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A B S T R A C T 

Energetic feedback processes associated with accreting supermassive black holes can expel gas from massive haloes and 

significantly alter various measures of clustering on ∼Mpc scales, potentially biasing the values of cosmological parameters 
inferred from analyses of large-scale structure (LSS) if not modelled accurately. Here, we use the state-of-the-art FLAMINGO 

suite of cosmological hydrodynamical simulations to gauge the impact of feedback on large-scale structure by comparing to 

Planck + ACT stacking measurements of the kinetic Sun yaev–Zel’do vich (kSZ) effect of SDSS BOSS galaxies. We make careful 
lik e-with-lik e comparisons to the observations, aided by high precision KiDS and DES g alaxy–g alaxy lensing measurements 
of the BOSS galaxies to inform the selection of the simulated galaxies. In qualitative agreement with several recent studies 
using dark matter only simulations corrected for baryonic effects, we find that the kSZ effect measurements prefer stronger 
feedback than predicted by simulations which have been calibrated to reproduce the gas fractions of low redshift X-ray-selected 

groups and clusters. We find that the increased feedback can help to reduce the so-called S 8 tension between the observed and 

CMB-predicted clustering on small scales as probed by cosmic shear (although at the expense of agreement with the X-ray 

group measurements). Ho we ver, the increased feedback is only marginally ef fecti ve at reducing the reported of fsets between 

the predicted and observed clustering as probed by the thermal SZ (tSZ) ef fect po wer spectrum and tSZ effect – weak lensing 

cross-spectrum, both of which are sensitive to higher halo masses than cosmic shear. 

Key words: methods: numerical – galaxies: clusters: general – galaxies: formation – large-scale structure of Universe –
cosmology: theory. 
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 I N T RO D U C T I O N  

easurements of how matter is spatially clustered in the Universe 
an be used to place strong constraints on cosmological models, 
ncluding allowing one to test theories of gravity as well as the natures
f dark matter and dark energy. The standard model of cosmology, 
he so-called lamba cold dark matter ( � CDM) model, is based on
 E-mail: i.g.mccarthy@ljmu.ac.uk 

t  

�

e  

2025 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
eneral Relativity and assumes dark matter is composed of relatively 
cold’ and weakly interacting particles and that dark energy takes 
he form of a cosmological constant. This relatively simple model, 
hich only has six adjustable parameters, describes a wealth of 

arge-scale cosmological data remarkably well. Nevertheless, there 
re some notable anomalies which may be hinting at deviations 
rom the predictions of � CDM (Peebles 2024 ). One of these is
he so-called S 8 tension, where S 8 is defined as σ8 

√ 

�m 

/ 0 . 3 , where
m 

represents the present-day matter density, and σ8 is the linearly 
 volved v ariance of the current matter density field filtered on an
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 Mpc h 

−1 scale. Se veral lo w-redshift observ ations of the large-scale
tructure (LSS), including measurements of total matter clustering
ia cosmic shear (e.g. Heymans et al. 2021 ; Abbott et al. 2022 ; Amon
t al. 2023 ), yield a best-fitting value of S 8 that is smaller than, and in
ild ( ≈ 1 . 5–3 σ ) tension with, the predictions of the standard model

ased on parameter values specified by the primary CMB and BAO
e.g. Planck Collaboration VI 2020 ). It is notable that this tension
as persisted in some comparisons for nearly a decade, starting with
he first Planck data release, and encompasses several independent
robes that consistently show discrepancies of similar significance
nd in the same direction (see McCarthy et al. 2018 ). 

Various possible solutions have been put forward to potentially
econcile the low-redshift LSS observations with the primary CMB
nd BAO data. These include unidentified or mischaracterized
ystematic uncertainties in the LSS observations, or possibly even
n the primary CMB measurements. On the theoretical side, LSS
ests of cosmology often probe deep into the non-linear regime,
nd it has been proposed that new physics on those scales could
xplain the tension (e.g. Amon & Efstathiou 2022 ; Preston, Amon &
fstathiou 2023 ), such as new dark sector models (e.g. Rogers
t al. 2023 ; Elbers et al. 2025 ), or a mis-understanding of galaxy
ormation effects (e.g. McCarthy et al. 2018 ). Modelling non-linear
cales necessitates cosmological simulations (or models calibrated
n such simulations) to predict the clustering of matter on small
cales and at late times. Additionally, as matter collapses to form
elf-gravitating haloes, densities increase to the point where radiative
ooling of the gas becomes efficient, leading to further collapse and
alaxy formation. This process is accompanied by various energetic
eedback mechanisms related to star formation and the accretion of
atter onto supermassive black holes. 
Modern cosmological hydrodynamical simulations, particularly of

olumes that are large enough for clustering studies, cannot resolve
ll of the rele v ant scales in order to include such feedback processes
n an ab initio way (see the discussion in Schaye et al. 2015 ).
hese processes must be included using subgrid prescriptions and

t has been demonstrated that certain predictions of the simulations
re sensitive to the details of the feedback implementations. One
f these is the fraction of baryons that are retained by (and how
hey are radially distributed around) massive galaxy groups and
lusters (e.g. Le Brun et al. 2014 ; Planelles et al. 2014 ; Velliscig
t al. 2014 ; McCarthy et al. 2017 ; Henden et al. 2018 ), which
ominate the total matter clustering signal (van Daalen & Schaye
015 ; Mead et al. 2020 ). AGN feedback is energetically capable of
jecting large quantities of baryons from haloes and this reduces
he amplitude of the clustering signal on small scales (e.g. van
aalen et al. 2011 ; Mummery et al. 2017 ; Springel et al. 2018 ;
hisari et al. 2019 ; van Daalen, McCarthy & Schaye 2020 ). If such
ffects are not accounted for, or are included inaccurately, this can
ead to an incorrect prediction for the matter clustering signal and
otentially bias the reco v ered cosmological parameters when fitting
o the observed clustering (e.g. Semboloni et al. 2011 ; Semboloni,
oekstra & Schaye 2013 ; Debackere, Schaye & Hoekstra 2020 ;
chneider et al. 2020 ; Castro et al. 2021 ). 
In several previous studies, we demonstrated that there is a

trong quantitative link between the suppression of the matter power
pectrum and the baryon fractions of groups and clusters (Semboloni
t al. 2013 ; van Daalen et al. 2020 ; Salcido et al. 2023 ). External
bservations of the hot gas, which dominates the baryon budget of
roups and clusters, can be used to help to e v aluate the impact of
aryon physics on the matter clustering in cosmological analyses.
raditionally, X-ray observations have provided the highest quality
easurements of the state of the hot gas. When combined with
NRAS 540, 143–163 (2025) 
easurements of the total mass, either via the X-ray observations
hemselves (under the assumption of hydrostatic equilibrium) or
rom other probes such as weak lensing measurements, the hot
as mass fractions can be inferred (e.g. Sun et al. 2009 ; Lovisari,
eiprich & Schellenberger 2015 ; Eckert et al. 2016 ; Akino et al.
022 ). Recent cosmological hydrodynamical simulation campaigns,
ncluding BAHAMAS (McCarthy et al. 2017 , 2018 ), FABLE (Hen-
en et al. 2018 ; Henden, Puchwein & Sijacki 2020 ), and FLAMINGO
Kugel et al. 2023 ; Schaye et al. 2023 ), have used X-ray-based
easurements of the hot gas fractions to help calibrate the efficiencies

f feedback in the simulations, although variations in the feedback
fficiencies about the fiducial calibrated models were also considered
n BAHAMAS and FLAMINGO. Comparisons of these simulations
o LSS observables, including the auto- and cross-power spectra
f cosmic shear, the thermal Sun yaev–Zel’do vich effect, and CMB
ensing, suggest that baryon feedback is incapable of resolving the
 8 tension (McCarthy et al. 2018 , 2023 ). This is consistent with
ther recent studies that have used different approaches, such as
he baryonification formalism, together with X-ray measurements as
onstraints on the baryon physics (e.g. Grandis et al. 2024 ). 

While X-ray measurements remain a valuable source of infor-
ation on the hot gas properties of groups/clusters, particularly
ith new insights coming in from eROSITA data (e.g. Bulbul

t al. 2024 ; Popesso et al. 2024 ), observations of the thermal and
inetic Sun yaev–Zel’do vich (tSZ and kSZ) effects around groups and
lusters are yielding increasingly high signal-to-noise measurements
hen stacking analyses are employed. The SZ effects have some

dvantages o v er the X-ray measurements. First, the amplitudes of
he SZ effects are independent of redshift, in principle allowing one
o measure the hot gas o v er a wide range of cosmic times [by contrast
he X-ray surface brightness fades as (1 + z) 4 and measurements of
alaxy groups in particular are generally confined to relatively low
edshifts, z � 0 . 3]. In addition, the tSZ effect yields the total thermal
nergy density of the gas when integrated over the surface area of the
luster while the kSZ effect yields the gas mass (or gas momentum),
oth of which are more directly linked to the impact of baryon
hysics on the matter clustering than the X-ray emission. Note that
igh angular resolution data are required, so that the groups/clusters
nder study can be spatially resolved, allowing for measurements of
heir gaseous properties on the scales where feedback is important
e.g. Le Brun, McCarthy & Melin 2015 ; Yang et al. 2022 ). 

Planc k data ha ve been used to produce full-sky maps of the tSZ
ffect, enabling the stacking of many sources and detections over a
ide range of masses (e.g. Planck Collaboration XI 2013 ; Greco

t al. 2015 ). Ho we ver, the typical 10 arcmin angular resolution
f Planck prevents resolved measurements (radial profiles) for all
ut most massive and nearby sources. The Atacama Cosmology
elescope (ACT) and the South Pole Telescope (SPT) offer almost an
rder of magnitude better angular resolution than Planck and higher
ensitivity measurements, although with a smaller sk y co v erage and
 limited number of frequencies, which can be key to removing
oreground and background contaminants (e.g. dust in the Galaxy,
lustered radio sources, the cosmic infrared background, or CIB). It
s now becoming common place to combine Planck data with ACT
r SPT data to study groups and clusters (e.g. Aghanim et al. 2019 ;
elin et al. 2021 ; Bleem et al. 2022 ), taking advantage of Planck ’s
ultifrequency measurements and sensitivity to large scales together
ith ACT and SPT’s higher angular resolutions and sensitivities. 
Schaan et al. ( 2021 ) have used a combination of Planck and ACT

ata to measure the stacked kSZ profiles of SDSS BOSS galaxies
Ahn et al. 2014 ). The kSZ effect is proportional to the line of sight
adial (peculiar) velocity of galaxies and, statistically speaking, we
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re as likely to find a galaxy moving towards us as away from us (if
e subtract our motion relative to the CMB), so simply stacking the
MB temperature maps of galaxies without regard for the direction of 
otion would imply that the kSZ effect will cancel out. To address

his, Schaan et al. ( 2021 ) used the 3D clustering signal of BOSS
alaxies to reconstruct the implied linear velocity field, allowing the 
alaxies to be weighted according to their predicted velocities in 
he stack. Strong detections were made for both the CMASS and 
OWZ samples from the BOSS surv e y. The deriv ed radial profiles
how that the hot gas around the BOSS galaxies is very extended
n comparison to the expectation for the dark matter distribution 
rom dissipationless simulations, implying that non-gravitational 
rocesses (particularly feedback) have significantly altered the gas 
istribution. Using a simple halo model formalism to model the kSZ
ffect profiles suggests a significant impact on the matter clustering 
n small scales (Amodeo et al. 2021 ) with possible implications for
he S 8 tension (Amon et al. 2023 ). 

Recently, Schneider et al. ( 2022 ) and Bigwood et al. ( 2024 ) have
sed the baryonification formalism (e.g. Schneider & Teyssier 2015 ; 
chneider et al. 2019 ; Aric ̀o et al. 2021 , 2023 ) to jointly model

he Schaan et al. ( 2021 ) kSZ effect measurements together with
easurements of the cosmic shear correlation functions. The bary- 

nification formalism employs a parametric model to describe the 
adial distributions of the matter components (gas, stars, dark matter) 
f haloes which it uses to radially perturb the mass distribution of
issipationless (‘dark matter only’) simulations. The parameters of 
he model can either be determined by fitting to external data sets
e.g. X-ray and SZ effect measurements) or they can be left free
n the fit to cosmological observables such as the cosmic shear 
orrelation functions. Schneider et al. ( 2022 ) and Bigwood et al.
 2024 ) have shown that the inclusion of the kSZ effect measurements
n the cosmic shear analysis better constrains the parameters which 
haracterize the impact of baryons. Furthermore, Bigwood et al. 
 2024 ) demonstrated that the joint analysis of cosmic shear and kSZ
ffect data prefer a stronger impact of baryons compared to that 
mplied by models which are fitted to resolved X-ray observations 
see also Salcido & McCarthy 2024 ). 

A major source of uncertainty in the modelling of the Schaan et al.
 2021 ) kSZ effect observations is the choice of halo mass of the
ample. The amplitude of the kSZ effect scales proportionally with 
he gas mass, and therefore (approximately) proportionally with the 
otal halo mass. Given that measurements of the mean halo mass of
he BOSS CMASS galaxies vary by nearly an order of magnitude 
etween previous studies (see the discussion in Bigwood et al. 
024 ), marginalizing o v er this uncertainty significantly weakens the 
onstraints on the feedback model parameters and in turn weakens 
he cosmological constraints. Note also that the LOWZ sample has 
o reliable mean halo mass measurement to date, which is the main
eason why the stacked kSZ effect measurement from this sample 
as not yet been utilized as a constraint on the baryon modelling.
n addition, previous attempts to model the signal have implicitly 
ssumed that the BOSS CMASS sample is composed entirely of 
entral galaxies with no mis-centring of the galaxies with respect to 
he total gravitating mass or hot gas distributions. A main reason for
dopting these assumptions, whose impact is presently difficult to 
ssess, is that there is currently no straightforward way to select a
ealistic mock BOSS-like sample in the context of the baryonification 
ormalism. 

In this study, we address these issues using self-consistent full 
osmological hydrodynamical simulations. Specifically, we use full- 
ky light-cones constructed using the FLAMINGO hydro simu- 
ations, which systematically vary the important parameters (and 
arametrizations) controlling the impact of baryon feedback. We also 
xplore the cosmology dependence of the signal. We select galaxy 
opulations from the simulations that are constructed to carefully 
atch the observed g alaxy–g alaxy lensing profiles of the BOSS
MASS and LOWZ samples, as recently measured by Amon et al.
 2023 ) using high-quality Kilo Degree Survey (KiDS 1000) and
ark Energy Surv e y Year Three (DES Y3) data. We will show

hat the g alaxy–g alaxy lensing measurements place very stringent 
onstraints (better than 10 per cent at 2 σ ) on the mean halo masses
f these samples. Using the lensing-selected galaxy populations, we 
xtract the simulation kSZ effect profiles following the methodology 
f Schaan et al. ( 2021 ), stacking the profiles at the locations of
he galaxies in the light cone-based maps in a way that is faithful
o that done for the real observations. We quantify the impact of
atellite contamination on the derived g alaxy–g alaxy lensing and 
SZ ef fect profiles, sho wing it to be non-negligible for both. Finally,
n agreement with several recent studies, we will show that the kSZ
ffect measurements imply a stronger impact of feedback relative to 
hat adopted in the fiducial FLAMINGO model (which was calibrated 
n X-ray observations of low-redshift groups) and we discuss the 
mplications of this finding for the S 8 tension. 

The paper is organized as follows. In Section 2 , we describe the
LAMINGO simulation suite and the observations employed in this 
tudy. In Section 3 , we describe our methodology, including the
election of galaxies in the simulations and the deri v ation of lensing
nd kSZ effect profiles from light cone-based maps. In Section 4 , we
resent our main results, including an examination of the feedback 
nd cosmological dependencies of the derived lensing and kSZ effect 
rofiles, in comparison with the Amon et al. ( 2023 ) and Schaan et al.
 2021 ) measurements. In Section 5 , we discuss the implications of
ur findings for feedback modelling and the S 8 tension. In Section 6 ,
e summarize our main findings and conclude. 

 SI MULATI ON  A N D  OBSERVATI ONA L  DATA  

ETS  

.1 FLAMINGO simulations 

e provide here a summary of the FLAMINGO simulations, 
eferring the reader to Schaye et al. ( 2023 ) and Kugel et al. ( 2023 )
or in depth presentations. 

The FLAMINGO suite consists of 16 hydrodynamical simulations 
resented in Schaye et al. ( 2023 ), two decaying dark matter variants
n Elbers et al. ( 2025 ), plus two new hydrodynamical simulations
ntroduced here (see below), and 12 gravity-only simulations. The 
uite has variations in resolution, box size, subgrid modelling, and 
osmology. We mostly use the intermediate resolution ( m gas = 

 . 09 × 10 9 M �) in box sizes of (1 Gpc) 3 . These simulations use
 × 1800 3 gas and dark matter particles and 1000 3 neutrino particles,
nd most adopt cosmological parameters corresponding to the max- 
mum likelihood DES Y3 ‘3 × 2 pt + All Ext.’ � CDM cosmology
Abbott et al. 2022 ), which we refer to as ‘D3A’. These values
ssume a spatially flat universe and are based on the combination
f constraints from DES Y3 ‘3 × 2-point’ correlation functions: 
osmic shear, galaxy clustering, and galaxy–galaxy lensing, with 
onstraints from external data from BAO, redshift-space distortions, 
N Type Ia, and Planck observations of the CMB (including CMB

ensing), Big Bang nucleosynthesis, and local measurements of 
he Hubble constant (see Abbott et al. 2022 for details). We also
onsider two alternative cosmologies: a run with the Planck 2018 
aximum likelihood cosmology (‘Planck’; Planck Collaboration VI 

020 ) and the ‘lensing cosmology’ from Amon et al. ( 2023 ) (‘LS8’).
MNRAS 540, 143–163 (2025) 
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he latter model has a lower amplitude of the power spectrum,
 8 = 0 . 766, compared with 0.815 and 0.833 for D3A and Planck ,
espectively. We assess the resolution dependence of our results
y comparing with a higher resolution run, labelled L1 m8. This
un adopts the fiducial D3A cosmology in a (1 Gpc) 3 volume but
ses 2 × 3600 3 gas and dark matter particles and 2000 3 neutrino
articles. The mass resolution is therefore a factor of 8 higher for this
un (i.e. m gas = 1 . 34 × 10 8 M �) compared to the fiducial resolution
uns. 

The simulations were run with the cosmological smoothed particle
ydrodynamics and gravity code SWIFT (Schaller et al. 2024 )
sing the SPHENIX SPH scheme (Borrow et al. 2022 ). The initial
onditions are obtained from a modified version of monofonIC
Hahn, Rampf & Uhlemann 2021 ; Elbers et al. 2022 ), and neutrinos
re implemented with the δf method (Elbers et al. 2021 ). The
odelling of subgrid physics (star formation, stellar evolution,

adiative cooling, and sources of feedback) is described in Schaye
t al. ( 2023 ) and references therein. 

The subgrid physics was calibrated by requiring that the simula-
ions should match the z = 0 galaxy stellar mass function and the
as fractions in low- z groups and clusters using machine learning-
ased emulators (Kugel et al. 2023 ). The emulators are not only used
o design simulations that reproduce these observations, but also
o create models in which the galaxy stellar mass function and/or
luster gas fractions are shifted to higher/lower values. This allows
s to specify model variations in terms of the number of σ by which
hey deviate from the calibration data. Of particular interest for this
ork are the variations in the group/cluster gas fractions and AGN
odel, which are denoted as fgas ±Nσ and Jet fgas ±Nσ . For these
odels, Nσ denotes by how man y observ ed standard deviations the

as fractions have been shifted up or down with respect to the fiducial
odel. The Jet models make use of kinetic jets for the AGN feedback

nstead of the thermal model used for all other runs. These Jet models
re calibrated to match the same data as the corresponding thermal
GN feedback models. 
We introduce two new runs, both in 1 Gpc boxes at intermediate

esolution. The first is a run denoted ‘no cooling’ which sets the net
adiative cooling + radiative heating rate to zero for gas where the
et rate would have been ne gativ e (i.e. net cooling). Consequently
here is no cooling and also no star formation or feedback present
n this simulation. While obviously unrealistic, comparisons to this
un are helpful for quantifying the impact of feedback in the other
LAMINGO runs. The second new run, denoted ‘LS8 fgas–8 σ ’, is
 strong feedback model in the LS8 lensing cosmology. This run
rovides an opportunity to explore the degeneracy between feedback
nd cosmology, via comparison to the fgas–8 σ run in the fiducial
3A cosmology. 

.1.1 Light cones: HEALPIX maps and galaxy/halo catalogs 

 description of the on-the-fly light-cone implementation in
LAMINGO can be found in the appendix of Schaye et al. ( 2023 ).
ere, we give a brief summary, focusing on the details most rele v ant

or the present study. 
We work primarily with light cone-based maps (as opposed to the

article light-cone output). To produce the maps, the observer’s past
ight cone is split into a set of concentric spherical shells in comoving
istance. For each shell, one full sky HEALPIX (Gorski et al. 2005 )
ap for each quantity is created. Whenever a particle is found to

ave crossed the light cone, we determine which shell it lies in at the
ime of crossing and accumulate the particle’s contributions to the
EALPIX maps for that shell. The shell radii are specified in terms
NRAS 540, 143–163 (2025) 
f redshift. From redshifts z = 0 to 3, we use shells of thickness
z = 0 . 05, with a larger �z at higher redshifts. 
The HEALPIX map resolution is set to N side = 16384, which gives

 maximum pixel radius of 13.46 arcsec and 12 ∗ 16384 2 pixels in
ach full sky map. We note that the number of pix els e xceeds the
ize of a signed 32-bit integer (2 31 ), which would prevent us from
moothing the kSZ effect maps with the ACT beam (necessary for a
ik e-with-lik e comparison) using the HEALPY smoothing function
sphtfunc.smoothing), as the function can currently only handle
 maximum N side of 8192. We therefore downsample the kSZ
ffect maps to this resolution using the HEALPY function pixel-
unc.ud grade, preserving the mean of the map in the downsampling
peration. We describe the production of g alaxy–g alaxy lensing and
SZ effect maps in Sections 3.2 and 3.3 , respectively. 
Computational limitations prevent us from running a struc-

ure finder on-the-fly during the simulation. Instead, to produce
alaxy/halo catalogues on the light cone, structure finding 1 is done in
ost-processing on the snapshot particle data using a modified version
f the HBT-HERONS algorithm (Han et al. 2012 , 2018 ; Forouhar
oreno et al. 2025 ; Chandro-G ́omez et al. 2025 ). Note that at z ≤ 3

napshots are also written out with a frequency of �z = 0 . 05, which
as chosen to minimise any issues arising from the evolution of
alaxy/halo properties between the snapshots and the HEALPIX maps.
e read in the snapshot subhalo catalog corresponding to a given

napshot and then read in a spherical shell from the black hole (BH)
article light cone which spans the redshift range that is half way to
he previous snapshot to halfway to the next snapshot. Every time
 BH particle in the light cone shell appears as the most bound BH
n a subhalo in the snapshot (identified by matching their unique
article IDs), we place the subhalo at the BH particle’s position 2 

n the halo light cone. We repeat this process for every snapshot
o make the full light-cone halo catalogue. We use the halo light
one to provide the locations of the selected galaxies for stacking the
SZ effect and g alaxy–g alaxy signals in the maps. We have verified
hat the profiles extracted from the light cone-based HEALPIX maps
sing positions from the constructed halo light cone precisely match
rofiles constructed directly from the snapshots using the snapshot
alo catalogues. 

.2 Obser v ational data 

.2.1 KiDS 1000 + DES Y3 lensing measurements 

he amplitude of the kSZ effect scales approximately with the
alo mass of a system, so it is important to match the halo
asses of observed and simulated systems to enable a like-with-

ike comparison of the kSZ profiles. As halo masses are not
irectly observable, a common approach is to select galaxies from
ydrodynamical simulations based on e.g. stellar mass. Ho we ver,
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he mapping between such observables and halo mass may not be 
ully realistic in the simulations, potentially resulting in a halo mis-
atch. Since halo mass is the key physical quantity that dictates the

mplitude of the SZ signal, our approach is to use weak lensing data to
nsure that the mean halo mass of the observed and simulated galaxy
opulations are aligned. Note that the approximate linear scaling of 
he kSZ signal with halo mass means that a stack of the kSZ effect
f many systems will primarily be sensitive to the mean halo mass
f the sample. Stacked g alaxy–g alaxy lensing is directly sensitive to
he mean halo mass of the sample. Thus, by adjusting our simulated
alaxy selection to match the stacked lensing profiles of the LOWZ 

nd CMASS samples, we can make meaningful predictions for the 
SZ effect for the BOSS samples. 
We use stacked g alaxy–g alaxy lensing measurements from Amon 

t al. ( 2023 ) of the BOSS LOWZ and CMASS samples with
iDS 1000 and DES Y3 data. Here, we briefly describe these 
easurements, referring the reader to Amon et al. ( 2023 ) for a more

omplete description. The LOWZ and CMASS data of the SDSS 

OSS Data Release 12 was divided into two distinct lens samples 
y redshift, with bounds: 

L1 : LOWZ z = 0 . 15 − 0 . 31 & L2 : LOWZ z = 0 . 31 − 0 . 43 

1 : CMASS z = 0 . 43 − 0 . 54 & C2 : CMASS z = 0 . 54 − 0 . 70 

Lensing measurements were made for each sample, using both 
iDS and DES. These were shown to be statistically consistent and 
 combined DES Y3 + KiDS 1000 measurement was produced by 
aking the inverse-variance weighted average of the derived lensing 
rofiles. Note that Schaan et al. ( 2021 ) present a stacked kSZ profile
or each of LOWZ and CMASS (i.e. two redshift bins, as opposed to
our in Amon et al. 2023 ). As we will show in Section 4 , the lensing
nalysis yields consistent minimum stellar masses and halo masses 
or the two bins within LOWZ and CMASS samples, allowing us to
ointly fit the two bins to yield a single galaxy selection (each) for
he LOWZ and CMASS samples. 

The g alaxy–g alaxy lensing signal is most often expressed in terms
f the excess surface density, ��, which is defined as the difference
etween the mean surface mass density interior to a radius and the
urface mass density at that radius. It can be related to the average
angential shear 〈 γt ( θ ) 〉 as 

� = 

〈 γt ( θ ) 〉 
� 

−1 
c 

, (1) 

t a projected separation θ = R/χ ( z l ), where χ ( z l ) is the comoving
istance to the lens. For a source redshift distribution n ( z s ), the
v erage inv erse critical density is giv en by 

 

−1 
c ( z l ) = 

4 πG (1 + z l ) χ ( z l ) 

c 2 

∫ ∞ 

z l 

d z s n ( z s ) 
χ ( z l , z s ) 

χ ( z s ) 
, (2) 

here the source redshift distribution is computed for a given lens 
edshift z l and normalized such that 

∫ ∞ 

0 n ( z s ) dz s = 1. The division
y the inverse critical density in equation ( 1 ) removes the dependence
f �� on the background source redshift distribution, n ( z s ), as the
angential shear also (implicitly) contains the same geometric factor. 

We refer the reader to Amon et al. ( 2023 ) for the further details
f the estimators of equation ( 1 ) used for the DES and KiDS data,
ncluding the treatment of additive and multiplicative biases and 
ens-source pair weightings and the estimation of uncertainties. 

.2.2 Planck + ACT kSZ effect measurements 

his work uses the kSZ effect measurements presented in Schaan 
t al. ( 2021 ), of the ACT DR5 and Planck CMB temperature maps
tacked at the locations of galaxies in the BOSS LOWZ and CMASS
amples and using their reconstructed velocities as weights. Schaan 
t al. ( 2021 ) presented results at the two ACT frequencies, 90 and
50 GHz. We focus on the 150 GHz measurements here, given their
igher sensitivity and angular resolution (1.3 arcmin, compared to 
.1 arcmin for the 90 GHz channel), although we have checked that
one of our conclusions are sensitive to this choice. 
The kSZ effect induces a fluctuation in the temperature of the

MB, �T kSZ , that arises from the Doppler shift of the CMB photons
ith respect to the bulk motion of the ionized gas (e.g. in groups and

lusters) off which CMB photons have scattered. The CMB maintains
ts black body spectral form but with a fractional temperature change
ith respect to the mean CMB temperature: 

�T kSZ ( θθθ) 

T CMB 
= −σT 

∫ 
n e ( θθθ, z) 

v e, r ( θθθ, z) 

c 

d χ

1 + z 
, (3) 

here the integration is along the observer’s line of sight at given
ngular coordinates θθθ , χ is the comoving radial distance, n e is the
hysical free electron density, v e, r is the free electron peculiar radial
elocity, and σT is the Thomson scattering cross-section. 

The stacking analysis selectively extracts the kSZ effect associated 
ith galaxies/groups using their reconstructed velocities, so that 

�T kSZ ( θθθ) 

T CMB 
= −τgal ( θθθ) 

(v e, r, gal 

c 

)
, (4) 

here v e, r, gal is the galaxy’s bulk velocity and τ ( θθθ) is the so-called
ptical depth to Thomson scattering, which is defined as: 

gal ( θθθ) ≡ σT 

∫ 
n e ( θθθ, z) 

d χ

1 + z 
. (5) 

or each galaxy, Schaan et al. ( 2021 ) apply compensated aperture
hotometry (CAP) filtering to ef fecti vely measure a cumulative kSZ
ffect profile as a function of an angular disc radius, θd : 

 ( θd ) = 

∫ 
d 2 θ �T kSZ ( θ ) W θd ( θ ) , (6) 

here the CAP filter W θd is defined as: 

 θd ( θ ) = 

⎧ ⎪ ⎨ 

⎪ ⎩ 

1 for θ < θd , 

−1 for θd ≤ θ ≤
√ 

2 θd , 

0 otherwise . 

(7) 

his corresponds to measuring the integrated temperature fluctuation 
n a c with radius θd and subtracting the signal measured in a
oncentric ring of the same area around the disc. As the disc radius
d is increased, the CAP filter output resembles a cumulative profile: 
or small disc radii, the output vanishes; for large radii, where all
he gas profile is included inside the disk, the output is equal to the
ntegrated gas profile. Note that since the filter is compensated (i.e.
 inte grates o v er area to zero), it has the desirable property that

uctuations with wavelength longer than the filter size will cancel in
he subtraction. This helps to significantly reduce noise from larger 
cale CMB fluctuations and the correlation of the measurements 
etween different θd bins. 

Schaan et al. ( 2021 ) note that the minimum-variance unbiased
inear estimator is the velocity weighted, inverse-variance weighted 
ean and thus stack the profiles according to: 

ˆ 
 kSZ ( θd ) = − 1 

r v 

v rec 
rms 

c 

∑ 

i T i ( θd )( v rec ,i /c) /σ 2 
i ∑ 

i ( v rec ,i /c) 2 /σ 2 
i 

(8) 

here v rec 
rms refers to the rms of the radial component of the recon-

tructed velocity, σ 2 
i is the noise variance for the CAP filter on galaxy

, and the r −1 
v factor (discussed below) ensures that the estimator is
MNRAS 540, 143–163 (2025) 
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ot biased by the imperfections in the velocity reconstruction. The
elocity weighting is key as without it the kSZ signal would cancel
n the numerator, since it is linear in the galaxy radial velocities,
hich are equally likely to be pointing away or towards us if we

ubtract our motion relative to the CMB. With the velocity weighting,
oth numerator and denominator scale as the mean squared velocity,
 v oiding the cancellation and selectively extracting the kSZ signal. 

As discussed in Schaan et al. ( 2021 ), peculiar radial velocities
or the BOSS galaxies are reconstructed using their 3D cluster-
ng densities and solving the linearized continuity equation. The
econstruction is not perfect, ho we ver, due to non-linear effects, shot
oise, and finite volume effects. Applying their techniques to BOSS
ock galaxy catalogues produced using dissipationless cosmological

imulations, Schaan et al. ( 2021 ) compute the kSZ bias factor, r v ,
efined as: 

 v = 

〈 v true v rec 〉 
v true 

rms v 
rec 
rms 

, (9) 

here v true 
rms and v rec 

rms are the standard deviations of the true and
econstructed galaxy radial v elocities, respectiv ely. The y estimate
 value r v = 0.7 and use this to correct their stacked kSZ profiles
o account for the imperfect velocity reconstruction (see also Ried
uachalla et al. 2024 ; Hadzhiyska et al. 2024b ). Note that r v is a

onstant correction factor that scales the amplitude of the derived kSZ
emperature profiles. As we will show later, feedback can strongly
ffect the amplitude of the profile and will thus be degenerate at some
evel with uncertainties in the velocity reconstruction. It would be
nteresting to apply the velocity reconstruction technique on BOSS
ocks derived from the FLAMINGO hydrodynamical simulations

s an independent estimate of r v , but we leave this exercise for future
ork, retaining the fiducial estimate from Schaan et al. ( 2021 ) for

he bias factor. Note that for kSZ temperature profiles derived from
he simulations, the value of r v is 1 (i.e. unbiased), since we use the
rue radial velocities rather than reconstructed velocities. 

 SYNTHETIC  OBSERVABLES  F RO M  

L A M I N G O  

.1 Galaxy selection 

he BOSS LOWZ sample primarily selects red galaxies while the
OSS CMASS sample targets galaxies at higher redshifts with a sur-

ace density of roughly 120 deg −2 and a roughly constant minimum
tellar mass of a few 10 11 M �. In this study, we do not attempt to
mplement the precise BOSS selection criteria for the selection of
alaxies in the simulations. Such an e x ercise would be non-trivial, as
he mapping from intrinsic stellar properties in the simulations (mass,
ge, abundances) to observed luminosities requires stellar population
ynthesis modelling, a treatment of dust and radiative transfer, and
ould be sensitive to the adopted theoretical nucleosynthetic yields,
hich have considerable uncertainties. Instead, our approach is to

nsure that the simulated sample has a stacked g alaxy–g alaxy lensing
ignal that is compatible with the BOSS samples. This ensures that
he mean halo masses of the simulated and observed samples are
ligned, enabling a fair comparison of the observed and predicted
tacked kSZ effect profiles. We discuss below some tests that we
ave performed to ensure that our selection is realistic. 
Our fiducial approach to select the simulated galaxies is to apply

 simple minimum stellar mass cut, where we define the stellar mass
s the total bound stellar mass within 50 kpc of the most bound
article. For comparison to the four redshift bins in the Amon et al.
 2023 ) lensing analysis, we select simulated ‘lens’ galaxies from the
NRAS 540, 143–163 (2025) 
ight-cone shell that is nearest to the mean redshift of the actual
observed) bins. Specifically, we select the shells with 0 . 225 < z <

 . 275, 0 . 325 < z < 0 . 375, 0 . 475 < z < 0 . 525, and 0 . 575 < z <

 . 625 for the L1, L2, C1, and C2 bins, respectively, noting that
he mean redshifts of the observed bins are: 0.240, 0.365, 0.496,
nd 0.592. For the kSZ effect comparison, we select galaxies in the
hells with 0 . 275 < z < 0 . 325 and 0 . 525 < z < 0 . 575 for LOWZ
nd CMASS, respectively, noting that the mean redshifts for the two
bserved samples are z = 0 . 31 and z = 0 . 54, respectively. 
As the genuine BOSS LOWZ and CMASS samples do not

 xplicitly e xclude satellite galaxies, we should include them in
ur selection so long as their stellar mass exceeds the minimum
tellar mass. We compare the results with a central-only sample
o deduce the role that satellites play in derived lensing and kSZ
ffect profile in Section 4.2 . We construct multiple simulated samples
y varying the minimum stellar mass cut and compare the derived
 alaxy–g alaxy lensing profiles to the measurements of Amon et al.
 2023 ) to determine the minimum stellar mass cut which best
eproduces the lensing measurements. We propagate the uncertainties
n the best-fitting minimum stellar mass through to our kSZ effect
nalysis. 

A simple stellar mass cut is unlikely to yield a galaxy sample that
atches all aspects of the CMASS and LOWZ samples. Ho we ver,

ur selection is constrained to match the mean halo masses of the
MASS and LOWZ samples and, as already noted, the amplitude
f the stacked kSZ effect should be mostly sensitive to the mean
alo mass of the stack. Nevertheless, as a check, we have explored
imultaneous cuts in stellar mass and specific star formation rate, so
hat we select preferentially ‘red’ galaxies. In Appendix A , we show
hat our main results and conclusions are unaltered by adopting this

ore complex selection function, suggesting that the matching the
ean halo mass is sufficient for our purposes. Another test we have

erformed is to use much narrower bins in the stellar mass selection
f 0.1 dex width whose bin centre is adjusted to match the same mean
alo mass as our fiducial selection. We find virtually identical kSZ
ffect predictions for these two cases. In addition, we have compared
he predicted and observed projected clustering of the BOSS galaxies
or our fiducial selection methodology. For this comparison we used
he large-scale clustering measurements presented in Amon et al.
 2023 ) and we adopted the same methodology to derive the clustering
f the simulated galaxies selected on stellar mass. In short, we find
xcellent agreement between the minimum stellar masses and mean
alo masses derived from our g alaxy–g alaxy lensing analysis and
ur clustering analysis, again suggesting that the simulated galaxy
ample is realistic. We leave a detailed presentation of the clustering
esults for a future paper. 

When selecting galaxies, we use the true stellar mass predicted
y the simulations. Observationally measured stellar masses have
ncertainties. An interesting question is whether our results would
e impacted by folding in such uncertainties in the selection of our
imulated galaxies. For the same reasons argued above, we do not
xpect such uncertainties to impact our results since the selection
f galaxies (with or without observational uncertainties factored
n) is forced to match the g alaxy–g alaxy lensing measurements.
evertheless, we explicitly test this hypothesis below. 
Note that an alternative possibility for selection would be to select

ystems based on their halo masses rather than their stellar masses,
nd to constrain the selected halo mass range based on fits to the
 alaxy–g alaxy lensing measurements as described abo v e. But such a
election would essentially correspond to a central-only population,
ince virtually all satellites would have halo masses well below the
cale of interest here ( ∼ 10 13 M �) due to tidal stripping by their
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ore massive host and would therefore either not be included in the
election or make no meaningful contribution to the stack. Selection 
y stellar mass, on the other hand, is closer to the real observational
election function in BOSS and allows us to naturally include both 
entrals and satellites in the selected simulation population. 

.2 Galaxy–galaxy lensing profiles 

 nice property of g alaxy–g alaxy lensing �� profiles is that they
o not depend on the source redshift distribution of the background 
alaxies used to measure the profiles. This is in contrast to measure-
ents of cosmic shear. It is thus relatively straightforward to compute 

redictions from the simulations, using the mass distribution around 
aloes. In particular, we start from the HEALPIX total mass maps, 
hich provide the sum of all of the mass components (gas, DM, stars,
Hs, and neutrinos) in pixels in a given redshift shell. We convert

he total mass maps to maps of comoving surface mass density by
onv erting the pix el area (in steradians) into a comoving surface
rea using the comoving radial distance to the shell centre from the
bserver and then dividing the total mass maps by this comoving 
urface area. For a given galaxy included in our selection, we select
ll the pixels within a certain angular distance which, following 
mon et al. ( 2023 ), we convert to comoving transverse distances

ssuming a flat cosmology with �m 

= 0 . 3 and h = 0 . 7. The �� 

rofile of a given galaxy is calculated by ordering the pixels by
rojected comoving distance and then subtracting the surface mass 
ensity of a given pixel from the mean surface mass density from all
f the pixels interior to it 3 . 
We compute stacked �� profiles by defining a set of projected 

omoving radial bins (logarithmically spaced) and computing the 
ean �� in those bins by simply summing the profiles of each

alaxy in those bins and dividing by the number of galaxies in the
tack. The centre of the bin is not the midpoint between the upper
nd lower bin bounds but is computed as the ��-weighted radius
f all pixels that fall within the radial bin. We have found that such
 weighting scheme is more robust to changes in the radial binning
trategy. 

The lensing profiles of Amon et al. ( 2023 ) span a wide radial range
 R ∼ 0 . 1 –100 Mpc h 

−1 ), and extracting the pixels for large numbers
f haloes from our fiducial high-resolution HEALPIX ( N side = 16384) 
aps is computationally e xpensiv e. We therefore adopt a hybrid 

pproach where we use the high-resolution map to extract the signal 
n small comoving scales ( R < 2 Mpc h 

−1 ) and a downsampled
ersion with with N side = 2048 to retrieve the signal on large scales.
e have verified that there is excellent convergence between the 

ifferent resolution maps on intermediate scales. Furthermore, we 
ave parallelized the analysis, allowing us to produce lensing profiles 
or large numbers of haloes at the same time. 

.3 kSZ effect profiles 

e construct �T kSZ effect maps and profiles as follows. As described 
n Schaye et al. ( 2023 ), when a gas particle crosses the light cone,
 A convenient feature of the HEALPIX maps is that the pixels are of equal area, 
hich implies that the mean surface mass density interior to a giv en pix el can 
e simply estimated as the mean value of all interior pix els. F or non-equal 
rea pixels, a more cumbersome route of computing a � profile, integrating it 
o the angular radius in question, and then dividing it by the enclosed surface 
rea, is required. 

e  

i  

e
t
s  

p

4

e compute its dimensionless Doppler B, b, parameter: 

 = 

n e m g σT v r 

�pixel d 
2 
A ρc 

, (10) 

here m g , ρ, and v r are the mass, mass density, and radial velocity of
he particle, respectively, �pixel is the solid angle of a HEALPIX pixel
nd d A is the angular diameter distance to the observ er. P articles
rossing the light cone in a given redshift shell are accumulated to
he corresponding HEALPIX map. 

Visual inspection of equation ( 10 ) reveals a close relation to
quation ( 3 ). Indeed, the quantity m g / [ �pixel d 2 A ρ] in equation
 10 ) is a discretized (per particle) estimate of the physical path
ength χ/ (1 + z), noting that m g /ρ is the volume associated with
he particle and �pixel d 

2 
A is the physical area of the pixel in which

he particle is deposited at the distance of the particle. Aside from
his discretization difference, the mapping between the Doppler B 

s simple: �T kSZ /T CMB = −b, which is independent of observing
requency. 

Thus, the production of a �T kSZ map from the FLAMINGO 

oppler B maps is trivial, requiring only the multiplication of a
actor of −T CMB and the summation of the individual maps (shells)
long the line of sight. In practice, to achieve convergent results for
he stacked kSZ effect profiles, we find that stacking along the full
ine of sight ( z = 0 to 3) of the light cones is unnecessary, since most
f the line of sight will be uncorrelated with the selected galaxy in
he stack. Indeed, we find that using only three shells (each having
idth �z = 0 . 05, i.e. a padding shell on each side of the shell that

ontains the galaxy) is sufficient to achieve convergent results. The 
ame holds true for the �� profiles. 

As noted previously, we downsample our full resolution N side = 

6384 kSZ effect maps to N side = 8192 so that we can then smooth
he maps with ACT beam. Schaan et al. ( 2021 ) used coadded ACT
R5 (day + night) maps in their study. We therefore retrieve

he corresponding measured ACT beam for this data set from the
ASA Lambda website 4 and convolve it with the simulated maps in
ultipole space using the HEALPY function sphtfunc.almxfl. 
Apart from convolution with a realistic beam, our maps are 

dealized, in that they do not contain realistic noise. We further
ssume that the kSZ effect signal can be perfectly reco v ered in the
bservational measurements, which would appear to be a strong 
ssumption in the face of significant foreground and background 
ontaminant signals, including the primary CMB, the tSZ effect, 
adio sources, the CIB, and so forth. Ho we ver, in general, these
ources of contamination are not expected to correlate with the 
elocity field of the selected galaxies and are therefore suppressed 
n the velocity stacking process (see discussion in Schaan et al.
021 ). Nevertheless, some contamination may still arise from the 
ources that are truly correlated with the selected haloes (i.e. part of
he 2-halo term) and it will be important to e v aluate their potential
ffects by constructing realistic mocks from the hydro simulations 
hat contain all rele v ant signals. We leave this for future work (T.
ang, in preparation). 
We extract and stack the kSZ effect profiles using the same
ethodology as applied to the genuine Planck + ACT data (i.e.

quations ( 6 )–( 8 )) using the true radial velocities of the galaxies
n the light cone (i.e. we set r v = 1). Also, as our simulated kSZ
ffect maps are noiseless, the inverse-variance weighting applied for 
he observations is not applicable for the simulations. We therefore 
et σi = 1 in equation ( 8 ) when stacking the simulated kSZ effect
rofiles. 
MNRAS 540, 143–163 (2025) 

 https:// lambda.gsfc.nasa.gov/ product/ act/ actpol dr5 coadd maps info.html 

https://lambda.gsfc.nasa.gov/product/act/actpol_dr5_coadd_maps_info.html
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Figure 1. Comparison of the Amon et al. ( 2023 ) DES Y3 + KiDS 1000 g alaxy–g alaxy lensing �� profiles of BOSS LOWZ and CMASS galaxies (data points 
with 1 σ error bars) with predictions from the fiducial FLAMINGO run (L1 m9) and the fgas feedback variants. There are four main panels corresponding to the 
four BOSS samples (two redshift bins each for LOWZ and CMASS). The bottom x -axis shows the the comoving projected radius while the top x -axis shows the 
angular scale (in arcmins) at the mean redshift of each of the redshift bins. The vertical dashed lines indicate the location of R 500c derived from the mean halo mass 
of each redshift bin (see Section 4.3 ). The solid curves show the best-fitting profiles for each of the FLAMINGO runs, which fall nearly on top of each other. The 
le gend pro vides the best-fitting ( log 10 ) minimum stellar mass (in solar units) of the simulated galaxy selection for each of the runs, with the error bars reflecting 
the 2 σ uncertainties (95 per cent confidence) on the best-fitting minimum mass given the uncertainties on the lensing measurements. The bottom sub-panels in 
each of the main panels show the ratio of the fgas feedback variants and the observational data with respect to the fiducial feedback model. For reference, the 
dotted curves in the bottom right panel show the predicted �� profiles for the fiducial FLAMINGO run with minimum stellar mass log 10 [ M star / M �] values 
ranging between 10.9 and 11.6 in steps of 0.1. Overall, the simulations reproduce the lensing measurements very well o v er a wide range of radii, with a simple 
stellar mass cut (per feedback variant) being sufficient to match the LOWZ ( log 10 [ M star / M �] ≈ 11 . 3) and CMASS ( log 10 [ M star / M �] ≈ 11 . 2) measurements. 
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 RESU LTS  

n this section, we explore the feedback and cosmology dependencies
f the kSZ effect predictions (Section 4.1 ), as well as the role
hat satellite galaxies play (Section 4.2 ). As already described, we
ptimize the selection of galaxies from the simulations by fitting to
he g alaxy–g alaxy lensing profiles of BOSS galaxies, thus ensuring
hat our selection has the correct underlying mean halo mass. In
ection 4.3 , we discuss the implied halo masses and radii of the
OSS samples. 

.1 Dependence on feedback and cosmology 

ig. 1 shows the best-fitting g alaxy–g alaxy lensing profiles for
he comoving excess surface mass density, ��, for the fiducial
LAMINGO run (L1 m9) and the fgas feedback variants. There
NRAS 540, 143–163 (2025) 
re four panels corresponding to the four BOSS redshift bins from
mon et al. ( 2023 ) (two bins each for LOWZ and CMASS). We

how measurement as a function of the comoving projected radius,
, on the bottom x -axis, but we also show the angular scale at the
edian redshift of the sample on the top x-axis, in order to facilitate

omparisons with the kSZ effect measurements. 
The solid curves show the best-fitting profiles for each of the

LAMINGO runs, which fall nearly on top of each other. The
e gend pro vides the best-fitting ( log 10 ) minimum stellar mass (in solar

asses) of the simulated galaxy selection for each of the runs. For
xample, in the LOWZ-L1 bin, the FLAMINGO fiducial feedback
un with a minimum stellar mass of log 10 [ M star / M �] = 11 . 24 ± 0 . 03
rovides the best fit to the DES Y3 + KiDS 1000 �� measurements.
he error bars reflect the 2 σ uncertainties (95 per cent confidence)
n the best-fitting minimum mass given the uncertainties on the
ensing measurements. The best-fitting minimum stellar mass and
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ts uncertainties are estimated by first calculating the �� profiles at 
if ferent v alues of the minimum stellar mass and then interpolating to
btain the best-fitting result. The bottom right panel of Fig. 1 shows
he process, where the dotted curves correspond to the predicted �� 

rofiles for the fiducial FLAMINGO run with log 10 [ M star / M �] values
anging between 10.9 and 11.6 in steps of 0.1 dex. We then interpolate
he �� values to a much finer grid of log 10 M star Specifically, we 
inearly interpolate log 10 �� in stellar mass bins of width 0.01 dex 
t projected radius, R. The best-fitting minimum stellar mass is 
etermined through χ2 minimisation with respect to the DES Y3 
 KiDS1000 measurements and their uncertainties from Amon et al. 

 2023 ). Note that Amon et al. ( 2023 ) quote diagonal uncertainties
or their combined DES Y3 + KiDS 1000 measurements only; i.e. 
he radial bins are assumed to be uncorrelated. Calculation of the 
ff-diagonal elements of covariance matrix for the combined data 
et is non-trivial and beyond the scope of this work. 

It is interesting that a simple stellar mass cut applied to the various
LAMINGO runs is capable of yielding excellent fits to the lensing 
easurements o v er approximately 2.5 decades in radius, spanning 

oth the 1-halo and 2-halo regimes (the transition between the two 
egimes is clearly visible at R ≈ 3–4 Mpc h 

−1 ). Varying the stellar
ass has the impact of varying the mean halo mass of the simulated

alaxy sample which affects the amplitude of the predictions. Thus, 
he fact that the simulations reproduce the amplitude of the observed 
 alaxy–g alaxy lensing signal is not surprising. But the shape of
he profile is a genuine prediction of the simulations and � CDM
enerally, and the fact that the profiles accurately match these precise 
easurements o v er a v ery large range of radii is remarkable. Note

hat the detailed shape is expected to be cosmology dependent in 
 CDM, since the 1-halo and 2-halo terms themselv es hav e different

osmology dependencies. The main cosmological dependence of the 
-halo regime is through the halo concentration (e.g. Bullock et al. 
001 ; Eke, Navarro & Steinmetz 2001 ; Correa et al. 2015 ; Diemer &
ravtsov 2015 ; Brown et al. 2022 ), whereas at large radii (2-halo) it

s via the halo bias (e.g. Sheth & Tormen 1999 ; Tinker et al. 2010 ). 
In a given redshift bin (e.g. LOWZ-L1), all of the runs yield

imilarly good fits to the data and the different runs prefer only
lightly different stellar masses. This is not unexpected, since the 
ducial FLAMINGO run and the fgas feedback variants in Fig. 1 have
ach been independently calibrated to reproduce the local galaxy 
tellar mass function. Thus, the mapping between stellar mass and 
alo mass is expected to be nearly the same in each of the runs.
he fact that the stronger feedback variants prefer a slightly higher 
tellar mass cut is likely because the halo masses themselves have 
een reduced slightly more through baryon ejection in the stronger 
eedback variants. Thus, to get back to the same mean halo mass
equired to match the lensing data, a slightly higher stellar mass cut
s required in the models with stronger feedback. If the measurements 
ould be extended to smaller projected radii ( R < 0 . 1 Mpc h 

−1 ), it is
ossible that the lensing measurements themselves could be used to 
lace constraints on the feedback models, through deviations in the 
rofile shapes on small scales (e.g. fig. 6 of Velliscig et al. 2014 ). In
his study, the lensing measurements are used to constrain the galaxy 
election, so that more sensitive kSZ effect measurements can be 
sed to discriminate between the different feedback models. 
Comparing the fits across the two LOWZ bins (top two pan- 

ls), for the majority of the cases the preferred minimum stellar
asses are consistent within a few sigma for a given run. For

xample, the fiducial FLAMINGO model prefers a minimum stellar 
ass of log 10 [ M star / M �] = 11 . 24 ± 0 . 03 for the LOWZ-L1 bin and

og 10 [ M star / M �] = 11 . 29 ± 0 . 02 for the LOWZ-L2 bin. As the two
OWZ bins are consistent with a single LOWZ selection for a 
iven model, we jointly fit the LOWZ L1 and L2 bins to deter-
ine the minimum stellar mass cut for the kSZ effect predictions.
he same is true for the higher redshift CMASS bins (C1 and
2, with log 10 [ M star / M �] = 11 . 14 ± 0 . 05 and log 10 [ M star / M �] =
1 . 23 ± 0 . 04, respectively), although we note that for the CMASS-
1 bin the shape of the best-fitting simulated profiles do not match the 
easurements perfectly. In particular, we note that the 1-halo regime 

ominates the fit (in terms of signal to noise), and the simulations
rovide a good match to the data there, but they predict a signal
hat is too large compared to the measurements at larger radii, in
he 2-halo regime. The CMASS-C1 bin was also identified as an
utlier in Amon et al. ( 2023 ), who found that even their flexible
OD framework (with 5 free parameters) was unable to reproduce 

he lensing measurements in detail. Nevertheless, the best-fitting 
tellar masses are consistent within a few sigma between the C1
nd C2 bins for all the runs and we therefore jointly fit them to
erive a single stellar mass cut (for each feedback variant) for the
SZ effect CMASS analysis. Furthermore, we highlight that the kSZ 

ffect measurements mostly probe relatively small radii, in the 1-halo 
egime, where the simulation predictions match the CMASS lensing 
easurements well even for the C1 bin. 
An alternative to approach to handling the two redshift bins in

he LOWZ and CMASS samples of Amon et al. ( 2023 ) would be to
redict the kSZ effect profiles for each bin given their respective best-
tting minimum stellar masses and then to average the profiles (e.g.
y inverse-variance weighting). In practice, we find that this gives 
early identical results to our default method of combining the bins.
ndeed, even if we uniformly applied the lower or higher of the two
tellar mass estimates to the whole sample, our general conclusions 
ith regards to the strength of feedback required to match the kSZ

ffect measurements would be unchanged. 
While we have elected to constrain our simulated galaxy selection 

ased on the g alaxy–g alaxy lensing signal rather than a more
bservable quantity such as stellar mass, it is interesting to note
hat our best-fitting minimum stellar masses, which range from 

og 10 [ M star / M �] ≈ 11 . 15 to 11.3, align remarkably well with the
ctual observed peak and mean stellar masses of the BOSS LOWZ
nd CMASS samples. In particular, Maraston et al. ( 2013 ) find mean
og 10 [ M star / M �] values of 11.33 at 0 . 2 � z � 0 . 4 (LOWZ), 11.27
t 0 . 4 � z � 0 . 5 (CMASS), and 11.26 at 0 . 5 � z � 0 . 6 (CMASS).
hus, the calibrated FLAMINGO runs have realistic stellar mass to 
alo mass ratios at the typical stellar mass scale probed by the BOSS
urv e y. 

Armed with strong constraints on the galaxy selection (minimum 

tellar mass) from the g alaxy–g alaxy lensing comparisons, we com-
are the kSZ effect profiles predicted by the fiducial FLAMINGO 

un and the fgas feedback variants with the 150 GHz stacking
easurements of Schaan et al. ( 2021 ) in Fig. 2 . The solid curves

epresent the predictions for the best-fitting minimum stellar masses. 
he le gend pro vides the number of standard deviations that the model
eviates from the observational measurements with the error bars 
orresponding to the propagated uncertainties on the stellar mass cut 
iven the uncertainties on the g alaxy–g alaxy lensing measurements. 
ote that the number of standard deviations is computed using 

he full covariance matrices of the data, which is important since
he outermost bins are highly correlated. Taking into account this 
orrelation, the strongest constraint on the goodness of fit comes 
rom the innermost three or four radial bins. 

We see visually from Fig. 2 and from the computed number of
tandard deviations that the fiducial calibrated FLAMINGO run is 
tatistically ruled out by the kSZ effect measurements, at ≈5 sigma,
or both the LOWZ and CMASS samples, which are independent. 
MNRAS 540, 143–163 (2025) 
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Figure 2. Comparison of the 150 GHz Planck + ACT kSZ effect temperature profiles of BOSS LOWZ and CMASS galaxies from Schaan et al. ( 2021 ) (data 
points with 1 σ error bars) with predictions from the fiducial FLAMINGO run (L1 m9) and the fgas feedback variants. The bottom x-axis shows the angular 
scale (in arcmins) while the top x -axis shows the comoving projected radius at z = 0 . 31 and z = 0 . 54 for the LOWZ and CMASS panels, respectively. The 
vertical dashed lines indicate the location of R 500c derived from the mean halo mass of each redshift bin (see Section 4.3 ). The solid curves represent the 
predictions for the best-fitting minimum stellar mass (fitted to the lensing, see Fig. 1 ). The legend provides the number of standard deviations that the model 
deviates from the observational measurements with the error bars corresponding to the propagated uncertainties on the stellar mass cut given the uncertainties 
on the g alaxy–g alaxy lensing measurements. Note that the number of standard deviations is computed using the full covariance matrices of the data, which is 
important since the outermost bins are highly correlated. The error bars on the data points reflect only the diagonal elements of the covariance matrices. The 
bottom sub-panels in each of the main panels show the ratio of the fgas feedback variants and the observational data with respect to the fiducial model. For 
reference, the dotted curves in the right panel show the predicted �T kSZ profiles for the fiducial FLAMINGO run with minimum stellar mass log 10 [ M star / M �] 
values ranging between 10.9 and 11.6 in steps of 0.1. The fiducial calibrated FLAMINGO run is statistically ruled out by the kSZ effect measurements at about 
the 5 σ level, for both the LOWZ and CMASS samples which are independent. Only the two strongest feedback models in this comparison (fg as-4 σ , fg as-8 σ ) 
are formally consistent with the measurements. 
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nly the two strongest feedback models in this comparison, fgas-4 σ
nd fgas-8 σ , are formally consistent with the measurements, with

1 . 5 σ and ≈ 0 . 5 σ deviations from the measurements, respectively.
ote that in computing the number of standard deviations, we have
ot marginalized o v er uncertainties in cosmology (which we expect
o be small, as discussed below) or uncertainties in the velocity
econstruction used in the observational measurements. Thus, the
uoted level of tension may be slightly overestimated. 
Note that because the kSZ effect is proportional to the gas mass,

t will be affected by any physical process that alters the gas mass
ractions of groups and clusters. Ejection of gas due to AGN feedback
s believed to be the main mechanism for altering the gas fractions,
ut gas is also remo v ed via radiativ e cooling leading to neutral gas and
tar formation. An important aspect of the FLAMINGO simulations
hown in Figs 1 and 2 is that the y hav e all been calibrated to reproduce
he observed galaxy stellar mass function. Thus, the differences
etween the models in Fig. 2 are due entirely to differences in the level
f gas ejection, and the relatively low observed kSZ signal indicates
hat a relatively high level of ejection is required. A caveat, of course,
s if there are significant biases in the observed stellar masses (e.g.
ue to uncertainties in stellar population synthesis modelling or the
xtrapolation of surface brightness profiles) this would in turn bias
he estimates of the required level of feedback. 

Our results are qualitatively consistent with Bigwood et al. ( 2024 ),
ho used the baryonification formalism to model the kSZ effect

ointly with cosmic shear, in the sense that the kSZ effect data appears
o prefer stronger feedback relative to that inferred by modelling
-ray-based baryon fractions of galaxy groups. Ho we ver, gi ven the
se of self-consistent full cosmological hydrodynamical simulations,
 alaxy–g alaxy lensing to strongly pin down the mass scale of the
OSS samples, inclusion of satellites and mis-centring effects, and
NRAS 540, 143–163 (2025) 
he use of both the LOWZ and CMASS samples, our quantitative
esults are more robust. 

The dotted curves in the right panel of Fig. 2 illustrate the impor-
ance of the g alaxy–g alaxy lensing measurements in pinning down
he mass scale of the BOSS galaxies and therefore the required level
f feedback. These correspond to the same variations in the minimum
tellar mass as shown in the bottom right panel of Fig. 1 for the
ducial feedback model. With the kSZ effect data alone to go by, we
ould not be able to easily distinguish the fiducial feedback scenario
ith a lower minimum stellar mass, of log 10 [ M star / M �] ≈ 10 . 9, from
 stronger feedback scenario with higher stellar mass (noting that it
s the innermost 3 or 4 bins which dominate the fit). The lensing data
re therefore crucial to break the de generac y between halo mass and
eedback-driven gas ejection. 

We note that the measurements of Schaan et al. ( 2021 ) extend out
o ≈ 2 Mpc h 

−1 which is the scale where the 2-halo term becomes
isible in the g alaxy–g alaxy lensing measurements in Fig. 1 . The
-halo term is easily visible in the lensing measurements given their
recision, the large dynamic range of the measurements, and that
he signal is a differential one. In the case of the kSZ profiles, the

easurement is ef fecti vely a cumulati ve signal which will partially
ask the transition to the 2-halo re gime. Nev ertheless, the correlated

lustering of nearby haloes is expected to modestly contribute to the
utermost bins in these measurements (see also Amodeo et al. 2021 )
nd the profiles should therefore not be regarded as being due solely
o the selected galaxies in the stack. 

As discussed in Section 3.1 , observational stellar masses have
easurement uncertainties and it is interesting to ask what the

ffect of such uncertainties might be if we applied them to the
imulated galaxies and repeated the abo v e analysis. Behroozi et al.
 2019 ) find that a lognormal scatter with a standard deviation
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Figure 3. As Fig. 2 , but showing the dependence of the predicted kSZ effect profiles on other model variations, namely variations in the galaxy stellar mass 
function and the fiducial and strong jet models of AGN feedback, as well as the lensing (LS8) cosmology run with fiducial feedback. The solid curves correspond 
to the different FLAMINGO simulations, with the number of standard deviations from the data provided in the legend. The best performing model shown is the 
Jet model with reduced gas fractions (Jet fgas −4 σ ), which is consistent with the findings from Fig. 2 that enhanced gas ejection is required by the measurements. 
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( log 10 M star ) = min (0 . 070 + 0 . 071 z, 0 . 3) dex describes typical ran-
om measurement errors in the observed stellar masses. As a test,
e have applied this scatter to the true simulated stellar masses to
imic an observed stellar mass (note that we also applied this scatter

uring the calibration of FLAMINGO; see Schaye et al. 2023 ). We
hen analysed the simulations as described abo v e, by determining 
he best-fit minimum stellar mass cut required to match the galaxy–
alaxy lensing measurements and then predicting the kSZ profiles 
or this selection. 

We find that the best-fitting minimum stellar mass required to 
atch the g alaxy–g alaxy lensing measurements typically increases 

y 0.04–0.05 dex with respect to our fiducial analysis with no 
easurement scatter. This reflects the fact there are more lower 
ass objects than high mass objects, thus leading to a slight net

p-scattering. To reproduce the g alaxy–g alaxy lensing signal in the 
resence of lower stellar mass galaxies entering the selection, a 
lightly higher minimum stellar mass cut is therefore required to 
atch the stacked lensing profiles, compared to the case with no 

catter. Nevertheless, the best-fitting mean halo mass is virtually 
dentical to the no-scatter case, as is the predicted stacked kSZ
rofile. We therefore conclude that measurement uncertainties in 
he observed stellar masses do not significantly impact our results or
onclusions, by virtue of the fact that the selection is constrained to
atch the lensing signal. 
We have also tested the sensitivity of our results and conclusions 

o numerical resolution, by analysing the high-resolution calibrated 
LAMINGO model (L1 m8) and comparing the results with the 
ducial resolution, calibrated model (L1 m9). This comparison is 
resented in Appendix B . In short, we find that the high-resolution
un displays a similar level of tension with the observed kSZ effect
easurements of Schaan et al. ( 2021 ) compared to the fiducial

esolution, suggesting that our conclusions are robust to changes 
n resolution. 

In Fig. 3 , we explore kSZ effect predictions using several other
eedback variations in the FLAMINGO suite at the fiducial reso- 
ution, namely variations in the galaxy stellar mass function at the 
ducial gas fraction (M ∗−σ ) and the fiducial and strong jet models of
GN feedback (Jet and Jet fgas −4 σ ). The corresponding galaxy–
alaxy lensing profiles are shown in Appendix C (see Fig. C1 ).
e find that none of the models provide an acceptable fit to the
ata. The best performing model is the jet model with reduced gas
ractions (Jet fgas −4 σ ), which is consistent with the findings in
ig. 2 that enhanced gas ejection is required by the measurements.
he lensing LS8 cosmology run, which gives a similarly poor fit to

he measurements as the fiducial L1 m9 run. This is likely because
oth models adopt the same feedback model and that, intrinsically, 
he kSZ effect profile is not expected to depend significantly on
osmology. The underlying matter profile depends weakly on cos- 
ology through the dependence of the concentration on cosmology, 

ut this dependence will likely be even weaker when dealing with
he hot gas due to the effects of non-gravitational processes such as
ooling and feedback. The kSZ effect would be expected to scale
ith the universal baryon fraction, f b ≡ �b /�m 

, as this quantity 
ictates the fraction of baryons that haloes can accrete (at least in
he absence of feedback). Ho we ver, f b is precisely determined from
everal cosmological probes and all of our runs have very similar
alues of f b . Lastly, we have also analysed the FLAMINGO runs
hat vary the summed neutrino mass (which also adopt the fiducial
eedback model) and find that they, too, yield similarly poor fits to the
SZ effect measurements, but we do not show them here for brevity.

.2 The role of satellite galaxies 

ome fraction of the galaxies comprising the BOSS LOWZ and 
MASS samples will be satellites. Previous attempts to model the 
SZ effect measurements have not accounted for the impact of 
atellites, but whether this is a significant omission is unclear. On
he one hand, satellites will be mis-centred with respect to their host
aloes and this might be expected to lead to a reduced kSZ signal
ompared to a galaxy that is centred on the hot gas distribution.
n the other hand, a stellar mass-based selection implies that the

atellites will typically be in hosts that are more massive than a host
hich has a central of similar stellar mass. This will tend to boost

he kSZ signal. 
Here, we use the FLAMINGO simulations and associated subhalo 

atalogues to explore the impact of the inclusion of satellite galaxies
n the derived stacked lensing and kSZ effect profiles. In Fig. 4 ,
e compare the ratios of the stacked lensing and kSZ signals for
 central-only sample with that for the fiducial sample for different
MNRAS 540, 143–163 (2025) 
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Figure 4. Ratios of the stacked lensing and kSZ signals for a central-only sample with respect to the fiducial sample for different choices of the minimum 

stellar mass cut. For the lensing comparison (top panels) we show only the L1 and C2 bins, for brevity, noting that the L2 and C1 bins give similar results. 
The solid curves show the ratios for the fiducial FLAMINGO feedback model and correspond to different minimum stellar masses log 10 [ M star / M �] values 
ranging between 10.9 and 11.6 in steps of 0.1. The effects of including satellites tend to be stronger for selections including lower mass galaxies. For minimum 

stellar masses of ≈ 11 . 2, appropriate for the LOWZ and CMASS selections, the inclusion of satellites can boost the lensing and kSZ effect signals by up to 
≈ 30 per cent and ≈ 20 per cent , respectively. 
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hoices of the minimum stellar mass cut. For the lensing comparison
top panels), we show only the L1 and C2 bins for brevity, noting that
he L2 and C1 bins give similar results. The solid curves show the
atios for the fiducial FLAMINGO feedback model and correspond
o different minimum stellar masses: log 10 [ M star / M �] values ranging
etween 10.9 and 11.6 in steps of 0.1 and in the legend we quote
he satellite fractions corresponding to these minimum stellar mass
elections. 

It is first worth noting that all of the curves in Fig. 4 are below
, meaning that the fiducial selection including satellites leads to
oosted mean lensing and kSZ signals relative to a central-only
election. This implies that of the two effects discussed abo v e; i.e.
is-centring versus satellites living in a higher-mass host, it is the

atter that dominates. It also implies that analyses that do not account
or satellites will likely tend to o v erestimate the halo mass required to
atch the lensing and kSZ measurements and therefore potentially

nderestimate the impact of feedback. 
From our previous analysis, we found that minimum stellar masses

n the range of ≈ 11 . 15–11.25 best describe the selection for the
OSS LOWZ and CMASS samples. For these selections, Fig. 4

mplies that the inclusion of satellites can boost the lensing and kSZ
ffect signals by up to ≈ 30 per cent and ≈ 20 per cent , respectively.
he effect is scale dependent, which is likely due to the mis-centring
f satellites with respect to their hosts. One can therefore potentially
NRAS 540, 143–163 (2025) 
onstrain the satellite fraction through detailed measurements of the
hape of the lensing and kSZ effect profiles. 

While the effects of satellites are not large enough to alter our
onclusion that stronger feedback is required to match the kSZ
ffect measurements relative to an X-ray-based calibration strategy,
he y nev ertheless should be factored in for quantitativ e analyses.
urthermore, according to Fig. 4 , as observations push to lower stellar
asses, the role of satellites will become more significant (given the

arge satellite fractions) and will need a careful accounting. 

.3 Implied halo masses 

sing the simulated galaxy selection that best fits the lensing
easurements it is straightforward to compute a mean halo mass.
e quote the mean halo masses in terms of M 500c in order to place

he them in the context of X-ray samples. Note that for satellite
alaxies, we use the M 500c value associated with the FOF group in
hich the satellite resides. Weighting each selected galaxy equally
ields mean halo masses of log 10 [ M 500c / M �] = 13 . 53 ± 0 . 02 and
3 . 34 ± 0 . 04 for the LOWZ and CMASS samples, respectively.
hus, the lensing data yield a � 10 per cent constraint on the
alo mass at 2 σ uncertainty. In the abo v e, we hav e combined the
1 and L2 (C1 and C2) constraints into a single mean halo mass
sing inverse-variance weighting for LOWZ (CMASS), given that
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he individual bins are consistent (within 2 σ ). We find that these
onstraints on the mean halo mass are virtually independent of which 
LAMINGO model we use to compute the mean halo masses, which 
e attribute to the fact that we adjust the minimum stellar mass for

ach model to refit the lensing data. This includes runs that vary the
alaxy stellar mass function, which require a significantly different 
inimum stellar mass to match the lensing data. 
We note that if we apply the same minimum stellar mass cuts as in

he fiducial selection but limit our analysis to central galaxies only, we
nd lower mean halo masses 5 of log 10 [ M 500c / M �] = 13 . 32 ± 0 . 03
nd 13 . 13 ± 0 . 06 for the LOWZ and CMASS samples, respectively.
his confirms that the inclusion of satellite galaxies in the selection 
oosts the mean halo mass of the sample and by consequence also
he stacked lensing and kSZ effect signals. If we were instead to re-fit
he minimum stellar mass for the central-only selection, the derived 
ean halo mass would increase, as expected. But note that a central-

nly selection does not provide a statistically good fit to the lensing
ata, so the derived mean halo mass would have questionable value. 

 DISCUSSION  

.1 Implications for feedback models 

ere, we discuss the interpretation of our findings in the context of
eedback modelling. This work makes crucial steps in confirming 
he preference for stronger feedback from WL + kSZ without the 
eliance on a baryonification model. The origin of the difference 
n the implied required strength of feedback from the kSZ effect 
easurements and the X-ray-based baryon fraction measurements 

s unclear. Taking the observations at face value and as discussed
reviously by Bigwood et al. ( 2024 ), the discrepancy between X-
ay and kSZ effect constraints on the strength of feedback can be
xplained by: (1) differences between the real and simulated mass- 
nd/or redshfit-dependencies of feedback; (2) differences between 
he real and simulated scale-dependence of feedback effects; and/or 
3) the possibility of unaccounted for systematics or selection effects 
n the measurements. 

.1.1 Mass and redshift dependence of feedback models 

ne way to potentially reconcile the kSZ effect profiles with X- 
ay-based gas fraction constraints is to appeal to the different halo 
asses and redshifts that they probe. For example, the BOSS 

MASS sample has a mean redshift of z ≈ 0 . 54 and a halo mass
f M 500c ≈ 2 . 2 × 10 13 M � (see Section 4.3 ), whereas the X-ray
easurements of gas fractions are generally confined to groups at 
 � 0 . 3 with halo masses of 10 14 M �, although with considerable
ariation about these typical values. Therefore, if the effective halo 
ass and/or redshift dependencies of feedback in the simulations 

iffer from those in nature (such that the simulated feedback has 
 weaker dependence on mass and/or redshift than in reality), one 
ould potentially understand the difference between the kSZ effect 
nd group gas fractions calibrations. 

Ho we ver, such an explanation is made more difficult by the
nclusion of the LOWZ sample here, since its mean redshift is lower at
 ≈ 0 . 31 and its mean halo mass is slightly higher at 3 . 4 × 10 13 M �.
 We find consistent constraints with the central galaxy only mean halo masses 
f, instead of computing the mean of the selected central galaxies, we simply 
t a composite NFW profile + 2-halo term (using the halo bias model of 
inker et al. 2010 ) to the lensing data, using the COLOSSUS package (Diemer 
018 ). 

g
m  

S  

a  

i  

s

hese have some overlap with the X-ray samples used to calibrate
he simulations, including FLAMINGO. 

.1.2 Scale dependence of feedback 

he mean halo masses of the LOWZ and CMASS samples imply that
he angular scales corresponding to R 500c at z = 0 . 31 (LOWZ) and
 = 0 . 54 (CMASS) are θ500c ≈ 1 . 61 and 0.92 arcmins, respectively.
hese scales are indicated by vertical dashed lines in Fig. 2 , for
 xample. F or LOWZ the first data corresponds roughly to 0 . 65 R 500c ,
hereas for CMASS the first data point is ≈ 1 . 1 R 500c . Most of the

onstraining power on the feedback models is therefore coming 
rom ≈ 1 . 5-3 R 500c for LOWZ and from ≈ 2 . 5-5 R 500c for CMASS.
he X-ray-constrained baryon fractions, by contrast, are measured 
ithin R 500c . 
Therefore, a way to potentially reconcile the X-ray and kSZ 

easurements is to invoke more steeply declining gas density profiles 
t large radii (beyond R 500c ) than are seen in the simulations. What
hysical mechanism could result in the required steepening is unclear. 
n addition, it would be interesting to calculate if the required
teepening is consistent with the constraint that, according to Planck 
ollaboration XI ( 2013 ), the tSZ effect within 5 R 500c scales self-

imilarly with halo mass o v er a v ery wide range of masses, implying
hat haloes are fully baryon loaded within that aperture, at least at
ow redshift. But we leave this question for future work. 

.1.3 Unaccounted for systematics in the measurements 

t is possible that, instead of there being a fundamental issue with
he feedback in the simulations, there could be unaccounted for 
or mischaracterized) systematic errors in the gas fraction, kSZ 

ffect, or g alaxy–g alaxy lensing measurements. F or e xample, there
re considerable uncertainties in the X-ray selection function of 
alaxy groups (e.g. Pearson et al. 2017 ; Giles et al. 2022 ; Marini
t al. 2025 ) and some studies make no attempt to account for
election effects. For the kSZ effect measurements, a significant 
nderestimate of the bias in the velocity reconstruction, or from tSZ
ffect leakage in the kSZ effect stacking analysis, could potentially 
econcile the measurements with the simulation predictions using 
-ray-calibrated feedback. Ideally, we would use the same theory 

hydrodynamical simulations) to select our systems, analyse them in 
recisely the same way as done for the real systems, and compare
he processed observables in a lik e-with-lik e f ashion. While we have
aken important steps in this direction in the present study, the issues
f the X-ray selection function and kSZ effect velocity reconstruction 
and/or tSZ effect leakage) remain open questions. Finally, we have 
sed g alaxy–g alaxy lensing measurements to constrain the selection 
f simulated galaxies and therefore any biases present in the lensing
easurements will impact our feedback conclusions. Ho we ver, as 

reviously noted, we find excellent consistency in the derived mean 
alo masses from the lensing with that inferred from fitting to the
arge-scale projected clustering, suggesting any biases in the lensing 

asses are likely to be small. 

.2 Implications for the S 8 tension 

ur analyses of the independent LOWZ and CMASS samples sug- 
ests that feedback stronger than adopted in the fiducial FLAMINGO 

odel is required to match the stacked kSZ effect measurements of
chaan et al. ( 2021 ). The strong FLAMINGO fgas-8 σ variant yields
 reasonably good fit to the kSZ effect profiles. We examine the
mpact of the stronger feedback in this model on the 3D matter power
pectrum as well as on other observable measures of clustering. 
MNRAS 540, 143–163 (2025) 
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Figure 5. Suppression of the 3D matter power spectrum at z = 0 due to baryon feedback. Left: Comparison of the fiducial FLAMINGO feedback model and the 
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The shaded regions correspond to constraints from: Preston et al. ( 2023 ), who jointly model the DES Y3 cosmic shear and Planck 2018 primary CMB data; Aric ̀o 
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recent hydrodynamical simulations, including: BAHAMAS (McCarthy et al. 2017 , 2018 ) (the red shaded region encloses the low-AGN and hi-AGN variants, 
with the dashed red curve corresponding to the fiducial B AHAMAS model); SIMB A (Dav ́e et al. 2019 ), EAGLE (Schaye et al. 2015 ), the original Illustris 
simulations (Vogelsberger et al. 2014 ), IllustrisTNG (Pillepich et al. 2018 ). Recent WL-based constraints fa v our stronger suppressions and are compatible with 
the predictions of the FLAMINGO fgas-8 σ variant, as well as SIMBA and BAHAMAS hi-AGN. 
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.2.1 Cosmic shear/3D matter power spectrum 

n Fig. 5 (left panel), we compare the predictions of the suppression
f the matter power spectrum from fiducial FLAMINGO model and
he strong fgas-8 σ variant with the recent constraints from Bigwood
t al. ( 2024 ), Aric ̀o et al. ( 2023 ), and Preston et al. ( 2023 ) (see also
challer et al. 2025 ). The Preston et al. ( 2023 ) constraint comes from
 joint analysis of the DES Y3 data and the Planck 2018 primary
MB. The constraints shown in Fig. 5 correspond to their best-fitting
mpirical ‘Amod’ model, which is intended to parameterize possible
odifications of the non-linear part of the matter power spectrum

ue to baryonic physics and/or non-standard dark matter. The two
onstraints from Bigwood et al. ( 2024 ) come from an analysis of
ES Y3 cosmic shear data (labelled WL) or from a joint analysis
f the DES Y3 cosmic shear and the kSZ effect CMASS profile
f Schaan et al. ( 2021 ) (labelled WL + kSZ), modelled using the
CEmu baryonification formalism (Schneider et al. 2019 ; Giri &
chneider 2021 ). Note that Bigwood et al. ( 2024 ) do not adopt the
mall scale cuts employed in the fiducial DES Y3 cosmic shear
nalysis (e.g. Krause et al. 2021 ; Amon et al. 2022 ; Secco, Samuroff
t al. 2022 ) that were designed to mitigate the impact of baryonic
hysics, but instead include the small scale measurements and use
he baryonification formalism to model the baryonic effects, aided by
he inclusion of kSZ effect data. Aric ̀o et al. ( 2023 ) use the BACCO
aryonification emulator 6 (Aric ̀o et al. 2021 ) to model the DES Y3
osmic shear data (including small scale measurements). 

Examining Fig. 5 , we see that the fgas-8 σ variant is in good
greement with the suppression constraints from Bigwood et al.
 2024 ), for both their WL only and WL + kSZ analysis, as well as
hose from Aric ̀o et al. ( 2023 ). There is also reasonable agreement
NRAS 540, 143–163 (2025) 

 We note that the BCEmu and BACCO model differences have been studied 
nd shown to impact the shape of the predicted power spectrum (Grandis 
t al. 2024 ). A primary difference is that the former displaces formally all 
he particles in the simulation, whereas the latter displaces only particles in 
aloes. 

h  

e  

t  

c  

e  

1  

L  
ith the constraints from Preston et al. ( 2023 ), with a slight mismatch
n intermediate scales (0 . 1 � k[ h/ Mpc ] � 1), such that the fgas-8 σ
ariant predicts a bit too much power. As noted abo v e, a difference
etween the constraints of the other studies and those of Preston et al.
 2023 ) is that the latter also fit to the primary CMB measurements.
evertheless, the agreement with the other constraints is generally
ood. It is worth highlighting that the observational constraints shown
n Fig. 5 are likely to be model dependent, particularly on small
cales ( k greater than a few h /Mpc) which current cosmic shear
easurements are less sensitive to. 
Bigwood et al. ( 2024 ) derive a value of S 8 = 0 . 818 + 0 . 017 

−0 . 024 from their
osmic shear-only analysis and S 8 = 0 . 823 + 0 . 019 

−0 . 020 from their cosmic
hear + kSZ effect analysis, which are consistent with the Planck
rimary CMB estimate of S 8 = 0 . 832 ± 0 . 013 (Planck Collaboration
t al. 2020 ) at the 0 . 7 σ and 0 . 4 σ le vels, respecti vely (i.e. no
ignificant tension). Using the same DES Y3 cosmic shear data,
ric ̀o et al. ( 2023 ) find a slightly lo wer v alue of S 8 = 0 . 795 + 0 . 015 

−0 . 017 .
ote that even prior to the inclusion of small scales and associated
aryonic modelling, the DES Y3 cosmic shear results were not in
trong tension with the Planck primary CMB (typically 2 σ level). The
nclusion of small scales, updated modelling of intrinsic alignments,
nd inclusion of baryonic effects has weakened this tension. The
iDS 1000 constraints, by contrast, typically sho w stronger le vels
f tension ( � 3 σ ), which would require feedback in excess of
hat implied by the kSZ effect measurements studied here (e.g.
eymans et al. 2021 ; Amon & Efstathiou 2022 ; Schneider et al.
022 ; McCarthy et al. 2023 ). 
In the right panel of Fig. 5 we compare the fiducial FLAMINGO
odel and the fgas-8 σ variant with the predictions of other recent
 ydrodynamical simulations, including: BAHAMAS (McCarth y
t al. 2017 , 2018 , L box = 571 Mpc) (the red shaded region encloses
he low-AGN and hi-AGN variants, with the dashed red curve
orresponding to the fiducial B AHAMAS model); SIMB A (Dav ́e
t al. 2019 , L box = 147 Mpc), EAGLE (Schaye et al. 2015 , L box =
00 Mpc), the original Illustris simulations (Vogelsberger et al. 2014 ,
 box = 107 Mpc), andIllustrisTNG (Pillepich et al. 2018 , L box = 300



kSZ effect in FLAMINGO 157 

102 103 104

10−1

100

10
12
C

y
−y

(
+

1)
/(

2π
)

139.7
(-48.2)
(47.3)

(-130.9)
(-137.5)
(154.3)

L1 m9

fgas−8σ

Planck

LS8

LS8 fgas−8σ

no cooling

Planck

SPT

ACTpol
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LS8 cosmology yields a significantly better fit to the data relative to the 
fiducial D3A cosmology, whereas a Planck CMB cosmology yields a worse 
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results in the present study, impro v es the fit on small angular scales. But the 
offset on large scales cannot be reconciled through feedback alone. 
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pc). Recent WL-based constraints fa v our stronger suppressions 
nd are compatible with the predictions of the FLAMINGO fgas-8 σ
ariant, as well as SIMBA and BAHAMAS hi-AGN. 

.2.2 Thermal SZ power spectrum 

oving on from cosmic shear, previous studies have shown that 
arious measures of the tSZ effect are in tension with the standard
odel fit to the primary CMB (e.g. McCarthy et al. 2014 ; Planck
ollaboration XXI 2014 , XXII 2016a , XXIV b ; Bolliet et al. 2018 ;
cCarthy et al. 2018 ). Note that the tSZ effect (e.g. its PDF, power

pectrum, and number counts) is typically sensitive to the most 
assive clusters and is therefore expected to be more sensitive to 

arameters such as σ8 and �m 

than cosmic shear. The ‘catch’ is that 
he tSZ effect needs to be cleanly separated from various other signals
resent in the CMB temperature maps, including the primary CMB, 
he kSZ effect, radio sources, the CIB, etc., which is non-trivial. 

We revisit the tSZ effect power spectrum and the tSZ effect-shear 
ross-spectrum examined for FLAMINGO in McCarthy et al. ( 2023 ). 
e refer the reader to that study for a full description of how the

osmological observables are calculated. 
In Fig. 6 , we compare selected FLAMINGO runs to the latest

SZ ef fect po wer spectrum measurements, namely the Planck -based 
easurements reported in Bolliet et al. ( 2018 ), the SPT measure-
ent from Reichardt et al. ( 2021 ), and the ACTpol measurement

rom Choi et al. ( 2020 ). Note that Bolliet et al. ( 2018 ) present
n impro v ed re-analysis of the Planck 2015 tSZ data set from
lanck Collaboration XXII ( 2016a ), by taking into account the 

ri-spectrum in the covariance matrix and placing physical constraints 
n the amplitudes of foreground contaminants (particularly radio and 
nfrared point sources and the clustered infrared background, or CIB). 
he ACTpol measurement was not considered in McCarthy et al. 
 2023 ) as we were unaware of it at the time. The measurement from
CTpol is significantly higher in amplitude compared to previous 
CT measurements (e.g. Sievers et al. 2013 ) and compared to the
PT measurement of Reichardt et al. ( 2021 ). The origin of the
ifferences between the ACTpol measurements and the previous 
CT measurements was not discussed in Choi et al. ( 2020 ). 
Comparing the simulations to the observational measurements, 

e see that both the fiducial feedback model (L1 m9) and fgas-
 σ variant in the fiducial D3A cosmology are strongly in tension
ith the Planck tSZ power spectrum measurements on large scales, 
hich is sensitive mainly to v ery massiv e clusters that are generally
naffected by feedback (e.g, McCarthy et al. 2014 ). At the smaller
cales probed by SPT and ACT, increased feedback yields a quali-
atively better match to the observational measurements though the 
iscrepancy between the SPT and ACTpol measurements, prevents 
 quantitative assessment of the goodness of fit. A Planck primary
MB cosmology with fiducial feedback yields a slightly worse match 

o the measurements than the D3A cosmology. The LS8 cosmology 
ith fiducial feedback, by contrast, yields a significantly impro v ed
t to the Planck tSZ power spectrum measurements on large scales
nd with the ACTpol measurements on small scales. Increasing the 
eedback in an LS8 cosmology (LS8 fgas-8 σ ) further impro v es the
t, though the impro v ement is small compared to the impro v ement

hat resulted from lowering S 8 . 

.2.3 Thermal SZ–cosmic shear cross-spectrum 

n Fig. 7 , we compare selected FLAMINGO runs to the tSZ effect-
osmic shear cross-spectrum measurements of Tr ̈oster et al. ( 2022 ),
ho cross-correlated the 5 tomographic KiDS1000 bins with tSZ 

ffect maps constructed from the Planck 2015 data set (Planck 
ollaboration XXII 2016a ). In agreement with the tSZ effect power

pectrum analysis, we see that both the fiducial feedback model 
nd fgas-8 σ variant in the fiducial D3A cosmology are strongly in
ension with the measurements on large scales. At smaller scales ( � �
00), increased feedback yields a better match to the observational 
easurements. A Planck primary CMB cosmology with fiducial 

eedback yields a slightly worse match to the measurements than 
he D3A cosmology. The LS8 cosmology with fiducial feedback, by 
ontrast, provides a significantly better match on all scales compared 
o the fiducial model in either the D3A or Planck cosmologies.
ncreasing the feedback in the LS8 cosmology slightly impro v es
he fit relative to the fiducial feedback model in the LS8 cosmology.

.2.4 Summary 

he abo v e comparisons indicate that when adopting a Planck -
ike cosmology (such as D3A or the Planck maximum likelihood 
osmology), increasing the strength of baryonic feedback generally 
erves to improve the match to various observed clustering statistics, 
rimarily through reducing the power on small scales. Importantly, 
hough, on large scales the tSZ effect power spectrum and tSZ effect-
hear cross-spectrum are insensitive to the effects of feedback even 
hen the feedback is increased significantly to match the kSZ effect
easurements examined here. Increasing the feedback improves the 
atch on small scales in a Planck -like cosmology but only marginally 

mpro v es it in an LS8 cosmology. 
As the tSZ effect measurements appear strongly in tension with 

he standard model fit to the primary CMB and on the largest scales
re generally insensitive to baryonic effects, it will be important to
urther scrutinize the robustness of these measurements, including 
he robustness of the component separation techniques employed to 
MNRAS 540, 143–163 (2025) 



158 I. G. McCarthy et al. 

M

0

2

4

6

10
11
C

γ
E
−y

1-y12.5
(-2.9)
(1.9)

(-5.2)
(-6.6)
(4.9)

2-y20.1
(-5.1)
(5.2)

(-12.1)
(-12.9)
(10.3)

103

3-y50.7
(-14.3)
(13.6)

(-35.1)
(-39.1)
(26.6)

102 103

0

2

4

6

10
11
C

γ
E
−y

4-y52.1
(-17.8)
(17.1)

(-43.0)
(-48.1)
(32.7)

102 103

5-y63.5
(-19.4)
(20.4)

(-51.1)
(-56.2)
(37.6)

L1 m9

fgas−8σ

Planck

LS8

LS8 fgas−8σ

no cooling

KiDS × Planck

Figure 7. The cosmic shear–tSZ effect angular cross-power spectrum. The open triangles correspond to the KiDS1000 × Planck measurements of Tr ̈oster 
et al. ( 2022 ). The dif ferent panels correspond to the cross-spectrum between dif ferent KiDS tomographic bins (1–5) and the tSZ data. Similar to case of the tSZ 

power spectrum (see Fig. 6 ), a lensing LS8 cosmology yields a significantly better fit to the data relative to the fiducial D3A cosmology, whereas a Planck CMB 

cosmology yields a worse fit. Increasing the efficiency of feedback (fgas-8 σ and LS8-fgas-8 σ ), impro v es the fit on small angular scales. But the offset on large 
scales cannot be reconciled through feedback alone. 
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eparate the tSZ effect from the other signals present in the data
uch as the CIB and radio sources. In this regard, cross-correlations
ith other signals, such as cosmic shear , are in valuable since they
ill be dif ferently af fected by any residual contamination than is

he case for the tSZ ef fect po wer spectrum. Relati vistic ef fects
hould also be included in future analyses (e.g. Remazeilles et al.
019 ; Remazeilles & Chluba 2025 ). Furthermore, we note that the
aryonification formalism has recently been extended to tSZ effect
odelling by Aric ̀o & Angulo ( 2024 ) and it would be interesting to

ompare constraints from this methodology with those derived from
he hydrodynamical simulations. 

 C O N C L U S I O N S  

n this work, we have used the state-of-the-art FLAMINGO suite of
osmological hydrodynamical simulations to compare to kSZ effect
tacking measurements of Schaan et al. ( 2021 ), based on a sample
election derived from fitting g alaxy–g alaxy lensing measurements
Amon et al. 2023 ). This is the first time the powerful combination
f kSZ effect and g alaxy–g alaxy lensing measurements has been
sed as a benchmark for feedback modelling in cosmological
ydrodynamical simulations. 

We used associated full-sky light cone-based HEALPIX maps
nd catalogues to perform a lik e-with-lik e comparison with these
bservations for the first time in the context of self-consistent hydro
imulations. We explored the dependence of the predictions on
eedback efficiency and implementation as well as on cosmology.
he use of cosmological simulations also allowed us to quantitatively
ssess the impact that satellite galaxies included in the stack have on
he resulting lensing and kSZ effect profiles. 

We have highlighted that a quantitative interpretation of the
SZ effect measurements requires precise knowledge of the halo
ass scale of the BOSS samples, since the amplitude of the kSZ

ffect scales approximately with the halo mass. A meaningful
omparison to the predictions of simulations (whatever the feedback
NRAS 540, 143–163 (2025) 
mplementation) requires that we select simulated systems that have
n implicit mean halo mass matching that of the observed systems in
he kSZ effect stacking. To this end, a unique aspect of this work is
hat we have employed high-precision measurements of the stacked
 alaxy–g alaxy lensing profiles of the BOSS LOWZ and CMASS
rom Amon et al. ( 2023 ) using DES Y3 + KiDS1000 data to better
han 10 per cent mass constraints (2 σ ). We have used the lensing

easurements to select the simulated galaxies required for a fair
omparison of the kSZ effect predictions to the measurements of
chaan et al. ( 2021 ). 
Our main finding is that the kSZ effect measurements imply that
ore aggressive feedback is required in the simulations compared

o that inferred from X-ray cluster observations and that this goes
ome way to alleviating the difference in the observed and predicted
lustering on small scales. Ho we v er, we hav e shown that the offsets
n large scales between measurements and predictions of the tSZ
ower spectrum and its cross-spectrum with cosmic shear cannot be
esolved through increased feedback. In more detail, our findings
ay be summarized as follows: 

(i) A simple minimum stellar mass-based selection employed on
he simulations yields g alaxy–g alaxy lensing profiles which match
he measurements of Amon et al. ( 2023 ) o v er the wide range of
bserved radii, with the best-fitting minimum stellar masses, but not
he best-fitting haloes masses, depending slightly on the feedback
odel (Figs 1 and C1 ) and the adopted cosmology. Higher minimum

tellar masses (and halo masses) are required to match the LOWZ
ample compared to the CMASS sample. Invoking more complicated
election functions that depend on both stellar mass and specific star
ormation rate yields results consistent with our fiducial analysis (see
ppendix A ). The derived mean halo masses for the CMASS and
OWZ samples are log 10 [ M 500c / M �] = 13 . 53 ± 0 . 02 and 13 . 34 ±
 . 04 (at 2 σ uncertainty), respectively. 
(ii) Using the lensing measurements as a strong constraint on the

election for the kSZ effect predictions, we find that the fiducial
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LAMINGO feedback model, which was calibrated on the X- 
ay gas fractions of low-redshift galaxy groups and clusters, is 
uled out at the 5 σ level by both the BOSS LOWZ and CMASS
amples (Fig. 2 ). The strongest feedback variant considered in the 
LAMINGO suite, the so-called fgas-8 σ model, provides a good 
atch to the measurements, though is inconsistent with the local 
-ray measurements. 
(iii) Our conclusions are robust to the details of the feedback 

mplementation, in that we find similar results for the jet-based AGN 

eedback implementation as we do for the fiducial thermal (isotropic) 
mplementation when both models are calibrated to the same gas 
raction data (Fig. 3 ). The main determining factor of the predicted
SZ signal is the fraction of baryons that are retained by haloes.
he kSZ effect results are also generally insensitive to reasonable 
ariations in the cosmological parameters. 

(iv) Both the g alaxy–g alaxy lensing and kSZ effect profiles 
re boosted by the inclusion of satellite galaxies included in the 
tacking analyses. For the BOSS selection, as implied by the lensing 
easurements, the boost is up to ≈ 30 per cent and ≈ 20 per cent , 

espectively (Fig. 4 ). This effect increases with decreasing galaxy 
tellar mass and will therefore need to be carefully modelled as
bservations push to lower masses. 
(v) We have discussed various ways to reconcile the differing 

onstraints on feedback modelling from X-ray and kSZ effect 
easurements (see Section 5.1 ), including (1) that there could be 

ifferences between the real and simulated halo mass- or redshfit- 
ependencies of feedback; (2) differences between the real and 
imulated scale-dependence of feedback effects; and/or (3) unac- 
ounted for systematics or selection effects in either the X-ray or
SZ effect measurements. We have used lensing-based halo mass 
easurements to highlight that the kSZ effect measurements of the 
OSS galaxies typically probe gas at several virial radii, whereas the 
-ray measurements are confined to smaller scales. 
(vi) In light of the finding that stronger feedback is required to 

eproduce the kSZ effect measurements, we have reassessed the 
mpact of feedback on several clustering statistics, including the 

atter power spectrum, relevant for cosmic shear (Fig. 5 ), the tSZ
f fect po wer spectrum (Fig. 6 ) and the tSZ effect cross-spectrum
Fig. 7 ). When adopting a Planck -like cosmology (such as D3A or
he Planck maximum likelihood cosmology), increasing the strength 
f baryonic feedback generally serves to impro v e the match to
arious observed clustering statistics, primarily through reducing 
he power on small scales, in general agreement with the findings of

cCarthy et al. ( 2023 ) and previous studies employing dark matter
nly simulations with corrections for baryonic effects (e.g. Amon & 

fstathiou 2022 ; Preston et al. 2023 ). The level of tension between a
lanck -like cosmology and the DES Y3 cosmic shear measurements 
as already relati vely lo w in the case of standard feedback modelling

nd the inclusion of stronger feedback reduces the tension further. 
o we ver, the tSZ ef fect po wer spectrum and tSZ ef fect-shear cross-

pectrum are dominated by more massive haloes and are insensitive 
o the effects of feedback on large scales even when the feedback
s increased significantly to match the kSZ effect measurements 
xamined here. Increasing the feedback improves the match on 
mall scales in a Planck -like cosmology but the impro v ement is
nly marginal in the ‘lensing’ cosmology (LS8). 

Whilst in the final stages of preparation of this study, Hadzhiyska 
t al. ( 2024a ) posted to the arxiv a new Planck + ACT kSZ effect
tacking analysis of galaxies in the DESI Le gac y Imaging Surv e y,
sing photometric redshifts in the velocity reconstruction. The use of 
hotometric redshifts leads to a larger bias in the reconstructed veloc- 
ties, which has been estimated using DESI mocks (Ried Guachalla 
t al. 2024 ; Hadzhiyska et al. 2024b ). Hadzhiyska et al. ( 2024a )
efine four tomographic bins spanning 0 . 4 � z � 1 . 0 (i.e. similar to
he range probed by BOSS LOWZ and CMASS) and compare their
tacking results with the Illustris-TNG (Pillepich et al. 2018 , L box =
00 Mpc) and the original Illustris (Vogelsberger et al. 2014 , L box =
07 Mpc) simulations, although without using light cones and adopt- 
ng a simplified abundance matching approach for the selection of 
imulated galaxies. Note that the original Illustris simulation has 
onsiderably stronger feedback than Illustris-TNG and that the gas 
ractions of the former are considerably below what is observed for X- 
ay-selected galaxy groups (whereas the latter lie considerably abo v e
he X-ray measurements). Consistent with this study, Hadzhiyska 
t al. ( 2024a ) find that strong feedback is required to match their
tacked profiles and that the original Illustris simulation provides a 
ood fit to the data, whereas Illustris-TNG is ruled out at many sigma.
Upcoming LSS surv e ys demand an accurate and precise feed-

ack model that is consistent with a wide range of observations.
oward this goal, X-ray measurements remain a valuable source of 

nformation on the hot gas properties of groups/clusters with new 

nsights coming from eROSITA data. Understanding the impact 
f X-ray selection effects will be crucial (e.g. Kugel et al. 2024 ;
opesso et al. 2024 ). kSZ effect measurements binned by mass and
edshift (e.g. via stacking on DESI galaxies) will be a rich source of
nformation that is complementary to that of the X-ray measurements 
n that it can probe larger scales and higher redshifts. For more
earby and massive galaxies, there will also be the opportunity to
irectly compare the X-ray and kSZ effect measurements to test 
or consistency. Comparisons with complementary probes of the 
ot gas, such as through radio-based dispersion measure data (e.g. 
acquart et al. 2020 ) and so-called ‘patchy screening’ of the CMB

e.g. Coulton et al. 2024 ) should also provide important insights. 
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PPEN D IX  A :  G A L A X Y  SELECTION  

N C L U D I N G  SSFR  C U T S  

s described in Section 3.1 , our fiducial analysis employs a simple
inimum stellar mass cut for the simulated galaxies. We vary the 
inimum stellar mass to determine the cut which results in the best
atch to the g alaxy–g alaxy lensing measurements. The real BOSS

election functions employ colour cuts, such that the CMASS and 
particularly) the LOWZ samples are composed primarily of red 
alaxies that lack significant ongoing star formation. As a check 
f whether our fiducial stellar mass cut-only selection method is 
ufficient, we have also explored selections which apply cuts in both 
tellar mass and sSFR. In this appendix, we show the impact of
his more complicated ‘quenched’ selection function for the fiducial 
LAMINGO feedback model. 
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igure A1. As Fig. 1 , but showing the impact of selecting only simulated galaxi
odel. The best-fitting minimum stellar mass consistent with that for our default st
We first impose a stellar mass cut as per the default analysis.
rom the selected galaxies we compute a histogram of sSFRs. The
eak corresponds to the star-forming main sequence. Following 
ukstas et al. ( 2023 ), we use the galaxies with sSFRs abo v e the

tar-forming main sequence to determine the standard deviation 
width) of this sequence. We designate quenched galaxies as those 
ith sSFRs that are at least 3 sigma below the sSFR of the star-

orming main sequence. We select these galaxies and compute 
heir g alaxy–g alaxy lensing signal. We repeat this process for
ifferent choices of the minimum stellar mass cut and determine 
he value which best matches the g alaxy–g alaxy lensing measure-

ents. 
We show the results for the fiducial feedback model in Fig. A1 . The

uality of the fit to the measurements is similar to that for our default
tellar mass-limited analysis (Fig. 1 ) and the best-fitting minimum 

tellar mass for the quenched sample is consistent with that for the
efault selection. 
We show the resulting kSZ effect predictions for this quenched 

election in Fig. A2 . In agreement with our default stellar mass cut-
nly analysis (in Fig. 2 ), we find the fiducial FLAMINGO feedback
odel is ruled out at high significance for the quenched selection.
hus, our main conclusion, that the kSZ effect measurements of 
chaan et al. ( 2021 ) prefer stronger feedback than in the fiducial
LAMINGO model, for which the feedback was calibrated using 
-ray cluster observations, is insensitive to the details the simulated 
alaxy selection so long as the selection matches the galaxy–galaxy 
ensing measurements. 
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Figure A2. As Fig. 2 , but showing the impact of selecting only simulated galaxies without significant ongoing star formation for the fiducial FLAMINGO 

model. The solid curves represent the predictions for the best-fitting minimum stellar mass (fitted to the lensing, see Fig. A1 ). Selection of quenched galaxies 
only slightly impro v es the fit to the observational measurements, but the fiducial model is still strongly ruled out by the data. 
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PPENDIX  B:  RESOLUTION  D E P E N D E N C E  

n Fig. B1 , we compare the predictions of the high-resolution cali-
rated FLAMINGO model (L1 m8) with the fidicual resolution cali-
rated model (L1 m9). As per our default analysis, to predict the kSZ
ffect we first determine the minimum galaxy stellar mass limit that
est matches the g alaxy–g alaxy lensing measurements of Amon et al.
 2023 ) independently for the two models. For the high-resolution
odel, the best-fitting masses are log 10 [ M star / M �] = 11 . 35 ± 0 . 04

nd 11 . 26 ± 0 . 06 for the LOWZ and CMASS samples, respectively.
hese are the best-fitting masses from fitting the two redshift bins

n each sample (e.g. LOWZ-L1 and LOWZ-L2) jointly. These
alues are somewhat higher than the best-fitting joint masses for the
ducial resolution run, which are log 10 [ M star / M �] = 11 . 26 ± 0 . 02
nd 11 . 18 ± 0 . 04 for LOWZ and CMASS, respectively, (though only
he LOWZ difference is statistically significant). This difference is
xpected since, although both models were independently calibrated
o the observed galaxy stellar mass function, the calibration to the
ata is not perfect. Furthermore, the simulations were only calibrated
p to log 10 [ M star / M �] = 11 . 5 and higher mass do affect the sample.
NRAS 540, 143–163 (2025) 
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igure B1. As Fig. 2 but comparing the fiducial resolution calibrated model (L1 
re similar (typically deviating from each by less than the observational measurem
t al. ( 2021 ). 
e note that in the galaxy stellar mass function the high-resolution
un is offset from the fiducial resolution run (and the observational
easurements) by ≈ 0 . 1 –0 . 2 dex at a stellar mass scale of ∼ 10 11 M �,

esulting in larger stellar masses compared to the fiducial resolution
un at a halo mass scale of ∼ 10 13 M � (see fig. 9 of Schaye et al.
023 ). Thus, to match the g alaxy–g alaxy lensing signal, a higher
tellar mass cut is required for the high-resolution run. 

When the galaxy selection is fixed by the lensing, the predicted
SZ effect profiles are similar (see Fig. B1 ), typically deviating
rom each by less than the observational measurement errors,
nd both are in strong tension with the measurements of Schaan
t al. ( 2021 ). 

PPENDI X  C :  G A L A X Y – G A L A X Y  LENSING  O F  

D D I T I O NA L  F L A M I N G O  VA R I AT I O N S  

n Fig. C1 , we show the best-fitting g alaxy–g alaxy lensing profiles
or the FLAMINGO variations shown in Fig. 3 . Consistent with the
nalyses of the other runs, we find that all models yield an acceptable
t to the DES Y3 + KiDS 1000 measurements given an appropriate
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ent errors) and both are in strong tension with the measurements of Schaan 
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Figure C1. As Fig. 1 , but showing the dependence of the g alaxy–g alaxy lensing profiles on other feedback variations, namely variations in the stellar mass 
function (both the fiducial and reduced cluster gas fractions) and the fiducial and strong jet models of AGN feedback. The solid coloured curves correspond to 
the FLAMINGO simulations as baryon models are varied, with the best-fitting stellar masses provided in the legend. 
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hoice of the minimum stellar mass. Note that, as expected, the 
inimum stellar mass required to match the lensing measurements 

iffers significantly for the run that varied the stellar mass function 
M ∗−σ ) by approximately 0.1 dex. While the minimum stellar mass
2025 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
s lower, we highlight that the derived mean halo mass of the selected
ample agrees remarkably well with that of the other runs. 
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