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Abstract. Baryonic feedback alters the matter distribution on small and intermediate scales,
posing a challenge for precision cosmology. The new, component-wise baryonification (BFC)
approach introduced in Ref. [1| provides a self-consistent framework to model feedback effects
for different observables. In this paper we use this framework to fit kinematic Sunyaev-
Zel’dovich (kSZ) observations from the Atacama Cosmology Telescope (ACT) alongside halo
X-ray gas fractions from eROSITA, investigating baryonic feedback in a cosmological context.
We first show that the kSZ data from ACT is consistent with the gas fractions from eROSITA,
both suggesting a feedback model that is stronger than what is assumed in most hydrodynam-
ical simulations. This finding is in contrast to older, pre-eROSITA gas fraction measurements
that point towards weaker feedback in tension with the kSZ results. We suspect these dis-
crepancies to be due to selection bias in the pre-eROSITA sample, or differences in halo mass
estimation between the two data sets. In a further step, we use the BFC model to predict the
baryonic suppression of the matter power spectrum. Based on our combined fit to data from
ACT and eROSITA, we find a power spectrum suppression that exceeds the percent-level at
modes above k = 0.3 — 0.6 h Mpc™!, growing to 2-8 percent at k = 1 A Mpc™!, and to 20-25
percent at k = 5hMpc ™!, consistent with strong-feedback hydrodynamical simulations. Fi-
nally, we compare our best-fitting model to the observed gas density and pressure profiles of
massive galaxy clusters from the X-COP sample, finding excellent agreement. These results
show that BFC provides a self-consistent picture of feedback across mass- and length scales
as well as different cosmological observables, thus making it promising for applications to
multiwavelength studies to jointly constrain cosmology and baryonic effects.
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1 Introduction

Upcoming large-scale structure surveys such as Euclid!, the Rubin Observatory Legacy Survey
of Space and Time (LSST)? and the Roman Space Telescope® promise to push cosmology
into a high-precision regime, but their ability to probe small scales is fundamentally limited
by uncertainties in baryonic feedback. Energetic processes caused by active galactic nuclei
(AGN), supernova explosions and stellar winds redistribute gas within and around halos,
modifying the total matter distribution in the Universe and suppressing power in the nonlinear
regime [2-6]. These effects introduce significant modeling challenges for weak lensing and
clustering analyses, which rely on an accurate understanding of matter clustering across a
wide range of scales. Without a robust strategy to account for baryonic physics, cosmological
constraints from these surveys risk being systematically biased or overly conservative [7].

One strategy to mitigate these uncertainties is to apply scale cuts and discard small-
scale information (e.g. [8, 9]). However, this inevitably reduces the constraining power of the
surveys. To unlock the full potential of small-scale cosmology, it is essential to accurately
model and marginalize over baryonic effects.

Hydrodynamical simulations provide an invaluable window into the complex interplay
between baryons and dark matter, revealing how feedback alters halo profiles and matter
statistics (|6, 10-14]). However, their application in cosmological analyses is limited by their
high computational cost and sensitivity to subgrid modeling assumptions. Since the physical
processes governing feedback are not fully resolved, simulations rely on phenomenological
subgrid prescriptions. These are often tuned to match specific observables, such as cluster
gas fractions, which limits their predictive power in new regimes.

A range of strategies have been developed to mitigate the impact of poorly understood
small-scale physics in large-scale structure analyses. One line of work introduces theoretical er-
ror models to marginalize over unresolved scales (e.g., [15-18|). Alternative approaches seek to
incorporate baryonic physics into theoretical predictions. These include halo-based prescrip-
tions (e.g. [19-21]), baryonification methods that modify particle distributions in gravity-only
simulations [1, 22-25|, and scaling the difference between linear and non-linear gravity only
power spectra |26, 27|. Complementary efforts include principal component analysis (PCA)
based approaches (e.g. [28-30]), painting algorithms to populate halos with synthetic baryonic
fields 31, 32|, or machine learning emulators trained on hydrodynamical simulations [33].

The baryonification approach is based on displacing particles in dark-matter-only simu-
lations according to analytic, physically motivated gas and stellar profiles in order to mimic
the effects of baryons. This enables fast and flexible predictions of baryonic effects across dif-
ferent cosmologies and feedback scenarios. Compared to hydrodynamical simulations, bary-
onification encapsulates baryonic uncertainties in a low-dimensional, physically interpretable
parameter space.

In particular, the baryonification code (BFC) introduced in [22, 23| has been shown to
reproduce the matter power spectrum of a wide range of hydrodynamical simulations [34]. It
has also been successfully applied to model weak lensing observables and combinations with
X-ray and SZ data |35, 36], making it a valuable tool for cosmological analyses.

"https://www.esa.int/Science_Exploration/Space_Science/Euclid
*https://www.lsst.org/
Shttps://roman.gsfc.nasa.gov/.
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Importantly, constraining baryonic models requires observational probes that are sensi-
tive to the distribution of baryons in and around dark matter halos. While stars contribute
a smaller fraction, the dominant baryonic component is hot, ionized gas, which is accessi-
ble through multi-wavelength observations. In particular, the kinematic Sunyaev-Zel’dovich
(kSZ) effect provides a direct probe of the line-of-sight momentum of ionized gas, while X-ray
measurements trace its thermal state and spatial distribution in galaxy groups and clusters.
Recent studies have demonstrated the power of combining these complementary observables
to break degeneracies between baryonic and cosmological parameters [35-38].

In this work, we build upon the updated BFC model introduced and validated in Pa-
per I [1], where it was shown to reproduce the matter power spectrum across a variety of

feedback scenarios and redshifts by fitting to the ratios of gas and stellar mass profiles in the
hydrodynamical simulations FLAMINGO [6, 39] and IlustrisTNG [10].

Here, we apply the updated BFC model to jointly fit the kSZ signal from the Atacama
Cosmology Telescope (ACT) [40] and X-ray gas fraction measurements from both the recent
eROSITA observations [41] and a compilation of pre-eROSITA datasets [42-44]. We focus on
modeling the hot gas component, which dominates the baryonic mass budget and is directly
probed by these observables. Unlike previous studies, we do not calibrate the model against
hydrodynamical simulations but instead constrain it entirely using observational data.

Our results show that the combination of kSZ observations from ACT and X-ray gas
fractions from eROSITA yields robust and self-consistent constraints on baryonic feedback
when modeled with the updated component-wise BFC framework. We find that both datasets
are mutually consistent and jointly favor a strong-feedback scenario, despite probing different
mass, redshift, and radial regimes (e.g. [45]). This is in contrast to earlier pre-eROSITA
measurements, which suggest weaker feedback and are in tension with the kSZ signal. Using
the best-fit model, we predict a suppression of the matter power spectrum that exceeds
the percent level at & > 0.3 h/Mpc, reaching up to 25% at k = 5 h/Mpc, in line with
strong-feedback hydrodynamical simulations, such as the fsas — 80 FLAMINGO simulation.
Furthermore, the same model successfully reproduces the gas density and pressure profiles
of massive clusters in the X-COP sample, reinforcing its applicability across mass scales and
observables. These findings highlight the potential of baryonification-based approaches for
jointly constraining cosmology and baryonic physics in upcoming multi-wavelength surveys.

This paper is organized as follows: In Section 2, we present the theoretical framework
underlying the gas and kSZ modeling. In Section 3 we give an overview of the hydrodynamical
simulations used in this work, and in Section 4 we describe the observational data. Section 5
outlines the inference pipeline. Our results are presented in Section 6, and we conclude with
a summary and outlook in Section 7.

Throughout this work, we adopt the fiducial cosmology used in the FLAMINGO sim-
ulations, assuming a flat universe with massless neutrinos with parameters 2, = 0.306,
O, = 0.0486, og = 0.807, Hy = 68.1km s~ Mpc™!, and ns = 0.967. Here , is the frac-
tional matter density today, )}, denotes the fractional baryon density today, og is the r.m.s.
of linear matter fluctuations in spheres of comoving radius 84~ Mpc, Hy denotes the Hubble
parameter, and ng is the scalar spectral index.



2 Theory

In this section, we begin with a brief summary of Paper I [1], which introduced the updated
BFC model. We then describe how this model is used to simulate cosmological observables,
in particular the kSZ signal and X-ray gas fractions.

2.1 Baryonification Model

The baryonification model is based on post-processing gravity-only N-body simulations to
incorporate baryonic feedback effects due to gas and stars. By displacing particles around
halo centers according to empirical halo profiles, the model reproduces the impact of baryonic
physics on the large-scale structure. We introduce several key advancements in this updated
model, described in detail by Ref. [1], including independent treatments of dark matter, gas,
and stellar components, and a model for the gas pressure. Throughout this paper, we define
the halo mass, Mgy, as the mass enclosed within a radius, centered on the group or cluster,
where the mean density equals 200 times the critical density of the Universe unless stated
otherwise.

2.1.1 Overview of the Method

In order to separately model all matter components of the Universe, we duplicate each particle
in the original gravity-only simulation, creating two sets: one representing dark matter and the
other baryonic matter. The masses of these particles are renormalized to ensure the simulation
box maintains the correct cosmic baryon and dark matter fractions. Initially, these particles
share the same positions, but their displacements differ, reflecting the influence of baryonic
physics.

dam (7T1,dm|M200, €200, Obtc) = Tt,dm(Mam) — 75,dm (Mdm) (2.1)

dbar(ri,bar‘MQOm €200, abfc) = rf,bar(Mbar) - 'ri,bar(Mbar) ’ (22)
where r; and 7 are the inverted cumulative mass profiles of the initial (gravity-only) and
final (baryonified) states, Magg is the halo mass?, cogg is the halo concentration, and 6

represents BFC model parameters. This ensures that we recover the baryonified profiles after
displacement. The cumulative mass profiles are given by:

Migtr) = [ dsspc(s) (23)

where r is the radial distance from the center of the halo. Particles are displaced radially
around halo centers, with their trajectories determined by the density profiles of both the
initial and final states.

2.1.2 Density Profiles

We model the density profiles for dark matter and baryonic components by combining con-
tributions from the one-halo term (initially described by an NFW profile) and a two-halo
(background) term representing the large-scale environment. Initially, both dark matter and
baryonic profiles share the same functional form, differing only by their cosmic fractions:

pi(r) = fam[pusw (1) + p2u ()], pe(r) = pam(r) + fampan(r)

pi("") = fbar [pnfw(r) + P2h(r)]a ,Of(r) = Pgas("“) + pstars("") + fbarPQh("“) s (2.4)

4 Msop and Rago are defined so that they correspond to an enclosed overdensity equal to 200 times the
critical density of the Universe.



where pugy denotes the truncated Navarro-Frenk-White (NFW) profile [46-48], and fg, =
Qam/Qm and frar = Q/Q define the cosmic dark matter and baryon fractions, respectively.
We further subdivide the gas and stellar density into different components as pgas = phga+piga,
Pstars = Pega + Psga, Where the subscripts hga, iga, cga, sga represent hot gas, cold gas, central
galaxies, and satellite galaxies, the four baryonic components considered in our model. The
different matter profiles are parameterized as follows:

NFW Profile Following Ref. [47, 48] the dark matter halo is initially described by a trun-
cated NFW profile:

Pufw,0 1
zs(1+25)? (1+2f)?

pnfw(r) = (2'5)
where zg = r/rg and xy = r/ry. The scale radius 4 is defined by the halo concentration
c200 = T200/Ts, and the truncation radius is given by ry = ergg, with € = g9 + €1~ and
v = d./o(M) being the peak height of the halo with J. = 1.686. We fix ¢g = 4.0 and ¢ = 0.5,
which provides a good fit to simulation data (see Ref. [49]). The normalization ppgy o is set
such that the total mass equals Msgo and is proportional to 1/ [ yngw (7).

Gas Profile The gas profile is a key component of the baryonification model, as it provides
the main link between observable signals (such as X-ray and SZ measurements) and the
underlying theoretical description of baryonic matter in halos. It is typically divided into
hot and cold components, reflecting the dominant baryonic phases. We focus here on the
hot gas component, which dominates the baryonic budget in group- and cluster-scale halos
and is particularly sensitive to AGN feedback. Its accurate modeling is therefore essential for
interpreting current observations. For further details on the functional modeling of the cold
gas component, we refer the reader to Ref. [1].

Hot Gas Component The hot gas component dominates the baryonic content of massive
halos and plays a progressively smaller role in lower-mass systems, where cold gas and stars
become more significant [50]. In our model, the hot gas is described by a smoothly declining
density profile to account for the extended distribution of the hot gas:

Phga(r) = prgao [1+ 2&] AM0)/@ 1y 4 5 =0/7 (2.6)

where z. = r/r. and zy = r/ri. Here, ro = 0.0 is the core radius, 1y = ergy is the
truncation radius, and ((Masgy) determines the slope of the profile, which varies with halo
mass:

B(Mag0) = 1%]245;0{)];435“ : (2.7)

where M. and p are free parameters controlling the pivot mass and transition steepness, and
the parameters «, 0, and 7 in Eq. (2.6) define the inner and outer slopes and transition region.
This mass dependence allows the model to capture the effects of AGN feedback, which tends
to flatten gas density profiles in lower-mass halos by expelling gas from central regions. The
normalization ppga o is set to conserve the total hot gas mass in the model.

Stellar Profiles The stellar distribution can be subdivided into a central galaxy and satel-
lite galaxies. We model the central galaxy profile to be concentrated in the halo center,
ie.:

pran(r) = P S exp( v/ ). 2.



where Ry, = 0.03 7209 is the galactic scale radius, fega the central galaxy fraction, and My is
obtained by integrating the truncated NFW profile to infinity.

Stars not part of the central galaxy, primarily satellite galaxies, are assumed to follow
the shape of the dark matter distribution:

_ fsga i
dmr? dr

psga(r) Mnfw(gr) ) (29)

where £ encodes the effective contraction or expansion of the dark matter due to baryonic
processes. A detailed description of the dark matter back-reaction model, including the
parametrization of £ and its dependence on the baryonic components, is provided in Ref. [1].

2.1.3 Fractions

In order to fully specify our model, we also need expressions for the mass fractions of the
different components, which are defined at r = oo. Following Ref. [51] the stellar fraction and
its division into central and satellite components are parameterized by

-1
MQOO _Cstar M200 -n
ar — r > 2.10
fSt e ( (Mstar ) * Mstar ( )

—1
M200 ) 7<star < M200 ) 77]7d77
— Nutur + : 2.11
fcga sta ( <Mstar Mstar ( )

where the fraction of stars in satellite galaxies is simply given by fega = fstar — fega- Here,
the parameter Mgy, is fixed to 2.5 x 10" Mg /h and Csgar = 1.376 (see Ref. [51]), while 1, dn,
and Ngtar are free model parameters. The power-law dependence is motivated by abundance
matching results and provides a good fit for massive halos (Magg > 10*2Mg /h) (see Ref. [23]).
The fraction of the cold, inner gas is assumed to be proportional to the central galaxy fraction:

figa = Cigafcga , (2.12)

where ¢jg, is a free model parameter that controls the relative contribution of inner gas to
the total baryonic content. With the stellar and inner gas fractions fixed, the remaining hot
gas fraction follows as:

fgas - fbar - fstar - figa ; (213)
where the total baryon fraction is given by fpar = Qb/Qm, i.e. the ratio between baryon (£2;,)
and total matter abundance (y,) of the Universe.

2.1.4 Pressure

Assuming that galaxy clusters and groups are in hydrostatic equilibrium, we can obtain the
total halo pressure profile from the gas density and total mass profiles through:

dPtot do M(T‘)

g = Pesg, = Peas(n)G (2.14)

r2
The assumption of hydrostatic equilibrium primarily holds for spherically symmetric, viri-
alized, stable halos that are not undergoing mergers or significant accretion, and becomes
increasingly inaccurate at low halo masses (see e.g. Ref. [52, 53]). Additionally, the total
pressure can have significant non-thermal contributions, due to effects such as bulk motions



and turbulence from gas accretion or mergers. This becomes particularly pronounced at large
halo radii. In order to account for the latter, we define the total pressure as Piot = Pyt + Pin,s
where Py represents the non-thermal and P, the thermal component of the pressure. Fol-
lowing the work of Ref. [54] the fraction of non-thermal to thermal pressure can be modeled

as P n
nt T ne

z) =z , 2.15

P2 (2) = af >(R500> (2.15)

where ny parametrizes its radial dependence and a(z) the redshift dependence. We assume
that the non-thermal pressure varies with redshift as a(z) = aontf(2), where agpt is the
mean non-thermal to total pressure ratio at z = 0 and Rsgp and f(z) is an increasing or
decreasing function of redshift given by:

f(z) =min [(142)°, (fmax — 1) tanh(B82) + 1] , (2.16)

with fiax = 4™ /ag and (3 a free parameter regulating the evolution rate. Following Ref. [54]
B is fixed to 8 = 0.5. The subdivision of the total pressure into thermal and non-thermal
components is only valid as long as the non-thermal pressure is smaller than the total one.
Therefore, the non-thermal pressure is set equal to the total pressure as soon as Eq. (2.15)
reaches unity. With this, we compute the thermal pressure from the given non-thermal pres-
sure and the total pressure given by Eq. (2.14) by a simple subtraction.

In Tab. 1, we summarize all parameters used in the model, including their fixed values
where applicable.

2.2 Kinematic Sunyaev-Zel’dovich effect

The kinematic Sunyaev-Zel'dovich effect is a secondary cosmic microwave background (CMB)
anisotropy. It is caused by inverse Compton scattering of CMB photons with free electrons
in galaxies and clusters with nonzero bulk motion. This inverse scattering shifts the thermo-
dynamic temperature of the CMB according to:

AT,
A UT/ dle "ne vp , (2.17)
TemB € Jlos

where Tovp = 2.725 K is the average CMB temperature, ot is the Thomson cross-section, ne
is the electron density, and vy, is the peculiar velocity along the line of sight. In full generality,
the kSZ signal includes contributions from variations in the line-of-sight velocity of electrons
within the halo. However, following common practice in observational analyses |e.g., 40, 55],
we assume the gas moves coherently with the halo’s bulk velocity (see Ref. [56]), allowing
the peculiar velocity v, to be factored out of the line-of-sight integral. This simplification
is commonly used in stacking analyses, where individual velocities are not precisely known.
Instead, the expected signal is modeled using the root-mean-square (RMS) radial velocity of
the halo sample, which we fix to v, = 1.06 x 10~3¢ following Ref. [55].

The optical depth 7 along the line of sight is defined as:

7(0) = o /1 n( 2 dA(z)202) di, (2.18)

where 6 = |0|. For our redshift range of interest (0.4 < z < 0.7, see 4.1), the mean optical
depth is below 0.01 (see, Ref. [57]) and therefore we approximate e™” ~ 1 in Eq. (2.17). We



Parameter Prior Description Fixed value

Oco U[0.001, 0.5] Core radius of the gas profile relative to 1999 0.3
(Eq. 2.6)

logo M. U[11.0, 15.0] ~ Pivot mass for the mass dependent slope of the -
gas profile (Eq. 2.6 & Eq. 2.7)

W U]0.0, 2.0] Transition steepness of mass dependent gas pa- -
rameter (Eq. 2.6 & Eq. 2.7)

) U[1.0, 11.0] Characterizes the transition from the inner to -
the outer part of the gas profile (Eq. 2.6)

n U[0.0, 0.5] Total stellar fraction within a halo (Eq. 2.10) 0.1
dn U]0.0, 0.5] Fraction of central galaxies with respect to the 0.22
total stellar fraction (Eq. 2.10)
Nstar U[0.0, 0.05] Stellar fraction amplitude (Eq. 2.10) 0.030
Ciga U[0.0, 1.0] Cold gas fraction (see Eq. 2.12) 0.1
bhse N(0.26, 0.07)  Hydrostatic mass bias -
Qo nt - Non-thermal pressure amplitude (see Eq. 2.15) 0.1

Table 1: Summary of the BFC model parameters, their prior distributions, brief descriptions,
and fixed values where applicable.

can then further simplify Eq. (2.17) as:

ATisz, (vr )
= — . 2.19
Tevs Teal {7 (2.19)

The electron number density ne in Eq. (2.17) can be derived from:

_XH+1

— 2.20
Qmamu Peas: ( )

Tle
where Xy = 0.76 is the hydrogen mass fraction and m,p,, is the atomic mass unit. The gas
density pgas is obtained directly from the baryonification model (see Sec. 2.1).

The kSZ signal used in this work is based on the measurements presented in Ref. [40],
which are obtained by stacking ACT DR5 and Planck CMB temperature maps at 98 GHz
(f90) and 150 GHz (f150) on the positions of spectroscopic BOSS CMASS galaxies, using
their reconstructed velocities. These measurements result from an observational pipeline that
includes beam convolution and filtering techniques designed to isolate the kSZ signal (see
Section 4.1 for details). To model the observed profile, we apply a convolution of Eq. (2.17)
with the effective beam profiles at f90 and f150. In line with Ref. [40], we approximate each
beam as a Gaussian, using a full width at half maximum (FWHM) of 2.1 arc minutes for f90
and 1.3 arcminutes for f150. Additionally, to mitigate noise from large-scale CMB variations,



a compensated aperture photometry filter was applied to the observations. We reproduce the
filtering applied in the data analysis by implementing the same aperture photometry filter
used in Ref. [40]. This filter is defined by a weighting function Wy, (), which takes the form:

+1 if 0 <8y
Wy, (0) =4 —1 if g <6< /264

0 otherwise

where 64 is the aperture radius. This compensated filter is used to suppress large-scale CMB
fluctuations.
We then compute the filtered kSZ temperature using [40|:

T (04) = /d29 ST (0) Wo,(6), (2.21)

which effectively measures the differential temperature between the inner disk and its sur-
rounding annulus. The result is typically reported in units of uK - arcmin?, reflecting the
integration over solid angle and the convention adopted in the observational analysis.

2.3 Two-halo term

To model gas profiles out to large radii, it is essential to include the contribution from the
correlated large-scale structure surrounding the halo, commonly referred to as the two-halo
term. This component is combined with the gravitationally bound matter inside haloes (the
one-halo term) and was introduced in Egs. (2.4). While the two-halo term is subdominant
in the inner regions, its contribution becomes increasingly relevant at larger radii. This is
particularly important for modeling the kSZ signal, which, unlike X-ray emission, is sensitive
to the diffuse gas extending well beyond the virial radius. As demonstrated in Refs. [58-60],
the contribution from the two-halo term becomes significant at distances around 2-3 times
the virial radius rogg. In this regime, the kSZ effect is still measurable and thus needs to be
included in our modeling pipeline. In general, the total radial three-dimensional profile for a
halo of given mass M can be expressed as:

Ctot(ﬂm) = glh(r’m) + CZh<T|m> > (2'22)

where (11, represents the profile of interest, and (o, accounts for the contributions from neigh-
boring halos.

The two-halo term in real space can be obtained by Fourier transforming the two-halo
contribution to the power spectrum:

1 o ,
Gn(rlm) = 55 / dk k2o (kr) Pon (k) | (2.23)
0
where jg is the spherical Bessel function of the first kind, and Py, (k) represents the two-halo

contribution to the halo profile power spectrum. This spectrum is calculated using the halo
model, in which the Fourier transform of the one-halo profile is given by:

u(k,m) = 4m /OOO dr 250 (kr)Cin(r|m) | (2.24)



where we have simplified the 3-dimensional integral by assuming radial symmetry in the
profiles used. Given u(k, m), the two-halo contribution to the power spectrum is given by:

dn

dm/

[e.e]
Py (k) = b(m)Plin(k:)/ dm/ b(m Yu(k,m') . (2.25)
0

This expression describes the cross-power spectrum of a halo of a given mass M with all other
halos in the universe. Thus, m denotes the mass of the halo of interest, and the integral is
performed over the masses m/ of the neighboring halos. Here, P, represents the linear matter
power spectrum, b(m) is the linear halo bias, and d7/am’ is the halo mass function. We adopt
the Sheth-Tormen bias model [61] and the Tinker0O8 halo mass function [62], as implemented
in the Core Cosmology Library (CCL® [63]). We choose to integrate over the mass range
1010 — 105 My, as we find that extending the range further changes the result by less than
2%. Finally, substituting Psy, (k) into Eq. (2.23), we obtain the two-halo contribution in real
space.

To reduce computational cost, we approximate the two-halo term by taking the limit
k — 0 in Eq. (2.23), effectively assuming that the two-halo term is independent of the
detailed shape of the profile (1, (r|M). The two-halo term reduces then to:

Can(rlm) = Con (1 +b(m) - ¢(r[m)) , (2.26)

where (), represents the mean background value of the profile we are considering. For ex-
ample, when modeling total gas density, we use (o), = feas X pm.crit, With fgas being the gas
fraction from the model. However, for observables like the kSZ effect, where we subtract Tovg
from the profile and thus trace fluctuations rather than absolute densities, this term drops
out. This expression provides an approximate form of the two-halo term, which simplifies
the full derivation by assuming that the large-scale structure can be described as a uniform
background modulated by the linear halo bias b(m).

To prevent unphysical contributions inside the virial radius due to overlapping halo
regions, several studies introduce a halo-exclusion term that suppresses the two-halo compo-
nent at small radii (see, e.g., [60]). We follow this approach and define an exponential cutoff
function:

r

Oc(r|m) =1 —exp < AeTVir(m)> , (2.27)

with A, = 0.4 (see Paper I), which smoothly transitions to zero inside the virial radius.
Applying this correction leads to the modified expression:

Con(r|m) = Oc(r|m) - Con - (14 b(m) - Gin (7)) - (2.28)

The approximate two-halo term serves as a computationally efficient alternative to the exact
derivation, which involves integrating over the power spectrum. We note that the approxi-
mation captures the large-scale behavior of the full result to within 1-2% in the total profile.
This level of precision is sufficient for our modeling purposes, particularly given the statistical
uncertainties in current observational data.

We adopt this approximation for the two-halo term and demonstrate in Appendix A
that it provides a sufficiently accurate description. We also evaluate the effect of including
the halo-exclusion correction and compare it to the case without the halo-exclusion and show
that the effect is minimal.

Shttps://github. com/LSSTDESC/CCL
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2.4 Gas fractions

Another observable that has been shown to be essential for testing cosmological models and
feedback processes in structure formation (see Refs. [64, 65]) are gas fractions. In this sub-
section, we briefly describe gas fractions and how we model them with BFC.

The gas fraction, fgas, is commonly defined as the ratio of the gas mass to the total mass
within a specific radius, typically Rsgp or Rogo :

R,
Mgas<< RBOO) _ fo °00 d’r//)gaus("ﬁl)"ﬂ/2
Mot (< Rs00) fOR5°° dr’ pot (r7)r'?

feas,500 = , (2.29)

where Mg,s and M. represent the gas mass and total mass enclosed within a radius 7, and
Pgas(r) and piot(r) are the gas density and total density profiles, respectively. The total
density piot(r) is computed from the sum of all individual components as:

Ptot ('r) = pgas(r) + cha("“) + psga(r) + pdm(r) + /02h(r) ) (2'30)

where pgas, Pegar Psgas Pdm, and pon represent the density profiles of gas, central galaxies,
satellite galaxies, dark matter, and the two-halo term, respectively. We compute all individual
profiles within the baryonification model, as discussed in detail in Section 2.1.

Feedback mechanisms, such as AGN and stellar feedback, impact gas fractions by re-
distributing baryons. These processes are included in BFC through modifications to the gas
density (and subsequent back-reaction effects on the dark matter component) which depend
on halo mass and redshift. Observationally, fsas 500 decreases at low masses due to strong
feedback, while at high masses, it approaches but remains below the cosmic baryon fraction,
fo = Qb /Qm, because a fraction of the baryons resides in stars.

3 Hydrodynamical Simulations

In this work, we use hydrodynamical simulations primarily to provide context and qualitative
comparisons for our results. Specifically, we focus on the FLAMINGO suite of simulations,
which we briefly describe below.

FLAMINGO Simulations: The FLAMINGO suite (Ref. [6]) consists of 21 cosmological
hydrodynamical simulations, covering two main box sizes (1 Gpc and 2.8 Gpc) and three
particle mass resolutions (1.34 x 108, 1.07 x 10%, and 8.56 x 10° Mg). The simulations ex-
plore nine distinct astrophysical feedback models and eight different cosmologies to robustly
test baryonic effects on large-scale structures. In this work, we use two simulations from
the FLAMINGO suite: the high-resolution fiducial run (m8) and the simulation with the
strongest feedback (fgas — 80).

The high-resolution simulation features N = 36003 dark matter and baryonic particles, with
an average gas particle mass of mgas = 1.34 ¥ 108 Mg, a dark matter particle mass of mepy =
7.06x 108 My, and a comoving gravitational softening length of e¢om = 11.2ckpe. The faas—80
simulation employs a lower resolution of N = 1800% particles, with Mgas = 1.07 X 10° Mo,
mcpm = 5.65 x 107 Mg, and €com = 22.3ckpc. Both simulations are run in a comoving box
of side length L = 1 Gpc.

Both simulations incorporate advanced subgrid models for baryonic physics, including stellar
and AGN feedback. The m8 model is calibrated to match observed gas mass fractions in
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low-redshift clusters and galaxy stellar mass functions at z = 0.0 (see Ref. [66]), while the
simulation with the strongest feedback is calibrated to the same low-redshift clusters but with
80 smaller gas-fractions.

4 Observational data

In this section, we describe the observational datasets used to constrain and test our model.
We first compare predictions against two-dimensional measurements of the kinematic Sunyaev-
Zel’dovich (kSZ) effect and gas fractions derived from X-ray observations, before turning to
three-dimensional gas density and pressure profiles from massive galaxy clusters. The em-
ployed datasets are summarized below.

4.1 ACT kSZ measurements

To provide direct constraints on the hot gas distribution in halos, we incorporate measure-
ments of the kinematic Sunyaev-Zel’dovich (kSZ) effect from Ref. [40], which used data from
the Atacama Cosmology Telescope (ACT) at 98 GHz and 150 GHz in combination with
galaxy catalogs from the Baryon Oscillation Spectroscopic Survey (BOSS). These measure-
ments probe the line-of-sight momentum of ionized gas, providing direct sensitivity to the gas
density distribution when combined with reconstructed galaxy velocities.

The analysis targets halos spanning a broad mass range from Magy ~ 103 to 10 M
(with mean mass Magg = 3 x 10" M) and redshifts in the range z ~ 0.4-0.6 (mean redshift
z = 0.55).

To isolate the weak kSZ signal from other astrophysical contributions, a matched-filtering
technique is applied to the ACT maps. This approach suppresses large-scale fluctuations from
the primary CMB and other foregrounds, enhancing sensitivity to the small-scale kSZ signal.
The filtered maps are then stacked at the positions of BOSS galaxies.

To reconstruct galaxy line-of-sight velocities, the study uses a Wiener-filtered velocity
field derived from the BOSS galaxy density field, based on linear perturbation theory and
the continuity equation. This method assumes a ACDM cosmology and provides unbiased
estimates of large-scale velocity modes, which are essential for recovering the kSZ signal.

The stacking procedure aligns individual kSZ measurements using the reconstructed ve-
locities, allowing the extraction of a statistically significant radial kSZ profile. This profile
is obtained by averaging the stacked signals in concentric annuli centered in the CMASS
galaxies. Systematic uncertainties, residual foreground contamination, and instrumental bi-
ases are carefully corrected to ensure a robust measurement of the kSZ-induced temperature
fluctuations.

4.2 X-ray gas fractions

To complement the kSZ measurements, we include observational constraints on the hot gas
mass fraction across a broad range of halo masses. Specifically, we utilize two distinct datasets.
The first dataset consists of the most recent measurements of gas fractions obtained from the
eROSITA survey (Ref. [41]). For the second dataset we follow Ref. [34], where gas fractions
reported by Refs. [42-44, 67, 68| were combined.
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4.2.1 eROSITA gas fractions

Ref. [41] examines the hot gas content in halos, from Milky Way-like galaxy groups to mas-
sive clusters, using X-ray observations from the eROSITA Final Equatorial Depth Survey
(eFEDS). The analysis covers halos in the mass range Msoo ~ 102 — 10, My, and redshift
range z ~ 0.01 — 0.2, based on optically selected groups and clusters from the Galaxy And
Mass Assembly (GAMA) survey.

To probe the typically faint X-ray signal in low-mass systems, the study employs a
stacking approach: X-ray surface brightness profiles are extracted by averaging eROSITA
data at the locations of many GAMA-selected groups within narrow mass bins. This enables
the detection of hot gas in systems that are individually too faint to be resolved in X-rays.
In contrast to samples limited to individually detected sources, typically biased toward the
most X-ray-luminous systems, stacking provides a more representative view of the population
by including lower-surface-brightness objects. The resulting stacked profiles are modeled to
reconstruct average electron density profiles, from which the total hot gas mass is derived
within characteristic radii such as Rs0p and Rogg. The gas fraction, fgas, is defined as the
ratio of hot gas mass to total halo mass.

One key assumption in this method is that the faint systems included via stacking
are correctly described by the same models used to fit brighter systems. If faint sources
are systematically different, e.g., due to different thermodynamic structure or background
contamination, this could bias the inferred gas fractions. However, stacking mitigates the
selection bias associated with X-ray detection thresholds, which otherwise tend to exclude
low-luminosity groups.

The total halo masses used in this study are derived from optical group catalogs, primar-
ily using abundance matching or richness-mass relations calibrated against the Magneticum
simulation [12]. These indirect methods introduce systematic uncertainties, particularly at
the low-mass end where the scatter in the mass—observable relation is large. Due to the larger
uncertainties and potential biases in the halo mass estimates at the low-mass end, we exclude
data points with Msgp < 10'3M, from our analysis.

4.2.2 Compilation of pre-eROSITA X-ray gas fractions

Ref. [34] combined a large number of X-ray gas fraction observations from different data sets,
as described below:

e Lovisari+15 [42] analyzed a sample of 20 galaxy clusters and groups, spanning a mass
range of 3 x 1013 My < Mspp < 2 x 10'* Mg, and a redshift range of 0.010 < z < 0.035.
Halo masses were estimated under the assumption of hydrostatic equilibrium, using
density and temperature profiles from XMM-Newton X-ray observations. (Gas masses
were derived by integrating the electron density profiles inferred from X-ray surface
brightness modeling.

e Gonzalez-+13 [43] investigated 15 galaxy clusters with halo masses ranging from 1 x
10' Mg < Msgp < 2 x 10'5 M, and a redshift range extending up to z ~ 0.2 (median
z ~ 0.1). Total mass estimates were obtained via the total baryonic content method,
combining stellar masses from near-infrared observations and gas masses from Chandra
X-ray data.

e Sun+09 [44] focused on a sample of 43 galaxy groups in the mass range 1 x 1013 My, <
Msp0 < 1 x 10'* Mg, with redshifts between 0.012 < z < 0.12. Total masses were esti-
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mated assuming hydrostatic equilibrium using temperature and density profiles derived
from Chandra observations. Gas masses were computed by integrating the resulting gas
density profiles.

The selected gas fractions are broadly consistent with those used to calibrate the fidu-
cial FLAMINGO simulation. Across all samples, gas fractions are reported with statistical
uncertainties on the mean, but do not explicitly account for systematic uncertainties such
as the hydrostatic mass bias (bnse). Hydrostatic masses tend to be biased low by roughly
20-30% (Ref. [69]) due to unaccounted non-thermal pressure support from turbulence or bulk
motions. In contrast, weak lensing and dynamical mass estimates are largely unbiased within
current uncertainties. Second, selection biases, especially in X-ray-selected samples, can af-
fect the observed gas fractions, as the sample may preferentially include systems with brighter
or more centrally concentrated X-ray emission. Gas mass estimates themselves are typically
derived from X-ray observations and depend on assumptions about the gas density profile,
the conversion between X-ray emission and gas density, and the gas metallicity. In addition,
calibration uncertainties in X-ray instruments further contribute to the total measurement
uncertainty.

4.3 X-COP gas density and pressure profiles

To test the three-dimensional structure of the intracluster medium, we compare our model
predictions to the gas density and pressure profiles observed in the XMM-Newton Cluster
Outskirts Project (X-COP) [70, 71].

Ref. [71] analyzed the radial electron number density and pressure profiles of the intracluster
medium (ICM) in 12 nearby galaxy clusters® taken from the X-COP sample. This sample
consists of massive clusters with halo masses in the range Moy ~ 3 x 10 — 1.5 x 10 M,
where the mean mass is Magg &~ 9.7x104Mg, (see Ref. [72]), selected to be among the brightest
clusters in the Planck SZ catalog [73]. The clusters span a redshift range of z = 0.04 — 0.1
(zZ = 0.065), making them ideal for detailed thermodynamic studies out to large radii.

By combining X-ray observations from XMM-Newton with SZ data from Planck, robust
radial profiles for electron number density and pressure are derived. The electron number den-
sity is inferred from X-ray surface brightness profiles, which depend on the emission measure
of the hot gas. Meanwhile, the pressure profile is constrained using the thermal Sunyaev-
Zel’dovich effect, which measures the comptonization of CMB photons due to the thermal
motion of electrons in the ICM. These measurements allow for a comprehensive thermody-
namic characterization of the ICM, extending from the central regions (~ 0.02Rs00) to the
outskirts at ~ 1.5 x Raqg.

5 Likelihood and Inference

5.1 Likelihood

To constrain the parameters of our model, we employ a Bayesian analysis framework. Specif-
ically, we use a Gaussian likelihood to compare model predictions with observational data.

SThroughout this work, we define galazy groups as halos with Moo < 10'*, Mo, and galazy clusters as
those with M200 2 1014.
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We assume that the different probes are independent, enabling the total likelihood to be ex-
pressed as a product of individual likelihoods. The Gaussian log-likelihood function, in its
most general form, is given by:

log & —%(d—m)TC_l(d—m), (5.1)

where d represents the data vector, m the corresponding model vector, and C~! the inverse
covariance matrix. This form accounts for the full covariance structure of the data, including
any correlations between different data points. In the following, we describe each of the em-
ployed likelihoods in more detail.

kSZ-+X-Ray fit: For the joint fit of the kSZ signal and gas fractions (for both samples used),
we assume that the two observations are independent, allowing us to sum the log-likelihoods
of the two probes.

For the kSZ signal, we follow Ref. [40] and employ the joint covariance matrix of the two
frequency observations, including their cross-covariance.

For the gas fraction measurements, we use the error bars on the measurements as diagonal
entries in the covariance matrix, neglecting any correlations between data points.

Since the two probes trace different redshifts (z = 0.55 for the kSZ signal and z ~ 0.1 for
the gas fractions), we evaluate the model at their respective redshifts when computing each
likelihood. While the underlying model parameters may in principle evolve with redshift, we
assume they remain approximately constant between z = 0 and z = 0.55. This is justified by
the relatively weak redshift dependence in the gas fraction data and the redshift evolution of
theses parameters in this specific redshift regime (see upper two panels in Fig. 11 in Paper

[1]).

5.2 Sampling

We sample the likelihoods using the importance nested sampler NAUTILUS’, which is based
on the nested sampling algorithm (see Ref. [74]). A key advantage of nested sampling is that
it naturally provides posterior samples as a byproduct of the algorithm, making it especially
useful for complex, high-dimensional, and multi-modal distributions.

NAUTILUS improves upon standard nested sampling by dynamically allocating live points and
employing an adaptive ellipsoidal decomposition to efficiently sample complex distributions.
Instead of relying on fixed clusters, it refines its sampling strategy based on local posterior
structure, allowing it to resolve sharp likelihood features while maintaining computational
efficiency. This approach ensures that the algorithm remains flexible and adaptive, reducing
unnecessary evaluations in less relevant regions of parameter space.

NAUTILUS depends on a number of hyperparameters that control the accuracy, sampling
efficiency and the number of likelihood evaluations. For our analysis, we use the following
hyperparameter settings: 2’000 live points (nlive), 20’000 effective samples (neff), and a
pruning fraction of live points (flive) of 0.01. We validate these by ensuring that our results
are unchanged for a number of different choices.

"https://nautilus-sampler.readthedocs.io/en/latest/.
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We assume physically motivated uniform priors for most parameters, with the exception
of the hydrostatic mass bias, for which we impose a Gaussian prior centered at 0.26 with a
standard deviation of 0.07. This prior is based on the analysis of Ref.[75], which combines
CMB lensing and SZ measurements, and is consistent with other direct estimates from X-ray
and lensing data (e.g., Ref.[76]). A full overview of the adopted priors is provided in Table 1.

We begin with the full set of model parameters and perform a reduction analysis to
identify the subset most relevant for the observables considered. This selection is guided by
the physical relevance of each parameter for the kSZ signal and gas fraction measurements,
as well as insights from the companion paper [1|. In the final reduced model, we retain the
parameters most sensitive to the hot gas distribution: M., u, and é (governing the gas profile
shape), along with Mago ks, (characterizing the mean halo mass of the kSZ sample). The
hydrostatic mass bias parameter byg. is additionally included when fitting to pre-eROSITA
gas fraction data. A detailed discussion of the parameter reduction and the impact of fixing
other parameters is provided in Appendix C.

6 Results

In this section, we present the results of fitting our baryonification model to observational
data and we derive constraints on baryonic feedback. Section 6.1 presents the joint analysis
of the stacked kSZ signal and X-ray gas fractions, focusing on the consistency across differ-
ent observables. Section 6.2 presents the implications of our findings for baryonic feedback,
including the predicted three-dimensional gas and pressure profiles and the matter power
spectrum suppression resulting from our best-fit model.

6.1 2D profiles

We begin by jointly fitting our model to the stacked radial kSZ measurements and X-ray
gas fraction data. We consider two distinct gas fraction datasets: first, the recent eROSITA-
based measurements (see Sec. 4.2.1), and second, the pre-eROSITA compilation described in
Sec. 4.2.2.

6.1.1 kSZ + eROSITA gas fractions

We now present the results of the joint fit to the kSZ signal and the eROSITA gas fractions,
following the procedure described in Section 5.1. The fit includes four free parameters in total:
three describing the gas profile, M., u, and §, and one for the mean halo mass of the kSZ
sample, Mgoo,ksz. This joint analysis builds on an initial model with nine® free parameters.
To reduce complexity and improve robustness, we performed a parameter reduction analysis
and found that the data can be well described using this reduced set. Full details are given
in Appendix C.

Even when leaving the halo mass MQ(]O,kSZ free in the fit, we recover a value fully
consistent with the CMASS mean mass. The best-fit value agrees well with the indepen-
dent estimate from Ref. [38]|, who find log 10(Ms500./Mg) = 13.34 & 0.04, corresponding to
logg(Mao0c/M@) ~ 13.52 under the assumption of an NFW profile. This agreement is further
supported by the posterior distribution shown in Appendix D (see Figure 10).

Figure 1 shows the outcome of the joint fit, with the left-hand showing the kSZ signal
and the right-hand displaying the predicted gas fractions fgas 500 evaluated at rsgpp. As dis-

8Since ang is only needed for the pressure profiles, we do not include it here.
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Figure 1: Joint fit to the kSZ signal and eROSITA gas fractions. Left: Measured
kSZ signal from ACT at 98 GHz (light-blue) and 150 GHz (dark-blue), compared to the
BFC model prediction (light-blue solid and dark-blue dashed lines, respectively) based on the
best-fit parameters from the joint kSZ + eROSITA fit. The shaded regions indicate the 68%
confidence interval.

Right: Predicted gas fractions at r500 as a function of halo mass from the joint fit (solid blue
line with 68% confidence band), compared to eROSITA measurements (black points). The
dotted purple line shows the fit to gas fractions alone. For comparison, predictions from two
FLAMINGO simulation models are included: the fiducial feedback m8 model (dash-dotted
green) and the strong feedback fgas—80 model (dashed red).

cussed above, we exclude the three lowest gas fraction data points due to uncertainties in the
estimated halo masses, but our results are insensitive to this choice.

Focusing first on the kSZ signal, the solid and dashed lines in the left-hand-side panel
represent the model predictions at 98 GHz and 150 GHz, respectively, with shaded regions
corresponding to the 68% confidence interval. As can be seen, the BFC prediction provides
a good fit to the ACT data at both frequencies, particularly in the central regions. At large
radii, the model systematically underpredicts the data, although, as discussed below, this has
no impact on the goodness-of-fit since these outer data points are strongly correlated (see
Figure 7 in Ref. [40]). Furthermore, in the outer regions, the kSZ signal is largely dominated
by the two-halo term, which depends primarily on the halo mass and thus exhibits only an
indirect sensitivity to the gas profile parameters (see Eq. (2.26)).

We note that in our BFC predictions we assume that all CMASS galaxies are centrals
and neglect the contribution from satellite galaxies. In Ref. [38], it was shown that including
satellites increases the predicted kSZ signal by up to 20-30% (see Figure 4 in Ref. [38]). Since
our model accounts only for central galaxies, we do not directly compare our predicted kSZ
signal to the FLAMINGO results (Ref. [38]), which include both centrals and satellites. A
comparison between our model and the FLAMINGO kSZ measurements, highlighting the
effect of satellite contributions, is provided in Appendix F. As discussed there, our results
remain robust to this simplification given the current statistical uncertainties, though satellite
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effects will need to be modeled more carefully in future high-precision analyses.

The corresponding constraints on the gas fraction from the joint fit are shown as the
solid blue line with 68% confidence intervals in the right-hand panel. While the kSZ-only fit
already provides tight constraints on the § parameter, incorporating the X-ray gas fractions
additionally constrains the mass-dependent parameters M. and u. The joint fit closely traces
the gas fraction data and remains within 1o of all measurements, though it tends to lie on
the lower edge at low masses.

Crucially, the inclusion of the kSZ data shifts the gas fraction fit downward, particularly
in the mass range around Mg ks, & 3 X 101¥Mg (M50 = 2.1 x 101¥Mg). This suppression is
clearly visible when comparing the joint fit to the gas-fraction-only fit (dotted purple line). In
addition, the kSZ data recover the characteristic smooth step function in the gas fraction—mass
relation, which is not apparent in the X-ray-only fit. This feature reflects the mass-dependent
efficiency of AGN feedback: flattening at low masses due to strong gas removal and flattening
again at high masses where the deeper potential wells retain more gas.

Despite this shift, the two fits remain statistically consistent (see the joint posterior
distribution in Appendix D in Figure 10).

The quality of the joint fit is quantified via x? values computed from Monte Carlo
realizations of the data. For the joint kSZ and eROSITA gas fraction fit, we find y? = 24.57
and a PTE (Probability to exceed) of 0.41 (see Table 2), indicating a good fit and no significant
tension between the two datasets.

Finally, we compare our joint fit predictions to results from hydrodynamical simulations.
The m8 FLAMINGO simulation (dash-dotted green line), which [6] show reproduces pre-
eROSITA data, overestimates the gas fraction at nearly all masses, with agreement emerging
only at the high-mass end (Msp0 > 5 x 10'4Mg). The feas—80 simulation lies within our 68%
interval across most of the mass range, although it slightly undershoots the high-mass end
and overshoots at the low-mass end.

In summary, the kSZ and eROSITA gas fraction data can be jointly explained by a
consistent set of gas profile parameters. The combination of these two observables constrains
both the amplitude and shape of the gas distribution, with the kSZ data playing a crucial
role in limiting the gas content at low masses.

eROSITA pre-eROSITA
Statistic  kSZ  fgass00 KSZ + feassoo | KSZ fgasso0  KSZ A+ fgass00
Cow 2256 2.00 24.57 2454 248 27.03
PTE 0.22 0.82 0.41 0.14 0.70 0.22

Table 2: x? values and p-values (PTE) from the joint fit of the kSZ signal and X-ray gas
fractions. The kSZ and X-ray columns show the x? and PTE for each dataset, evaluated
at the best-fit parameter values from the joint analysis (see Figures 1 and 2). The joint fit
columns display the total x? and PTE from the combined analysis. Results are shown for
both the eROSITA (left) and pre-eROSITA (right) gas fraction datasets.

6.1.2 Compilation of pre-eROSITA X-ray gas fractions

As in the previous section, we perform a joint fit of the kSZ signal with the X-ray gas
fraction measurements, this time using the pre-eROSITA dataset. While the model and
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fitting procedure remain unchanged, we apply the hydrostatic mass bias correction to the
pre-eROSITA gas fraction data. The results are presented in Figure 2, where the left-hand
panel shows the fit to the kSZ signal and the right-hand panel displays the gas fractions.
The solid blue line indicates the posterior mean of the joint fit, and the shaded region shows
the corresponding 68% confidence interval. Notably, we observe visible differences in the
predicted kSZ signal compared to the kSZ-+eROSITA fit (Figure 1), although the overall
agreement remains acceptable”.

In the gas fraction panel, the joint fit closely follows the four available pre-eROSITA data
points, all of which lie within the 68% confidence region. However, a noticeable divergence
emerges when extrapolating to lower masses, below the lowest data point at Msgg ~ 5 X
10" Mg,. In this regime, the joint fit, driven by the kSZ signal, exhibits a clear downturn in
the gas fraction, while the individual X-ray-only fit continues to predict comparatively high
values. This behavior suggests that the kSZ data impose a preference for lower gas fractions
at the group scale, creating tension with the trend implied by the pre-eROSITA gas fractions
alone.

This discrepancy is consistent with earlier work: previous studies (e.g., Refs. [36, 38, 77])
have similarly reported challenges in jointly fitting the kSZ signal and earlier X-ray gas fraction
measurements. The x? of the joint fit remains within acceptable bounds, yet the parameter
space required to reconcile both probes results in rather extreme values, especially for M. and
u (see Figure 10 in Appendix D). This reinforces the conclusion that the two datasets prefer
markedly different regions of parameter space, with the X-ray data favoring low values of M,
and p, while the kSZ data prefer significantly higher values (see Figure 10 in Appendix D).

A likely explanation for this discrepancy lies in selection effects. The pre-eROSITA
X-ray data were primarily derived from pointed observations and archival samples, which
preferentially detect systems with high gas content, while differences in mass estimation may
also contribute. This leads to a systematic overestimation of the average gas fraction, particu-
larly at the group scale, compared to more representative samples. In contrast, the eROSITA
dataset combines X-ray-selected halos with optically selected groups from the GAMA survey,
providing a more balanced and less biased view of the halo population [78-80].

The comparison to FLAMINGO simulation results shows that the pre-eROSITA joint fit
overshoots the gas fractions from the fgas—80 model across most mass scales, while aligning
more closely with the m8 simulation in the mass range covered by the X-ray data, as expected,
given that this simulation was specifically calibrated to match these gas fraction observations.
However, at the lower masses relevant for the kSZ data (Mspp ~ 2 x 1013 Mgp), the gas fractions
in the joint fit fall significantly below the m8 FLAMINGO prediction but agree well with the
feas—80 simulation, another sign of the strong suppression driven by the kSZ.

Finally, comparing the joint fits using either eROSITA or pre-eROSITA gas fractions
reveals a notable difference in the shape of the gas fraction profiles at low masses. In both
cases, the inclusion of kSZ data induces a downturn in fgas 500, reflecting the suppression
of gas content required by the kSZ signal. However, the downturn is much steeper in the
pre-eROSITA fit. This is because the pre-eROSITA gas fraction measurements remain high
at low masses, forcing the model to compensate more strongly to match the kSZ data. In
contrast, the eROSITA gas fractions already lie at lower values for group-scale halos, resulting
in a smoother, more gradual suppression in the joint fit.

In summary, our results confirm that the pre-eROSITA gas fraction measurements are

9Quantified using the PTE, which is 0.14 for the joint fit to the kSZ signal (corresponding to a x> = 24.54).
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in tension with the kSZ signal, as a joint fit requires extreme parameter combinations and
still fails to reproduce the low-mass suppression indicated by the kSZ data. However, when
replacing the pre-eROSITA measurements with the new eROSITA gas fractions, this tension
is resolved: the two datasets become mutually consistent and jointly favor models with strong
baryonic feedback. This conclusion is further supported by the good agreement between our
best-fit gas fractions and the predictions of the fgas — 80 FLAMINGO simulation, which not
only reproduces the kSZ signal, as shown in Ref. [38], but also closely matches our results.
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Figure 2: Joint fit to the kSZ signal and pre-eROSITA gas fractions. Same as
Figure 1, but using the pre-eROSITA X-ray gas fraction dataset.

6.2 Implications for baryonic feedback

Having established that our model allows us to self-consistently fit the kSZ measurements
from ACT and gas fractions from eROSITA, we now examine the implications of our results
for baryonic feedback effects. We proceed in two steps: We first present the three-dimensional
gas density profiles predicted by our model and compare them to results from hydrodynamical
simulations and observations. In the second step, we compute the predicted matter power
spectrum suppression on small and intermediate scales.

6.2.1 Comparison of 3D Profiles to FLAMINGO and X-COP

After jointly fitting our gas model to the kSZ signal and gas fractions from eROSITA and pre-
eROSITA, we examine the resulting gas density profiles using the posterior from the kSZ -+
eROSITA fit. We focus on two characteristic halo mass scales: the mean mass of the CMASS
BOSS sample, Magg = 3 x 103Mg, relevant for the kSZ signal; and the mean mass of the
X-COP sample, Mogy = 9.7 x 10"4M,, for which high-resolution X-ray data are available.
To account for redshift evolution, we evaluate the gas profiles at the mean redshifts of the
respective samples: z = 0.55 for CMASS and z = 0.065 for X-COP.

Low-mass regime: Figure 3 shows the gas density profile at the CMASS mean mass.
The solid blue line denotes the posterior mean from our joint fit, with the shaded region
showing the 68% confidence interval. For comparison, we include gas density profiles from
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Figure 3: Gas density profile at the CMASS mean mass. Shown is the three-
dimensional gas density profile at Mooy = 3 x 103 M and redshift z = 0.55, based on
the posterior from the joint kSZ + eROSITA fit (solid blue line with 68% confidence in-
terval). The FLAMINGO m8 and fgzas—80 simulation profiles are included for comparison
(dash-dotted green and dashed red lines, respectively). The vertical dotted line marks the
virial radius. The region directly constrained by the kSZ data is indicated, while the shaded
area at smaller and larger radii denotes extrapolation beyond the observational range.

the FLAMINGO m8 and fgas—80 simulations (dash-dotted green and dashed red lines, re-
spectively), evaluated using measured profiles from FLAMINGO halos in the mass range
logg(Maoo/Me) = 13.13-13.63, which encompasses the CMASS mean mass.

The radial region where the kSZ data constrains the profile is highlighted, while the shaded
outer area consists of an extrapolation. Within the virial radius (indicated by the vertical
dotted line), our model predicts a suppressed gas density compared to both FLAMINGO sim-
ulations, lying below even the fgas—80 model. At large radii (r > 3 Mpc), all profiles converge
due to the dominance of the two-halo term, which is set by the cosmological background and
thus insensitive to feedback.

In the intermediate region (1Mpc < r < 3Mpc), where the kSZ signal provides the
strongest constraints, our model predicts gas densities that are nearly identical to those in
the fgas—80 FLAMINGO run. This redistribution of gas from the center to the outskirts is
required to reproduce the observed kSZ signal and is consistent with trends reported in recent
analyses [36, 81]. Overall, the gas profile in this regime supports a strong feedback scenario
similar to FLAMINGO fgas-80, with indications of a very slightly more efficient expulsion of
gas from the halo center at the 1o level. This finding reinforces the consistency between the
kSZ signal and the low gas fractions inferred from eROSITA, both of which point toward a
scenario with strong baryonic feedback.
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High-mass regime: Figure 4 shows the predicted gas density and pressure profiles for the
X-COP sample. We again use the posterior from the joint kSZ + eROSITA fit and compute
individual profiles for each X-COP cluster, averaging them to obtain the solid blue line. The
shaded region includes both the posterior uncertainty and the scatter from the cluster-to-
cluster mass variation.

Our model reproduces the X-COP measurements remarkably well, staying within 1o across
the full radial range for both gas density and pressure!'?. This agreement is especially notable
given that the model is only constrained by observables tracing the distribution of hot gas,
namely the kSZ signal and X-ray gas fractions, and not by the X-COP profiles themselves.
The consistency across both density and pressure strongly supports the validity of the model
and demonstrates that it captures both the spatial and thermodynamic structure of the intr-
acluster medium.

For comparison, we now directly use the FLAMINGO m8 and fga.s—80 simulation profiles,
evaluated at the mean mass of the X-COP sample at redshift z = 0.1 (22)!!. The resulting
predictions are shown as dash-dotted green and dashed red lines, respectively, with shaded
bands indicating their 68% scatter.

Our best-fit model aligns most closely with the FLAMINGO m8 simulation for the gas density
in the central cluster regions, while the fg.s—80 simulation underpredicts the core densities,
suggesting that strong feedback is disfavored at these high masses. In the case of the electron
pressure profile, both simulations lie within the 68% confidence interval of our model across
the full radial range. However, they systematically fall below the posterior mean at nearly all
radii. Although the differences are not statistically significant given the current uncertainties,
this consistent offset may point toward slightly higher electron pressure in the observed clus-
ters than predicted by either simulation. Similar differences were also observed in 53], who
compared pressure and density profiles from simulations to X-ray observations across a wide
range of halo masses. They showed that such comparisons are highly sensitive to the assumed
halo mass and to the method used to extract simulation profiles, e.g., X-ray weighting versus
mass or volume weighting. As a result, observed X-ray profiles can be biased even before
accounting for selection effects. This mass sensitivity implies that robust comparisons require
accurately modeling the full mass distribution within the observational sample and carefully
accounting for potential biases in the inferred halo masses. As in the low-mass regime, all
profiles converge at large radii where the two-halo term dominates.

Taken together, these results reveal a clear mass dependence in the efficiency of baryonic
feedback. At low masses, our joint fit requires slightly stronger suppression of central gas than
predicted by FLAMINGO’s fgas—80 simulation, while at intermediate and high masses the
inferred profiles are broadly consistent with that strong feedback model. Only at the highest
masses (Msop = 5 x 1014 M) do the gas fractions and profiles approach the values of the m8
FLAMINGO simulation, suggesting that feedback becomes less efficient in deep gravitational
potentials.

This trend is consistent with the gas fraction constraints shown in Figure 1, which gen-
erally lie close to the fg.s—80 simulation across most of the mass range, but begin to converge
with the m8 simulation at the cluster scale. Notably, our model reproduces both the low-mass
and high-mass gas density profiles without being explicitly fitted to the X-COP density data,

1ONormalized with Psgo following Eq. 8 in Ref. [71].
"'We then rescaled it to the mean redshift of the X-COP sample z = 0.065 (z1) by multiplying the profiles
with (1 4+ 21)%/(1 + 22)®
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only the masses of the X-COP sample are used. This consistency across mass scales high-
lights the robustness of the model and its ability to capture the evolving impact of baryonic
feedback on halo gas content.

Moy =9.7 x 101 M, 2=0.065
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Figure 4: Gas density and pressure profiles at the X-COP mean mass. Shown
are the three-dimensional gas density (left) and normalized electron pressure (right) profiles
at Magg = 9.7 x 101 Mg, and redshift z = 0.065 (mean mass and redshift from the X-COP
sample), based on the posterior from the joint kSZ + eROSITA fit (solid blue lines with 68%
confidence intervals). X-COP measurements are shown as black points. The FLAMINGO m8
and fgas—80 simulation profiles are included for comparison (dash-dotted green and dashed
red lines, respectively). While both simulations fall within the model uncertainty, the m8 run
matches the gas density more closely in the cluster center, and both simulations lie slightly
below the posterior mean in the pressure profile across all radii.

6.2.2 Power spectrum suppression

To assess the impact of baryonic feedback on large-scale structure, we compute the suppression
of the matter power spectrum predicted by our best-fit parameters from the joint fit to the kSZ
signal and eROSITA gas fractions (see Section 6.1.1). To this end, we use PKDGRAV3!? [82]
to generate an N-body simulation with a box size of L = 256 Mpc/h and 5123 particles. We
then baryonify this simulation using our best-fit BFC parameters and compute the resulting
matter power spectrum suppression, shown in Figure 5.

The solid blue line shows the suppression predicted by our joint three-parameter (3p)
fit to the kSZ and eROSITA gas fraction data, with the shaded region indicating the 68%
confidence interval. Since the model does not constrain stellar-related parameters directly,
we fix them to the best-fit values obtained from stellar mass profile fits in Ref. [1]| (see

2https://bitbucket.org/dpotter/pkdgrav3d/src/master/
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Appendix C). To assess the impact of this assumption, we also show the broader 68% band
from a six-parameter (6p) version of the fit, where the stellar parameters 7, dn, and Nga, are
allowed to vary as well. This broader band illustrates the additional uncertainty at small scales
(k > 1hMpc™!) due to degeneracies between gas and stellar feedback. For comparison, we
include the suppression curves from the FLAMINGO m8 (green) and strong-feedback fgas—80
(red) simulations. All models agree on large scales (k < 0.2 hMpc™!), where baryonic effects
are negligible. At smaller scales, our joint fit predicts significant suppression, closely tracking
the FLAMINGO fgas-80 model and clearly deviating from the m8 prediction (see also Ref. [83]
for the matter power spectrum suppression of the different FLAMINGO models)

We also show the suppression from a fit to the eROSITA gas fractions alone (dotted
purple line). This result consistently predicts weaker suppression across all scales compared
to the joint fit. The difference highlights the role of the kSZ data, which pushes the sup-
pression downward, especially at k& > 0.5hMpc~!. This trend mirrors what is seen in the
gas fraction—mass relation (Figure 1), where the joint fit bends downward at low masses,
again driven by the kSZ. For completeness, we show the suppression derived from the joint fit
using pre-eROSITA gas fractions in Appendix E. Consistent with the higher gas fractions in
the older dataset, this version predicts weaker suppression and aligns more closely with the
fiducial FLAMINGO m8 model, as expected for a scenario with weaker baryonic feedback.

Recent weak lensing results from KiDS-Legacy suggest minimal baryonic suppression [84],
but mainly probe k ~ 1 hMpc~! and not the deeply non-linear regime. Its one-parameter feed-
back model limits flexibility at smaller scales. Unlike KiDS-1000 [85], which allowed stronger
suppression, KiDS-Legacy’s preference for weaker feedback (near or below m8) should not be
interpreted as a direct constraint on smaller-scale suppression.

Taken together, our results demonstrate that the combination of kSZ and eROSITA
X-ray data provides strong and self-consistent constraints on baryonic feedback. The sup-
pression of power predicted by our model matches the fg.s-80 FLAMINGO simulation across
a wide range of scales, while disfavoring the m8 model based on multiple independent ob-
servables. Crucially, this consistency extends beyond clustering: the same best-fit parameters
also reproduce the observed gas fractions and gas density profiles. Unlike previous studies
that inferred strong feedback primarily from kSZ or weak lensing alone, our analysis shows
that the addition of eROSITA gas fractions enables consistency with X-ray constraints as
well.

7 Conclusions

In this work, we constrain a physically motivated baryonification (BFC) model for the hot
gas distribution in halos by jointly fitting ACT kinematic Sunyaev-Zel’dovich (kSZ) mea-
surements and X-ray gas fractions from both eROSITA and pre-eROSITA samples. This
analysis builds on the baryonification framework developed in Paper I [1], which allows for
self-consistent modeling of Dark Matter and baryons using a reduced set of physically inter-
pretable parameters.

We find that the combination of kSZ and eROSITA data yields self-consistent constraints
on baryonic feedback strength. The joint fit simultaneously recovers the amplitude and shape
of the gas fraction—mass relation and constrains the radial gas distribution, particularly at
low halo masses where the kSZ signal provides unique sensitivity.

In contrast, a joint fit using pre-eROSITA gas fractions leads to significant tension with
the kSZ signal, favoring parameter values that are incompatible with the suppression seen at
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Figure 5: Matter power spectrum suppression from the joint kSZ 4+ eROSITA
fit. Shown is the suppression of the matter power spectrum predicted using the best-fit
parameters from the three-parameter joint fit to the kSZ signal and eROSITA gas fractions
(solid blue line with 68% confidence interval). The broader blue-shaded band indicates the
result from a six-parameter version of the fit where stellar feedback parameters are also varied.
For comparison, suppression curves from the FLAMINGO m8 simulation (dash-dotted green)
and the fgas—80 simulation (dashed red) are included, along with the suppression from a gas-
fraction-only fit (purple dotted line).

low masses. This discrepancy may be driven by selection biases in the older X-ray datasets,
which predominantly include gas-rich systems, though differences in halo mass estimation may
also play a role. Using the eROSITA sample, which combines optically and X-ray selected
galaxy groups and clusters, we find strong consistency with the ACT kSZ observations, and
thus base our main results on these data sets.

Using the best-fit parameters from the joint kSZ and eROSITA analysis, we compute
the resulting 3D gas profiles across two characteristic mass regimes. For low-mass, CMASS-
like halos, the inferred gas profiles show strong central suppression and enhanced outskirts,
consistent with a scenario of powerful feedback processes redistributing gas. At the high-mass
end, our model accurately reproduces both the gas density and pressure profiles inferred from
the X-COP sample, despite not being fitted to these measurements, highlighting the model’s
physical consistency and predictive power across halo masses.

We also compute the suppression of the matter power spectrum predicted by the best-fit
model. The resulting suppression exceeds the percent level at k > 0.3hMpc™!, reaching
20-25% at k = 5hMpc !, in line with strong-feedback predictions from the FLAMINGO
feas—80 run. This result clearly deviates from the fiducial FLAMINGO m8 simulation, and
points towards strong baryonic feedback effects required to jointly describe the combination
of gas fractions from eROSITA and kSZ observations from ACT. This is in line with previous
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work (e.g. [36, 38]) and it will be interesting to compare it with recent and upcoming weak
lensing results.

Taken together, our results show that the BFC framework provides a powerful, self-
consistent model of baryonic feedback across mass scales and observables, including gas frac-
tions, SZ effects, and matter clustering. Its predictive accuracy and physical interpretability
make it highly promising for application to additional cosmological observables such as ther-
mal SZ or X-ray observations, as well as simulation-based inference analyses. As upcoming
surveys like Euclid, LSST, and Roman push into the nonlinear regime with unprecedented
precision, robust modeling of baryonic effects, such as that provided by BFC, will be essential
for extracting unbiased cosmological information.
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A Two-halo term and halo exclusion

In this appendix, we derive the approximate two-halo term used in our modeling and discuss
the influence of halo exclusion. The approximation follows the standard halo model formal-
ism [90], where the two-halo contribution in real space is obtained by Fourier transforming
the two-halo power spectrum.

In the large-scale limit (k — 0), the Fourier-transformed one-halo profile becomes:

osin(kr)

u(k|m) = /000 dr 4mr Cin(rim) — Mgas(m) . (A1)

Inserting this into Eq. (2.25) and taking the same limit, we find:

, dn
dm/

oo
Pon(k — 0) ~ b(m) Pin (k) / dm’ I o) My (') ~ b(m) P (K)pgas -~ (A.2)
0
This expresses the idea that the contribution from surrounding halos can be approximated
as a uniform background with mean gas density pgas = fgas * Pm,crit, modulated by the linear
bias of the central halo.
Transforming back to real space, the approximate two-halo term becomes:

pan(rm) = Gon - (1 +b(m) + Gin (7)) (A.3)

where (i, (1) is the linear correlation function. To ensure physically realistic behavior at large
radii, we additionally include a constant background term (s, representing the mean cosmic
density of the quantity being modeled. Without this term, the profile would asymptotically
approach zero at large scales, which is inconsistent with the presence of a uniform cosmic
background. Finally, by adding the expression of halo-exclusion (shown in 2.3), we get the
final form of the approximative two-halo term:

pon(rim) = Oq(r|m) - Con - (1 + b(m) - Gin(r)) - (A.4)

In Figure 6, we compare the exact two-halo term (from full Fourier integration), the
approximate expression without halo exclusion, and the same expression with the exclusion
correction applied. We find that all models agree to better than 2% across the relevant radial
range. The effect of halo exclusion is limited to radii r < ryi; and has a negligible impact on
the scales most relevant for our modeling.

B Parameter dependence of kSZ and f,. 500

Since the influence of the specific used parameters might not be directly obvious, we show the
parameter dependence of the kSZ and gas fractions fgas 500 in Figures 7 and 8, respectively.
The relevant definitions for the gas density profile and baryonic fractions are provided in
Equations (2.6)—(2.13).

Oco: Similar to «, 0., also influences the inner part of the gas profile by defining how extended
the core is. For the same reason as for « this has no influence on the kSZ. For the gas fractions
we again see an effect. As the core radius becomes larger, we have less gas within r599 and
vice versa due to mass conservation.
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Figure 6: Comparison between the exact and approximate two-halo term, with
and without halo exclusion. Left: Comparison of the exact and approximate two-halo
terms without applying the halo-exclusion function. Right: Same comparison, but with the
exclusion term included in the approximate model. The exact two-halo term is computed via
the Fourier transform of the two-halo power spectrum (Eq. (2.23)), while the approximate
version is given by Eq. (2.26), which includes a background term and, in the right-handed-side
panel, the exponential exclusion function. Both panels also display the relative difference in
a sub-panel below, showing deviations below 2% across the relevant radial range.

log,o(M.): Defines the characteristic mass scale at which the transition in the B(M) (see
Eq. (2.7)) slope occurs. This parameter influences how quickly the gas density profile steep-
ens with increasing halo mass. For low masses (below M), the profile is shallower; for high
masses, it steepens. A lower M, value leads to steeper gas profiles at fixed halo mass. This
results in more gas concentrated within the inner regions of the halo, increasing both the gas
fraction within r5gp and the amplitude of the kSZ signal.

p: Controls the sharpness of the transition in the slope S(M). A larger p results in a more
abrupt change around the transition mass M., while smaller values yield a smoother variation.
This affects both the shape of the gas profile and the mass dependence of the gas fraction and
kSZ signal. A sharper transition can lead to more pronounced suppression or enhancement
of gas at certain masses.

d: Regulates how sharply the profile is truncated at large radii. A small § results in a flatter
profile that extends to large radii, redistributing more gas to the outskirts and lowering the
central density. This leads to a suppressed kSZ signal in the center and lower gas fractions
within 7500, since more mass lies beyond this radius. Conversely, large § values steepen the
outer profile, concentrating more gas inward and increasing both the kSZ signal and the gas
fraction.

7n: Controls the high-mass slope of the stellar fraction function. Larger values of n reduce
the stellar content in massive halos, thereby increasing the remaining hot gas fraction. The
effect on the kSZ is moderate and comes from the fact that the total hot gas content changes,
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especially in the most massive halos.

Ngtar: Sets the normalization of the stellar fraction, thereby indirectly reducing the available
baryonic budget for gas. A higher Ngt,, increases the stellar mass fraction, reducing the total
hot gas fraction. This mainly affects the gas fraction constraints, especially at intermediate
to high halo masses. The effect on the kSZ is weaker, but still present due to the reduced gas
content.

Ciga: Defines the fraction of central (cold) gas relative to the central galaxy stellar component.
Increasing cjga boosts the amount of cold, inner gas assumed to be unavailable for the hot
phase, reducing the remaining hot gas fraction. This has no significant effect on the kSZ and
the gas fractions, which is only sensitive to the ionized hot gas.
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Figure 7: Parameter dependence of the kSZ signal. Each panel shows how varying a single
model parameter affects the predicted observable, while all other parameters are held fixed
at their fiducial best-fit values from the joint kSZ + eROSITA fit. The color gradient from
light blue to dark blue indicates increasing values of the varied parameter.

C Parameter reduction

In this section, we describe the parameter reduction procedure used for the joint fit to the
kSZ signal and X-ray gas fractions. The goal of this reduction is to simplify the model while
retaining its ability to describe the data accurately.

We begin with a total of nine free parameters (BFC8 + Mago ksz): eight from the baryonifica-
tion model, five governing the gas distribution (M, p, J, fco, and ciga) and three controlling
the stellar density profile (7, dn, and Nga,), along with the effective halo mass Magg sz for
the kSZ measurement. The parameter reduction proceeds in three steps, illustrated in Fig. 9,
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Figure 8: Similar to Figure 7 but for the gas fractions.

which shows the impact of each step on the resulting model constraints.

In the first step, we fix the stellar parameters 7, dn, and Ngt,,. These parameters influence the
gas fraction only indirectly by shaping the stellar mass component and thereby affecting the
baryon budget. Since neither the kSZ signal nor the X-ray gas fractions directly constrain the
stellar distribution, these parameters remain largely unconstrained and can be fixed without
affecting the fit quality.

Next, we fix the cold gas fraction parameter cjgo. This parameter affects the gas density only
in the innermost regions of halos, which are not probed by the cosmological observables used
in this analysis. Consequently, its impact on the inferred gas fractions and the kSZ signal is
negligible.

Finally, we fix the transition parameter 6.,, which controls the location of the steepening in
the gas profile. Similar to c¢jga, this parameter primarily affects the central regions of halos
and has limited influence on the large-scale gas distribution relevant for our observables.
After these reductions, we are left with four free parameters (BFC3 + Mbagg ksz): Me, i, and
0, which shape the gas profile, and the effective halo mass Mg ksz. These remaining param-
eters are well constrained by the joint dataset and are not significantly affected by fixing the
others.

D Posterior Distributions from Joint Fits to kSZ and X-ray Gas Fractions

Figure 10 presents the marginalized posterior distributions of the model parameters for the
joint fits to kSZ and X-ray gas fraction data. The left-hand panel shows the results for the
combination of kSZ with the eROSITA gas fractions, including the individual constraints
from each probe and their joint posterior. The posteriors of all free parameters are largely
consistent between the two probes, with significant overlap in their distributions. A closer
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Figure 9: Parameter reduction from the joint kSZ + eROSITA gas fraction fits.
The corner plot illustrates the stepwise parameter reduction applied in the joint fit to the
kSZ signal and X-ray gas fractions. Starting from the full set of nine free parameters (light
blue, BEC8+ My ksz), we progressively fix parameters that are either unconstrained or have
negligible impact on the observables: first the stellar parameters 7, dn, and Ngay, followed
by the cold gas fraction parameter cig,, and finally the transition scale 6.,. The final model
(dark blue, BFC3 + My ksz) retains only M, p, 0, and the effective halo mass. Dotted lines
mark the fixed values, and the contours show how the posteriors evolve with each reduction
step.
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Figure 10: Posterior distributions from the joint kSZ + X-ray fits. Left: Posterior
distributions from the kSZ + eROSITA fit. Right: Posterior distributions from the kSZ -+
pre-eROSITA fit. Both panels show the individual fits and the resulting joint posterior.

inspection reveals that p is primarily constrained by the gas fraction data, while ¢ is more
tightly determined by the kSZ measurements, as indicated by their respective shifts in the
individual fits.

The right-hand panel shows the same analysis using the pre-eROSITA gas fractions
instead. In this case, the individual fits are less compatible. Notably, the characteristic mass
scale M. is favored to be significantly lower by the gas fraction data and higher by the kSZ
data. The joint posterior settles in between the two, reflecting a compromise between the
conflicting constraints. A similar tension appears in the p parameter. Overall, while a joint
fit is still possible, it requires more extreme parameter values, and the discrepancy between
the individual datasets suggests limited consistency in the underlying constraints.

E pre-eROSITA power spectrum suppression

In Figure 11, we show the suppression of the matter power spectrum predicted by the best-fit
parameters obtained from the joint fit to the kSZ signal and pre-eROSITA gas fractions. The
result is shown as the solid brown line, with the shaded band indicating the 68% confidence
interval. The best-fit prediction lies between the m8 FLAMINGO simulation and the strong
feedback fyas—80 model. All three curves agree well on large scales (k < 0.2, h, Mpc 1), where
baryonic effects are subdominant. We also show the result when fitting only the pre-eROSITA
gas fractions (dotted golden line). In this case, the predicted suppression closely matches the
m8 FLAMINGO model, which is reassuring given that FLAMINGO was calibrated against
these older gas fraction measurements.

As in the eROSITA-based analysis, we find that adding the kSZ data enhances the power
suppression. This is again driven by the kSZ preference for a flatter profile, consistent with
stronger feedback. Compared to the results based on eROSITA gas fractions, the joint kSZ +
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Figure 11: Matter power spectrum suppression from the joint fit using pre-eROSITA gas
fractions. The solid brown line shows the predicted suppression using the best-fit parameters
from the joint fit to kSZ and pre-eROSITA gas fraction data, with the shaded region indicating
the 68% confidence interval. For comparison, the green and red curves show the suppression
from the m8 and fgas~80 FLAMINGO simulations, respectively. We also show the result
from fitting the pre-eROSITA gas fractions alone (dotted golden line). The suppression lies
between the two FLAMINGO models, and aligns closely with the fiducial simulation when
only fitting gas fractions, consistent with the fact that the FLAMINGO fiducial model was
calibrated against this earlier dataset.

pre-eROSITA fit predicts less suppression overall. This is in line with the comparison of gas
fractions themselves (compare gas fractions in Fig. 1 and 2), where the pre-eROSITA data
favors higher gas fractions than the updated eROSITA measurements. Taken together, these
results reinforce the conclusion that the eROSITA gas fractions are more consistent with a
strong feedback scenario, while the pre-eROSITA results align better with the m8 feedback
strength in FLAMINGO.

F Influence of Satellites

In this section, we assess the impact of satellite galaxies on the kSZ modeling and the resulting
constraints on baryonic feedback. Our fiducial analysis assumes that the observed kSZ signal
originates solely from central galaxies. However, satellite galaxies also contribute to the overall
signal, and their omission could potentially bias the inferred parameters.

To test the significance of this effect, we follow the approach presented in Ref. [38], where
the contribution of satellites to the kSZ signal is quantified as a function of the minimum satel-
lite mass. Specifically, their Figure 4 provides the ratio Tisz, cent/TkSz, cent+sats for different
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satellite mass thresholds. We adopt their suggested cutoff of Mpin, sat = 10112 Mg /h and
rescale our modeled kSZ signal accordingly, thus approximately incorporating the satellite
contribution.

Using this modified signal, we rerun the full MCMC chain for the joint fit to the kSZ
and eROSITA gas fractions. We then compute the corresponding matter power spectrum
suppression from the new best-fit parameters. The result is shown in Figure 12 (lower center
panel), where we compare the fiducial suppression (solid blue line with 68% confidence inter-
val) to the case including satellites (dotted black line). We find that the new result lies well
within the 68% confidence region of the fiducial fit, indicating that the omission of satellites
does not significantly affect the level of suppression inferred from current data.

In addition, we compare the posterior distributions of the key baryonic parameters in
Figure 12 (right-handed-side panel). The posteriors shift only slightly, remaining consistent
with the fiducial constraints within statistical uncertainties. This further confirms that the
modeling choice to neglect satellites is justified for the current signal-to-noise level. However,
for future high-precision kSZ measurements, explicit modeling of the satellite contribution
will be essential to avoid systematic biases.
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