range of observables. X-ray measurements of cluster
as mass fractions are the primary observable used to calibrate or
enchmark many hydrodynamical simulations (e.g. McCarthy et al.
017 ; Henden et al. 2018 ; Kugel et al. 2023 ). Observations of the
hermal Sun yaev-Zel’do vich (tSZ) power spectrum and tSZ flux–halo
NRAS 534, 655–682 (2024) 
ass relation have also been used to assess the simulations’ realism
Henden et al. 2018 ; McCarthy et al. 2023 ; Pakmor et al. 2023 ;
chaye et al. 2023 ). In general, while tSZ and X-ray measurements
re more sensitive to the inner regions of galaxy groups and clusters,
he kSZ effect is well suited to probe the outskirts of haloes, through
ts sensitivity to low-density and low-temperature environments
Schaan et al. 2021 ). Furthermore, X-ray and tSZ observations are
ypically derived from massive cluster haloes ( M 500 > 10 14 ), while
ur kSZ measurements represent haloes of mass M 200 ∼ 10 13 , closer
o the mass range that WL is most sensitive to. Since the kSZ effect
robes the gas in haloes of a different mass regime and on different
cales to that which is currently used to calibrate feedback effects in
imulations, it may allow new insights to be gained. 

Our WL constraints on the matter power spectrum suppression
oint to a feedback scenario that is more extreme than most
imulations predict. This observation holds in all three flexible model
cenarios tested (Fig. 5 ). The addition of the kSZ data pushes the
ean constraint towards an even more disruptive feedback scenario:

t k = 2 h Mpc −1 , the fiducial FLAMINGO simulation is disfa v oured
t ∼ 2 σ and MillenniumTNG at ∼ 2 . 5 σ . Beyond the comparison
o the simulations, our findings point to a more disruptive feedback
cenario than inferred from the predicted P ( k) suppression using X-
ay gas and stellar fraction observations (Grandis et al. 2024 ), as well
s tSZ–mass relation of clusters (To et al. 2024 ), which could point to
nteresting differences between the X-ray view of baryon feedback,
ompared to that from WL and kSZ. We note that a strong feedback
cenario was also found using an analysis of the cross-correlation of
iffuse X-ray and WL (Ferreira et al. 2024 ), and hints of a stronger
cenario with the cross-correlation of tSZ with galaxies (P ande y et al.
023 ). 

.1 Mass dependence of the total baryon fraction 

s discussed in Section 3.2.3 , the baryon fraction, f b , measured
n haloes of mass M 500 ≈ 10 14 M � can be related directly to the
atter power spectrum suppression in a manner which is robust to a

umber of baryonic feedback prescriptions (van Daalen et al. 2020 ).
n this section, we scrutinize the WL constraints on the halo mass
ependence of the total baryon fraction in haloes with respect to the
osmic baryon fraction, f b / ( �b /�m 

). For a given set of parameters,
e can use the BCEmu model to compute the baryon fraction through

he summation of the integrated gas and stellar profiles (see equations
 and 11 ) out to R 500 . For both the WL-only and WL + kSZ
CEmu7 analyses, we compute the f b / ( �b /�m 

)–M 500 relation for
he cosmology and baryonic feedback parameters sampled at each
tep of the chain. 

Fig. 9 shows the constraints for the WL-only analysis in pink
nd the WL + kSZ in purple, with the mean relation indicated by
 solid line and 68 per cent confidence level as a shaded region.
easurements of halo masses are generally reliant on the assumption

f hydrostatic equilibrium and hence may suffer a bias due to non-
hermal pressure support in the halo (see e.g. Rasia et al. 2006 ).
o we v er, estimates hav e also been obtained from WL data which
o not require this assumption (Hoekstra et al. 2015 ; Eckert et al.
016 ; Mulroy et al. 2019 ; Akino et al. 2022 ). As a result we compare
o the 1 σ region of the X-ray Hyper Suprime-Cam (HSC)-XXL
onstraint (Akino et al. 2022 ) in hatched black. The X-ray data have
 dependence on cosmology through E( z), hence we scale the data to
he mean cosmology constrained by the WL + kSZ analysis. We also
how the baryon fractions measured in BAHAMAS (McCarthy et al.
017 ), FLAMINGO (Schaye et al. 2023 ), MillenniumTNG (Pakmor
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Figure 9. Left: the total baryon fraction, f b /�b /�m 

, as a function of halo mass, M 500 , where �b /�m 

is the cosmic baryon fraction and f b 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 1 σ constraints. Right: the fraction of mass in gas to the total halo mass in groups and clusters, M gas , 500 /M 500 , as a function of halo 
mass, M 500 . 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 1 σ constraints. In both panels, 
we plot the X-ray constraints from HSC-XXL 1 σ (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). 
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t al. 2023 ), and FABLE (Henden et al. 2018 , Bigwood et al. in
reparation). 
Overall, the BCEmu7 WL-only and WL + kSZ constraints are 

n good agreement. The addition of the kSZ reduces the uncertainty 
y a factor of ∼ 1 . 5 at M 500 ≈ 10 13 M � and prefers lower baryon
ractions for all masses. For large groups with M 500 � 5 × 10 13 M �,
e find good consistency between the 68 per cent confidence levels 
n f b / ( �b /�m 

) as predicted by BCEmu7 WL-only and WL +
SZ analyses compared to the X-ray data. Ho we ver, for lo wer mass
roups with masses M 500 ≈ 10 13 M �, the WL + kSZ data prefers a
otal baryon fraction that is lower than the X-ray data by ∼ 1 . 4 σ .

ith the exception of BAHAMAS which is in best agreement, all 
f the simulations predict higher values of f b / ( �b /�m 

) for all
asses compared to the mean of the WL + kSZ constraint. At
 500 ∼ 4 × 10 13 M �, FLAMINGO predicts ∼ 1 . 5 σ higher values,
illeniumTNG ∼ 3 . 1 σ and FABLE ∼ 1 . 4 σ . 
In Appendix B4 , we compare the relationship between the baryon 

raction and power suppression that our WL + kSZ constrains to that
roposed by van Daalen et al. ( 2020 ), which is a good fit to many
f the hydrodynamical simulations. We note that the BCEmu model 
oes not impose a prior on this relationship and therefore provides 
 route to place constraints using data. Given that our constraints
iffer from the simulation-based relationship, we can conclude that 
ither there are unaccounted for systematics in the WL and kSZ data,
he BCEmu model allows non-physical scenarios, or simulations do 
ot currently capture the full possible range of feedback effects, 
hereby o v erestimating the relationship (see e.g. Debackere, Schaye 
 Hoekstra 2020 ). Future work is needed to further understand this

elationship using data. 
The SP( k ) baryon model also provides a direct mapping from

he matter power spectrum suppression to the baryon fraction. In 
ppendix B1 , we show the mean and 68 per cent confidence levels

or the baryon fraction attained from the WL-only SP( k ) analyses.
imilar to the BCEmu case, there is good agreement of the lensing
nalysis with SP( k ):wide and X-ray data at high masses M 500 ∼
 × 10 14 M �. In agreement with the findings with BCEmu, we find
hat lensing prefers slightly lower baryon fractions for haloes M 500 ∼
0 13 M �, with the SP( k ): wide analysis lying lower by ∼ 1 . 3 σ . This
ighlights that the lensing data alone, when analysed with flexible 
odelling choices, prefers a lower baryon content in haloes to that
easured by X-ray observations and that predicted by simulations. 

.2 Mass dependence of the gas mass fraction 

he majority of baryonic mass in galaxy groups and clusters exists
s diffuse gas and measurements of the fraction of the halo mass
n gas, M gas /M 500 , are also sensiti ve to the matter po wer spectrum
uppression (Schneider & Teyssier 2015 ; van Daalen et al. 2020 ;
ric ̀o et al. 2023 ). The hot intracluster medium is X-ray luminous,
ence studies of the X-ray emissivity of groups and clusters allow
easurements of the gas mass to be derived. 
In this section, we compare X-ray derived measurements of the 
 gas /M 500 –M 500 relation to those constrained by the BCEmu7 WL-

nly and joint WL + kSZ analyses in this work. As with the baryon
ractions, we calculate the M gas /M 500 –M 500 relation at each step
n the chain by integrating equation ( 9 ) to r 500 . The right panel of
ig. 9 shows the mean and 68 per cent confidence levels on the gas
raction–halo mass relation for both the WL-only (pink) and WL 

 kSZ chains (purple). We compare to the 1 σ region of the X-
ay HSC-XXL constraint (Akino et al. 2022 ) in hatched black (also
caled to the mean cosmology obtained in the WL + kSZ analysis)
nd the baryon fractions measured in BAHAMAS (McCarthy et al. 
017 ), FLAMINGO (Schaye et al. 2023 ), MillenniumTNG (Pakmor 
t al. 2023 ), and FABLE (Henden et al. 2018 , Bigwood et al. in
reparation). 
In consistency with the baryon fraction result, we find that 

he BCEmu7 WL-only and WL + kSZ constraints are in good
greement with each other and the X-ray data for massive groups
MNRAS 534, 655–682 (2024) 
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f M 500 � 5 × 10 13 M �. For groups of lower masses we find that
he joint WL + kSZ analysis significantly impro v es the constraining
ower on the gas fractions, with the 68 per cent confidence levels on
 gas /M 500 at M 500 ≈ 10 13 M � shrinking by a factor of ∼2 between

he WL-only and WL + kSZ analyses. At M 500 ≈ 10 13 M �, the WL
 kSZ data constrain a total baryon fraction that is lower than the
-ray data by ∼ 1 . 6 σ . The fiducial BAHAMAS simulation is in
est agreement with the WL + kSZ constraint, with the remaining
imulations predicting higher values of M gas , 500 /M 500 at all halo
asses. At M 500 ∼ 4 × 10 13 M �, the fiducial FLAMINGO simu-

ation predicts ∼ 2 . 3 σ higher values, MilleniumTNG ∼ 7 . 2 σ and
ABLE ∼ 2 . 1 σ . 

The baryon and gas fraction constraints by the WL + kSZ data im-
ly that lower mass groups are expelling a greater amount of baryonic
atter due to feedback than predicted by X-ray measurements. When

ombined with the findings of Section 6.2 that WL + kSZ predicts a
reater mean matter power spectrum than all of the simulations, we
uild a consistent picture: that X-ray observations constrain a weaker
eedback scenario than that preferred by WL + kSZ, subject to the
ncertainties we have discussed. 

 SUMMARY  A N D  C O N C L U S I O N S  

L measurements at small angular scales are statistically pow-
rful. Not only do they offer a window to test � CDM in the
on-linear regime, but also to constrain baryonic feedback effects
nd benchmark hydrodynamical simulations. Extracting accurate
osmological information relies on accurate modelling of physical
rocesses associated with baryons which can re-distribute matter on
mall scales. Otherwise, unmodelled baryonic effects can bias the
osmological constraints from lensing analyses (Amon & Efstathiou
022 ; Preston et al. 2023 ) or severely limit their precision (Amon
t al. 2022 ; DES & KiDS Collaborations 2023 ). The aim of this
ork has been twofold. First, we test four baryon model approaches,

omparing their ability to constrain cosmological parameters and the
uppression of the matter power spectrum. Secondly, we perform a
oint analysis of DES cosmic shear with ACT kSZ measurements.

e demonstrate that a combined WL and kSZ analysis provides an
xciting opportunity to not only improve constraints on cosmological
arameters, but also on astrophysical effects. The main results of this
tudy are: 

(i) We perform the most e xtensiv e mock baryon model comparison
or cosmic shear to date, in order to assess the robustness of the
odels to reco v er the underlying cosmology in a DES Y3-like

nalysis. We consider three different mock ‘feedback scenarios’ to
est four baryon strategies; a halo model approach, a simulation-based
mulator, an analytical N -body simulation model, and the approach
f discarding small angular scales. In general, using restrictive
odelling choices which do not capture the input matter power

pectrum suppression can underestimate the reco v ery of S 8 . Giv en
he spread in the true suppression of the matter power spectrum as
redicted by simulations and the lack of observational constraints
n this quantity, model flexibility is crucial to ensure accurate
osmology, but it comes at a cost: the uncertainty on S 8 can degrade
y up to a factor of ∼ 2 with different model choices. 
(ii) We analyse the DES Y3 cosmic shear data with the three

aryon feedback models, with the scale cut approach, and with no
eedback model. We find that each baryon model provides a good fit
o the DES Y3 data, but the measured value of S 8 varies by ∼0.5 σ–2 σ
nd the errorbar by a factor of ∼1.5. 
NRAS 534, 655–682 (2024) 
(iii) We output the posterior for the suppression of the matter
ower spectrum using the three models, with and without their
nformativ e priors. F or all three of the models, without their in-
ormative priors, the mean suppression of the matter power spectrum
onstrained using DES Y3 WL is more extreme than the prediction
rom the hydrodynamical simulations considered. 

(iv) We jointly analyse the DES Y3 cosmic shear with kSZ
easurements from ACT DR5 and CMASS, in order to constrain

he BCEmu7 model parameters. We find a slightly higher value of
 8 = 0 . 823 + 0 . 019 

−0 . 020 , compared to the value attained by the WL-only
nalysis. If instead we analyse the DES Y3 cosmic shear jointly with
-ray baryon fraction constraints using SP(k), we find a lower value
f S 8 = 0 . 806 + 0 . 015 

−0 . 013 . 
(v) The kSZ significantly impro v es the constraint on the suppres-

ion of the matter power spectrum from WL. The joint WL + kSZ
redicts a more extreme suppression of the matter power spectrum
han the WL scenario, with a mean constraint predicting a greater
uppression than the fiducial BAHAMAS, MillenniumTNG, fiducial
LAMINGO, and FABLE simulations. At k � 1 h Mpc −1 , only
IMBA falls within the 1 σ bound. 
(vi) We constrain the baryon fraction–halo mass and the gas

raction–halo mass relations using WL + kSZ data. Both the baryon
raction and gas fraction is consistent with that from Akino et al.
 2022 ) X-ray data within the 68 per cent confidence level for groups
 500 ≈ 10 14 M �. Ho we ver for lower mass groups M 500 ≈ 10 13 M �

he baryon fraction lies ∼ 1 . 4 σ lower than the X-ray data and the
as fraction lies ∼ 1 . 6 σ lower. 

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

The next generation of shear surveys, such as Vera C. Rubin
bservatory’s Le gac y Surv e y of Space and Time (LSST Dark Energy
cience Collaboration 2012 ), Euclid (Laureijs et al. 2011 ), and the
ancy Grace Roman Space Telescope (Spergel et al. 2015 ) will de-

iver unprecedented statistical power to test the cosmological model
n the non-linear regime ( k > 0 . 1 h Mpc −1 ) using WL (Foreman,
ecker & Wechsler 2016 ). This work highlights the importance of
etermining an accurate model for baryonic effects, which is flexible
nough to not bias cosmological constraints. It will be crucial to test
odels of feedback with thorough mock analyses. In order for the
odel uncertainty in WL analyses to not limit the statistical power

f the surv e y, it is crucial to either incorporate external probes of
he gas content to constrain the additional baryon parameters, or to
educe the uncertainty in simulation-based priors. The latter requires
 consistent picture for baryonic feedback effects, supported by a
ange of observations. 

We demonstrate that joint analyses of gas measurements with WL
ata not only impro v e cosmological constraints, but provide valuable
onstraints on astrophysical feedback models and benchmark hydro-
ynamical simulations. We find a consistent picture that could imply
hat the WL and kSZ data is in tension with the X-ray measurements,
nd as a result, the predictions from simulations calibrated to X-ray
ata. This is not particularly surprising as X-ray measurements are
enerally sensitive to the hot gas content in the inner regions of
lusters, compared to the outer regions and lower mass haloes that
SZ measurements probe. 
Looking ahead, kSZ measurements as a function of mass and

edshift will provide a handle for impro v ed baryonic feedback
odels. Spectroscopic galaxy surv e ys, such as the Dark Energy
pectroscopic Instrument (DESI; DESI Collaboration 2016 ) and the
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rime Focus Spectrograph (Sugai et al. 2012 ), will greatly increase 
he sample size of galaxy catalogues, in combination with the state-
f-the-art CMB observations, for example, from Simons Observatory 
Ade et al. 2019 ). 
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PPENDI X  A :  M O C K  ANALYSI S  

n this section, we provide more detail on the mock analysis presented
n Section 4.2 . We create the synthetic cosmic shear data using
he best-fitting cosmological parameters attained from the DES Y3
oint lensing and clustering analysis (DES Collaboration 2022 ). 12 

s described in Section 4.2 , the mocks were created with HM20
s the dark-matter-only non-linear correction to the matter power
pectrum, unless otherwise stated. We create data vectors with three
ariants for the impact on the non-linear power spectrum of baryonic
eedback; we use the power suppression predicted by BAHAMAS
.0, cosmo-OWLS 8.5, and A mod = 0 . 858. In this section, we present
 more detailed summary of the dark matter and baryonic feedback
odel validation tests ran using synthetic data vectors. We refer to
able A1 which presents the MULTINEST mean values of S 8 attained
or the full mock suite, reporting the relative shifts from the input
osmology. The results are also summarized in Fig. A2 , where we
dditionally plot the mean and best-fitting �m 

and σ8 for each mock
est. 

We validate the choice to model the dark-matter-only power
pectrum with HM20 using dark-matter-only mocks created with
M20 and EE2. Here, we summarize the findings of mock tests 1–4.

(i) This test analyses a mock with the same model choices used to
reate it and is useful for identifying projection effects. We find these
o be present for �m 

and σ8 , which are under- and o v erestimated,
espectively, by ∼ 0 . 5 σ . 

(ii) When modelling dark matter with HM20 in a HM20 generated
ock, allowing the neutrino mass to vary with the prior 

∑ 

m ν :
0.06,6] eV impro v es the reco v ery of �m 

and σ8 . It ho we ver decreases
he accuracy in the recovery of S 8 , resulting in an underestimation of
 . 5 σ . 
(iii) Modelling the non-linear dark-matter-only power spectrum

ith HM20 in an EE2 generated mock o v erestimates S 8 by ∼ 0 . 4 σ ,
hich is reduced marginally to ∼ 0 . 2 σ when scale cuts are applied.
e note that DES & KiDS Collaborations ( 2023 ) find a smaller

ias in the mean of ∼ 0 . 1 σ when scale cuts are used. In this mock
nalysis, there are two setup differences that could explain this: we
8 8 
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Figur e A1. Mar ginalized posteriors for S 8 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. 

u  

A

 

H  

p  

‘
t
8  

fi  

m  

m
‘
B
w

 

t
m  

g  

d
a  

Y  

s
 

H  

w  

u  

w
c  

a  

A

 

r  

B
m  

u  

i  

f

o  

b
i  

u  

w
 

m  

o  

w  

m
i

a  

t  

s  

a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/534/1/655/7754165 by Liverpool John M
oores U

niversity user on 03 O
ctober 2024
se a higher value of �m 

to create the mock and we marginalize o v er
 s , instead of S 8 . 

Next we validate each of our four baryon models (scale cuts,
M20 with free � AGN , BCEmu, and SP( k )) and their respective
rior and analysis variants. We test the modelling choices on three
baryonic feedback scenarios’ of increasing ‘extremity’ in terms of 
heir impact on the matter power spectrum suppression: BAHAMAS 

.0, cosmo-OWLS 8.5, and A mod = 0 . 858. Here, we summarize the
ndings of the mock tests 5–29 and Fig. A1 . Note that in the figure,
ocks are labelled in the format ‘model used to create the mock:
odel/analysis choices used to analyse the mock’. For example, 

BAHAMAS: HM20 BAHAMAS’ denotes a mock created with 
AHAMAS-like baryon feedback scenario and analysed with HM20 
ith the BAHAMAS � AGN = 7 . 6 − 8 . 0 prior. 

(i) Optimized scale cuts underestimates S 8 by 0 . 5 σ − 1 . 2 σ in the
hree feedback scenarios we test, with the tension worsening with 

ore extreme feedback. As noted in Section 4.2 , this is as expected
iven our choice of feedback scenarios used to build the synthetic
ata. The OWLS-AGN scenario, which was used to decide which 
ngular scales of the measurement would be discarded in the DES
3 analysis predicts a less extreme feedback scenario than the three

cenarios used here. 
(ii) The left panel of Fig. A1 compares prior choices of the

M20 model with � AGN as a free parameter. We find that HM20
ith the BAHAMAS calibrated prior choice of � AGN = 7 . 6 − 8 . 0
nderestimates S 8 by ∼ 0 . 7 σ − 1 . 2 σ , with the tension worsening
ith a more extreme feedback scenario. Using the wide prior 

hoice of � AGN = 7 . 3 − 9 . 0 o v erestimates S 8 in BAHAMAS 8.0
nd cosmo-OWLS 8.5 by ∼ 0 . 5 σ , but still underestimates S 8 in an
 mod = 0 . 858-like feedback scenario by ∼ 0 . 2 σ . 
(iii) The right panel of Fig. A1 shows that SP( k ) with the X-

ay informed prior demonstrates the best reco v ery of S 8 in a
AHAMAS 8.0-like feedback scenario of all the baryonic feedback 
odelling choices. In more extreme feedback scenarios, it ho we ver

nderestimates S 8 by ∼ 0 . 3 σ − 1 . 6 σ . Using the wide prior choice
mpro v es the reco v ery of S 8 to be within ∼ 0 . 4 σ for the three
eedback scenarios. 

(iv) The central panel of Fig. A1 demonstrates that BCEmu7 
 v erestimates S 8 in both BAHAMAS 8.0 and cosmo-OWLS 8.5
aryonic feedback scenarios by ∼ 0 . 4 σ , but underestimates S 8 
n an A mod = 0 . 858-like feedback scenario by ∼ 0 . 2 σ . BCEmu1
nderestimates S 8 by 0 . 3 σ − 1 . 2 σ , again with the tension worsening
hen testing more extreme feedback scenarios. 
(v) In the mock tests which o v erestimate S 8 , freeing the neutrino
ass with the prior 

∑ 

m ν : [0.06,6] eV appears to impro v e reco v ery
f the input cosmology. The shifts we see in S 8 are ho we ver consistent
ith the ∼ 0 . 2 σ shift to lo wer v alues we find when testing the dark-
atter-only modelling of HM20 with and without free neutrinos, that 

s, tests 1 and 2. 

Ultimately we find that choosing the restrictive analysis variant of 
 model tends to result in an underestimation of S 8 . This moti v ates
he use of more flexible modelling choices in cosmic shear analyses,
ince these tend to result in impro v ed reco v ery of S 8 , ho we ver this is
t the consequence of a loss in precision. 
MNRAS 534, 655–682 (2024) 
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M

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 A mod = 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 S 8 constraints and 68 per cent confidence level using the mean-marginal approach S 8 , with �S 8 quantifying the offset from the true S 8 = 0 . 7805, 
as a fraction of the 1 σ error. 

No. Mock Model S 8 �S 8 

1 HM20-DM HM20-DM 0 . 781 + 0 . 012 
0 . 011 0 . 044 σ

2 HM20-DM HM20-DM 

∑ 

m ν : [0.06,6] eV 0 . 775 + 0 . 012 
0 . 011 −0 . 461 σ

3 EuclidEmu-DM HM20-DM 0 . 785 + 0 . 012 
0 . 011 0 . 403 σ

4 EuclidEmu-DM HM20-DM + Scale cuts 0 . 784 + 0 . 017 
0 . 017 0 . 239 σ

5 BAHAMAS 8.0 Scale cuts 0 . 771 + 0 . 015 
0 . 018 −0 . 566 σ

6 cosmo-OWLS 8.5 Scale cuts 0 . 763 + 0 . 013 
0 . 017 −1 . 191 σ

7 A mod = 0 . 858 Scale cuts 0 . 762 + 0 . 016 
0 . 018 −1 . 114 σ

8 BAHAMAS 8.0 HM20 BAHAMAS 0 . 772 + 0 . 013 
0 . 012 −0 . 675 σ

9 cosmo-OWLS 8.5 HM20 BAHAMAS 0 . 765 + 0 . 013 
0 . 014 −1 . 182 σ

10 A mod = 0 . 858 HM20 BAHAMAS 0 . 765 + 0 . 012 
0 . 013 −1 . 270 σ

11 BAHAMAS 8.0 HM20 wide 0 . 792 + 0 . 021 
0 . 023 0 . 509 σ

12 BAHAMAS 8.0 HM20 wide 
∑ 

m ν : [0.06,6] eV 0 . 788 + 0 . 017 
0 . 023 0 . 358 σ

13 cosmo-OWLS 8.5 HM20 wide 0 . 792 + 0 . 021 
0 . 022 0 . 537 σ

14 A mod = 0 . 858 HM20 wide 0 . 777 + 0 . 019 
0 . 024 −0 . 180 σ

15 BAHAMAS 8.0 SP( k ): X-ray 0 . 781 + 0 . 017 
0 . 018 0 . 017 σ

16 cosmo-OWLS 8.5 SP( k ): X-ray 0 . 775 + 0 . 016 
0 . 018 −0 . 347 σ

17 A mod = 0 . 858 SP( k ): X-ray 0 . 761 + 0 . 012 
0 . 012 −1 . 643 σ

18 BAHAMAS 8.0 SP( k ) wide 0 . 780 + 0 . 015 
0 . 016 −0 . 010 σ

19 cosmo-OWLS 8.5 SP( k ) wide 0 . 774 + 0 . 015 
0 . 017 −0 . 424 σ

20 A mod = 0 . 858 SP( k ) wide 0 . 773 + 0 . 015 
0 . 016 −0 . 479 σ

21 BAHAMAS 8.0 BCEmu1 0 . 776 + 0 . 017 
0 . 018 −0 . 248 σ

22 cosmo-OWLS 8.5 BCEmu1 0 . 773 + 0 . 015 
0 . 017 −0 . 489 σ

23 A mod = 0 . 858 BCEmu1 0 . 759 + 0 . 016 
0 . 019 −1 . 239 σ

24 BAHAMAS 8.0 BCEmu7 0 . 792 + 0 . 020 
0 . 025 0 . 510 σ

25 BAHAMAS 8.0 BCEmu7 
∑ 

m ν : [0.06,6] eV 0 . 785 + 0 . 020 
0 . 025 0 . 202 σ

26 BAHAMAS 8.0 + EuclidEmu-DM BCEmu7 0 . 791 + 0 . 020 
0 . 025 0 . 466 σ

27 BAHAMAS 8.0 + EuclidEmu-DM BCEmu7 
∑ 

m ν : [0.06,6] eV 0 . 787 + 0 . 019 
0 . 027 0 . 287 σ

28 cosmo-OWLS 8.5 BCEmu7 0 . 791 + 0 . 022 
0 . 026 0 . 439 σ

29 A mod = 0 . 858 BCEmu7 0 . 777 + 0 . 018 
0 . 024 −0 . 165 σ
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Figure A2. Summary of the 1D marginalized constraints on S 8 , �m 

, and σ8 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 A1 , 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’. F or e xample, ‘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 A mod = 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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PPENDIX  B:  BA R  Y  O N  FEEDBACK  

O N S T R A I N T S  

1 SP( k ) 

he mean and 68 per cent confidence levels on the SP( k ) parameters
onstrained by the WL-only SP( k ) analyses with the wide and X-ray
nformed prior choices are reported in Table B1 . The corresponding
arginalized posteriors for these analyses are shown in the upper

anel of Fig. B1 . Since SP( k ) directly maps between the baryon
raction in groups and clusters, and the matter power spectrum
uppression, we also show the constraints on the f b /�b /�m 

–M 500 

elation predicted when analysing the DES cosmic shear with the
wo SP( k ) analysis variants in the lower panel of Fig. B1 . 

2 Baryonification 

he mean and 68 per cent confidence levels on the bfc parameters
onstrained by the WL-only BCEmu1, BCEmu3 and BCEmu7
nalyses, in addition to the WL + kSZ BCEmu7 joint analysis
for which the average halo mass of the kSZ sample M h , 200 is also
eported) are given in Table B2 . The corresponding marginalized
osteriors for these analyses are shown in Fig. B2 . 

3 Prior choice for the halo mass of the kSZ sample 

iven the significant scatter in the literature, we choose to include an
dditional model parameter in the analysis, M h , 200 , corresponding to
he mean M 200 of the CMASS sample, with a prior range provided
n Table 1 . For example, the stacked stellar mass–halo mass relation
f Sonnenfeld, Wang & Bahcall ( 2019 ) of CMASS galaxies derived
rom HSC g alaxy–g alaxy lensing measurements, when combined
ith the stellar mass distribution of CMASS, implies a mean
 200 ≈ 0 . 5 × 10 13 M �, whereas the abundance matching methods
NRAS 534, 655–682 (2024) 

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

Parameter Wide prior X-ray prior 

α 3 . 830 + 0 . 409 
−0 . 363 4 . 153 + 0 . 061 

−0 . 058 

β 1 . 174 + 0 . 104 
−0 . 158 1 . 206 + 0 . 043 

−0 . 042 

γ 0 . 519 + 0 . 265 
−0 . 157 0 . 388 + 0 . 077 

−0 . 076 

able B2. The constraints on the bfc parameters attained by the WL-only 
CEmu1, BCEmu3 and BCEmu7 analyses, as well as the BCEmu7 WL 

 kSZ BCEmu7 analysis. For the WL + kSZ analysis we also report the 
onstraint on the average halo mass of the kSZ sample (10 13 M �). We report 
he mean and 68 per cent confidence levels. 

Parameters BCEmu1 BCEmu3 BCEmu7 WL + kSZ 

log 10 M c 13 . 42 + 0 . 60 
−0 . 54 13 . 13 + 0 . 79 

−0 . 63 13 . 06 + 1 . 01 
−0 . 87 13 . 22 + 0 . 42 

−0 . 29 

θej – 5 . 31 + 2 . 17 
−1 . 30 5 . 14 + 1 . 75 

−1 . 74 5 . 15 + 1 . 46 
−1 . 48 

ηδ – 0 . 22 + 0 . 09 
−0 . 12 0 . 23 + 0 . 10 

−0 . 10 0 . 22 + 0 . 10 
−0 . 11 

μ – – 1 . 00 + 0 . 50 
−0 . 61 0 . 68 + 0 . 25 

−0 . 58 

γ – - 2 . 57 + 1 . 00 
0 . 71 2 . 66 + 0 . 98 

0 . 67 

δ – - 6 . 83 + 2 . 09 
−2 . 43 7 . 35 + 2 . 16 

−2 . 10 

η – – 0 . 22 + 0 . 10 
−0 . 11 0 . 21 + 0 . 08 

−0 . 13 

M h , 200 – – – 4 . 10 + 1 . 55 
−1 . 64 

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 S 8 and the three model parameters (upper panel) 
and the mean total baryon fraction, f b /�b /�m 

, and 1 σ uncertainty as a 
function of halo mass, M 500 (lower). The X-ray prior is derived from HSC- 
XXL 1 σ constraints (black hatched, Akino et al. 2022 ), in this plot scaled to 
the mean cosmology obtained from the SP k: X-ray analysis. 
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f Kravtsov, Vikhlinin & Meshcheryakov ( 2018 ), Moster, Naab &
hite ( 2018 ), and Behroozi et al. ( 2019 ) imply mean M 200 values

f 2 . 7 × 10 13 , 4 . 4 × 10 13 , and 6 . 6 × 10 13 M �, respectively. A halo
ccupation distribution (HOD)-based analysis of the clustering of
OSS CMASS galaxies by White et al. ( 2011 ) found a mean M 200 of
 . 6 × 10 13 M �. Given this large study-to-study variance, we choose
 flat prior range of [0 . 5 − 7] × 10 13 M � and marginalize o v er this
arameter. 
The combined WL + kSZ analysis constrains M h , 200 =

 . 098 + 1 . 548 
−1 . 639 × 10 13 M �, indicating we are prior constrained at the

 σ lev el. F or comparison to the remainder of this work which
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Figure B2. The marginalized posteriors for S 8 , the seven bfc parameters, and the average halo mass of the kSZ sample M h , 200 attained by the WL-only BCEmu1 
(red solid line), BCEmu3 (light purple dotted line), and BCEmu7 (pink dashed line) analyses, as well as the WL + kSZ BCEmu7 (dark purple line) analysis. 
The inner and outer contours show the 68 per cent and 95 per cent confidence le vels, respecti vely. The grey dashed lines show the values the BCEmu parameters 
are fixed to in the case of using BCEmu1 and BCEmu3, and the mean halo mass of the CMASS sample reported by Schaan et al. ( 2021 ). 
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enerally quotes halo masses in M 500 , this corresponds to M h, 500 =
 . 01 × 10 13 M �, assuming an NFW profile and a concentration–mass
elation from Dutton & Macci ̀o ( 2014 ). 

In this appendix, we explore the impact on our cosmology and 
aryon model parameter constraints of choosing a wider prior 
 h , 200 : [0 . 8 , 30] × 10 13 M �. We also consider a fixed M h , 200 anal-

sis using the mean mass of the CMASS sample as determined by
chaan et al. ( 2021 ) and used in Amodeo et al. ( 2021 ): M h , 200 =
 × 10 13 M �. Fig. B3 shows the marginalized posteriors for �m 

, S 8 ,
og 10 ( M c ), θej , and M h , 200 in a WL + kSZ analysis with the different
rior choices on M h , 200 . The halo mass, M h , 200 , is correlated with
og 10 ( M c ) and in the case of a wider prior, both M h , 200 and log 10 ( M c )
refer higher v alues. Ho we ver, S 8 is relati vely stable to the halo mass
rior, shifting by 0.3 σ . 

4 The relationship between baryon fraction and matter power 
pectrum suppression 

t has been demonstrated that in hydrodynamical simulations, the 
ean baryon fraction in haloes of M ∼ 10 14 M � can be predictive

or the suppression of the matter power spectrum due to baryonic
eedback effects, robust to a number of feedback prescriptions (van 
MNRAS 534, 655–682 (2024) 
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M

Figure B3. Upper: the stacked kSZ temperature profile at 98 GHz as a func- 
tion of angular radius, θ , centred on the group or cluster (bottom) when vary- 
ing the mean halo mass of CMASS galaxy sample modelled, M h , 200 , within 
the limits of the fiducial prior choice M h , 200 : [5 × 10 12 , 7 × 10 13 ] M �. 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 S 8 , log 10 ( M c ), 
and M h , 200 in a WL + kSZ analysis with different prior choices on M h , 200 . We 
show the prior used in the fiducial analysis M h , 200 : [5 × 10 12 , 7 × 10 13 ] M �
(purple), as well as a wide prior M h , 200 : [8 × 10 12 , 3 × 10 14 ] M � (light blue) 
and fixed M h , 200 = 3 × 10 13 ] M � (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. 
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Figure B4. The relation between the matter power spectrum suppression 
P ( k ) /P DMonly ( k ) at k = 1 h Mpc −1 and the mean baryon fraction, f b /�b /�m 

, 
measured within R 500 for haloes of mass M 500 = 10 14 M �. 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 ) /P DMonly ( k ) 
shown as the shaded grey region. We plot the constraints obtained in our anal- 
ysis in the P ( k ) /P DMonly ( k )–f b /�b /�m 

plane. We show the WL-only (pink 
starred) and WL + kSZ (pruple starred) analyses with BCEmu7, and the WL- 
only results with SP k, 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 (Dav ́e 
et al. 2019 ); MillenniumTNG (Pakmor et al. 2023 ); and FABLE (Henden 
et al. 2018 , Bigwood et al. in preparation) as the black data points. 
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aalen et al. 2020 ). This relationship can be described by an empir-
cal fitting function relating the mean baryon fraction, f b /�b /�m 

,
easured within R 500 for haloes of mass M 500 = 10 14 M � to the

uppression of the matter power spectrum P ( k ) /P DMonly ( k ) at k =
 h Mpc −1 (equation 5 in their work). The best-fitting relation, shown
s the solid grey line in Fig. B4 , was fit to the cosmo-OWLS (Le Brun
NRAS 534, 655–682 (2024) 
t al. 2014 ) and BAHAMAS (McCarthy et al. 2017 ) simulations and
s accurate to 1 per cent for the simulations they test, shown as the grey
haded region in Fig. B4 . In this section, we discuss where constraints
f our analysis lie in the P ( k ) /P DMonly ( k )- f b /�b /�m 

plane with
espect to the van Daalen et al. ( 2020 ) relation. In Fig. B4 , we plot
he result for the WL-only and WL + kSZ analyses with BCEmu7
aryon modelling, as well as the WL-only results with SP( k )’s wide
nd X-ray informed prior choices. For comparison, we also show the
imulations discussed throughout this work: FLAMINGO (Schaye
t al. 2023 ); BAHAMAS (McCarthy et al. 2017 ); SIMBA (Dav ́e et al.
019 ); MillenniumTNG (Pakmor et al. 2023 ); and FABLE (Henden
t al. 2018 , Bigwood et al. in preparation). 

This van Daalen et al. ( 2020 ) relationship is at the core of the
he SP( k ) model (Salcido et al. 2023 ). Given that the ANTILLES
imulations follow this relationship, the mean baryon fraction is used
o calibrate their emulator. Naturally, both of our WL-only analyses
ith SP( k ) fall on the van Daalen et al. ( 2020 ) relation to within
 per cent. Ho we ver, the BCEmu model does not enforce the van
aalen et al. ( 2020 ) relationship between the baryon fraction and
atter power suppression, and allows for greater flexibility in the

mpact of feedback on the matter distribution, including scenarios
hich, according to the simulations, could be deemed unphysical.
oth the WL-only and WL + kSZ analyses with BCEmu give a
ean constraint below the van Daalen et al. ( 2020 ) relation. That is,

hey allow for a more extreme matter power spectrum suppression
or their predicted mean baryon fraction predicted. In the future, it
ill be important to test this relationship with a range observations,

ncluding those probe lower halo masses (see also P ande y et al. 2023 ).



Weak lensing + kSZ 681 

A

I  

o  

i  

w  

c  

i
t  

C  

2  

χ  

t  

t  

c

A
C

I
a
t
=
i  

n  

C
w  

t  

i
(  

u  

C  

r  

M

1

b
2

 

O
3

P
4

e
5

B
6

 

A
7

M
8

 

C
9

9
1

v
1

1

1
 

U
1

U
1

 

U
1

s

17 SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA 

18 Laborat ́orio Interinstitucional de e-Astronomia – LIneA, Rua Gal. Jos ́e 
Cristino 77, Rio de Janeiro, RJ-20921-400, Brazil 
19 Observat ́orio Nacional, Rua Gal. Jos ́e Cristino 77, Rio de Janeiro, RJ- 
20921-400, Brazil 
20 Argonne National Laboratory, 9700 South Cass Avenue, Lemont, IL 60439, 
USA 

21 Institute of Space Sciences (ICE, CSIC), Campus UAB, Carrer de Can 
Magrans, s/n, E-08193 Barcelona, Spain 
22 Department of Astronomy and Astrophysics, University of Chicago, 
Chicago, IL 60637, USA 

23 Fermi National Accelerator Laboratory, PO Box 500, Batavia, IL 60510, 
USA 

24 Kavli Institute for Cosmolo gical Physics, Univer sity of Chica go, Chica go, 
IL 60637, USA 

25 NASA Goddard Space Flight Center, 8800 Greenbelt Rd, Greenbelt, MD 

20771, USA 

26 Instituto de F ́ısica Gleb Wata ghin, Univer sidade Estadual de Campinas, 
Campinas, SP 13083-859, Brazil 
27 Center for Cosmology and Astro-Particle Physics, The Ohio State Univer- 
sity, Columbus, OH 43210, USA 

28 Instituto de Astrofisica de Canarias, E-38205 La Laguna, Tenerife, Spain 
29 Department of Physics and Astronomy, University of Pennsylvania, 
Philadelphia, PA 19104, USA 

30 CNRS, LPSC-IN2P3, Universit ́e Grenoble Alpes, F-38000 Grenoble, 
France 
31 University Observatory, Faculty of Physics, Ludwig-Maximilians- 
Univer sit ̈at, Scheiner str. 1, D-81679 Munich, Germany 
32 Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak 
Grove Dr., Pasadena, CA 91109, USA 

33 Brookhaven National Laboratory, Bldg 510, Upton, NY 11973, USA 

34 Department of Physics, ETH Zurich, Wolfgang-Pauli-Strasse 16, CH-8093 
Zurich, Switzerland 
35 Institut de F ́ısica d’Altes Energies (IFAE), The Barcelona Institute of 
Science and Technology, Campus UAB, E-08193 Bellaterra (Barcelona), 
Spain 
36 Department of Astronomy/Steward Observatory, University of Arizona, 933 
North Cherry Avenue, Tucson, AZ 85721-0065, USA 

37 Department of Physics, University of Arizona, Tucson, AZ 85721, USA 

38 School of Physics and Astronomy, Cardiff University, Wales, CF24 3AA, 
UK 

39 Centro de Investigaciones Energ ́eticas, Medioambientales y Tecnol ́ogicas 
(CIEMAT), Madrid, Spain 
40 Institut de Rec herc he en Astrophysique et Plan ́etologie (IRAP), Universit ́e 
de Toulouse, CNRS, UPS, CNES, 14 Av. Edouard Belin, F-31400 Toulouse, 
France 
41 Department of Physics and Astronomy, University of Waterloo, 200 Uni- 
versity Ave W, Waterloo, ON N2L 3G1, Canada 
42 Institute for Astronomy, University of Edinb urgh, Edinb urgh EH9 3HJ, UK 

43 Department of Physics, Northeastern University, Boston, MA 02115, USA 

44 Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA 

94720, USA 

45 Jodrell Bank Center for Astrophysics, School of Physics and Astronomy, 
University of Manchester, Oxford Road, Manchester, M13 9PL, UK 

46 Nordita, KTH Royal Institute of Technology and Stockholm University, 
Hannes Alfv ́ens v ̈ag 12, SE-10691 Stockholm, Sweden 
47 Physics Department, University of Wisconsin-Madison, 2320 Chamberlin 
Hall, 1150, University Avenue Madison, WI 53706-1390, USA 

48 Department of Physics, University of Genova and INFN, Via Dodecaneso 
33, I-16146 Genova, Italy 
49 Center for Astrophysical Surveys, National Center for Supercomputing 
Applications, 1205 West Clark St., Urbana, IL 61801, USA 

50 Department of Astronomy, University of Illinois at Urbana-Champaign, 
1002 W. Green Street, Urbana, IL 61801, USA 

51 Department of Physics, Duke University, Durham, NC 27708, USA 

52 Department of Applied Mathematics and Theoretical Physics, University 
of Cambridge, Cambridge CB3 0WA, UK 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/534/1/655/7754165 by Liverpool John M
oores U

niversity user on 03 O
ctober 2024
PPEN D IX  C :  INTRINSIC  A L I G N M E N T  M O D E L  

n this appendix, we consider the impact of the IA model choice on
ur results. Throughout this work, we use the NLA IA model, which
s a subspace of the TATT model. A WL-only analysis using BCEmu7
ith TATT constrains S 8 = 0 . 802 + 0 . 028 

−0 . 024 , lying ∼ 0 . 5 σ lower than that
onstrained using NLA. This shift in S 8 between the two IA models
s consistent when using BCEmu1 instead of BCEmu7, and similar 
o that found in previous work when using HM20 (DES & KiDS
ollaborations 2023 ) and scale cuts (Secco et al. 2022 ; Amon et al.
023 ). As in the literature, both IA model choices give comparable
2 
red values (see Table 3 ). In future work, it is important to determine

he more accurate IA model. Here, we use this test as validation
hat our baryon model choice and the results of our baryon model
omparison are independent of the choice of IA model. 

PPEN D IX  D :  SAMPLING  A L G O R I T H M  

H O I C E  

n this appendix, we compare the cosmological parameter estimates 
ttained using the MULTINEST and POLYCHORD samplers. Throughout 
he work, we use the MULTINEST settings n live = 500, efficiency 
 0.3, tolerance = 0.1, constant efficiency = False, and max. 

terations = 50 000 for computing efficienc y. F or POLYCHORD , we use
 live = 500, tolerance = 0.01, n repeats = 60, and fast fraction = 0 . 1.
onsidering the BCEmu7 WL-only analysis, we find that sampling 
ith POLYCHORD estimates a mean value of S 8 = 0 . 817 + 0 . 025 

0 . 025 , consis-
ent with that attained by MULTINEST of S 8 = 0 . 818 + 0 . 017 

0 . 024 . Ho we ver,
n agreement with the findings of DES & KiDS Collaborations 
 2023 ), we find that the 68 per cent confidence level for S 8 attained
sing MULTINEST is 18 per cent smaller than that estimated with POLY-
HORD . Similarly we find a WL + kSZ analysis with POLYCHORD

eturns S 8 = 0 . 821 + 0 . 020 
0 . 023 , consistent with the S 8 = 0 . 823 + 0 . 019 

0 . 020 using
ULTINEST but with a 9 per cent larger confidence region. 
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