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A B S T R A C T 

Baryon feedback redistributes gas relative to the underlying dark matter distribution and suppresses the matter power 
spectrum on small scales, but the amplitude and scale dependence of this effect are uncertain. We constrain the impact 
of baryon feedback on the matter power spectrum by jointly analysing X-ray gas mass fractions from the eROSITA 

and HSC–XXL samples and Sloan Digital Sky Survey (SDSS)/Dark Energy Spectroscopic Instrument (DESI) + Atacama 
Cosmology Telescope (ACT) kinetic Sunyaev–Zel’dovich (kSZ) effect profiles; the samples are characterized with galaxy–
galaxy lensing and together span group and cluster masses ( 13 < log 10 

M500 
M� h−1 < 14 ) at 0 < z < 1 . Using the baryonification 

framework, our joint eROSITA and kSZ model gives precise constraints on the suppression of the matter power spectrum: 
10 ± 2 per cent at k = 1 hMpc −1 . The inferred gas profiles are more extended and the power suppression is stronger than 

predicted by the fiducial models of recent hydrodynamical simulation suites, including FLAMINGO and BAHAMAS. The 
HSC–XXL gas mass fractions, which the fiducial simulations were calibrated to reproduce, prefer more moderate power 
suppression than the kSZ and eROSITA data: 5 ± 4 per cent at k = 1 hMpc −1 . With a simulated LSST Year 1 weak lensing 
analysis, we demonstrate a framework for next-generation surveys: calibrating feedback models with multiwavelength gas 
observables to recover the small-scale statistical power of cosmic shear. 

Key words: methods: numerical – galaxies: formation – large-scale structure of Universe – cosmology: theory. 
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 INTRODUCTION  

aryon feedback processes, particularly energy injection by ac- 
ive galactic nuclei (AGNs), redistribute gas relative to the un- 
erlying dark matter distribution. This redistribution suppresses 
he matter power spectrum on small, non-linear scales by tens 
f per cent relative to dark matter-only predictions (e.g. M. P. 
aalen et al. 2011 ; N. E. Chisari et al. 2019 ; S. N. B. Debackere,
. Schaye & H. Hoekstra 2020 ). Testing the cosmological model 
n small scales requires accurate modelling of the non-linear 
atter power spectrum (e.g. E. Semboloni et al. 2011 ). However, 
he precise amplitude and scale dependence of matter power 
uppression due to baryon feedback remains unclear. This un- 
ertainty directly translates to a loss of cosmological precision. 
odelling of baryonic feedback and the intrinsic alignment of 
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alaxies (correlations between galaxy shapes not introduced by 
eak lensing, e.g. N. E. Chisari 2025 ) limit cosmological precision
y more than a factor of 2 for cosmic shear (A. Amon et al. 2022 )
the weak gravitational lensing of background galaxies by large- 
cale structure. With recent analyses partially lifting the uncer- 
ainty from intrinsic alignments by limiting shear studies to blue 
alaxy populations that are found to weakly align (J. McCullough 
t al. 2024 ), baryonic feedback is now the limiting systematic for
osmic shear (e.g. DES Collaboration 2026 ; N. C. Robertson et al.
026 ). 
There is no consensus from modern hydrodynamical simu- 

ations on the impact of baryon feedback on the matter power
pectrum. Simulations include a variety of baryonic feedback 
rocesses (e.g. AGNs, supernovae, and stellar winds) and are 
ncreasingly in agreement with the observed stellar-to-halo mass 
elation, cosmic star formation density, and cluster scaling re- 
ations (e.g. I. G. McCarthy et al. 2017 ; R. Davé et al. 2019 ;
. Pakmor et al. 2023 ; J. Schaye et al. 2023 ; K. Dolag et al.
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025 ; J. Schaye et al. 2025 ; L. Bigwood et al. 2025a ). However,
hey lack the resolution to treat feedback processes from first
rinciples and instead adopt ‘sub-grid’ prescriptions for the be-
aviour of stars and AGNs. Different sub-grid physics recipes
esult in markedly different predictions for the suppression of the
atter power spectrum (e.g. M. P. Daalen et al. 2011 ; M. P. Daalen,
. G. McCarthy & J. Schaye 2020 ; L. Bigwood et al. 2025a ). 
Without a precise prediction from simulations for the impact
f feedback on the matter power spectrum, weak lensing anal-
ses often adopt conservative scale cuts: excluding the small-
cale modes most sensitive to baryonic physics. Although it can
educe bias, this approach discards a large fraction of the avail-
ble signal. An alternative method is to retain the small scales
nd account for matter power suppression by baryon feedback
sing flexible models: e.g. the halo model (E. Semboloni et al.
011 ; E. Semboloni, H. Hoekstra & J. Schaye 2013 ; A. J. Mead
t al. 2021 ), the baryonification of dark matter-only simulations
A. Schneider & R. Teyssier 2015 ; R. E. Angulo et al. 2021 ; G.
ricò et al. 2021 ; A. Schneider et al. 2025 ), Principal Compo-
ent analysis (PCA; H.-J. Huang et al. 2021 ), the resummation
odel (M. L. Loon & M. P. van Daalen 2024 ; M. P. Daalen et al.
025 ), simulation-based analytic models (J. Salcido et al. 2023 ; M.
challer & J. Schaye 2025 ), simulation based emulators (e.g. M.
challer et al. 2025 ), and effective field theory (e.g. A. Bartlett, J.
eRose & M. White 2025 ; J. DeRose & S.-F. Chen 2025 ). With-
ut calibration from external probes of baryon feedback (e.g.
he hot gas mass fractions of groups and clusters), the flexi-
ility of these models effectively downweights the small scales,
egrading the cosmological precision similarly to scale cuts (G.
ricò et al. 2023 ; L. Bigwood et al. 2024 ; D. Anbajagane et al.
025 ). 
In this work, we use multiwavelength gas observations and
alaxy–galaxy lensing (GGL) to directly constrain the distri-
ution of baryons relative to the underlying dark matter. We
hen relate these constraints to the suppression of the matter
ower spectrum, producing data-driven priors that can be incor-
orated into weak lensing analyses. This approach transforms
eedback modelling from a source of systematic uncertainty
o an observationally calibrated component of cosmological
nference. 
By tracing how much gas is expelled from haloes and how far

t extends, observations of the intracluster medium (ICM) are
aluable probes of baryon feedback. Recent studies have inferred
he impact of baryon feedback on the matter power spectrum
sing a variety of observations, including X-ray gas mass fractions
A. Schneider et al. 2022 ; L. Bigwood et al. 2024 ; S. Grandis et al.
024 ; M. P. Daalen et al. 2025 ; M. Kovač et al. 2025 ), diffuse X-
ay emission (T. Ferreira et al. 2024 ; A. La Posta et al. 2025 ), the
hermal and kinetic Sunyaev–Zel’dovich effects (tSZ and kSZ; A.
chneider et al. 2022 ; T. Tröster et al. 2022 ; L. Bigwood et al. 2024 ;
. Dalal et al. 2025 ; M. Kovač et al. 2025 ; F. A. Roper, Y.-C. Cai & J.
. Peacock 2025 ; S. Pandey et al. 2025a ), and fast radio bursts (R.
eischke & S. Hagstotz 2025 ). The matter power spectrum is indi-
ectly benchmarked by comparing hydrodynamical simulations
o gas observables (I. G. McCarthy et al. 2018 , 2025 ; J. Schaye et
l. 2023 ; B. Hadzhiyska et al. 2025 ; B. Ried Guachalla et al. 2025 ;
. Siegel et al. 2025 ; L. Bigwood et al. 2025b ). The suppression of 
he non-linear matter power spectrum has also been constrained
irectly from the cosmic shear data, either with or without assum-
ng the Lambda cold dark matter ( �CDM) cosmology preferred
y the cosmic microwave background (CMB; e.g. H.-J. Huang et
l. 2021 ; A. Amon & G. Efstathiou 2022 ; A. Chen et al. 2022 ; G.
NRAS 549, 1–22 (2026)
ricò et al. 2023 ; C. Preston, A. Amon & G. Efstathiou 2023 ; C.
arcía-García et al. 2024 ; C. Preston, A. Amon & G. Efstathiou
024 ; J. C. Broxterman et al. 2025 ; K. P. Sarmiento et al. 2025 ; R.
erasawa et al. 2025 ; J. Xu et al. 2025 ). Overall, there is a grow-
ng consensus that feedback indeed suppresses the matter power
pectrum on small scales, and more recently there is evidence
hat suppression may be stronger than realized in many state-
f-the-art hydrodynamical simulations. In addition to the effects
f feedback, deviations of the non-linear matter power spectrum
rom the �CDM expectation could be signs of new physics (e.g.
. C. Hooper et al. 2022 ; V. Poulin et al. 2023 ; K. K. Rogers
t al. 2023 ; C. Preston et al. 2025 ). Motivated by these previous
tudies, we address key uncertainties in the study of baryon feed-
ack and deliver precise priors for next-generation cosmic shear
nalyses. 
Cosmic shear is sensitive to baryon feedback over a wide range
f halo mass and redshift (e.g. L. Lucie-Smith et al. 2025 ). At
 . 1 < k h Mpc −1 < 10 and 0 < z < 1 , suppression of the matter
ower spectrum is strongly correlated with the baryon proper-
ies of groups and clusters (J. Salcido et al. 2023 ). However, no
ingle observation probes the full regime: X-ray gas mass frac-
ions probe the inner regions ( < R500 ) of low redshift clusters,
hile existing kSZ measurements constrain the outskirts (beyond
everal R500 ) of higher redshift group mass haloes. Building a
omplete picture of baryon feedback thus requires a multiprobe
pproach. In this work, we jointly analyse stacked measurements
f the kSZ effect from SDSS/DESI + ACT (E. Schaan et al. 2021 ;
. Ried Guachalla et al. 2025 ) and X-ray gas mass fractions from
he first eROSITA All-Sky Survey catalogue (RASS1; E. Bulbul
t al. 2024 ; M. Kluge et al. 2024 ) and the HSC–XXL sample (D.
ckert et al. 2016 ; M. Pierre et al. 2016 ; D. Akino et al. 2022 ).
or the kSZ and eROSITA samples, we adopt the galaxy–galaxy
ensing mean halo mass measurements of J. Siegel et al. ( 2025 );
he HSC–XXL sample includes the weak lensing halo mass mea-
urements of K. Umetsu et al. ( 2020 ). Weak lensing halo mass
onstraints resolve a key source of uncertainty, because the im-
lied magnitude of gas expulsion by a kSZ or X-ray observa-
ion is degenerate with the halo mass (e.g. I. G. McCarthy et al.
025 ). 
In Section 2 , we describe the multiwavelength data sets. We

eview the baryonification model in Section 3 and validate the
ramework in Section 4 . We present the model fits in Section 5 . In
ection 6 , we compare our results with state -of-the -art hydrody-
amical simulations and demonstrate how the model constraints
an be implemented as data-driven priors for cosmic shear, using
 forecast of the Legacy Survey of Space and Time (LSST) Year 1
ata. We conclude in Section 7 . 

 DATA  

n this work, we infer the impact of baryons on the matter power
pectrum by jointly analysing kSZ effect profiles and X-ray hot gas
ass fractions, with mean halo mass constraints from GGL. We
escribe the kSZ and X-ray measurements in Sections 2.1 and 2.2 ,
espectively. 

.1 SDSS/DESI + ACT kSZ effect profiles 

he kinetic Sunyaev–Zel’dovich (kSZ) effect is a CMB secondary
nisotropy, arising from the inverse-Compton scattering of CMB
hotons off the ionized gas around galaxies and clusters. Due to
he bulk motion of the gas, these scatterings impart a Doppler
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hift to the CMB photons (R. A. Sunyaev & Y. B. Zeldovich 1980 ).
he apparent change in temperature induced by the kSZ effect 
TkSZ is therefore proportional to the electron number density 
nd the peculiar velocity of the gas 

�TkSZ 
TCMB 

= σT 

c 

∫ 
los 
e−τne vp d l , (1) 

here σT is the Thomson scattering cross-section, c is the speed 
f light, ne is the free-electron number density, vp is the peculiar 
elocity along the line of sight, and τ = σT 

∫ 
ne d l is the opti-

al depth to Thompson scattering. Because the gas of interest 
s optically thin, we assume e−τ ≈ 1 (see E. Schaan et al. 2021 ;
. Ried Guachalla et al. 2025 ). For one galaxy, the kSZ effect is
pproximately 

�TkSZ 
TCMB 

≈ −τgal 
vp ,gal 
c 

. (2) 

To achieve a high signal-to-noise ratio measurement, the kSZ 
ignal must be stacked across many galaxies. We consider the 
SZ effect profile measurements of E. Schaan et al. ( 2021 ) and
. Ried Guachalla et al. ( 2025 ), which employ compensated aper-
ure photometry (CAP) filters. For a galaxy located at � θ on the sky, 
he CAP filter sums the temperature fluctuation within θd of the 
alaxy and background subtracts the temperature fluctuations 
etween θd and

√ 

2 θd (equations 8 and 9 of E. Schaan et al. 2021 ).
Because the kSZ effect is proportional to the velocity of the gas,

he stacked kSZ signal is measured by a combination of velocity 
nd inverse-variance weighting (E. Schaan et al. 2021 ; B. Ried
uachalla et al. 2025 ) 

ˆ kSZ (θd ) = − 1 
rv,bias 

vrms rec 

c 

∑ 

i Ti (θd )(
vi,rec 
c ) σ

−2 
i ∑ 

i (
vi,rec 
c )2 σ

−2 
i 

, (3) 

here Ti (θd ) is the CAP filtered signal for the i th galaxy, σ 2 
i is the

ariance in Ti (θd ) , vi,rec is the reconstructed line of sight peculiar 
elocity, and vrms rec is the standard deviation of the reconstructed 
eculiar velocities. For existing measurements, the galaxies’ 
hree-dimensional peculiar velocities were reconstructed from 

he galaxy number overdensity field by the linearized continuity 
quation (N. Padmanabhan et al. 2012 ; M. Vargas-Magaña et al. 
017 ). To account for biases in the peculiar velocity reconstruc-
ion, E. Schaan et al. ( 2021 ) and B. Ried Guachalla et al. ( 2025 )
cale the profile amplitudes by the correlation between the true 
nd reconstructed velocities in mock catalogues 

v,bias = 〈 vtrue vrec 〉 
vrms true vrms rec 

. (4) 

sing the abacussummit dark matter-only N -body simula- 
ion suite, B. Hadzhiyska et al. ( 2024 ) report the reconstruc-
ion quality for DESI-like spectroscopic samples: rv,bias ∼ 0 . 7 with 
 5 per cent uncertainties. In Appendix D , we compare the 
orrected line-of-sight RMS of the reconstructed velocities with 
atching samples from the FLAMINGO simulations, finding 
greement within 10 per cent. For our modelling, we assume a 
onservative uncertainty of 10 per cent for rv,bias . 
In this work, we consider the stacked kSZ effect profiles of E.
chaan et al. ( 2021 ) and B. Ried Guachalla et al. ( 2025 ), which
sed spectroscopic redshift tracers from SDSS and DESI, respec- 
ively. The ACT + Planck CMB temperature maps and galaxy 
amples underlying these measurements are described in Sec- 
ions 2.1.1 and 2.1.2 , respectively. Because the kSZ stacks are 
onstructed with common CMB temperature maps (ACT DR5 for 
DSS and DR6 for DESI), the different measurements (e.g. SDSS 
OWZ and CMASS) are formally covariant. The SDSS and DESI 
pectroscopic samples also share common objects (A. G. Adame 
t al. 2025a ). For our analysis, we assume the kSZ measurements
re independent; the galaxy selections occupy distinct comoving 
olumes and mass/redshift regimes, so map-level covariance con- 
ributes negligibly to the parameter uncertainties relative to kSZ 
easurement noise. Investigation of measurement covariances 
ith forward modelling is warranted. 

.1.1 SDSS BOSS: LOWZ and CMASS 

. Schaan et al. ( 2021 ) measured the stacked kSZ effect profiles
or the LOWZ and CMASS samples from the Baryon Oscilla- 
ion Spectroscopic Survey (BOSS) DR10 release (C. P. Ahn et al.
014 ). The LOWZ (‘low redshift’) sample consists of red galaxies
t 0 . 15 < z < 0 . 4 , and the CMASS (‘constant mass’) sample in-
ludes massive galaxies at 0 . 4 < z < 0 . 8 (C. P. Ahn et al. 2012 ).
he CMB temperature map is derived from ACT DR5 (J. W.
owler et al. 2007 ; D. S. Swetz et al. 2011 ; S. W. Henderson et al.
016 ; R. J. Thornton et al. 2016 ) and Planck (Planck Collaboration
I 2020 ). E. Schaan et al. ( 2021 ) measured the kSZ effect in both
he 90 and 150 GHz frequency ACT maps; we consider both mea-
urements. From the mock BOSS catalogues (M. Manera et al. 
013 , 2015 ), E. Schaan et al. ( 2021 ) report a peculiar velocity bias
actor of rv = 0 . 7 and quote uncertainties of a few per cent. 
From J. Siegel et al. ( 2025 ), we adopt GGL derived mean
alo masses of log 10 M500 / M� = 13 . 51 ± 0 . 01 and 13 . 29 ± 0 . 02
or LOWZ and CMASS, respectively. 

.1.2 DESI: BGS and LRG 

. Ried Guachalla et al. ( 2025 ) measured the stacked kSZ effect
rofiles for two DESI DR1 samples: the Bright Galaxy Survey 
BGS; C. Hahn et al. 2023 ) and the Luminous Red Galaxy sample
LRG; R. Zhou et al. 2023 ). The BGS sample is magnitude limited
nd spans 0 < z < 0 . 6 . Following DESI Collaboration ( 2024 ), B.
ied Guachalla et al. ( 2025 ) restricted the sample to 0 . 1 < z < 0 . 4
nd applied a luminosity selection as a function of redshift to
reate a sample with an approximately constant number density. 
he LRG sample includes massive quenched galaxies at 0 . 4 <
 < 1 . 1 . Following J. Siegel et al. ( 2025 ), we consider two of 
he stellar mass bins defined by B. Ried Guachalla et al. ( 2025 ):
og 10 M∗/ M� = (10 . 5 , 11 . 2) , (11 . 2 , 11 . 4) ; the mass selection is
erformed using the stellar masses from R. Zhou et al. ( 2023 ),
hich are derived from DESI Legacy Imaging photometry via a 
andom forest algorithm. B. Ried Guachalla et al. ( 2025 ) adopt
he harmonic-space Internal Linear Combination (hILC) CMB 

emperature map, which combines multiple ACT DR6 channels 
 90 , 150 , and 220 GHz) with Planck (W. Coulton et al. 2024 ); each
hannel is convolved with a Gaussian beam (1.6 arcmin FWHM) 
efore the combination. To mitigate tSZ contamination, B. Ried 
uachalla et al. ( 2025 ) masked temperature outliers in the ACT
ap. Peculiar velocities were adopted from A. G. Adame et al.

 2025b ), with reconstruction biases of rv = 0 . 64 and 0.65 for the
GS and LRG samples, respectively (B. Hadzhiyska et al. 2024 );
he reported rv uncertainties are approximately 3 per cent. 
From J. Siegel et al. ( 2025 ), we adopt GGL derived mean
alo masses of log 10 M500 / M� = 13 . 31 ± 0 . 01 , 12 . 91 ± 0 . 02 , and
3 . 15 ± 0 . 01 for BGS, LRG M1, and M2, respectively. 
MNRAS 549, 1–22 (2026)
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.2 X-ray gas mass fractions 

-ray observations of the ICM in groups and clusters are a well es-
ablished tracer of baryon feedback. Stronger feedback processes
re expected to expel gas beyond R500 , thereby lowering the typical
as fraction at a given halo mass. Indeed, the baryon fraction is
ound to increase as a function of radius and halo mass, approach-
ng the universal baryon fraction at large radii of massive clusters
M. Sun et al. 2009 ; G. E. Bulbul et al. 2012 ; A. J. R. Sanderson
t al. 2013 ; L. Lovisari, T. H. Reiprich & G. Schellenberger 2015 ;
. Eckert et al. 2016 , 2019 ). 
We consider X-ray gas mass fraction measurements from the
MM–Newton XXL sample (Section 2.2.1 ) and the eROSITA
ll-Sky Survey (Section 2.2.2 ). Weak lensing halo masses are
vailable for both samples: K. Umetsu et al. ( 2020 ) and J.
iegel et al. ( 2025 ) for the XXL and eROSITA samples, respec-
ively. The GGL derived halo masses resolve a long-standing
ncertainty in the study of X-ray gas mass fractions. Previous
tudies often assumed hydrostatic equilibrium to estimate to-
al masses, however, non-thermal pressure support can bias hy-
rostatic masses low by approximately 30 per cent (H. Hoek-
tra et al. 2015 ; D. Eckert et al. 2016 ; R. Kugel et al. 2023 ; M.
uñoz-Echeverría et al. 2024 ); further complicating matters,
his bias is dependent on cluster mass (J. Braspenning et al.
025 ). 

.2.1 HSC–XXL 

he XXL survey targeted two 25 deg2 patches of the sky with
ver 6 Ms of XMM–Newton observations (M. Pierre et al. 2016 ).
he second XXL data release includes over 300 spectroscopically
onfirmed X-ray detected clusters at 0 < z < 1 (C. Adami et al.
018 ). For the approximately 100 clusters that overlap the HSC
ootprint, K. Umetsu et al. ( 2020 ) measured weak lensing masses
ith the first year HSC shear catalogue (R. Mandelbaum et al.
018 ). Using the weak lensing masses, D. Akino et al. ( 2022 )
easured the gas mass within R500 for each XXL cluster in the
SC footprint and conducted a joint Bayesian analysis of the halo
ass, gas mass, stellar mass, and X-ray luminosity scaling rela-
ions. The X-ray selection effects were modelled as a minimum
uminosity selection function (appendix A1 of D. Akino et al.
022 ). 
With weak lensing halo masses and modelling of selection
ffects, the HSC–XXL scaling relations are particularly well char-
cterized. The gas fraction scaling relation is broadly consis-
ent with other pre-eROSITA X-ray gas fraction measurements
R. Kugel et al. 2023 ). Following R. Kugel et al. ( 2023 ), we ap-
roximate the HSC–XXL scaling relation as two halo mass bins:
fgas (1013 . 5 M�) = 0 . 054 ± 0 . 010 and fgas (1014 . 5 M�) = 0 . 106 ±
 . 02 . 

.2.2 eROSITA All-Sky Survey 

he eROSITA satellite (extended ROentgen Survey with an Imag-
ng Telescope Array; P. Predehl et al. 2021 ) is a soft X-ray telescope
nboard the Spectrum-Roentgen-Gamma observatory (SRG; R.
unyaev et al. 2021 ). The first eROSITA All-Sky Survey cata-
ogue (eRASS1; E. Bulbul et al. 2024 ) includes more than 12
00 optically confirmed X-ray groups and clusters in the Western
alactic Hemisphere between the local universe and z < 1 . 5 (E.
ulbul et al. 2024 ; M. Kluge et al. 2024 ). The publicly available
NRAS 549, 1–22 (2026)
as masses are measured by a parametric model fit to the X-
ay images with a forward modelling calibration (J. S. Sanders
t al. 2018 ; A. Liu et al. 2022 ; E. Bulbul et al. 2024 ). The eRASS1
eported halo masses M500 are estimated from a weak lensing
alibrated scaling relation between redshift, X-ray count rate,
nd shear. The shear measurements include corrections for mis-
entering and cluster member contamination, as well as cali-
ration from forward modelling of simulated shear profiles (S.
randis et al. 2024 ; F. Kleinebreil et al. 2025 ; N. Okabe et al.
025 ). 
Although eROSITA is more complete than previous X-ray se-

ected samples (e.g. ROSAT; J. Truemper 1982 ; W. Voges et al.
999 ), the sample is still shaped by selection effects. The com-
leteness of the eRASS1 catalogue significantly falls at M500 �
014 M� (R. Seppi et al. 2022 ; I. Marini et al. 2024 ; P. Popesso
t al. 2024b ). We therefore limit our study to lower redshift ( z <
 . 2 ) massive haloes. Following J. Siegel et al. ( 2025 ), we define
our bins of eROSITA clusters: log 10 M500 / M� = (13 . 3 , 14 . 0) and
(14 . 0 , 14 . 5) at 0 . 05 < z < 0 . 1 , and log 10 M500 / M� = (13 . 5 , 14 . 0)
nd (14 . 0 , 14 . 5) at 0 . 1 < z < 0 . 2 . The four bins include a total of
500 clusters. J. Siegel et al. ( 2025 ) independently measured the
ean halo masses for each bin with GGL, validating the publicly
eported eRASS1 masses. The GGL calibrated bins are consistent
ith the stacked X-ray gas mass fractions of optically selected
aloes (P. Popesso et al. 2024a ). 
The eROSITA reported gas mass fractions suggest that groups
nd clusters are, on average, more gas-depleted than previously
ound (A. Dev et al. 2024 ; P. Popesso et al. 2024a ; M. Kovač
t al. 2025 ). At M500 = 1014 M�, the mean gas mass from the
RASS1 catalogue is approximately 40 per cent lower than the
SC–XXL scaling relation. We discuss potential explanations, in-
luding selection effects and modelling systematics, and avenues
or further study in Section 6.1 . Because the apparent discrep-
ncy in the mean gas fractions is not fully understood, we con-
ider both the eROSITA and pre-eROSITA measurements in this
ork. 

 BARYONIFICATION  MODEL  

he ‘baryonification’ model is a framework for relating the radial
ensity profiles of gas, stars, and dark matter to the suppression
f the matter power spectrum relative to a dark matter-only sim-
lation. The method relies on perturbatively displacing particles
n N -body simulations according to observationally motivated,
pherically symmetric analytic density profiles, to mimic the im-
act of feedback on the matter distribution (A. Schneider & R.
eyssier 2015 ; S. K. Giri & A. Schneider 2021 ; A. Schneider et al.
025 ). By calculating the power spectrum of the baryonified mat-
er distribution, the suppression of the matter power spectrum
an be related to the radial density profiles of gas, stars, and dark
atter. Observational constraints on the gas distribution from X-
ay and kSZ measurements can thus be transformed into con-
traints on the matter power spectrum (S. K. Giri & A. Schneider
021 ; A. Schneider et al. 2022 ; G. Aricò et al. 2023 ; L. Bigwood
t al. 2024 ; M. Kovač et al. 2025 ). Power suppression can also be
nferred with a halo model (S. N. B. Debackere et al. 2020 ; N. Dalal
t al. 2025 ; A. La Posta et al. 2025 ; S. Pandey et al. 2025b ), see
ection 6.2 . 
We outline the baryonification framework below and refer the

eader to A. Schneider & R. Teyssier ( 2015 ) and S. K. Giri & A.
chneider ( 2021 ) for a detailed description. The baryonification
article displacements convert Navarro–Frenk–White (NFW)-
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ike profiles into baryonified haloes composed of hot gas ρgas (r) ,
 central galaxy ρcga (r) , and collisionless matter ρclm 

(r) 

nfw (r) → ρbfc (r) = ρgas (r) + ρcga (r) + ρclm 

(r) . (5) 

The gas component is parametrized as a cored double-power 
aw 

gas (r) ∝ 	b / 	m 

− fstar (M200 ) [ 
1 +

(
r 

rcore 

)] β(M200 ) [ 
1 +

(
r 
rej 

)γ ] δ−β(M200 ) 
γ

, (6) 

here 	b / 	m 

is the cosmic baryon fraction. Inside the core ra-
ius rcore = 0 . 1 R200 , the slope of the density profile is determined
y the power-law index 

(M200 ) = 3(M200 /Mc )μ

1 + (M200 /Mc )μ
. (7) 

t group masses ( M200 � Mc ), the gas is efficiently expelled ( β ≈
 ), while for clusters ( M200 � Mc ), the gas is retained ( β ≈ 3 ); the
harpness of the transition between the low and high mass limits
s set by μ. Beyond the ejection radius ( rej = θej R200 ), the slope
f the density profile is dictated by the parameters γ and δ. The
tellar fraction fsga is parametrized as a power law fsga (M200 ) = 

 . 055(M200 /Ms )−η, where Ms = 2 . 5 × 1011 M� h−1 (B. P. Moster,
. Naab & S. D. M. White 2013 ). 
The central galaxy component is parametrized as an exponen- 

ially truncated power law 

cga (r) = fcga (M200 ) 
4 π3 / 2 Rh r2 

exp 

[ 

−
(

r 
2 Rh 

)2 
] 

, (8) 

here Rh is the stellar half-light radius (fixed to 0.015 times the
irial radius) and fcga (M200 ) is the fraction of stars in the central
alaxy: fcga (M200 ) = 0 . 055(M200 /Ms )−(η+ ηδ ) 

The collisionless matter component, including dark matter, 
atellites, and halo stars, is parametrized as 

clm 

(r) =
[

	dm 

	m 

+ fsga (M200 )
]

ρnfw (r) , (9) 

here 	dm 

/ 	m 

is the cosmic dark matter fraction and fsga = 

fstar − fcga is the stellar fraction in satellite galaxies and halo 
tars. 
The seven free parameters � = { Mc , μ, θej , δ, γ , η, ηδ} are sum-
arized in Table 1 . We show how each parameter affects the
uppression of the matter power spectrum, the kSZ signal, and 
he hot gas mass fractions of groups and clusters in Fig. 1 . In
his parametrization of the baryonification model, the feedback 
arameters are redshift independent. For a given set of model 
arameters �, the comoving density profile of each component 
nly depends on halo mass and radius. However, predictions 
f the baryonification model (e.g. gas mass fractions, kSZ effect 
rofiles, or suppression of the matter power spectrum) still de- 
end on redshift, because the clustering and scale factor of the
nderlying N -body simulation evolves with redshift. The current 
ata does not require redshift dependent model parameters (Sec- 
ion 5.1 ), however, further study of redshift dependent models is
arranted. 
In this work, we constrain the free parameters using GGL char-
cterized X-ray and kSZ observations. Stellar fraction measure- 
ents are not readily available for our bins of eROSITA clus-
ers. Measurements are available for other cluster samples (e.g. 
. Vikhlinin et al. 2006 ; A. H. Gonzalez et al. 2013 ; A. J. R.
anderson et al. 2013 ; L. Lovisari et al. 2015 ; A. V. Kravtsov, A.
. Vikhlinin & A. V. Meshcheryakov 2018 ; D. Akino et al. 2022 ),
owever, it is non-trivial to account for differences in sample 
election and halo mass estimation between these studies and our 
ROSITA bins. To ensure internal consistency, we refrain from 

odelling the stellar fraction for either the eROSITA or HSC–
XL X -ray samples. Following M. Kovač et al. ( 2025 ), we fix the
tellar parameters to η = 0 . 1 and ηδ = 0 . 2 for our fiducial analysis
see B. P. Moster et al. 2013 ). In Appendix A , we show that the
arameter constraints are weakly sensitive to the adopted stellar 
arameters. We repeat the fitting process for four different stellar 
arameter treatments, including conservative Gaussian priors in- 
tead of fixed values, and demonstrate that at the current statis-
ical uncertainty, the effect of varying stellar priors is negligible. 
e adopt wide top hat priors for the other five baryonification
arameters. For our fiducial analysis, we fix the baryon fraction 
o the maximum likelihood cosmological parameters of the DES 
3 ‘3 × 2pt + All Ext.’ flat �CDM cosmology (T. M. C. Abbott
t al. 2022 ); we show our results are insensitive to this choice in
ppendix A . 
While the baryonification of a dark matter-only simulation is 
ignificantly faster than evolving a full hydrodynamical simula- 
ion, displacing particles in N -body simulations is still computa- 
ionally expensive. We therefore rely on the bcemu emulator (S. 
. Giri & A. Schneider 2021 ), trained on 2700 baryonified simu-
ations, for our Bayesian inference. The underlying N -body simu- 
ation consisted of 5123 particles in a 256 (Mpc h−1 )3 box with 
 �CDM cosmology: 	m 

= 0 . 315 , 	b = 0 . 049 , h0 = 0 . 674 , ns =
 . 96 , σ8 = 0 . 811 . Along with the seven radial profile parameters,
he baryon fraction 	b / 	m 

was varied between 0.10 and 0.25. 
cemu has been demonstrated to be per cent level accurate at
0−1 < k [ hMpc −1 ] < 101 and 0 < z < 2 (S. K. Giri & A. Schnei-
er 2021 ). A baryonification emulator is also publicly available 
rom the BACCO simulation project (R. E. Angulo et al. 2021 ; G.
ricò et al. 2021 ). A. Schneider et al. ( 2025 ) recently introduced
n updated version of the baryonification framework, including 
odified formulations of the density profiles and treatment of the 
ark matter, gas, and stellar components as independent fields; an
mulator was not publicly available at the time of writing. In this
ork, we consider the original baryonification framework and 
eserve investigation of alternate formulations for future work 
Shavelle et al. in preparation). 

.1 Modelling X-ray and kSZ measurements 

e constrain the free parameters of the baryonification model by 
ointly modelling the X-ray gas mass measurements (eROSITA or 
SC–XXL) and the SDSS/DESI + ACT kSZ effect profiles. 
At a given halo mass, we predict the X-ray gas mass by integrat-

ng the gas component ρgas (r, M) to R500 . Previous studies often
ssumed hydrostatic equilibrium to derive cluster halo masses 
nd therefore included a hydrostatic equilibrium bias parameter 
e.g. A. Schneider et al. 2022 ; M. Kovač et al. 2025 ); we bypass this
ncertainty by considering GGL halo masses: K. Umetsu et al. 
 2020 ) and J. Siegel et al. ( 2025 ) for the HSC–XXL and eROSITA
amples, respectively. 
To predict kSZ profiles from the model, we convert the gas den-
ity profile ρgas (r) to an electron density profile ne (r) assuming a
ully ionized medium with primordial abundances 

e (r) = (XH + 1) 
2 

ρgas (r) 
mamu 

, (10) 

here mamu is the atomic mass unit and XH = 0 . 76 is the hydro-
en mass fraction. The electron density ne (r) is then integrated 
MNRAS 549, 1–22 (2026)
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Table 1. Qualitative descriptions of the model parameters, assumed priors, and posteriors from fitting the kSZ and X-ray data. We exclude the 
posteriors from the joint kSZ and HSC–XXL fit because of the poor goodness of fit; the posteriors are presented in Appendix B . 

Parameter Description Prior Posterior 
fgas fgas kSZ Joint kSZ and 

HSC–XXL eROSITA eROSITA fgas 

log 10 
Mc 

M� h−1 The characteristic mass scale at which the slope of the U[11.0, 15.0] 12 . 8+0 . 6 
−0 . 8 13 . 3+0 . 8 

−0 . 8 13 . 8+0 . 6 
−0 . 5 13 . 6+0 . 2 

−0 . 2 
gas profile becomes shallower (equation 7 ). 

θej Specifies the characteristic radius of gas ejection: U[2.0, 8.0] 5 . 0+2 . 0 
−2 . 0 5 . 0+2 . 0 

−2 . 0 6 . 0+1 . 0 
−1 . 0 6 . 0+1 . 0 

−1 . 0 
rej = θej R200 (equation 6 ). 

μ Defines how fast the slope of the gas profile becomes U[0.0, 2.0] 0 . 5+0 . 6 
−0 . 3 0 . 5+0 . 3 

−0 . 2 0 . 4+0 . 6 
−0 . 3 0 . 9+0 . 2 

−0 . 1 
shallower towards small halo masses (equation 7 ). 

γ Exponent in the gas profile parametrization (equation 6 ) U[1.0, 4.0] 3 . 0+1 . 0 
−1 . 0 2 . 6+0 . 9 

−1 . 0 2 . 0+1 . 0 
−1 . 0 2 . 0+1 . 0 

−1 . 0 
δ Exponent in the gas profile parametrization (equation 6 ) U[5.0, 11.0] 8 . 0+2 . 0 

−2 . 0 8 . 0+2 . 0 
−2 . 0 7 . 0+2 . 0 

−2 . 0 8 . 0+2 . 0 
−2 . 0 

η Specifies the total stellar fraction within a halo (equation 8 ) Fixed: 0.1 
ηδ Specifies the stellar fraction of the central galaxy: Fixed: 0.2 

ηδ = ηcga − η (equation 8 ) 

Figure 1. The impact of the baryonification model parameters on the suppression of the matter power spectrum relative to a dark matter universe, 
P(k) /PDM only (k) ( top ), the stacked kSZ effect profile as a function of angular radius for a log 10 [ M500 / M� h−1 ] = 13 . 1 halo at z = 0 . 3 ( middle ), and the 
hot gas mass fraction within R500 as a function of halo mass ( bottom ). Each panel varies one baryonification parameter, within the prior bounds (Table 1 ). 
For the leftmost column, Mc is reported in units of M� h−1 . 
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long the line-of-sight to yield the optical depth 

gal (θ ) = 2 σT 
∫ 
ne (

√ 

l2 + dA (z)2 θ2 )d l , (11) 
NRAS 549, 1–22 (2026)
here dA is the angular diameter distance. To mirror the obser-
ations, we convolve τgal (θ ) with a Gaussian beam and employ
AP filtering. For the DESI samples, the CMB temperature map
s convolved with a Gaussian beam of 1.6 arcmin full width at
alf-maximum (FWHM) prior to stacking (B. Ried Guachalla et
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l. 2025 ). For the SDSS samples, the 90 and 150 GHz beams are ap-
roximately Gaussian with FWHM of 2.1 arcmin and 1.3 arcmin, 
espectively (E. Schaan et al. 2021 ). The amplitude of the kSZ ef-
ect profile is determined by the standard deviation of the line-of-
ight gas velocities (equation 3 ). We therefore scale the model kSZ
rofiles by the reported standard deviation of the galaxy peculiar 
elocities vrms p /rv (E. Schaan et al. 2021 ; B. Ried Guachalla et al.
025 ); in Appendix D we find that vrms p /rv is in agreement with
he selection of FLAMINGO galaxies that best fits the measured 
GL for each kSZ sample. By multiplying the kSZ profiles by 
rms 
p /rv , we assume that the standard deviation of the line-of- 
ight gas velocities is independent of angular separation from the 
alaxies θd . However, in Appendix D we demonstrate that this 
pproximation is only valid for small angular separations. Our 
SZ fits are therefore limited to θd < 2 . 5′ . 
The adoption of conservative scale cuts ( θd < 2 . 5′ ) limits the

adial information from the kSZ effect profiles. For the 150 GHz 
OWZ/CMASS measurements and the DESI measurements, the 
cale cut restricts our modelling to radii less than 2 × the beam
ize. For the 90 GHz LOWZ/CMASS measurements, we only keep 
cales up to the beam size. Because the kSZ measurements are 
umulative profiles and the outer radial bins are highly corre- 
ated, the signal is dominated by the innermost radial bins, even 
ithout scale cuts. While a single kSZ measurement provides 
imited radial information on its own, the combination of all the
DSS/DESI + ACT measurements together probes the comoving 
as distribution from approximately 0 . 1−1 . 0 comoving Mpc h−1 , 
ee Section 5.2 . 

 MODEL  VALIDATION:  
NJECTION–RECOVERY  

n this work, we infer the suppression of the matter power spec-
rum relative to a dark matter-only simulation by jointly fit- 
ing kSZ and X-ray observations with the baryonification model. 
reviously, S. K. Giri & A. Schneider ( 2021 ) demonstrated that
he baryonification model successfully predicts the suppression 
f the matter power spectrum from the mean fgas −M500 and 
fstar −M500 relations for the BAHAMAS, OWLS, Illustris, and 
orizon simulations. The model was also able to predict the gas
nd stellar mass fractions from the matter power spectrum. To 
urther validate the model, we use the FLAMINGO simulations 
o perform a series of injection–recovery tests designed to mirror 
ur kSZ and X-ray samples. 
The FLAMINGO suite consists of 16 hydrodynamical simu- 

ations of varied resolution, box size, sub-grid modelling, and 
osmology (R. Kugel et al. 2023 ; J. Schaye et al. 2023 ). We consider
he 1 Gpc3 intermediate resolution simulations ( mgas = 1 . 09 ×
09 M�) with the maximum likelihood cosmological parameters 
f the DES Y3 ‘3 × 2pt + All Ext.’ flat �CDM cosmology (T. M.
. Abbott et al. 2022 ). The sub-grid physics (stellar and AGN
eedback) is calibrated to reproduce the observed z = 0 galaxy 
tellar mass function and the gas mass fractions of groups and 
lusters from pre-eROSITA X-ray surveys (R. Kugel et al. 2023 ); 
he calibrated simulations successfully predict the stellar to halo 
ass relation, the central black hole–stellar mass relation, the 
osmic star formation rate history, and cluster scaling relations 
J. Schaye et al. 2023 ; J. Braspenning et al. 2024 ). The suite in-
ludes variants with stronger (weaker) baryon feedback that were 
alibrated to gas fraction measurements shifted down (up) by Nσ , 
here σ is the observational uncertainty on the mean gas fraction 
elation and N ∈ [+2 , −2 , −4 , −8] . For our tests, we consider the
ducial feedback (L1_m9) and strongest feedback ( fgas −8 σ ) sim- 
lations. Both simulations use thermal AGN feedback following 
. M. Booth & J. Schaye ( 2009 ); the fgas −8 σ simulation real-
zes stronger feedback by more powerful but less frequent AGN 

utbursts. 

.1 Predicting the gas observables from the power 
uppression 

e first assess whether the baryonification framework can pre- 
ict the properties of haloes from the suppression of the matter
ower spectrum, P (k) /PDM Only (k) . For the fiducial and strongest
eedback FLAMINGO simulations, we fit P (k) /PDM Only (k) at 
 = 0 and 0 . 1 < k < 5 h Mpc −1 . We adopt uniform priors for
ll seven free parameters and assume 5 per cent uncertainty in
 (k) /PDM Only (k) . The parameter posteriors are shown in Ap-
endix C . 
The model successfully fits the shape of the power suppres-
ion for both simulations (left column of Fig. 2 ). From only
 (k) /PDM Only (k) , the fits accurately predict the baryon content of 
roups and clusters. In Fig. 2 , we compare the gas mass fractions
f groups and clusters with the model predictions, finding strong 
greement; the model also reproduces the stellar fractions, shown 
n Appendix C for brevity. In addition to integrated properties 
e.g. fgas ), the model accurately predicts the radial extent of the
as. For a representative group mass halo (log 10 M500 / M� h−1 = 

3 . 1 ), we compare the gas density profile and the kSZ effect ( z =
 . 3 and 0.75) from the simulations with the model predictions
Fig. 2 ); the model and simulation are consistent within 1 σ . 
The baryonification model successfully predicts the kSZ effect 
rofiles at z > 0 from the z = 0 suppression of the matter power
pectrum, even though the model parameters are redshift inde- 
endent (Section 3 ). This result is consistent with A. Schneider
t al. ( 2025 ), where the best-fitting baryonification parameters 
or the fiducial and strongest feedback FLAMINGO simulations 
ere found to be weakly dependent on redshift to at least z = 1 . 5 .
or other simulations (e.g. cosmo-OWLS), the best-fitting bary- 
nification parameters vary significantly with redshift (S. K. Giri 
 A. Schneider 2021 ). Further investigation of redshift dependent 
odels is key, although we note that the current observational 
ata does not appear to require redshift dependent model param- 
ters (Section 5.1 ). 

.2 Predicting the power suppression from the gas 
bservables 

e infer the power suppression of the FLAMINGO simulations 
y fitting mock kSZ effect profiles and hot gas fractions with
he baryonification framework. The simulated kSZ effect pro- 
les are calculated from the FLAMINGO light-cones following 
. G. McCarthy et al. ( 2025 ). To reflect the SDSS/DESI + ACT
SZ measurements (E. Schaan et al. 2021 ; B. Ried Guachalla
t al. 2025 ), we stack the kSZ effect profile for group mass
aloes 13 . 1 < log 10 M500 / M� h−1 < 13 . 2 at z = 0 . 3 and 0.75, us-
ng a Gaussian beam of FWHM = 1.6 arcmin and CAP filter-
ng. For the gas mass fraction observables, we calculate fgas = 

gas /M500 from the stacked density profile of z = 0 . 3 clusters:
3 . 95 < log 10 M500 / M� h−1 < 14 . 05 . We assume uncertainties of 
5 and 5 per cent on the simulated kSZ and gas mass measure-
ents, respectively; these uncertainties are approximately twice 
he signal-to-noise ratio of the real data. 
MNRAS 549, 1–22 (2026)
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Figure 2. Injection recovery test: the baryonification model successfully predicts the suppression of the matter power spectrum, P(k) /PDM Only (k) , 
from mock kSZ and gas fraction observations, and vice versa. The fits to mock kSZ and gas fraction observations are shown in blue (hatched), and the 
fits to P(k) /PDM Only (k) are shown in pink (no hatch); the shaded bands represent the 16th and 84th percentiles. The results for the fiducial (L1_m9) 
FLAMINGO simulation (solid black line) are shown in the top row, and for the strongest feedback ( fgas −8 σ ) FLAMINGO simulation (dashed black line) 
in the bottom row. For each fit, we show P(k) /PDM Only (k) ( left ), the normalized hot gas radial density profile for a group mass halo ( centre ), the kSZ signal 
for the same representative halo mass at z = 0 . 3 and 0.75 ( upper right ), and the hot gas mass fraction as a function of halo mass at z = 0 ( lower right ). 
The mock kSZ and gas fraction observations are shown as black circles, with uncertainties of 15 per cent and 5 per cent, respectively; the uncertainties 
are smaller than the markers. 
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For each simulation, we fit the mock measurements with the
aryonification model. Mirroring our analysis of the real data, we
o not include stellar fractions in our fiducial simulation test. We
emonstrate successful recovery of the power suppression from
oint fgas + fstar + kSZ fits in Appendix C . The joint kSZ and gas
raction fits are presented in Fig. 2 . For both simulations, the
t successfully describes the mock observables and accurately
redicts the power suppression (within 1 σ ). The posteriors of the
ts are included in Appendix C . 

 RESULTS:  JOINT  KSZ  AND  X-RAY  FITS  

e constrain the matter power spectrum from kSZ and X-ray
bservations of the gas distribution (Section 2 ): five stacked
DSS/DESI + ACT kSZ effect profiles of group mass haloes
t 0 . 2 < z < 0 . 8 (E. Schaan et al. 2021 ; B. Ried Guachalla
t al. 2025 ) and X-ray gas mass measurements of clusters from
ROSITA ( z ≈ 0 . 1 ; E. Bulbul et al. 2024 ) and HSC–XXL ( z ≈ 0 . 3 ;
. Akino et al. 2022 ). The mean halo mass of each sample is
haracterized with weak lensing: J. Siegel et al. ( 2025 ) for the kSZ
nd eROSITA samples, and K. Umetsu et al. ( 2020 ) for HSC–XXL.
The data are fit with the baryonification model, using wide top
at priors for the five gas parameters ( Mc , μ, θej , δ, γ ). The poste-
NRAS 549, 1–22 (2026)
ior probability distribution is sampled with emcee (D. Foreman-
ackey et al. 2013 ). We account for several sources of uncertainty

n our analysis: 

(i) Mean halo mass: for the kSZ and eROSITA samples, we
dopt Gaussian priors on the halo mass, with the centres and
tandard deviations set by the GGL measurements; for the HSC–
XL data, halo mass uncertainties were propagated into the gas
ass fractions through the Bayesian modelling of D. Akino et al.

 2022 ). 
(ii) X-ray gas mass: the statistical uncertainty on the mean gas
ass of each eROSITA bin is < 1 per cent , however, we adopt
 conservative 10 per cent uncertainty to reflect potential sys-
ematics (e.g. the 15 per cent flux offset between eROSITA and
handra on common South Pole Telescope (SPT) sources, which
pproximately corresponds to 7 per cent in gas mass, E. Bulbul et
l. 2024 ). 
(iii) kSZ effect profiles: for the kSZ effect profiles, we consider

he measurements’ full covariance matrices. The amplitude of the
SZ effect is proportional to the RMS of the line-of-sight peculiar
elocities, for which B. Hadzhiyska et al. ( 2024 ) report < 5 per
ent uncertainty; we assume a conservative uncertainty of 10
er cent. 
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.1 Consistency of the kSZ and X-ray data 

irst, we consider the three data sets independently, to assess 
heir consistency and the feasibility of a joint fit: (i) SDSS/DESI +
CT kSZ effect profiles, (ii) eROSITA gas mass fractions, and (iii)
SC–XXL gas mass fractions. The fits are presented alongside the 
ata in Fig. 3 . The posteriors of each fit are reported in Table 1 and
hown in Fig. B1 . 
The kSZ effect profiles and the eROSITA gas mass fractions 

avour similar feedback strengths, consistent with previous find- 
ngs (M. Kovač et al. 2025 ; J. Siegel et al. 2025 ). The posteriors
f the kSZ and eROSITA fits are consistent at the 1 σ level for all
arameters, allowing their joint analysis. Because the kSZ-only 
nd eROSITA-only fits probe unique and relatively narrow ranges 
f halo mass, their predictions for the gas mass fraction relation
hould be interpreted with caution (Fig. 4 ); the kSZ-only fit is
rior dominated at cluster masses, while the eROSITA-only fit 
s prior dominated at group masses. The joint fit to the kSZ and
ROSITA data is presented in Fig. 3 and Table 1 . Across group
nd cluster masses ( 13 < log 10 

M500 
M� h−1 < 14 ) and at 0 < z < 1 , the

odel describes the data well: reduced χ2 = 1 . 2 . 1 
The HSC–XXL X -ray measurements imply relatively weaker 
as expulsion than the kSZ and eROSITA measurements; in 
articular, the kSZ and HSC–XXL fits differ at the 2 σ level for
c – the halo mass below which the gas density profile becomes 
hallower (equation 7 ). The baryonification model gives a poor 
oint fit to the kSZ and HSC–XXL data: reduced χ2 = 2 . 5 . 2 The
oint model is presented against the data in Fig. B2 . Motivated
y the tension between the CMASS kSZ measurement and the 
re-eROSITA X-ray samples (L. Bigwood et al. 2024 ), previous 
tudies proposed that the apparent discrepancy could result from 

he different radial scales, mean halo masses, and redshifts of 
he samples (L. Bigwood et al. 2024 ; L. Lucie-Smith et al. 2025 ).
owever, the SDSS LOWZ and DESI BGS kSZ measurements 
avour more gas expulsion than the lower mass bin of HSC–
XL, despite the samples having similar mean halo masses and 
edshifts (Fig. 3 ); at this mass (log 10 M500 / M� h−1 ≈ 13 . 3 ) and
edshift ( z ≈ 0 . 3 ), the kSZ measurements probe the same radii as
he X-ray measurements ( < R500 ). The disagreement between the 
SZ measurements and the HSC–XXL scaling relation could stem 

rom unaccounted for systematics in the X-ray or kSZ data (see
ection 6.1 ). Simulation studies of the X-ray and kSZ measure-
ents are warranted to investigate observational and modelling 
ystematics. 
The current X-ray and kSZ data do not require redshift de- 
endent model parameters. The posterior constraints from the 
ower redshift kSZ samples (LOWZ and BGS, z ≈ 0 . 3 ) are consis-
ent with the higher redshift measurements (CMASS and LRG, 
 ≈ 0 . 5 − 0 . 8 ), see Fig. B1 . As discussed above, the model also
uccessfully fits the eROSITA gas mass fractions ( z ≈ 0 . 1 ) jointly
ith the kSZ data ( z ≈ 0 . 3 − 0 . 8 ). While the kSZ data and the
SC–XXL model appear discrepant, it is difficult to resolve this 
ifference with redshift evolution alone, because the BGS and 
OWZ kSZ data probe the same mass, redshift, and radial scale 
s the HSC–XXL sample. 
 We also calculate the reduced χ2 using the effective number of param- 
ters: pD = −2 〈log p(data | θ ) 〉 + 2 log p(data | 〈 θ〉 ) , where p(data | θ ) is 
he posterior probability of the parameters θ and the averages are over the 
CMC posterior samples (D. J. Spiegelhalter et al. 2002 ). For the joint kSZ 
nd eROSITA fit, we find pD = 10 and χ2 /pD = 0 . 9 . 
 For the joint kSZ and HSC–XXL fit, pD = 10 and χ2 /pD = 2 . 1 . 

n
s
p
2  

d
W
s
r

Encouraged by the consistency of the data in analytic mod- 
lling and simulation comparisons, we primarily consider the 
oint kSZ and eROSITA model. However, we also investigate 
he HSC–XXL-only fit to reflect the uncertain state of the X-ray
easurements. 

.2 Gas properties of groups and clusters 

he kSZ and X-ray measurements probe a wide range of red-
hifts, halo masses, and radii: the kSZ measurements probe the 
as distribution out to several R500 of group mass haloes at 0 . 3 <
 < 1 . 0 , and the X-ray measurements are most informative for
he inner regions ( < R500 ) of low redshift clusters ( z < 0 . 3 ). The
ange of radii probed by each measurement is highlighted in 
ig. 4 . Together, the measurements probe all radii between 0 and
 comoving Mpc h−1 . 
In Fig. 4 , we present the model constraints on the gas prop-
rties of groups and clusters: the radial density profile of a rep-
esentative group mass halo at z = 0 and the hot gas mass frac-
ion scaling relation. We show the results from fitting the kSZ,
ROSITA, and HSC–XXL data separately, as well as the joint kSZ
nd eROSITA X-ray fit. As discussed in Section 5.1 , the feedback
onstraints from the kSZ and eROSITA data are broadly consis- 
ent, but the HSC–XXL X -ray data favour weaker gas expulsion. It
s difficult to quantitatively compare the gas property constraints 
rom the separate kSZ and X-ray fits, because the kSZ-only fit is
rior dominated at cluster masses, while the X-ray fits are prior
ominated at group masses. The consistency of the independent 
ts is best ascertained from their posteriors and the quality of a
oint fit. 
The joint kSZ and eROSITA fit is highly constraining and 
ields precise predictions for the gas properties of groups and 
lusters, highlighting the benefit of constraining the gas distri- 
ution across a wide range of halo mass and redshift. In Sec-
ion 6.3 , we compare the model fits with recent hydrodynamical
imulations. 

.3 Suppression of the matter power spectrum 

ith the bcemu emulator (S. K. Giri & A. Schneider 
021 ), we map between the density profile parameters 
 Mc , μ, θej , δ, γ , η, ηδ) and the suppression of the matter
ower spectrum. The posteriors on P (k) /PDM Only (k) from 

he independent kSZ, eROSITA, and HSC–XXL fits are presented 
n Fig. 4 , as well as our joint kSZ and eROSITA model. 
Each gas observable favours suppression of the matter power 
pectrum relative to a dark matter-only simulation at k > 

 hMpc −1 . The P (k) /PDM Only (k) constraints from fitting the kSZ
nd eROSITA X-ray data separately are statistically consistent 
ith each other, and both are consistent with the joint fit at
he 1 σ level (Fig. 4 ). The posterior on P (k) /PDM Only (k) is sig-
ificantly narrowed by jointly fitting the kSZ and X-ray mea- 
urements. The model favours strong suppression of the matter 
ower spectrum relative to a dark matter-only simulation: 10 ±
per cent at k = 1 hMpc −1 . Compared to the kSZ and eROSITA
ata, the HSC–XXL scaling relation implies weaker suppression. 
e compare our P (k) /PDM Only (k) constraint with previous mea- 
urements and simulation predictions in Sections 6.2 and 6.3 , 
espectively. 
MNRAS 549, 1–22 (2026)
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Figure 3. The joint fit to the kSZ and eROSITA X-ray measurements (solid blue), alongside fits to the kSZ (dashed yellow), eROSITA (dot-dashed green), 
and HSC–XXL (dotted purple) data separately. The top row compares the X-ray gas mass fraction measurements with the X-ray-only fits, and the lower 
two rows compare the kSZ effect profiles with the kSZ-only fit; the joint fit is presented in all panels. Because the kSZ only fit (dashed yellow) is not 
informed by the gas mass measurements, it is omitted from the top panel for clarity; the gas mass fraction relation inferred from the kSZ alone is shown 
in Fig. 4 . The shaded bands represent the 16th and 84th percentiles of the model fits. For the kSZ measurements, we restrict our fits to the innermost data 
points ( < 2.5 arcmin), as indicated by the vertical shaded bars; at these scales the data are most constraining and least impacted by uncertain modelling 
(Appendix D ). For each kSZ observation, we demarcate R500 as a vertical dotted line. The lower right panel presents the mean halo mass and redshift of 
each observable. The dotted lines show the mean growth histories of haloes, binned by their redshift zero mass. 
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 DISCUSSION  

.1 Uncertainties in the X-ray data 

y probing the amount of gas depletion within R500 of groups and
lusters, X-ray gas mass measurements are powerful probes of 
aryon feedback. In this work, we consider X-ray gas mass mea-
urements from the eROSITA all-sky survey (E. Bulbul et al. 2024 )
nd the HSC–XXL sample (D. Eckert et al. 2016 ; M. Pierre et al.
016 ; K. Umetsu et al. 2020 ; D. Akino et al. 2022 ). The eROSITA
bservations suggest that groups and clusters are on average more
as depleted than indicated by the HSC–XXL scaling relation
NRAS 549, 1–22 (2026)
D. Akino et al. 2022 ). The average eROSITA gas mass fractions
re also lower than those found by R. Kugel et al. ( 2023 ) from
 collection of pre-eROSITA samples (without selection effect
orrections): A. Vikhlinin et al. ( 2006 ); B. J. Maughan et al. ( 2008 );
. Rasmussen & T. J. Ponman ( 2009 ); M. Sun et al. ( 2009 ); G. W.
ratt et al. ( 2010 ); Y.-T. Lin et al. ( 2012 ); A. H. Gonzalez et al.
 2013 ); T. F. Laganá et al. ( 2013 ); A. J. R. Sanderson et al. ( 2013 );
. Hoekstra et al. ( 2015 ); L. Lovisari et al. ( 2015 ); R. J. Pearson
t al. ( 2017 ); S. L. Mulroy et al. ( 2019 ); L. Lovisari et al. ( 2020 ).
his shift to lower mean gas mass fractions in the eROSITA data
elative to pre-eROSITA samples was noted by several previous
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Figure 4. Constraints from SDSS/DESI + ACT kSZ effect profiles and X-ray gas fractions on the radial density profile of a group mass halo ( left ), the 
hot gas mass fraction as a function of halo mass ( centre ), and the suppression of the total matter power spectrum ( right ). Top : the results of the joint 
kSZ and eROSITA X-ray fit (solid blue), alongside fits to the kSZ (dashed yellow), eROSITA (dot-dashed green), and HSC–XXL (dotted purple) data 
separately. We note that the kSZ-only fit is prior dominated at cluster masses, while the X-ray fits are prior dominated at group masses. The shaded bands 
correspond to the 16th and 84th percentiles. In the leftmost panel, the range of comoving radii probed by each observation is indicated by the horizontal 
shaded bars. In the centre panel, the observations’ mean halo masses are shown as vertical lines (dashed for kSZ, dot–dashed for eROSITA, and dotted 
for HSC–XXL). Bottom : the joint kSZ and eROSITA fit alongside a selection of recent hydrodynamical simulations: BAHAMAS (I. G. McCarthy et al. 
2017 ), SIMBA (R. Davé et al. 2019 ), FLAMINGO (J. Schaye et al. 2023 ), and FABLE/XFABLE (N. A. Henden et al. 2018 ; L. Bigwood et al. 2025a ). 
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tudies (A. Dev et al. 2024 ; P. Popesso et al. 2024a ; M. Kovač et al.
025 ; J. Siegel et al. 2025 ). 
Selection effects are a potential explanation for the apparent 
iscrepancy between the eROSITA measurements and the earlier 
amples (e.g. R. Seppi et al. 2022 , 2025 ; N. Clerc et al. 2024 ; A. Dev
t al. 2024 ; I. Marini et al. 2024 ; P. Popesso et al. 2024b ). X-ray
uminosity is proportional to density and gas mass (along with a 
emperature and metallicity dependence), causing X-ray selected 
amples to be biased to concentrated gas-rich haloes (S. Andreon 
t al. 2017 ; R. Seppi et al. 2022 , 2025 ; N. Clerc et al. 2024 ; I. Marini
t al. 2024 ). The lower mean gas mass fractions found by eROSITA
ould therefore reflect its greater completeness compared to pre- 
ious X-ray selected samples (e.g. ROSAT; J. Truemper 1982 ; W. 
oges et al. 1999 ). However, the HSC–XXL scaling relation anal- 
sis accounts for selection effects but still favours higher average 
as mass fractions than reported by eROSITA. D. Akino et al. 
 2022 ) model the X-ray selection effect by truncating the parent
istribution with a minimum X-ray luminosity threshold. The 
isagreement between the HSC–XXL scaling relation and the 
ecent eROSITA measurements suggests that selection effects are 
ot the only factor behind the discrepancy and/or the minimum 

uminosity threshold correction is insufficient (e.g. S. Andreon 
t al. 2017 ). 
The eROSITA sample is also shaped by selection effects, with a
ignificant drop in completeness for group mass haloes and below 

e.g. I. Marini et al. 2024 ). To bypass X-ray selection, P. Popesso
t al. ( 2024a ) used eROSITA images to measure the gas mass
ractions for stacks of optically selected groups and clusters (A. 
. G. Robotham et al. 2011 ; S. P. Driver et al. 2022 ). These mea-
urements mitigate the impact of X-ray selection but are subject to
ptical group finder contamination ( > 30 per cent; R. Seppi et al.
025 ) and halo mass uncertainties. R. J. Pearson et al. ( 2017 ) sim-
larly studied a sample of 10 groups from the GAMA friends-of-
riends catalogue with Chandra . The mean gas mass fractions of 
ur eROSITA cluster bins, which are limited to z < 0 . 2 to increase
ompleteness, are consistent with these optically selected sam- 
les. Stronger feedback than previously assumed is also favoured 
rom a comparison of the entropy of eROSITA detected groups 
ith cosmological hydrodynamic simulations (MillenniumTNG, 
agneticum, OWLS), including the effects of the eROSITA selec- 
ion function (Y. E. Bahar et al. 2024 ). Studying the impact of the
ROSITA selection function on the sample of gas mass fraction 
easurements is critical to understanding the extent of baryon 
eedback (Ding et al. in preparation). 
The apparent discrepancy in mean gas mass fractions could 
tem from biased halo mass estimation. Previous studies often 
MNRAS 549, 1–22 (2026)
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Figure 5. The constraints on the suppression of the matter power spectrum P(k) /PDM Only (k) from our joint fit to kSZ effect profiles and eROSITA 

X-ray gas mass fractions (solid blue), compared to constraints from the literature. Left : constraints derived (in part) from kSZ effect measurements (A. 
Schneider et al. 2022 ; L. Bigwood et al. 2024 ; M. Kovač et al. 2025 ). Right : constraints from pre-eROSITA X-ray and/or tSZ measurements (S. Grandis 
et al. 2024 ; N. Dalal et al. 2025 ; A. La Posta et al. 2025 ; S. Pandey et al. 2025a ). 
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ssumed hydrostatic equilibrium to estimate total masses, and
uch estimates can be biased by approximately 30 per cent due to
on-thermal pressure support and/or deviations from hydrostatic
quilibrium (H. Hoekstra et al. 2015 ; D. Eckert et al. 2016 ; R.
ugel et al. 2023 ; M. Muñoz-Echeverría et al. 2024 ; J. Braspen-
ing et al. 2025 ). However, both the HSC–XXL scaling relation
nd the bins of eROSITA clusters that we consider include weak
ensing halo mass constraints, from K. Umetsu et al. ( 2020 ) and
. Siegel et al. ( 2025 ), respectively. 
Systematics in X-ray modelling also warrant further investiga-

ion. For a sample of SPT clusters, eROSITA derived luminosi-
ies are approximately 15 per cent lower than previously inferred
ith Chandra (E. Bulbul et al. 2024 ). Because X-ray luminosity is
roportional to the gas density squared (at fixed temperature and
etallicity), this flux offset corresponds to a 7 per cent skew in the
as mass. We include this source of uncertainty in our modelling
Section 5 ). 

.2 Landscape of feedback constraints 

e present a selection of P (k) /PDM Only (k) measurements, along-
ide our joint kSZ and eROSITA result in Fig. 5 (A. Schneider
t al. 2022 ; L. Bigwood et al. 2024 ; S. Grandis et al. 2024 ; N. Dalal
t al. 2025 ; M. Kovač et al. 2025 ; A. La Posta et al. 2025 ; S. Pandey
t al. 2025a ). For brevity, we limit our comparison to studies that
onsidered gas observables (e.g. X-ray and kSZ); hydrodynami-
al simulation predictions are shown in Fig. 4 and discussed in
ection 6.3 . The joint kSZ and eROSITA X-ray P (k) /PDM Only (k)
onstraint is consistent with the collection of previous studies at
pproximately the 1 σ level (with the exception of A. La Posta et al.
025 , discussed below). The P (k) /PDM Only (k) constraints derived
olely from the pre-eROSITA gas mass fractions (our HSC–XXL
t and S. Grandis et al. 2024 ) favour slightly weaker power sup-
NRAS 549, 1–22 (2026)
ression than the other literature constraints and our joint kSZ
nd eROSITA model; however, the pre-eROSITA constraints are
till broadly consistent with the other P (k) /PDM Only (k) posteriors.
The consistency of the recovered P (k) /PDM Only (k) between

hese studies is particularly encouraging because each observa-
ional probe is sensitive to different redshifts and halo masses.
everal studies (A. Schneider et al. 2022 ; L. Bigwood et al. 2024 ;
. Kovač et al. 2025 ) analysed the CMASS kSZ effect profile ( z ≈

 . 55 and log 10 M500 / M� ≈ 13 ; E. Schaan et al. 2021 ), along with
 selection of X-ray gas fraction measurements between 13 <
og 10 M500 / M� < 15 at z � 0 . 3 , including A. Vikhlinin et al.
 2009 ), A. H. Gonzalez et al. ( 2013 ), A. J. R. Sanderson et al.
 2013 ), L. Lovisari et al. ( 2015 ), A. V. Kravtsov et al. ( 2018 ), D.
kino et al. ( 2022 ), and P. Popesso et al. ( 2024a ); the pre-eROSITA
luster hot gas mass fractions and radial density profiles analysed
y S. Grandis et al. ( 2024 ) cover a similar mass and redshift range.
he cross correlation of the tSZ effect with cosmic shear is also
ensitive to M500 ≈ 1014 M� haloes but over a wider redshift range
 z < 1 ; A. Hojjati et al. 2015 ; S. Pandey et al. 2022 , 2025a ). The
ample of tSZ selected clusters in N. Dalal et al. ( 2025 ) have a
ean redshift of z = 0 . 55 and a mean halo mass of M500 = 3 ×
014 M�. In this work, we jointly analyse a selection of GGL cali-
rated kSZ and X-ray samples between group and cluster masses
t 0 < z < 1 ; the stacked measurements of the kSZ effect from
ESI + ACT are vital for probing z > 0 . 5 (B. Ried Guachalla
t al. 2025 ). By spanning a wide range of halo mass and redshift,
oint modelling of kSZ and X-ray measurements significantly im-
roves the constraining power of the model fit (Figs 4 and B1 ).
lthough our model considers the widest range of halo mass
nd redshift thus far, the inclusion of additional observables,
articularly the unique mass and redshift space probed by the
SZ samples, is critical to building a complete picture of baryon
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A quantitative assessment of the consistency of our results 
ith those in Fig. 5 is limited, because different models have been
sed to constrain the suppression of the matter power spectrum. 
n this work, we adopt the bcemu emulator (S. K. Giri & A.
chneider 2021 ); several previous studies also considered bcemu 

A. Schneider et al. 2022 ; L. Bigwood et al. 2024 ; S. Grandis et al.
024 ) or similar bacco emulators (G. Aricò et al. 2023 ; S. Grandis
t al. 2024 ). M. Kovač et al. ( 2025 ) utilized the next generation
aryonification model recently introduced by A. Schneider et al. 
 2025 ); the improved baryonification model includes updated 
ormulations of the density profiles and treatment of the dark 
atter, gas, and stellar components as independent fields (an 
mulator is not yet publicly available). Other results use the halo 
odel approach (S. N. B. Debackere et al. 2020 ; N. Dalal et al.
025 ; A. La Posta et al. 2025 ; S. Pandey et al. 2025a ). The power
uppression constraints from the baryonification and halo model 
rameworks are largely consistent. The P (k) /PDM Only (k) posterior 
rom A. La Posta et al. ( 2025 ) marginally deviates from the other
onstraints, potentially reflecting the relatively lower flexibility 
f their assumed density profiles (e.g. fixed ejection radius of un-
ound gas). As observational probes of baryon feedback become 
ore precise, modelling systematics are increasingly significant. 
uture work comparing methods of constraining the suppression 
f the matter power spectrum and addressing modelling chal- 
enges (e.g. the effect of satellites and miscentering on the kSZ
ffect profile, Appendix D ) is warranted. 

.3 Implications for feedback models 

osmological hydrodynamical simulations reproduce a variety of 
alaxy and cluster observables, including the stellar-to-halo mass 
elation and cluster scaling relations (e.g. I. G. McCarthy et al. 
017 ; R. Davé et al. 2019 ; R. Pakmor et al. 2023 ; J. Schaye et al.
023 , 2025 ; K. Dolag et al. 2025 ), however, their predictions for
he extent of gas expulsion from groups and clusters and the sup-
ression of the matter power spectrum differ substantially. In Fig. 
 , we present the gas mass fractions of groups and clusters and
he suppression of the matter power spectrum from a selection 
f recent simulations: BAHAMAS (I. G. McCarthy et al. 2017 ), 
IMBA (R. Davé et al. 2019 ), FLAMINGO (J. Schaye et al. 2023 ),
ABLE (N. A. Henden et al. 2018 ), and XFABLE (L. Bigwood et al.
025a ). At k = 1 hMpc −1 , the predictions for the suppression of 
he matter power spectrum differ by > 10 per cent. 
In modern hydrodynamical simulations, the suppression of the 
atter power spectrum is primarily regulated by the AGN sub- 
rid model. SIMBA treats black hole accretion with a two-phase 
odel: torque-limited accretion for cold gas and Bondi accretion 
or hot gas near the black hole (P. F. Hopkins & E. Quataert 2011 ;
. Anglés-Alcázar et al. 2017 ); AGN feedback is implemented 
ith both kinetic and radiative modes. FABLE (Feedback Act- 
ng on Baryons in Large-scale Environments) also employs two- 
ode AGN feedback (following Illustris, D. Sijacki et al. 2015 ): 
he quasar-mode (high accretion rates), where the feedback en- 
rgy is thermally coupled to the surrounding gas, and the radio
ode (low accretion rates), where the feedback energy is injected 
hrough hot bubbles. XFABLE achieves stronger matter power 
uppression than FABLE, while remaining in agreement with ob- 
erved galaxy and cluster properties, by modifying the AGN radio 
ode sub-grid model (L. Bigwood et al. 2025a ): the hot bubbles
re injected at 100 kpc /h (compared to ∼ 30 kpc /h in FABLE),
he accretion threshold for the radio mode is raised by 10 ×, only
GNs in massive haloes ( M500 � 1013 M�) enter the radio mode, 
nd the energy content of the radio bubble is limited to 20 × the
otal energy in the ICM. The feedback models of FABLE and
FABLE were calibrated to match pre-eROSITA gas mass frac- 
ions; SIMBA was not calibrated to group and cluster scale prop-
rties. The fiducial FLAMINGO and BAHAMAS simulations im- 
lement AGN feedback through the radiative heating mechanism 

f C. M. Booth & J. Schaye ( 2009 ). To avoid numerical overcooling
C. Dalla Vecchia & J. Schaye 2012 ), the feedback energy is stored
nternally until it can heat at least one gas particle by �TAGN ;
ncreasing �TAGN results in more powerful but less frequent AGN 

utbursts. The BAHAMAS suite includes a strong feedback vari- 
nt with log 10 �TAGN = 8 . 0 , compared to the fiducial BAHAMAS
hoice of log 10 �TAGN = 7 . 8 . The FLAMINGO suite also includes
ariants with stronger (weaker) baryon feedback by calibrating 
o pre-eROSITA gas fraction measurements shifted down (up) by 
σ , where σ is the observational uncertainty on the mean gas 
raction relation and N ∈ [+2 , −2 , −4 , −8] (R. Kugel et al. 2023 ).
or brevity, we only consider the fiducial intermediate resolu- 
ion FLAMINGO simulation (L1_m9) and the strongest feedback 
ariant ( fgas −8 σ ). The FLAMINGO suite also includes variants 
ith jet mode AGN feedback (F. Huško et al. 2022 ), however,
hese variants were only produced for a limited range of feedback
trengths ( N ∈ [0 , −4] ). 
Joint modelling of kSZ and eROSITA X-ray data requires sig- 
ificantly more gas depletion within R500 than any of the fidu- 
ial feedback strength simulations predict. Only the simulation 
ariants with particularly strong feedback, BAHAMAS 8.0 and 
LAMINGO fgas −8 σ , are consistent with our model. The com- 
arison of hydrodynamic simulations to recent kSZ and eROSITA 

bservations also favours strong feedback simulation variants 
B. Hadzhiyska et al. 2025 ; I. G. McCarthy et al. 2025 ; B. Ried
uachalla et al. 2025 ; J. Siegel et al. 2025 ; L. Bigwood et al. 2025b ).
The state of the ICM (e.g. temperature and pressure) is also
ensitive to the AGN feedback. J. Braspenning et al. ( 2024 ) found
hat the fiducial FLAMINGO simulation and the more moderate 
eedback variants (e.g. fgas −4 σ ) are consistent with the observed 
luster scaling relations and the radial profiles of massive clus- 
ers from a collection of the pre-eROSITA data. However, the 
trongest feedback variant ( fgas −8 σ ) deviates from the cluster 
caling relations, despite providing the best match to the kSZ 
easurements of all FLAMINGO variants. Exploring feedback 
odels that can successfully reproduce all these observations si- 
ultaneously, including alternate formulations of AGN feedback 
L. Bigwood et al. 2025a ) or other mechanisms of gas expulsion
e.g. cosmic ray transport; E. Quataert & P. F. Hopkins 2025 ), is
arranted. 

.4 Data-driven priors for weak lensing cosmology 

odelling the impact of baryon feedback on the matter power 
pectrum is a limiting systematic for weak lensing surveys. Here, 
e assess how our feedback constraints on the baryonification 
odel parameters improve weak lensing cosmological precision 
nd accuracy. We consider an LSST Year 1-like analysis (The LSST
ark Energy Science Collaboration 2018 ), comparing results with 
nd without our calibrated model priors from current kSZ and 
ROSITA data. 
To generate mock cosmic shear data, we follow the LSST Dark
nergy Science Collaboration Science Requirements Document 
The LSST Dark Energy Science Collaboration 2018 ). We adopt 
heir specifications for source density, redshift binning, redshift 
istributions, and photometric redshift uncertainties. The data 
MNRAS 549, 1–22 (2026)
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M

Figure 6. Simulated constraints on the matter density, 	m 

, and the 
lensing amplitude, S8 , for an LSST Year 1 cosmic shear analysis (The 
LSST Dark Energy Science Collaboration 2018 ), demonstrating the im- 
provement in precision and accuracy afforded by our calibrated model. 
Without a baryon feedback model, the inferred cosmology is significantly 
biased (dashed black); this constraint is unphysical but indicative of the 
available constraining power if feedback was precisely known. Due to 
its added flexibility, the uniformed baryonification model (dot–dashed 
black) degrades the constraining power by 2 ×, relative to the inference 
without a baryon model. Our kSZ and eROSITA calibrated baryonifica- 
tion prior (solid blue) recovers half the precision otherwise lost to the 
flexible baryon model. 
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ector is constructed using the COSMOSIS framework (J. Zuntz
t al. 2015 ) as described in C. Preston et al. ( 2024 ). The non-linear
atter power spectrum is treated with hmcode (A. J. Mead et
l. 2021 ). We assume the best-fitting baryonification parameters
rom the joint kSZ and eROSITA fit as the input level of feedback.
In Fig. 6 , we report the constraints on 	m 

and S8 for three
ifferent treatments of baryon feedback: (i) no baryon model, (ii)
aryonification with uniform wide priors, and (iii) baryonifica-
ion with kSZ and eROSITA calibrated priors. As expected, the in-
erred cosmology is significantly biased without a baryon model.
lthough unphysical, these constraints illustrate the expected
osmological precision if baryon feedback was perfectly known.
he uninformed baryonification model recovers the input cos-
ology, however, the added model flexibility degrades the cosmo-
ogical constraining power by 2 × relative to the inference without
 baryon model. The kSZ and eROSITA calibrated baryonification
odel accurately constrains 	m 

and S8 and recovers half the
recision otherwise lost to the flexible baryon model. With data-
riven constraints on baryon feedback, early LSST analyses can
obustly exploit small-scale information. 

 CONCLUSIONS  

e have presented the most comprehensive multiwavelength
onstraints to date on how baryonic feedback suppresses the
on-linear matter power spectrum, a key uncertainty for cosmic
hear cosmology. By jointly analysing SDSS/DESI + ACT kSZ
ffect profiles (E. Schaan et al. 2021 ; B. Ried Guachalla et al.
025 ) and X-ray gas mass fractions from eROSITA (E. Bulbul
t al. 2024 ) and HSC–XXL (M. Pierre et al. 2016 ; D. Akino et al.
022 ), with weak lensing halo masses (J. Siegel et al. 2025 ), we
NRAS 549, 1–22 (2026)
irectly probe the distribution of gas in groups and clusters ( 13 <
og 10 

M500 
M� h−1 < 14 ) at 0 < z < 1 . Using the baryonification frame-

ork (A. Schneider & R. Teyssier 2015 ; S. K. Giri & A. Schneider
021 ), our joint constraints reveal that baryons significantly re-
hape the matter power spectrum on small scales. 
Our main findings are: 

(i) The kSZ effect profiles and eROSITA hot gas mass fractions
ndependently and consistently favour strong feedback, implying
 10 ± 2 per cent suppression of the matter power spectrum at
 = 1 h Mpc −1 . This suppression exceeds the predictions of the
ducial models from recent hydrodynamical simulation suites,
.g. FLAMINGO and BAHAMAS, which were calibrated to repro-
uce pre-eROSITA X-ray measurements, including the HSC–XXL
ample. We demonstrate the robustness of our results to observa-
ional systematics and perform successful injection recovery tests
f the model’s ability to map between gas observables and matter
ower suppression. 
(ii) The HSC–XXL X -ray scaling relation favours more mod-
rate feedback than the kSZ and eROSITA data, corresponding
o only 5 ± 4 per cent suppression at k = 1 h Mpc −1 . Potential
xplanations include residual X-ray calibration differences, X-ray
election-function effects, X-ray modelling uncertainties, and/or
naccounted-for systematics in the kSZ velocity reconstruction.
ross-instrument calibration and forward modelling efforts will
e critical to understanding this discrepancy. Nevertheless, all
ata sets consistently support non-zero suppression of the mat-
er power spectrum, reinforcing the conclusion that constraining
aryonic feedback is essential to modelling small-scale structure.
(iii) For upcoming surveys, such as LSST, Euclid, and Roman,
bservationally calibrated feedback models offer a path to un-
ocking small-scale cosmic shear. With a simulated LSST Year 1
nalysis, we show that this framework can allow weak lensing
nalyses to safely extend to smaller angular scales, reducing the
osmological degradation associated with conservative scale cuts
r flexible feedback models. 

Understanding baryon feedback is not only an astrophysical
roblem but also a direct limitation on weak lensing cosmolog-
cal constraining power. External constraints on the gas distribu-
ion are therefore an indispensable ingredient for next-generation
nalyses. X-ray and kSZ measurements will improve dramatically
ith upcoming data from eROSITA, Simons Observatory, and
ESI (e.g. A. Laguë et al. 2025 ; B. Ried Guachalla et al. 2025 ; A.
ayland, D. Alonso & M. Zennaro 2025 ), requiring greater under-
tanding of systematic uncertainties. Forward modelling studies
f X-ray gas mass fractions and kSZ effect profiles will be crucial
o understanding observational and modelling systematics. In the
ear future, additional measurements of the gas distribution will
dd complementary information to constrain baryon feedback
e.g. N. Dalal et al. 2025 ; K. Sharma et al. 2025 ; S. Pandey et al.
025a ). Feedback models that are calibrated with these upcoming
ultiwavelength observables can realize the small-scale statisti-
al power of cosmic shear. 
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PPENDIX  A:  SENSITIVITY  TO  MODELLING  

HOICES  

n this work, we constrain the suppression of the matter power
pectrum, P (k) /PDM Only (k) , by modelling kSZ effect profiles and
-ray gas mass fractions with the baryonification framework (A.
chneider & R. Teyssier 2015 ). Because stellar fraction measure-
ents are currently unavailable for our eROSITA cluster sam-
le, we set the stellar parameters to η = 0 . 1 and ηδ = 0 . 2 for
ur fiducial analysis following M. Kovač et al. ( 2025 ). We also
x the universal baryon fraction, 	b / 	m 

, to the maximum like-
ihood cosmological parameters of the DES Y3 ‘3 × 2pt + All
xt.’ flat �CDM cosmology (T. M. C. Abbott et al. 2022 ). In this
ppendix, we investigate the sensitivity of our results to these
hoices. 
We repeat the joint kSZ and eROSITA gas mass fraction fit us-

ng five different stellar parameter priors: (i) η = 0 . 1 and ηδ = 0 . 2
fiducial), (ii) p(η) = N (0 . 1 , 0 . 05) and p(ηδ ) = N (0 . 2 , 0 . 05) , (iii)
= 0 . 25 and ηδ = 0 . 25 (motivated by S. Grandis et al. 2024 ), (iv)

p(η) = N (0 . 25 , 0 . 05) and p(ηδ ) = N (0 . 25 , 0 . 05) , and (v) p(η) =
(0 . 05 , 0 . 40) and p(ηδ ) = U (0 . 05 , 0 . 40) . We also repeat the joint
SZ and X-ray fit for two alternate baryon fractions: 10 per cent
ower and higher than the DES Y3 ‘3 × 2pt + All Ext.’ flat �CDM
aximum likelihood; assuming our fiducial stellar parameter
hoice ( η = 0 . 1 and ηδ = 0 . 2 ). The posteriors of each fit are pre-
ented in Fig. A1 . The different stellar parameter and baryon
raction assumptions impact the posterior constraints below the
 σ level; this is consistent with prior baryonification modelling
esults (e.g. S. K. Giri & A. Schneider 2021 ; S. Grandis et al.
024 ). 

http://dx.doi.org/10.1103/PhysRevD.111.043529
http://dx.doi.org/10.1093/mnras/stx1081
http://dx.doi.org/10.1051/0004-6361/201526766
http://dx.doi.org/10.1051/0004-6361/201833880
http://dx.doi.org/10.48550/arXiv.2411.16555
http://dx.doi.org/10.1093/mnras/stad3253
http://dx.doi.org/10.1103/physrevd.107.123538
http://dx.doi.org/10.1051/0004-6361/200913309
http://dx.doi.org/10.1051/0004-6361/202039313
http://dx.doi.org/10.1093/mnras/stad2573
http://dx.doi.org/10.1093/mnras/stae1848
http://dx.doi.org/10.1093/mnras/staf1321
http://dx.doi.org/10.33232/001c.138772
http://dx.doi.org/10.1111/j.1365-2966.2009.15244.x
http://arxiv.org/abs/2507.17742
http://dx.doi.org/10.1103/lqbj-wcqj
http://arxiv.org/abs/2602.21863
http://dx.doi.org/10.1111/j.1365-2966.2011.19217.x
http://dx.doi.org/10.1088/1475-7516/2023/06/023
http://arxiv.org/abs/2510.12553
http://dx.doi.org/10.1093/mnras/stad1474
http://dx.doi.org/10.1093/mnras/stx2796
http://dx.doi.org/10.1093/mnras/sts586
http://dx.doi.org/10.1103/PhysRevD.103.063513
http://dx.doi.org/10.1093/mnras/staf871
http://dx.doi.org/10.1093/mnras/staf569
http://dx.doi.org/10.1093/mnras/stad2419
http://dx.doi.org/10.48550/arXiv.2508.21126
http://dx.doi.org/10.1088/1475-7516/2015/12/049
http://dx.doi.org/10.1093/mnras/stac1493
http://dx.doi.org/10.48550/arXiv.2507.07892
http://dx.doi.org/10.1111/j.1365-2966.2011.19385.x
http://dx.doi.org/10.1093/mnras/stt1013
http://dx.doi.org/10.1051/0004-6361/202243824
http://dx.doi.org/10.1051/0004-6361/202553977
http://dx.doi.org/10.3847/1538-4357/adeca4
http://dx.doi.org/10.48550/arXiv.2509.10455
http://dx.doi.org/10.1093/mnras/stv1340
http://dx.doi.org/10.1111/1467-9868.00353
http://dx.doi.org/10.1088/0004-637X/693/2/1142
http://dx.doi.org/10.1051/0004-6361/202141179
http://dx.doi.org/10.1093/mnras/190.3.413
http://dx.doi.org/10.1088/0067-0049/194/2/41
http://dx.doi.org/10.1103/PhysRevD.111.063509
http://arxiv.org/abs/1809.01669
http://dx.doi.org/10.3847/1538-4365/227/2/21
http://dx.doi.org/10.1051/0004-6361/202142197
http://dx.doi.org/10.1016/0273-1177(82)90070-9
http://dx.doi.org/10.3847/1538-4357/ab6bca
http://dx.doi.org/10.1111/j.1365-2966.2011.18981.x
http://dx.doi.org/10.1093/mnras/stz3199
http://dx.doi.org/10.48550/arXiv.2509.04552
http://dx.doi.org/10.1093/mnras/stae285
http://dx.doi.org/10.1093/mnras/stx048
http://dx.doi.org/10.1086/500288
http://dx.doi.org/10.1088/0004-637X/692/2/1033
http://dx.doi.org/10.48550/arXiv.astro-ph/9909315
http://dx.doi.org/10.1093/mnras/staf1541
http://arxiv.org/abs/2510.25596
http://dx.doi.org/10.3847/1538-3881/aca5fb
http://dx.doi.org/10.1016/j.ascom.2015.05.005


Constraining baryon feedback 17

Figure A1. The posterior constraints on the baryonification parameters are weakly sensitive to the assumed stellar parameters ( η, ηδ) and the universal 
baryon fraction ( 	b / 	m 

). Left: the joint eROSITA X-ray and kSZ parameter constraints for four choices of stellar parameter priors. Our fiducial fit assumes 
η = 0 . 1 and ηδ = 0 . 2 (solid blue). The dashed blue contours assume conservative Gaussian priors: p(η) = N (0 . 1 , 0 . 05) and p(ηδ ) = N (0 . 2 , 0 . 05) . To 
test the sensitivity of the posteriors to the adopted prior, we also consider η = 0 . 25 and ηδ = 0 . 25 (solid red); the dashed contours again correspond to 
Gaussian priors: p(η) = N (0 . 25 , 0 . 05) and p(ηδ ) = N (0 . 25 , 0 . 05) . The grey dotted contour presents the posteriors assuming a uniform prior on the stellar 
parameters. Right: the posterior constraints for three choices of 	b / 	m 

. We present our fiducial choice in the solid contour (the maximum likelihood 
of the DES Y3 ‘3 × 2pt + All Ext.’ flat �CDM cosmology, T. M. C. Abbott et al. 2022 ) and show the results for 10 per cent lower and higher 	b / 	m 

in 
dashed and dot–dashed contours, respectively. 
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PPENDIX  B:  CONSISTENCY  OF  THE  KSZ  AND  

-RAY  DATA  

o constrain the baryonification model, we consider SDSS/DESI 
 ACT kSZ effect profiles (E. Schaan et al. 2021 ; B. Ried
uachalla et al. 2025 ) and X-ray gas mass fraction measurements
rom the eROSITA (E. Bulbul et al. 2024 ) and HSC–XXL samples
M. Pierre et al. 2016 ; D. Akino et al. 2022 ). In Section 5.1 , we
ompare the posterior constraints from fitting the kSZ, eROSITA, 
nd HSC–XXL data separately. The posteriors of each fit are pre-
ented in Fig. B1 . Consistent with previous studies, we find a
light tension between the strength of feedback implied by the 
SZ effect profiles and pre-eROSITA X-ray gas mass fractions (L. 
igwood et al. 2024 ; M. Kovač et al. 2025 ; I. G. McCarthy et al.
025 ). The posterior constraints from the kSZ and eROSITA X-ray
as mass fractions are statistically consistent, as are the posterior 
onstraints from kSZ measurements at lower (LOWZ and BGS) 
nd higher (CMASS and LRG) redshifts (bottom panel of Fig. B1 ).
Although the baryonification model provides an excellent joint 
t to the kSZ and eROSITA measurements (Fig. 3 ), it struggles
o simultaneously describe the kSZ and HSC–XXL data. Fig. B2 
ompares the joint kSZ and HSC–XXL fit with the data. The poor
oodness of fit is primarily driven by the lower HSC–XXL mass
in and the BGS and LOWZ kSZ profiles; these measurements 
robe similar radii, redshift, and halo mass, but appear to require
ifferent levels of gas depletion. We discuss possible explanations 
or this discrepancy in Section 6.1 . 
MNRAS 549, 1–22 (2026)
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Figure B1. Posteriors on the baryonification parameters from fitting the kSZ and X-ray data. Upper Left: posteriors for the joint kSZ and eROSITA fit 
(solid), alongside the fits to the kSZ and eROSITA data separately (dashed and dot–dashed, respectively). Upper Right: posteriors from the HSC–XXL gas 
mass fractions alone (dashed) and jointly with kSZ (dot–dashed). For comparison, the joint kSZ and eROSITA posteriors are again shown in solid-blue. 
Bottom: posteriors from the combined kSZ fit (solid), alongside fits to the kSZ measurements at lower (LOWZ and BGS) and higher (CMASS and LRG) 
redshifts, in dashed and dot–dashed contours, respectively. 

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/549/4/stag993/8698769 by Sarah D
akin user on 15 Septem

ber 2026



Constraining baryon feedback 19

Figure B2. The baryonification model jointly fit to the kSZ and HSC–XXL X -ray measurements (solid purple), alongside the observations. Refer to Fig. 3 
for a detailed description. 
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PPENDIX  C:  INJECTION  RECOVERY  

he baryonification framework relates gas observables (e.g. X-ray 
as mass fractions) to the suppression of the matter power spec-
rum (A. Schneider & R. Teyssier 2015 ; S. K. Giri & A. Schneider
021 ; A. Schneider et al. 2025 ). Using the BAHAMAS, OWLS, Il-
ustris, and Horizon simulations, S. K. Giri & A. Schneider ( 2021 )
alidated the bcemu baryonification emulator by accurately pre- 
icting the suppression of the matter power spectrum from the 
as and stellar mass fractions of simulated groups and clusters 
nd vice versa. In this work, we further validate the framework
sing the FLAMINGO simulations (see Section 4 ); for brevity, we 
onsider the fiducial (L1_m9) and strongest ( fgas −8 σ ) feedback 
ariants of the FLAMINGO suite. 
The model accurately predicts the gas and stellar content of 
roups and clusters from P (k) /PDM Only (k) , for the fiducial and
trongest feedback FLAMINGO simulations. The framework also 
uccessfully predicts P (k) /PDM Only (k) from group and cluster ob- 
ervables. To reflect our data fits, in Section 4 we considered the
tacked kSZ profiles of group mass haloes at z = 0 . 3 and 0.75 and
he gas mass fractions of clusters. For completeness, here we con-
ider a joint kSZ, gas mass fraction fgas , and stellar mass fraction
fstar fit with uniform priors for all 7 baryonification parameters 
Fig. C1 ). Both the kSZ + fgas fit and the kSZ + fgas + fstar fit
ccurately predict the matter power suppression. The posteriors 
f the P (k) /PDM Only (k) , kSZ + fgas , and kSZ + fgas + fstar fits are
resented in Fig. C2 . The recovered parameters are consistent 
etween all three fits. 
MNRAS 549, 1–22 (2026)
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Figure C1. The baryonification model successfully predicts the suppression of the matter power spectrum P(k) /PDM Only (k) from mock kSZ, gas mass 
fraction, and stellar mass fraction observations, and vice versa. Refer to Fig. 2 for a detailed description. 
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Figure C2. Posteriors on the baryonification parameters from the FLAMINGO simulation injection-recovery tests. The constraints from fitting the 
matter power suppression, P(k) /PDM Only (k) , are shown in pink (dashed). The joint kSZ and X-ray gas mass fraction fit is shown in blue (solid); following 
our analysis of the data, we fix the stellar parameters to η = 0 . 1 and ηδ = 0 . 2 . The joint kSZ, gas mass fraction, and stellar mass fraction fit is shown in 
purple (dot–dashed). For brevity, we present the results from the strongest feedback FLAMINGO variant ( fgas −8 σ ), because it matches the SDSS/DESI 
+ ACT kSZ data best (I. G. McCarthy et al. 2025 ; J. Siegel et al. 2025 ). 
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PPENDIX  D:  CHALLENGES  OF  KSZ  

ODELLING  

he temperature change induced by the kSZ effect is proportional 
o the density and velocity of the gas along the line of sight
equation 1 ). For an idealized halo – spherically symmetric gas 
istribution moving at the same velocity as the central – the con- 
ersion between the gas density profile and the kSZ effect profile
s well-defined. The presence of satellite galaxies and two-halo 
nteractions complicates this picture. 
Satellites potentially impact the measurement of the kSZ effect 

n several ways (I. G. McCarthy et al. 2025 ). Satellites will be
iscentered from the centrals, thereby lowering the kSZ signal 
elative to a galaxy at the centre of the gas distribution. Satel-
ites also occupy more massive haloes than expected from stellar 
ass alone; because halo mass and gas mass are approximately 
MNRAS 549, 1–22 (2026)
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M

Figure D1. Demonstration of how satellites and two-halo interactions alter the kSZ effect profile in FLAMINGO; for brevity, we present the results 
from the strongest feedback FLAMINGO variant ( fgas −8 σ ), because it matches the SDSS/DESI + ACT kSZ data best. We present the simulated kSZ 
effect profile for samples with (solid) and without (dashed) satellites. The simulated galaxies are selected by matching the measured GGL profiles of 
each SDSS/DESI + ACT sample (J. Siegel et al. 2025 ). We also test the approximation that the peculiar velocity of the gas distribution is the same as 
the velocity of the central galaxy. For the centrals only samples, the dotted lines present the kSZ profile where the gas particle velocities are fixed to the 
central halo velocity. Each column corresponds to a different SDSS/DESI + ACT measurement, and the bottom row presents the ratio of the different kSZ 
signals with the fiducial calculation. The measurement uncertainties are shown alongside the residuals for context. The shaded region ( > 2.5 arcmin) 
demarcates the scales omitted from our analysis due to modelling uncertainties. 
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roportional, satellites potentially boost the kSZ signal relative
o a sample of all centrals. For a fixed stellar mass selection (i.e.
ll galaxies above a minimum stellar mass cut), I. G. McCarthy
t al. ( 2025 ) found that the kSZ effect signal from a sample of 
entrals is lower than with satellites. The effect is approximately
0 per cent for a low mass selection (log 10 M� / M� > 11 ) and only
 per cent for log 10 M� / M� > 11 . 6 . This effect is partially a result
f the different mean halo masses between the samples with and
ithout satellites. For each SDSS/DESI + ACT kSZ stack, J. Siegel
t al. ( 2025 ) identified the selection of simulated galaxies that best
ts the measured GGL signal. To isolate the impact of satellites,
e compare the mock kSZ effect signals for the best-fitting se-
ection of centrals and the best-fitting selection of centrals and
atellites in Fig. D1 . For small angular scales (<2.5 arcmin), the
wo selections agree well. On larger scales, the kSZ effect signal
rom the centrals only selection is lower than the sample with
atellites, potentially reflecting differences in the underlying gas
istribution. 
To predict the kSZ effect from a given gas density profile, we
ssume that the gas distribution has the peculiar velocity of the
entral galaxy. This assumption is reasonable on small scales, but
n larger scales the gas velocity is not necessarily dominated by a
ingle central potential. To test this approximation, we calculate
he kSZ effect profile from FLAMINGO using either the true
er-particle velocities or assigning the gas particles the peculiar
elocity of the central host. We compare the true and approximate
SZ effect profiles in Fig. D1 ; the kSZ profiles are calculated for
he selection of central haloes that best fit the measured GGL
ignal for each SDSS/DESI + ACT kSZ stack. As expected, the
rue and approximate kSZ effect profiles are identical on small
cales, where it is reasonable to assume that the gas velocity is the
ame as the central galaxy velocity, but the approximation breaks
NRAS 549, 1–22 (2026)

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
( https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, dis
own on larger scales. The difference is most pronounced at high
edshift ( z = 0 . 75 ), because the kSZ profile is probing beyond
everal R500 . 
For a given sample of galaxies, the kSZ effect is typically mea-
ured by a weighted stack of the CMB temperature map (E.
chaan et al. 2021 ; B. Hadzhiyska et al. 2025 ; B. Ried Guachalla
t al. 2025 ), where the weights are the galaxies’ reconstructed
eculiar velocities. The fidelity of the velocity reconstruction is
 potential source of uncertainty. To account for non-linearities
nd shot noise uncertainties, current studies calculate a correc-
ion factor based on mock catalogue velocity reconstructions (E.
chaan et al. 2021 ; B. Hadzhiyska et al. 2025 ); for the DESI sam-
les, the correlation between the true and reconstructed veloci-
ies is approximately 0.7 with quoted uncertainties of less than
 per cent (B. Hadzhiyska et al. 2024 ). For each SDSS/DESI +
CT kSZ stack, the selection of simulated galaxies that best fits
he GGL signal has a peculiar velocity RMS within 10 per cent
f the bias corrected linear theory reconstruction (J. Siegel et al.
025 ). Systematics could be further investigated by reconstructing
he simulated galaxy velocities using the same method as the
bservations. 
To mitigate uncertainties, particularly the effect of satellites
nd two-halo interactions, we restrict our kSZ analysis to small
cales <2.5 arcmin. Because the kSZ effect measurement is highly
orrelated at larger angular separations (B. Ried Guachalla et al.
025 ), these scale cuts do not significantly reduce the signal-to-
oise ratio of the data. Future work addressing these uncertain-
ies is critical to unlocking the full potential of the SDSS/DESI +
CT measurements. 
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