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The impact of feedback from galaxy formation on cosmological probes is typically quantified in terms of
the suppression of the matter power spectrum in hydrodynamical compared to gravity-only simulations. In
this paper, we instead study how baryonic feedback impacts halo assembly histories and thereby imprints
on cosmological observables. We investigate the sensitivity of the thermal Sunyaev-Zel’dovich effect (tSZ)
power spectrum, X-ray number counts, weak lensing and kinetic Sunyaev-Zel’dovich (kSZ) stacked
profiles to halo populations as a function of mass and redshift. We then study the imprint of different
feedback implementations in the FLAMINGO suite of cosmological simulations on the assembly histories
of these halo populations, as a function of radial scale. We find that kSZ profiles target lower-mass
halos (M) m ~ 1013 M) compared to all other probes considered (Mg, ~ 101°My). Feedback is
inefficient in high-mass clusters with ~10' M, at z = 0, but was more efficient at earlier times in the same
population, with a ~5-10% effect on mass at 2 < z < 4 (depending on radial scale). Conversely, for lower-
mass halos with ~1013Mo at z = 0, feedback exhibits a ~5-20% effect on mass at z = O but had little
impact at earlier times (z > 2). These findings are tied together by noting that, regardless of redshift,
feedback most efficiently redistributes baryons when halos reach a mass of Mg 1, =~ 10'28M and ceases
to have any significant effect by the time M,y ,, =~ 10°M . We put forward strategies for minimizing
sensitivity of lensing analyses to baryonic feedback, and for exploring baryonic resolutions to the
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unexpectedly low tSZ power in cosmic microwave background observations.

DOI: 10.1103/vh8n-9cr2

I. INTRODUCTION

Understanding the impact of baryonic feedback proc-
esses on cosmological observables remains one of the key
challenges in modern cosmology [1]. In particular, feed-
back due to active galactic nuclei (AGN) can redistribute
matter within and beyond dark matter halos, leaving
imprints on cosmological observables that are sensitive
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to the total matter and/or gas [2—4]. Traditionally, this
impact has been quantified through global summary
statistics, such as the suppression of the matter power
spectrum P(k) in hydrodynamical simulations relative to
gravity-only simulations [5]. However, such an approach
may obscure the underlying physical mechanisms driving
these effects. Physically, this suppression largely reflects
the baryon mass fraction in halos as a function of their mass
and radius [4,6—-12].

In this work, we present a new perspective on baryonic
feedback by examining it through the lens of halo mass
assembly histories (MAH). Rather than focusing solely on
the net effect on summary statistics, we investigate how
feedback processes affect different halo populations over
the course of their evolutionary histories. This approach
allows us to establish a more direct connection between the

Published by the American Physical Society
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cosmological observables and the imprint of feedback on
halo populations at different masses, redshifts, and halo radii.

Our analysis is particularly motivated by the apparent
tension between baryonic feedback constraints derived
from different cosmological probes. Observationally, there
appears to be a tension between the expected baryon
fraction from X-ray measurements [13-15], and that
from detections of the kinetic Sunyaev-Zel’dovich (kSZ)
effect around halos through stacking analyses [16-20].
When compared to simulations, the latter have been
interpreted to suggest a stronger impact of baryonic feed-
back compared to that predicted by simulations which have
been calibrated to reproduce the gas fractions of low
redshift X-ray-selected groups and clusters [17-19]. One
of the aims of this work is to show how these apparently
contradictory results can be reconciled by examining the
halo populations probed by each observable.

Previous work has connected baryonic feedback effects
on cosmology with halo masses, for example by calculating
the contribution of halos of a given mass range to the
matter power spectrum [21-23], to the matter-electron
pressure [23], and to the cosmic shear signal in weak
lensing [24]. Similar studies were also done to decompose
the thermal Sunyaev-Zel’dovich (tSZ) effect power spec-
trum [25-28] by halo mass and redshift. Elbers et al. [29]
also investigated the impact of baryonic feedback effects
on halo mass accretion history by matching halos in the
hydrodynamical and gravity-only versions of the same
simulation setup. They studied how the ratio M.,/ Mpmo
changes when selecting halos based on their concentration,
formation time and large-scale environment. In the present
work our focus is instead on understanding how the growth
history of halos in hydrodynamical simulations determines
the sensitivity of specific cosmological observables to
baryonic feedback.

The paper is structured as follows. In Sec. II, we set the
context on observational probes of baryonic feedback, and
in Sec. III we describe the simulations used in this work. In
Sec. IV we present our methodology for determining the
halo mass and redshift ranges probed by various cosmo-
logical observables, namely the tSZ effect, weak lensing,
X-ray, and the kSZ effect. Our results are then presented in
Sec. V. We begin in Sec. V A with a comparison of how the
different probes respond to the imprint of feedback on halos
across mass and redshift. In Sec. VB we then show the
imprint of feedback on the evolution histories of halo
populations targeted by each observable. We further inves-
tigate the impact of feedback in terms of fixed time intervals
in Sec. VC, and its radial dependence in Sec. VD. We
discuss the implications of our work and conclude in Sec. VI.

II. BACKGROUND

X-ray observations have traditionally provided the high-
est quality measurements of the properties of hot gas in
groups and clusters [30,31]. When complemented by total

mass measurements—either from X-ray observations
themselves, dynamics or weak lensing—they can be used
to infer the hot gas mass fraction [13—15]. Since this hot gas
is redistributed by energetic feedback processes, X-ray
measurements offer a powerful way to constrain the
efficiency of baryonic feedback, particularly in the inner
regions of groups and clusters. Therefore, the inferred gas
mass fraction from X-ray measurements is employed in
hydrodynamical simulations such as BAHAMAS [32] and
FLAMINGO [33] to help calibrate the subgrid models
controlling the efficiencies of feedback in simulations.

The tSZ and kSZ effects around groups and clusters also
yield valuable information on the gas around halos. The tSZ
effect arises from the inverse Compton scattering of cosmic
microwave background (CMB) photons by the hot free
electrons in groups and clusters. The amplitude of the
effect—typically expressed in terms of the Compton-y
parameter—is directly proportional to the electron pressure
integrated along the line of sight [13]. The tSZ effect
therefore traces hot ionized gas in the Universe, which is in
turn correlated with the large-scale structure. Thus, the tSZ
effect contains useful cosmological information [26,34,35],
in particular for constraining the amplitude of density
perturbations og [25], and provides an important constraint
on the magnitude of baryonic feedback due to its depend-
ence on the gas content [28,36].

Recent measurements of the tSZ power spectrum have
been made by Planck [34,35] on large angular scales, and
by the Atacama Cosmology Telescope (ACT; [37]) and the
South Pole Telescope (SPT; [38]) on smaller angular scales.
Both of these have been reported to be systematically
lower than predictions based on the standard A-cold-dark-
matter (ACDM) model of cosmology. The discrepancy
between the measurements and the predictions of the tSZ
power spectrum from simulations and its cross spectrum
with cosmic shear cannot be resolved through increased
feedback alone. On large scales, the discrepancy appears to
be more easily alleviated with changes to the cosmology
rather than the strength of feedback, while on small scales
feedback can have a significant effect on the shape of the
tSZ power spectrum [19,28,39,40].

The kSZ effect arises instead from the interaction
between CMB photons and free electrons in bulk motion
relative to the CMB rest-frame. This effect depends on the
integrated electron density along the line of sight when
combined with estimates of the peculiar velocity, thus
offering a direct probe of the spatial distribution and
abundance of baryons even out to the outskirts of galaxies
and clusters.

Detections of the kSZ effect around halos through
stacking analyses are relatively new [41-45]. Recent kSZ
measurements, combined with CMB data from ACT with
individual velocity estimates from the “CMASS” catalog of
the Baryon Oscillation Spectroscopic Survey (BOSS; [46])
showed that the gas density profiles in groups deviate
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significantly from the Navarro-Frenk-White (NFW [47])
radial profile expected in the absence of feedback. More
recent studies of a Planck + ACT kSZ effect stacking
analysis of galaxies in the Dark Energy Spectroscopic
Instrument (DESI) Legacy Imaging Survey [17] confirmed
the finding of much more extended gas profiles than
expected from the dark matter radial profiles. When
compared to simulations, the authors assert that strong
feedback is required to match their stacked profiles and that
the original Illustris simulation (which indeed adopts a
strong feedback model) provides a good fit to the data,
while the more recent Illustris-TNG feedback model is
ruled out.

Recent efforts to constrain both baryonic feedback and
cosmology by jointly modeling the Schaan et al. [16] kSZ
effect and cosmic shear correlation functions using bar-
yonification models have pointed to a similar picture [18]:
the data prefer a stronger impact of baryons than predicted
by simulations which have been calibrated to reproduce the
gas fractions of low redshift X-ray-selected groups and
clusters. This was further confirmed by Carthy et al. [19]
who compared the recent kSZ measurements to predictions
from the FLAMINGO hydrodynamical simulations, find-
ing that more aggressive feedback is required in the
simulations in order to fit the data compared to that inferred
using X-ray cluster observations.

III. SIMULATIONS

We use the FLAMINGO [33] suite of simulations to
study the connection between the evolutionary history of
halos and baryonic feedback. The simulations were run
with the cosmological smoothed particle hydrodynamics
and gravity code SWIFT [48] using the SPHENIX SPH
scheme [49], starting from initial conditions generated with
a modified version of monofoniC [50,51]. The suite has
variations in resolution, box size, cosmology, and subgrid
modeling.

In this work, we consider variations to the subgrid
modeling, while keeping fixed the cosmology, resolution
and box size. We start with the gravity-only and hydro-
dynamical fiducial runs of box size L =1 Gpc and
resolution N = 1800° (the resolution is equivalent to both
the number of baryonic and cold dark matter particles). In
the hydrodynamical run, the baryonic and cold dark matter
particle masses are my, = 1.07 x 10°My and mgy, =
5.65 x 10°M; in the gravity-only run, the cold dark
matter particle mass is M.y, = 6.72 x 10°M . The comov-
ing Plummer-equivalent gravitational softening is €.,, =
22.3 kpc, and the maximum proper gravitational softening
is €pr0p = 5.7 kpe. The cosmological parameters are those
corresponding to the DES Y3 ‘3 x 2pt 4+ All Ext.” ACDM
cosmology [52], which assume a spatially flat universe and
are based on the combination of constraints from DES Y3
‘3 x 2’ point correlation function and from external data

from baryon acoustic oscillations (BAO), redshift-space
distortions, SN Type la, and Planck observations of the
CMB (including CMB lensing), big bang nucleosynthesis,
as well as local measurements of the Hubble constant.

In addition to the fiducial simulations, we consider
two simulations which implement enhanced feedback. In
FLAMINGO, there are two types of observational data
used to calibrate the subgrid feedback models which
contain free parameters: the z = 0 stellar mass function
(SMF) and the gas fractions in groups and clusters,
Feas(Msgoc) [53]. The subgrid model of the fiducial
simulations is calibrated to reproduce a compilation of
observations of these quantities. In particular, the gas
fraction measurements come from the compilation of
z~0.1 X-ray data from Kugel et al. [53] and the z ~
0.3 weak lensing (plus X-ray) data from Akino et al. [15],
Mulroy et al. [54], and Hoekstra et al. [55].

To construct simulations with varying feedback scenar-
ios, the subgrid free parameters are recalibrated to find
models in which the cluster gas fractions and/or the SMF
have higher/lower values than the observationally preferred
range. In this work, we use the “fgas-8¢” simulation, where
the gas fraction as a function of halo mass in groups and
clusters is shifted lower by 8o; the shifted data is then used
to recalibrate a new set of subgrid parameters. We addi-
tionally consider a FLAMINGO variation which changes
the AGN feedback implementation from thermal to an
anisotropic, kinetic jetlike feedback, which is then cali-
brated to a “f ;s — 40” relation. This simulation is denoted
“Jet_fgas-40.”

A. Halo identification and properties

Cosmic structures were identified using HBT-HERONS
[56], a recently updated version of the hierarchical bound
tracing algorithm (HBT+; [57]). This algorithm identifies
structures as they form across time, so that at each step
particles are grouped via a friends-of-friends algorithm
combined with an iterative unbinding procedure. The
particles associated to these self-bound objects are tracked
across simulation outputs, thus yielding a set of candidate
substructures at subsequent times. This additionally allows
the identification of satellites within more massive halos.
We further make use of the spherical overdensity and
aperture processor (SOAP; [58]), which computes a num-
ber of halo properties in a range of apertures. We will make
use of halo properties computed via SOAP throughout
this work.

In all simulations we consider, we use three different
mass definitions: M5, i.e., the mass enclosed within a
sphere of density 500 X p.; where pg; is the critical
density of the Universe, Mgy, 1.€., the mass enclosed
within a sphere of density 200 x p,, where p,, is the mean
matter density in the Universe, and M50, i.€., the mass
enclosed within a sphere of radius r =35 X r5gp.. In all
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simulations, we consider primarily halos with total mass
Moo m > 107 M.

We further connect the halos across the gravity-only and
hydrodynamical counterpart simulations by matching the
ten most strongly bound particles of halos between the two
simulations. This allows us to compare the properties of the
same halos (including their accretion histories) with and
without baryonic effects.

As the HBT-HERONS algorithm finds substructures by
tracking them across simulation outputs, it naturally also
provides a self-consistent way to define the MAH of the
halos. The MAH is given by the mass of the halo as it is
tracked (and identified) across all simulation snapshots.

IV. COSMOLOGICAL PROBES

We now consider different cosmological probes—tSZ,
weak lensing, X-ray, kSZ—and describe the methodology
used to compute their sensitivity to halos as a function of
their mass and redshift.

A. Mass definition

Different cosmological probes are sensitive to different
radial scales within the halo. This leads to observational
measurements being reported in terms of different mass
definitions tied to different halo radii. X-ray observations
primarily probe the inner regions of clusters, and therefore
report estimated cluster masses in terms of Msg,.. Cosmic
shear, on the other hand, probes the integrated mass of
halos over a wide range of masses and redshift, and is
therefore sensitive to scales enclosing M» - To compare
measurements from different cosmological probes on a
similar footing, we convert between different spherical
overdensity mass definitions assuming a fixed functional
form for the density profile as a function of radius in
physical units at any given redshift. This is given by the
NFW density profile [59], where its free parameters are
fixed by the concentration-to-mass relation model ¢(M) of
Diemer and Joyce [60]. The latter improves the original
¢(M) relation of Diemer and Kravtsov [61] and has been
tested on different mass definitions and different redshifts.
We tested our analytic model for converting between mass
definitions against the FLAMINGO simulation data and
found it provides a good fit, based on comparisons of halo
mass definitions at several selected redshifts.

B. Thermal Sunyaev-Zel’dovich sensitivity analysis

Cosmology from the tSZ effect is studied through the
angular power spectrum C%? of the Compton-y field,
which is widely formulated within the halo-model frame-
work [62]. For multipoles # > 100, the one-halo term
provides the dominant contribution to C?Z [25,63].
Following Bolliet et al. [35] and assuming a halo model,
the tSZ power spectrum (one-halo term) can be written as,

2
1
dzdQ dm > ()

CPr = /dz i /den(M’ 9 5,(M.2)
where V(z) is the comoving volume of the universe,
dn/dM is the halo mass function, and y, is the two-
dimensional Fourier transform of the line of sight projected
Compton y parameter. We use CLASS_SZ [64] to estimate
the sensitivity of the tSZ power spectrum C, to halos of
different masses and redshifts. We define the sensitivity (or
response) of C% to redshift and mass for a given ¢ through
the second derivative of C%% as follows':

L &C M @ oAV /denr :
CS7dzdin M~ CS%dzdM | *° dzdQ am "’
(2)
M dV dn 2
- ¥ s 3
C dzaam P G)

similar to that presented in Komatsu and Seljak [25]. We
perform the calculation in terms of M. and then convert
it to My, , according to the procedure described in
Sec. IVA. We consider a Tinker halo mass function [65]
and a generalized NFW pressure profile [66]. The Planck
analysis reports measurements of the tSZ power spectrum
in the range # €[100, 1000] [34,35], while measurements
from the SPT data from Reichardt er al. [38] and the
ACTpol measurement from [37] are reported at £ ~ 3000,
as ACT and SPT have almost an order of magnitude better
angular resolution and higher sensitivity than Planck. We
therefore consider the sensitivity of Planck using a repre-
sentative scale Z = 500, while for ACT and SPT we
compute the sensitivity at £ = 3000.

We illustrate the tSZ sensitivity in Fig. 1 for Planck (left
panel), and ACT and SPT (right panel); the inner and outer
dashed contours have, respectively, 33% and 66% of the
maximum sensitivity of the signal. Planck probes high-
mass, rare clusters of Moy, ~ 1014971540 at z < 0.3,
while the sensitivity of ACT/SPT is dominated by Mg 1, ~
1044=151p1 . halos across a higher redshift range
7~0.2-1. Our results are qualitatively consistent with
previous work which explored mass and redshift as
independent variables [25,26], but show that the redshift
and mass sensitivities are not fully separable as previously
pointed out in Battaglia et al. [67] and Holder et al. [27].

C. Weak lensing sensitivity analysis

Constraints on cosmological parameters from galaxy
weak lensing are obtained by analyzing the two-point
correlation functions &, (6) and £_(0). These correspond

'We suppress the explicit dependence of the functions on
(M, 7) for the sake of succinct notation.

063541-4



COSMOLOGICAL FEEDBACK FROM A HALO ASSEMBLY ...

PHYS. REV. D 112, 063541 (2025)

tSZ-Cy Planck (¢ = 500)

- =
[N
S W

=
[}
S

1
1
1
1
1
1
[}
\

o —
)
ot [}
Sensitivity

13.0 . , | . 0.00
00 01 02 03 04 05

z

FIG. 1.

t$7-C; ACT/SPT (¢ = 3000)

0.6

)

o

___________

,_.
by
o

|

o

o

Maoom/Me
— —
> t
S
| |
/"‘-_i\\
II ’
1
4
1
S
1)
-
/
/
v
\\,/I
(e} (=]
w =~
Sensitivity

H
w
ot

|

o

=

,_.
g
o
=
o

00 0.2 04 06 08 1.0 1.2
z

Sensitivity of the tSZ power spectrum to halos as a function of their mass and redshift, as defined by Eq. (3). The left panel

shows the sensitivity at £ = 500, the midpoint of the ¢ range probed by Planck [34,35]; the right panel shows that for # = 3000,
indicative of the scales probed by ACTpol [37] and SPT [38]. The inner and outer dashed contours are isocontours which correspond to,
respectively, 33% and 66% of the maximum sensitivity of the signal.

to correlations of tangential and cross components of the
shear field relative to the line separating two galaxies at an
angular distance of 6. The £ (6) can be written as a line-of-
sight projection of the 3D matter power spectrum Ps(k, z)
with the corresponding projection kernel ¢(y), the lensing
efficiency for a single source galaxy tomographic bin,

dce cd 2 4
§.(0) = /ﬁfoﬂ(fe) H(ZZ) q}(?é) P5<k—;,z>,
(4)

where J, are the zeroth and fourth order ordinary Bessel
functions of the first kind, and, y(z), H(z) are the comoving
distance and the Hubble parameter evaluated at redshift z,
respectively. Within the context of the halo model, the &,
can be described by a combination of one-halo P, and
two-halo P, , contributions to the matter power spectrum
Ps =P, + P,y [68,69], where,

1 dn
Pyy(k, dMM?* — ii(k|M, d
alkee) = = [ @M a0 an Q

P, h(k’ Z) = Plin(k7 Z)

x E/dMM(f—A’;b(M, 2)i(k|M. ) y (6)

In the equations above the various symbols stand for the
following: dn/dM is the halo mass function, it(k|M;c) is
the Fourier transform of the normalized halo density
profile, ¢ is the concentration, p is the mean matter density
of the universe, b(M, z) is the linear halo bias, and Py;, (k, z)
is the linear matter power spectrum. We enforce mass
conservation relations such that the large-scale halo-model
matter power spectrum obeys the standard linear perturba-
tion theory prediction. Combining these equations, we can
compute the sensitivity (second derivative) of £, for a given
angular bin 6 with respect to mass and redshift as,

5:(9) cﬁ?ﬂf?f - 5321 )diizM [/ d;ffom(f@) ;gz) q)(f) (Pyu(£/x.2) + Pon(€/x.2))
=50 o o0 s [ ™
|
;v;iilerthsep ;2;281 rc}eg&:;tg:ﬂo{) yt’he one-halo and two-halo (H’zdh—]gc,z) Py (k. 2)2 (;1_ b(M. 2)a(k|M. )

dn
M?— M i(k|M,c)?, (8)

dPlh(kaZ) _

1
dm P’

and

(M',2)a(klM',c)|, (9)

[

where we denote k = £/y. As for the tSZ case, we consider
a Tinker halo mass function [65], a Tinker halo bias [70],

063541-5



LUISA LUCIE-SMITH et al.

PHYS. REV. D 112, 063541 (2025)

DES WL glotal g =4/ DES WL ¢l-halo g —y/ KiDS WL ¢l-halo g —0 5/ 0.7
~—~ | | || eamEls
© 15 | <SR . ~T -
7 = B "~ PETEE 0
2 { N 1" ll, 3\ \‘, / — 2 ST
~ 4 o 1 . ! e . 0.6
g :‘ VD i ‘\\ /,’ ,,,' :l ,’I -U’J‘ \\\
1 -
S 14 \I T - ‘\\ ) ‘,.
E \\ l' ~ == i ‘\\ N /" /I
\—é \\N\\ ,/I \\\ ~~~~~~ ,// 0.5
\, / N\, 7
%'O 13 — \\\ 2 - — S, =z
B AR - I I I I B .
=
- 042
=
T T T T T R
DES WL gé:’tdk 6 =40’ DES WL gL, 6 =40/ z
D)
— m——— pe— - 0.3
® 15 4 | ek~ ]
— 1 4 —— S j TN
= I N N i a 8
~ i - i p
g " N 0 i p=! b4
S |, | 1 . [ 1 - 0.2
Q N i ! [\ o\
E ~ R /i 1 -
~— \\\ S—— 2 lI
=) k. g
= < J 0.1
=30} - g ’ | - :
S 13 9\ 4
\\ ’/
S o
T T T T T T T T —=0.0

0.0 0.2 0.4 0.6 0.0 0.2 0.4
z z

0.6 0.0 0.2 0.4 0.6

FIG. 2. Sensitivity of cosmic shear two point correlation function, &, (top row) and £_ (bottom row), as defined by Eq. (7) (left
column) and Eq. (10) (middle and right columns). From left to right the columns show: the total sensitivity of the smallest angular scales
in DES [71,72] analyses (0 = 4’ for £, and € = 40’ for £_); the one-halo sensitivity of the same angular scales (i.e., the same scales but
now showing only the term that can change due to gas redistribution); and the one-halo sensitivity of the smallest angular scales used in
the KiDS [73] analyses (¢ = 0.5 for £, and @ = 4’ for £_). We adopt the surveys’ highest redshift source tomographic bins, namely bin

4 for DESY3 and bin 5 for KiDS-1000.

and the concentration-to-mass relation model ¢(M) of
Diemer and Joyce [60].

In Fig. 2 we show the sensitivity of & for the total and
the one-halo contributions at the smallest angular scales
used by two Stage-IIl weak lensing surveys for their
highest redshift source tomographic bins,’ namely, bin 4
of the Year 3 cosmic shear analysis of the Dark Energy
Survey [71,72] (DESY3), and bin 5 of the cosmic shear
analysis of the fourth data release of the Kilo Degree
Survey [73] (KiDS-1000). The upper and lower panels
show &, and &_, respectively. The smallest scales (after
application of scale cuts) used in the DESY3 analysis are
0 ~4 for £, and 0 ~ 40’ for £_ for tomographic bin 4 of
DESY3. By contrast, the smallest angular scales used in the
KiDS-1000 analysis are 8 ~ 0.5 for &, and 6 ~ 4’ for &_ for
tomographic bin 5 of KiDS-1000.

Feedback mainly redistributes matter on small scales
within the one-halo regime while the two-halo contribution
to £, probes the matter correlation function mainly on
larger angular scales where the signal is governed by large-
scale gravitational collapse (and the imprint of baryonic

*We consider the highest redshift tomographic bins as they
carry the highest signal to noise of the cosmic shear signal.

feedback is expected to be less significant). While a wide
range of halo masses contributes to the total lensing signal,
on the small angular scales of £ (0) the signal is dominated
by the one-halo term, probing a narrower range of halo
masses. Hence, in Fig. 2 we show the relative sensitivity of
the total two-point correlation function (left column) and
one-halo term alone (middle column) for DES, and the
sensitivity of the one-halo term only for the KiDS smallest
scales (right column). Here, the contribution from the
one-halo term is computed as a fraction of the total
(one + two-halo) &, signal,

1 dzéli—halo(g) M dct c C]()()Z
£.(0) dzdInM  E£.(0) / ?J‘V“(m)% e
X [ T } (10)

For completeness, in Fig. 9 of Appendix B, we show the £,
sensitivity at a range of angular scales, and the correspond-
ing contributions from the total, two-halo, and one-halo
terms for both DESY3 and KiDS-1000 highest-redshift
source tomographic bins.
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FIG. 3. Sensitivity of different cosmological probes to the imprint o
the tSZ power spectrum at £ = 500 (Planck [34,35]) and # = 3000 (A

f feedback on halo populations. As illustrative probes we choose
CT [37] and SPT [38]), as well as the one-halo contribution to the

weak lensing two-point correlation function &, (for DESY3 source tomographic bin 4 [71,72]), to halos as a function of their mass and

redshift. In addition, we show halo number counts from the eROSITA

X-ray catalog [30] and from the photometric DESI LRG from the

DESI Legacy Imaging Surveys [77-79], which has been used to produce stacked kSZ profiles. Overplotted as grey lines are the median

mass growth histories for halos of specified z = 0 mass (M,_) in
relationship between different probes.

We find that the one-halo term is sensitive to halos of
Mopom ~ 10""5M at z < 0.4 for DES, whereas at the
smallest scales used in KiDS, the sensitivity shifts to a
lower halo mass range at higher redshifts (Mg, ~
1013571450 5 at z ~0.2-0.6). The sensitivity of the total
&, extends to lower-mass halos than the one-halo contri-
bution; this is because low-mass halos are far more
abundant than higher mass halos and therefore dominate
the two-halo term (see Appendix B).

Our analysis is consistent with To et al [74] (see
their Fig. 3) which presents the accumulated contribution
to the total £, signal assuming different mass-cuts to
the one-halo term. For the smallest scales used in the
DESY3 analysis, they find that halos with masses® above
Mopom ~ 10137 M carry the bulk of the one-halo signal
in both £,. This is consistent with our findings (see the
lower extent of the 66% contours in the one-halo term
in Fig. 2).

*Note that To ef al. [74] report their halo masses in Mg/h
which we convert to M assuming & = 0.67.

063541

the fiducial FLAMINGO simulation, to aid understanding the

D. eROSITA X-ray cluster catalog

We consider the “cosmology sample” of the cluster
catalog from the first Western All-Sky Survey of eROSITA
(eRASS1) [30,75]. This is a purer sample of clusters
compared to the entire eRASS1 catalog, which is more
suitable for accurate determination of the cosmological
parameters and testing of cosmological models. The sample
is selected by applying cuts to the original cluster catalog in
terms of the X-ray extent likelihood selection, L.,; > 6, the
sky region, Dec < 32.5, and the redshift, 0.1 < z < 0.8. The
catalog is publicly available’ and reports the redshifts and
the estimated M 5. values of the clusters. The mass was esti-
mated using the scaling relations between count rate and
measured weak lensing shear profiles. We refer the reader to
Bulbul et al. [30] for a discussion on possible systematic
effects and contamination in X-ray detected sources.

We compute the number density of halos in mass and
redshift bins, smooth this using a Gaussian mixture model

4erosita.mpe.mp g.de/dr1/AllSkySurveyData_drl/Catalogues_
drl.

-7


https://erosita.mpe.mpg.de/dr1/AllSkySurveyData_dr1/Catalogues_dr1
https://erosita.mpe.mpg.de/dr1/AllSkySurveyData_dr1/Catalogues_dr1
https://erosita.mpe.mpg.de/dr1/AllSkySurveyData_dr1/Catalogues_dr1
https://erosita.mpe.mpg.de/dr1/AllSkySurveyData_dr1/Catalogues_dr1
https://erosita.mpe.mpg.de/dr1/AllSkySurveyData_dr1/Catalogues_dr1

LUISA LUCIE-SMITH et al.

PHYS. REV. D 112, 063541 (2025)

(GMM) from the publicly available code GMM-MI [76], and
report the 68% and 95% confidence region in Fig. 3.

E. Stacked Kkinetic Sunyaev-Zel’dovich profiles

Stacked analyses of the kSZ effect rely on the combi-
nation of high-resolution CMB maps (for example
from-Planck, ACT and SPT) with galaxy catalogs from
spectroscopic (or photometric) redshift surveys such as
BOSS or DESI. This allows one to stack the CMB
temperature maps at the positions of the galaxies, weight-
ing the stacks by the line-of-sight velocities of the galaxies.
To compute the sensitivity of the kSZ measurement, we
consider as a representative example the luminous red
galaxy (LRG) sample used in Hadzhiyska et al. [17] for the
kSZ measurements i.e., the DESI “Main LRG” and
“Extended LRG” sample with photometric redshifts
described in Zhou et al. [77,78]. These sources were
selected from the imaging data from the DESI Legacy
Imaging Survey Data Release 9 [78,79].

We adopt a similar selection cut to the one used in
Hadzhiyska et al. [17] (in turn following Zhou et al. [77]),
including selecting galaxies with photo z in the range 0.4 <
z < 1.024 and with an estimated error of ¢(z) < 0.05. This
removes a small fraction of galaxies with anomalously
large redshift errors. From this selection, we find that the
galaxies in the DESI LRG sample probe a narrow range in
stellar mass log(M, /M) ~ 11-11.5 spread across red-
shifts z~0.4-0.9; see Appendix A. There exist many
alternative methods for converting stellar masses to halo
masses using galaxy-halo connection models [80] such as
abundance matching (e.g., [81,82]), or weak lensing [19].

In order to link the stellar mass of a galaxy M, at a given
redshift z to the mass of its dark matter halo M5 ,,, We use
the empirical stellar-mass-to-halo-mass relation from the
fiducial FLAMINGO simulation. We consider the stellar
mass of central galaxies and their corresponding halo
masses Moy, at a representative redshift of z = 0.7 in
the FLAMINGQO fiducial simulation. For every stellar mass
value of the DESI LRG sample, we select a narrow bin
around that value in the simulation and sample from the
distribution of M,qg ,, halos within that stellar mass bin.
This process is repeated for all stellar mass values of the
DESI LRG sample. This yields a corresponding M,
value for each galaxy, which reflects the stellar-to-halo
mass relation for central galaxies in FLAMINGO including
the scatter in halo mass at fixed stellar mass.

A small fraction of these galaxies (11% =+ 1%) [83] may
in fact be satellites, and this has been shown to have no
significant impact on the kSZ analysis by Hadzhiyska et al.
[17] using this catalog. To ensure that this also does not
have a qualitative impact on our conclusions, we verify that
including satellites from FLAMINGO and assigning the
halo mass of the central has little overall impact, yielding
only a small upward shift (0.1-0.2 dex) in the inferred halo
mass distribution of the DESI LRGs. We also test that our

results do not change if we change the representative
redshift to a different value within the redshift range of
the DESI LRGs. This is expected since the stellar-to-halo
mass relation within this redshift range is roughly redshift
independent. We provide further details on the stellar to
halo mass conversion in Appendix A.

The sensitivity of the kSZ-galaxy cross-correlation
measurements to halos in terms of their mass and redshift
is proportional to the kSZ profile weighted by the number
density of halos. We approximate the sensitivity of the kSZ
signal as being given by the number density of the DESI
LRG sample as a function of their halo mass and redshift,
weighted by the gas mass of the halos within a fixed
aperture physical scale of 3 Mpc at z = 0.7. This closely
matches the aperture scale used to measure the stacked kSZ
profiles in Hadzhiyska ef al. [17]. We find no significant
difference when adopting smaller fixed scale apertures even
down to 50 kpc. This gas mass weighting (at fixed aperture)
is a good proxy for the dependency of the kSZ signal on the
gas content.’

Due to the complex dependency of the DESI LRG
sample on the redshift, we choose to not smooth the
number density distribution (e.g., with a GMM fit) to
avoid misrepresenting the distribution. Instead, we show
the data distribution directly using a 2D hexagonal binning
plot in Fig. 3.

V. RESULTS

A. Sensitivity of cosmological probes to halo
populations

In Fig. 3 we combine the analyses in Sec. IV to present
an overview of the sensitivity of different cosmological
probes to halo populations as a function of their mass
(M5 m) and redshift. We compare the sensitivity of the
tSZ power spectrum at £ = 500 (Planck; blue contour) and
¢ =3000 (ACT and SPT; orange contour), the weak
lensing two-point correlation function &, (0 = 4') in dark
grey and £_(0 = 40) in light grey as measured from DES
in its fourth tomographic bin, the eROSITA halo number
counts and the DESI Legacy DR9 LRG catalog used for
kSZ stacked profiles. For tSZ and weak lensing, the inner
and outer contours correspond to 33% and 66% of the peak
sensitivity (as in Figs. 1 and 2). For eROSITA, we show the
68% and 95% confidence level of the (smoothed) halo
number densities, and for kSZ a 2D hexagonal binning plot
of the distribution of raw number counts. Grey lines show
the median assembly histories of halos for a range of
present day masses (denoted M,_,), measured from the
fiducial FLAMINGO simulation.

3 Another weighting choice advocated in the literature is the
spherical overdensity halo mass; however, this incorrectly in-
troduces a dependence on the virial radius, to which the
observational stacking procedure is not sensitive.
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The tSZ power spectrum is sensitive to 10'3! M halos at
z~0.1 at low multipoles, and to 10'*7M halos over the
redshift range z€[0.2, 1], peaking at z~ 0.5, at higher
multipoles. The assembly history lines reveal that this is the
same population of halos, but observed at an earlier epoch
in their assembly history. The median assembly histories
are a faithful representation of the evolution of this
population, as they experience a low number of major
mergers from z~ 1 to z~0; only ~18% of them experi-
ence 1:5 mergers, ~6% 1:3, and ~2% 1:2, broadly
consistent with previous work [84].° The weak lensing
two-point correlation function of current surveys covers
a broader range of halo masses (10'37~130M ) within a
narrower range in redshift (z ~0.1-0.4), falling in the
middle of the low-multipole and high-multipole tSZ con-
tours. The eROSITA sample additionally overlaps with
both tSZ (especially at higher multipoles), and with cosmic
shear measurements. This validates the typical use of X-ray
calibration in weak lensing and tSZ analyses, after account-
ing for potential biases in the selection function of X-ray
sources. By contrast, the halos associated with the DESI
LRG DRO catalog for kSZ stacked profile measurements
occupy a distinct mass and redshift range compared to
all other probes: these are halos of masses Moy, ~
10125-135M o at redshifts 0.4 < z < 1. The mean halo
mass of this sample is My, ~ 1013 M; however, note
that mean mass can shift by 0.1-0.2 dex depending on the
exact stellar-to-halo mass prescription and the satellite
fraction contamination.

In summary, we find two distinct halo populations: a
higher-mass cluster population—jointly probed by the tSZ
power spectrum measured by Planck at lower multipoles
and ACT at higher multipoles, weak lensing measurements
by DES, and X-ray measurements from eROSITA—and a
lower-mass group-scale population at redshifts 0.4 < z < 1
associated with the kSZ profile measurements from the
DESI LRG DRY catalog. This suggests that feedback
constraints derived from any of the former probes should
be consistent, as they reflect the impact of feedback on the
same underlying halo population; however, constraints
drawn from the first set of probes do not dictate the
expected impact of feedback in the kSZ measurements.
The considered cosmological probes also differ in their
sensitivity to radial scales around halos; we defer a detailed
investigation of the impact of feedback at different radial
scales to Sec. V D.

The catalogs used in this work are broadly representative—
in terms of both mass and redshift—of the wider set of
galaxy catalogs and X-ray measurements available in the
literature. For example, the stellar masses and redshifts
of the DESI LRG catalog used here, as measured by

®The merger ratios are computed by taking the ratio between
the stellar masses of the infalling and reference objects at the
preinfall time.

Zhou et al. [77], closely match those of the BOSS CMASS
and “LOWZ” catalogs, which have been used for previous
kSZ stacked measurements [16]. Maraston et al. [85]
find a narrow stellar mass distribution for the BOSS
galaxies in the range log;y M, ~ [11,12]M at redshifts
0.2 < z < 0.6, peaking at log;, M, ~ 11.3; these values are
consistent with those of the DESI LRGs reported here (see
Appendix A). McCarthy er al. [19] use an alternative
method based on galaxy-galaxy lensing to measure the
mass of BOSS CMASS and LOWZ galaxies, reporting
minimum stellar masses log;, M, ~ 11.3 for LOWZ and
logo M4 ~ 11.2 for CMASS; although slightly higher than
those of the DESI LRGs, these values remain in qualitative
agreement.

Similarly for X-ray measurements, there exist alternative
catalogs to those presented in this work from eROSITA,
including those from the XMM-XXL survey from the
Hyper Suprime-Cam Subaru Strategic Program survey. The
latter provides mass measurements of 136 X-ray galaxy
groups and clusters using weak lensing [15,86]. The masses
cover a wide range of values M,y ~ 10133-10'>3M at an
average redshift z ~0.3; these again are in qualitative
agreement with our reported values.

B. Impact of baryonic feedback during halo assembly

Having distinguished between two halo populations—
each characterized by different masses and redshifts and
probed by different cosmological observables—we now
investigate the impact of baryonic feedback on these
populations. The physical effect responsible for the sup-
pression of the matter power spectrum is the redistribution
of baryons within halos mainly due to AGN feedback.
Therefore, we investigate the baryonic (and gas) mass
fraction within halos over time, allowing us to quantify and
disentangle the effects of baryonic feedback over the halos’
evolutionary histories.

We show the impact of baryonic feedback on different
halo populations in Fig. 4. We plot the fraction of baryon
mass relative to the total mass (left panel) and the fraction
of gas mass relative to the total mass (right panel) for halo
populations with fixed present-day mass. The three panels,
from top to bottom, show simulations with three different
feedback implementations: the fiducial case, fgas-8¢ and
the jet-AGN implementation calibrated to fgas-4c. We
qualitatively split the top panel into “weak” and “‘strong”
feedback impact regimes based on the assembly history of
an intermediate mass halo, which roughly separates halos
whose baryonic mass is increasingly suppressed due to
AGN feedback (light grey region) from those that are not
(darker grey region).

The most massive halo population (dark red) is that
probed jointly by tSZ, weak lensing, and eROSITA
measurements at redshifts z < 1. In this observable redshift
range, this population lies within the “weak feedback
impact” regime for all three feedback implementations.
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FIG. 4. Fraction of baryon mass (left panels) and gas mass (right panels) relative to the total mass as a function of redshift for
FLAMINGO halo populations with fixed present-day mass M2%)™. The three panels, from top to bottom, show simulations with three
different FLAMINGO feedback implementations: the fiducial, fgas-8¢ and the jet-AGN implementation calibrated to fgas-4¢. The grey
region shows a regime of “weak” feedback impact: we define this demarcation line as corresponding to M 2(;%"‘ > 10'*M, based on
whether or not the halos’ baryonic mass is significantly suppressed at z = 0 in the fiducial simulation. This is also the regime of peak
sensitivity for tSZ, weak lensing, and eROSITA X-ray observations. While progenitors of these clusters were impacted by feedback at
higher redshifts, these impacts on the mass fractions have largely dissipated by the time these halos are observed. The same grey region
is repeated in the middle and lower panels to highlight the changes generated by the enhanced feedback variations. These variations have
the expected effect of lowering average gas fractions across the population of groups and clusters, but have little impact on the highest

mass clusters at z < 1.

Feedback affects high-mass clusters at early times
(z ~ 2-4); however, as these clusters assemble more mass,
feedback becomes inefficient (z < 2), and the clusters
restore their prefeedback mass. Part of this effect comes
from the fact that, although baryons are expelled at early
times, these do not travel far enough to escape the
gravitational potential wells of the clusters and therefore
are reaccreted at later times. In addition to purely gravi-
tational reaccretion, feedback from surrounding objects
blows gas into the Lagrangian region destined to become
the cluster [87].

The lower-mass populations (dark blue), which are
sensitive to kSZ stacked profile measurements, lie instead
within the “strong feedback impact” regime. These halos
are largely unaffected by feedback at early times until
7 ~ 2, meaning that the fraction of baryonic (or gas) mass
remains constant during this time. After z ~ 2, feedback

becomes efficient at expelling gas beyond r,q , leading to
a suppression of the baryonic (or gas) mass within those
scales.

The grey regions denoting weak (or strong) feedback
impact are repeated in the middle and lower panels to
contextualize the changes generated by the enhanced
feedback variations. As expected, both variations lower
average gas and baryon fractions across the population
of groups and clusters, but retain the same overall trend.
In the case of the jetlike AGN (bottom panels), the
ejection of gas from the halo happens at a faster rate
before z ~ 2, thus leading to a steeper change in gas mass
relative to total mass compared to the case of enhanced
feedback with thermal AGN (middle panels). Feedback
processes have relatively little impact on the highest
mass clusters at z < 1 even for more extreme feedback
models.
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The comparison between the left and right panels high-
lights differences in the impact of feedback on the total
baryon mass and on the gas mass alone. This distinction is
relevant due to the fact that weak lensing is sensitive to the
total mass in clusters, while tSZ, kSZ and X-ray observa-
tions probe the gas alone. We find that the baryonic mass
of Myyym ~ 103 My halos—i.e., those probed by kSZ
measurements—is ~7% of the total mass at z = 0 in the
fiducial case, but gets suppressed further to 5% in the
“fgas-86” model. The gas mass of the same halo mass
population instead reduces from 4% to 2% at z = 0 for the
two models, which implies a bigger change in gas than
for the baryons (50% vs 30% shift, respectively). For
high-mass clusters—probed by tSZ, lensing and X-ray
observations—the impact of feedback is negligible for both
baryonic and gas mass (a ~5% shift).

We conclude that baryonic feedback does not manifest in
the same way for halos detected through X-ray, lensing and
tSZ measurements, and those through the kSZ effect: it is
possible for the latter to be compatible with enhanced-
feedback scenarios, while high-mass clusters remain com-
patible with more modest feedback strengths as inferred
from X-ray observations. This explains the apparent ten-
sion [18] in estimates of gas mass fractions when adopting
kSZ as opposed to X-ray observations. Specifically, the
baryon fraction in high-mass clusters approaches the
cosmic mean, while in galaxy groups the fraction is about
half as large [3], consistent with the picture in Fig. 4.

C. Impact of baryonic feedback at fixed time

The dependence on redshift in the above results arises
solely due to the changing mass of a given population over
time. When seen as a function of instantaneous mass,
feedback is most efficient at expelling gas outside halos of
mass Moy m ~ 10'28 M, independent of redshift. In other
words, feedback is most efficient at that mass scale,
regardless of what redshift a given halo reaches that mass
during its evolution. This is demonstrated in Fig. 5, where
we show the fraction of gas relative to the total halo mass
as a function of the latter for different redshifts. We show
the three simulations with different feedback calibrations
(fiducial, fgas-8c, and Jet_fgas-40) in the three panels
from top to bottom, respectively. We find that largest
suppression in gas mass relative to total mass occurs at
Mspgm ~ 10'28M 4 for all redshifts. This result holds
across the three feedback variations, with small variations
in the maximum suppression mass scale within the
range Moy m ~ 102571300 . The rate at which feedback
becomes less efficient as halos accrete more mass above
10">8M, depends on the specific feedback implementa-
tion. By the time halos reach My, ~ 10*M, again
independent of the redshift at which this happens, feedback
ceases to be effective. It would be interesting to check
the extent to which these findings generalize to different
simulation suites. From semiempirical models, it is known
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FIG. 5. The fraction of gas mass relative to the total mass as a

function of total halo mass at the specified redshift z. Different
colored lines correspond to different redshifts; the three panels
from top to bottom show respectively the results for the fiducial,
fgas-8¢ and Jet_fgas-4¢ simulations. The strongest suppression
in the gas mass fraction occurs for halos of mass M2 ™ ~
10"28M across all redshifts. Different feedback prescriptions
generate small shifts of 0.1-0.3 dex in this characteristic mass.

that the peak of star formation efficiency does not evolve
strongly with cosmic time [88]. However, this peak occurs
at a halo mass of ~10'?M, approximately 1 dex lower
than the relevant scale found in this work for the peak AGN
impact.

D. Radial dependence of baryonic feedback

We next examine how different feedback prescriptions
affect the gas content within halos across various radial
scales. We return to selecting populations with a fixed
z = 0 mass, and focus on representative cases of interest:
lower-mass groups (M3o . =~ 10! M in the DMO sim-
ulation) as probed by stacked kSZ profiles, and higher-
mass clusters (M550 =~ 10'*°M in the DMO simulation)
as probed by tSZ, weak lensing, and X-ray measurements.

Figure 6 shows the median ratio of the mass accretion
histories between halos in the hydrodynamical simulations
and their counterparts in the gravity-only simulations. The
two chosen populations are shown in the left and right
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FIG. 6. Left panel: Median of the ratio between the total mass accretion histories of a halo in a hydrodynamical simulation
and its matched counterpart in the gravity-only simulation. The columns, respectively, show mass scales relevant to kSZ stacks
(M550 = 10130-132p1 - left column) and tSZ, X-ray, and weak lensing power spectra (M5, = 10'48=15M: right column).
Different line styles correspond to differing feedback implementations. The three rows adopt differing mass definitions as proxies for
different radial scales, moving from inner to outer regions from top to bottom, respectively. Different observables measure the
distribution of baryons or gas out to different spatial scales: kSZ is sensitive to the distribution of baryons in group-scale halos even out
to their outer regions (bottom left), tSZ and lensing reach out to ~R,( ,, (middle right) in higher-mass clusters, while X-rays probe the
inner regions of the same high-mass cluster population (top right). Right panel: Same as the left panel, except the y axis shows the ratio
between the gas mass of the halos in the hydrodynamical simulations relative to the total mass of their respective counterpart halos in the

gravity-only simulations.

columns, respectively, along with the effects of three
different feedback implementations (different lines in each
panel). The three rows correspond to different mass
definitions, serving as proxies for radial scales that range
from the inner to the outer halo regions (top to bottom
panels). X-ray measurements primarily measure the gas
fraction within the inner region of high-mass clusters
(top-right panel) [89]; tSZ and weak lensing probe the
gas and baryonic content, respectively, out to R, ,, of the
same high-mass clusters (middle-right panel) [34,72]; kSZ
instead probes the amount of gas in the outskirts of group-
sized halos (bottom-left corner) [16].

We find that high-mass clusters are largely insensitive to
feedback even for enhanced feedback models, as their mass
Myyaro = Mpyio for z < 1; this is true at all radial scales and

even in the inner regions probed by X-ray measurements
where differences are only a few percent. Moreover, this
appears true for both the total baryonic content (left panels)
and the gas mass alone (right panels). At higher redshift
(z ~ 2) however, baryonic feedback is able to suppress the
total mass of halos by ~10%. On the other hand, feedback
has a significant effect (~5-25%) on low-mass halos
depending on the strength of feedback; this impact remains
significant even out to the outermost regions of halos,
which kSZ stacked measurements are sensitive to.

The kSZ is sensitive only to the gas mass, rather than the
total mass. As such, changes in the feedback have a
particularly strong effect on kSZ predictions, far stronger
than the total mass profile would suggest. While this can be
inferred by comparing the lower-left panel of the left group
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FIG. 7. More detailed view of the differences in the median gas mass histories for different feedback implementations relative to the
fiducial case. We focus on the mass and radial scales of halos relevant to different observables: kSZ is sensitive to lower-mass groups out
to their outer regions (M3, = 1030"132)7 and r ~ 5 x Ry.; left panel), X-ray measurements to the inner region of higher-mass
clusters (M5, = 10815001 and r ~ Rsy.; middle panel), and tSZ and weak lensing to the virial region of the same higher-mass
clusters (Mga? m = 10'43=15001 . and r ~ Ry m; right panel). At z < 1, feedback variations within FLAMINGO allow for a ~15%
suppression in gas mass in the inner regions (Rs., middle panel) but only a ~5% suppression in the outer regions (R, n,, right panel).
The two enhanced feedback variations have approximately the same impact on the gas relative to the fiducial case.

and the right group in Fig. 6, it is even clearer in Fig. 7,
which shows the ratio of the median gas mass histories
in the enhanced-feedback models relative to the fiducial
case. The left panel in blue shows the impact of feedback
in the outer region of the halos (5 X Rs.), directly
illustrating the strong sensitivity of kSZ to feedback
adjustments. The suppression in gas mass due to feedback
variations can lead to ~40% larger suppression than the
fiducial case.

The middle and right panels of Fig. 7 illustrate the effect
of varying feedback on gas mass in the representative
population of X-ray and tSZ clusters, respectively. (Due to
these observables’ dependence on temperature as well as
density, the total mass also plays an indirect role, but here
we continue to focus on gas mass for simplicity.) We find
that, at z < 1, the impact of model variations on the gas
content relative to the fiducial case within high-mass
clusters can also be significant. Our findings are consistent
with the results of McCarthy ef al. [90] who show that
feedback has little impact on the tSZ power spectrum at
lower multipoles (lower redshifts) probed by Planck, but
has some effect on higher multipoles corresponding to
higher redshift clusters probed by ACT and SPT. The
largest feedback variations within FLAMINGO allow for a
~15%-30% suppression in gas mass in the inner regions of
groups (Rsg., middle panel) and a ~5%—-20% suppression
in the virial regions of massive clusters (Ryggp, right
panel). In all cases, the two enhanced feedback variations
examined here have approximately the same impact on the
gas relative to the fiducial case.

VI. DISCUSSION AND CONCLUSIONS

We have examined the impact of baryonic feedback on
cosmological observables, highlighting how this should be
seen primarily in the context of halo assembly [M(z)]
rather than as a function of wave number [P(k, z)]. We have
investigated the imprint of feedback on different cosmo-
logical observables in terms of the underlying halo pop-
ulations (characterized by their mass, redshift, and radius).
The sensitivity with respect to halo mass and redshift has
been computed using a combination of analytic calcula-
tions based on the halo model and observational data
catalogs (Fig. 3), while the impact of feedback in terms
of halo assembly histories has been assessed using the
FLAMINGO simulations. The latter has also been used to
measure the radial dependence of the imprints of feedback
on these halo populations (Figs. 6 and 7).

The effect of FLAMINGO feedback is a function
of mass, radius, and redshift. Our results show that feed-
back most efficiently redistributes baryons when halos
reach a mass of My, ~ 10'>8M, independent of redshift
(Fig. 5). As the halo mass M(z) grows beyond this
threshold, the gas is reaccreted, so that high-mass clusters
(My m = 10°M ) are barely sensitive even to strongly
enhanced feedback (Fig. 4). Thermal SZ power spectra,
X-ray clusters, and cosmic shear observables all have
maximum sensitivity to feedback at this high-mass clusters
scale. On the other hand, the halos probed by the kSZ effect
generally cover a lower mass range at intermediate red-
shifts (M0 m ~ 1013 M, z ~ 0.5-1) compared to the other
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probes. This gives a natural explanation for why stacked
kSZ observations around galaxy groups can be explained
with a modest strengthening of AGN feedback [19] or the
inclusion of cosmic rays [91], while tSZ power spectrum
observations are much harder to explain using feedback
variations [90]. Our conclusions are in agreement with new
constraints from eROSITA [31] which indicate that the
fiducial FLAMINGO feedback implementation is compat-
ible with estimated gas masses for Msy) < 1035 M and
Msyy > 10" M but too high in the intermediate range
(see their figure 6). This is the range where gas mass is most
strongly altered by the shift to the fgas-8¢ calibration
(our Fig. 4).

If the discrepancy between tSZ power predictions and
observations at Z > 1000 is related to feedback, it must
correspond to a long-lived reduction in the gas density
without raising the electron temperature. One way to
achieve this via thermal feedback is by ejecting the gas
sufficiently far out in the outskirts of halos, thus also
leading to adiabatic cooling (see e.g., Refs. [92,93]).
Nonthermal sources of pressure may also contribute to
these effects; for example, additional sources of turbulence
to those attributed to accreting material [94], magnetic
fields and cosmic rays, although Quataert and Hopkins [91]
caution that the latter do not easily contribute at such large
halo masses. Alternatively, a greater fraction of diffuse
baryons in the outskirts of clusters could be locked up in
stars than currently expected (see e.g., recent observational
findings from the intracluster light at relevant redshifts
[95]). In this scenario, these massive clusters would have
little overall baryonic mass suppression. A potentially
powerful technique to differentiate between feedback
mechanisms is to combine measurements that probe the
gas within the same halo population (e.g., galaxy-galaxy
lensing and kSZ profiles of the same stacked population
[19]). We defer investigating this scenario to future work.

The total baryonic mass of halos has been raised as an
important consideration in resolving apparent tensions in
cosmological data. In particular, the Sg parameter charac-
terizes the amplitude of matter density fluctuations in the
Universe, and is consistently reported to be lower when
constrained through lensing than CMB observations sug-
gest [52,96]. While baryonic feedback has been raised by
several authors as a route to resolving this discrepancy
(e.g., [97,98]), others have argued that it is insufficiently
strong to resolve the tension on its own (e.g., [39,90]).
Meanwhile, more recent lensing results appear anyway to
be moving toward agreement with Planck results [99-101],
without making any significant changes in accounting for
the baryonic feedback.

The long-standing disagreement between the measured
tSZ power spectrum from Planck and predictions from
hydrodynamical simulations at # < 1000 has also been
framed in part as a cosmological tension, challenging to
account for with feedback but potentially resolvable with a

lower Sg value [19]. However, a recent reanalysis of Planck
data led to a shift in the measurements and an increase in
the associated uncertainties, bringing the measurements
and theoretical predictions at low-£ into closer agreement
[40], again without the need for any extreme feedback or
changes to Sg.

Given these latest results from lensing and tSZ, the status
of the Sy tension is currently unclear. However it seems
unarguable that a self-consistent accounting of feedback in
cosmology must be able to describe both weak lensing and
tSZ constraints simultaneously. In this paper, we have
shown that the sensitivity of lensing to the relevant one-
halo terms after DES scale cuts probes the same halo
population as is responsible for tSZ power. If one instead
applies KiDS scale cuts, the one-halo term starts to probe a
lower mass range which does not overlap significantly with
halo populations probed either by tSZ or kSZ.

If one is interested in recovering cosmological param-
eters from lensing independently of these feedback effects,
our results confirm that scale cuts similar to those adopted
by DES are expected to be effective in minimizing the one-
halo contribution. The strong localization in halo mass and
redshift of the remaining one-halo contribution suggests
that explicit nulling methods for shaping the lensing kernel
[102-104] will perform even better. Moreover, a simple
strategy of combining scale cuts with masking the small
number of very high mass clusters could similarly prove
effective.

ACKNOWLEDGMENTS

We thank Alexandra Amon, Boris Bolliet, Marcus
Briiggen, Esra Bulbul, Vittorio Ghirardini, Boryana
Hadzhiyska, Eiichiro Komatsu, Elizabeth Krause, Ian
McCarthy, Volker Springel, Tom Theuns, Chun-Hao To,
Cora Uhlemann and Rongpu Zhou for useful discussions.
We thank the Virgo Consortium, in particular Carlos Frenk,
Adrian Jenkins and Baojiu Li, for granting us access to
the COSMA cluster. L.L.S. acknowledges support by
the Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation) under Germany’s Excellence
Strategy—EXC 2121 “Quantum Universe”—390833306.
H. V.P. and A. H. have been supported by funding from the
European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation programs
(Grant Agreement No. 101018897 CosmicExplorer).
H.V.P. was additionally supported by the Goran
Gustafsson Foundation for Research in Natural Sciences
and Medicine. H. V. P. acknowledges the hospitality of the
Aspen Center for Physics, which is supported by National
Science Foundation Grant No. PHY-1607611. A.P. has
been supported by funding from the European Research
Council under the European Union’s Horizon 2020
research and innovation programs (Grant Agreement
No. 818085 GMGalaxies). This work wused the
DiRAC@Durham facility managed by the Institute for

063541-14



COSMOLOGICAL FEEDBACK FROM A HALO ASSEMBLY ...

PHYS. REV. D 112, 063541 (2025)

Computational Cosmology on behalf of the Science and
Technology Facilities Council (STFC) DiRAC high per-
formance computing (HPC) Facility [105]. The equipment
was funded by BEIS capital funding via STFC capital
Grants No. ST/K00042X/1, No. ST/P002293/1, No. ST/
R002371/1 and No. ST/S002502/1, Durham University and
STFC operations Grant No. ST/R000832/1. DiRAC is part
of the National e-Infrastructure.

We describe the different author contributions using the
CRediT [106] (Contribution Roles Taxonomy) system.
L. L.-S.: Conceptualization (supporting); Formal analysis;
Investigation; Methodology; Validation; Visualization;
Writing—original draft, review and editing. H.V.P:
Conceptualization (lead); Methodology; Investigation;
Validation; Visualization; Writing—original draft, review
and editing. A.P.: Conceptualization (supporting);
Methodology; Investigation; Writing—original draft,
review and editing. A.H.: Formal analysis; Writing—
original draft, review and editing. J. S.: Project adminis-
tration (FLAMINGO); Data curation, Resources;
Writing—Review and Editing. M.S.: Data curation;
Resources. J.C.H.: Data curation; Resources. R.J. M:
Data curation; Resources. W. E.: Data curation.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available. The data are available from the authors
upon reasonable request.

APPENDIX A: STELLAR MASS-TO-HALO MASS
RELATION

To establish a connection between the stellar mass
of a galaxy M, at a given redshift z and the mass of its
associated dark matter halo M ,,, we derive an empirical
stellar-mass-to-halo-mass relation from the fiducial
FLAMINGO simulation at a representative redshift z =0.7.
We consider central galaxies only; see Sec. IVE for
justification of this choice and further discussion. We split
the stellar masses of the galaxies into thin, evenly-spaced
bins, and sample from the distribution of halo masses
within each bin; this allows us to assign to any given stellar
mass M, a corresponding M ,, Which reflects the stellar-
to-halo mass relation in FLAMINGQO, including the scatter
in halo mass at fixed stellar mass.

We applied this procedure to the stellar mass values of
the DESI Legacy DR9 LRGs sample. We show in Fig. 8 the
2D histogram of stellar masses as a function of redshift in
the top panel, and the corresponding halo masses in the
bottom panel.

DESI Legacy DR9 LRGs
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FIG. 8. 2D histogram of the stellar masses (top panel) and halo

masses (bottom panel) of the DESI Legacy DR9 LRGs. The
halo masses were obtained using a SMHM relation fitted to the
stellar masses and halo masses in the FLAMINGO fiducial
simulation, which also accounts for the scatter in the halo mass at
fixed stellar mass.

APPENDIX B: WEAK LENSING SENSITIVITY

DESY3 [71,72] and KiDS-1000 [73] measure the £ (6)
signal on angular scales ranging from @PESY3 =25 to
200 arcminutes and from @XiPS-100 — (.5 to 300 arcmi-
nutes, respectively. After imposing scale cuts on these
measurements to mitigate small-scale modeling uncertain-
ties, the sensitivity on the lowest angular scales included by
the two surveys for their cosmic shear cosmological
analyses is shown in Fig. 2 of the main text.

Figure 9 shows the total, two-halo and one-halo sensi-
tivity, in the top, middle, and bottom row of each subplot,
respectively, this time without considering any scale cuts.
In each row, we present results for three representative
measurement scales corresponding to the smallest, middle
and largest angular separations at which DESY3 (2.5, 127,
and 250 arcmin in their tomographic bin 4) and KiDS-1000
(0.5, 150, and 300 arcmin in their tomographic bin 5)
perform their £, measurements. The results for DESY3 are
in the top panels (£, on the left and £_ on the right), while
those for KiDS-1000 are in the lower panels.

The &, sensitivity trends (for both DESY3 or KiDS)
show that on the smallest measured scales, the sensitivity is
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FIG.9. Sensitivity of cosmic shear £, for three representative scales (three columns from left to right in each subplot) corresponding to
the smallest, middle, and largest angular scales at which the DESY3 (upper panels) and KiDS-1000 (lower panels) perform their
measurements. In contrast to Fig. 2, here we consider the full range of scales for which the measurements are available, without
imposing any scale cuts. The three rows of each subplot from top to bottom show the sensitivity to the total, two-halo and one-halo

contributions, respectively.

mainly dominated by the one-halo term. By contrast, for
larger angular scales the two-halo contribution becomes
significant, with the one-halo sensitivity becoming negli-
gible. This further supports the motivation for imposing
scale cuts to mitigate uncertainties in the modeling of the
one-halo term. The latter can arise either due to small-scale
nonlinear physics from baryonic feedback, or nonstandard

dark-matter dynamics that may impact the power spectrum
predominantly in the one-halo regime. If one nevertheless
chooses to consider small angular scales less than
~5 arcmin (without scale cuts or marginalizing over
modeling uncertainties), the cosmic shear one-halo term
starts gaining sensitivity to lower halo masses, overlapping
to some extent with DESI LRGs.
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