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We measure the cross-correlation between cosmic shear from the third-year release of the Dark Energy
Survey, thermal Sunyaev-Zel’dovich (tSZ) maps from Planck, and x-ray maps from ROSAT. We
investigate the possibility of developing a physical model able to jointly describe both measurements,
simultaneously constraining the spatial distribution and thermodynamic properties of hot gas. We find that
a relatively simple model is able to describe both sets of measurements and to make reasonably accurate
predictions for other observables (the tSZ autocorrelation, its cross-correlation with x-rays, and tomo-
graphic measurements of the bias-weighted mean gas pressure). We show, however, that contamination
from x-ray active galactic nuclei (AGN), as well as the impact of nonthermal pressure support, must be
incorporated in order to fully resolve tensions in parameter space between different data combinations.
Combining the tSZ and x-ray cross-correlations with cosmic shear we obtain simultaneous constraints on
the mass scale at which half of the gas content has been expelled from the halo, log10Mc ¼ 14.83þ0.16

−0.23 , on
the polytropic index of the gas, Γ ¼ 1.144þ0.016

−0.013 , and on the ratio of the central gas temperature to the virial

temperature αT ¼ 1.30þ0.15
−0.28 , marginalizing over AGN contributions to the signal.

DOI: 10.1103/m77z-w7pl

I. INTRODUCTION

Baryons make up approximately 5% of the total energy
density of the Universe today [1]. The majority of this
contribution (∼80–90%) is in the form of ionized inter-
galactic gas, in both hot and warm phases [2–6]. Despite
their small contribution to the total energy budget, and the
fact that baryons are governed by known fundamental
physical processes, our relatively poor understanding of the
distribution and thermodynamic properties of cosmic gas is
currently one of the main roadblocks on the way toward
precision cosmology from stage-IV experiments. This is so
in the context of weak lensing (due to the baryonic
suppression of the matter power spectrum [7–9]), cosmic
microwave background (CMB) secondary anisotropies
(e.g., uncertainties in cluster mass-observable relations
[10–12] and degeneracies between optical depth and

growth [13–16]), x-ray cluster science (e.g., hydrostatic
mass biases [17,18]), among others.
The reason for this poor understanding is the high

complexity of the physical systems and processes that
govern gas on astrophysical scales, and the strong impact of
phenomena taking place at very small scales on the large-
scale distribution of gas. These processes include radiative
gas cooling, gravitationally driven virialization, and non-
gravitational heating from stars and active galactic nuclei
(AGN). In particular, AGN feedback effects are the
dominant source of uncertainty in the level of baryonic
suppression of the power spectrum on small scales [19–23],
and thus constitute an attractive explanation for the so-
called “S8 tension” between late-time weak lensing data
and early time CMB measurements [24–26]. Developing
data-driven methods to improve our understanding of these
processes is therefore of paramount importance.
Fortunately, the fast growth in the abundance and quality

of wide-area multiwavelength observations in the last few
years has made available a wide array of probes that are
sensitive to complementary physical properties of the
cosmic gas. Perhaps the most prominent of these, in the
context of cosmology, are x-ray maps [27,28], and mea-
surements of the thermal and kinematic Sunyaev-
Zel’dovich effects (tSZ and kSZ, respectively [29,30]).
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In addition to these, near-future observations will enable
novel tracers of gas, such as patchy screening [31,32],
dispersion measure statistics from fast radio bursts [33,34],
relativistic SZ [35,36], and indirect probes of feedback,
such as multiwavelength constraints on star formation
[37–39]. In this work, we will focus on the combination
of tSZ and x-ray data as a potential probe of gas properties.
In particular, we will study the cross-correlations of these
two gas tracers with weak gravitational lensing data in the
optical (i.e.,cosmic shear).
Cross-correlations between shear and tSZ have been

exploited in the literature as a probe of baryonic effects, and
for their potential to improve cosmological constraints from
weak lensing data due to the complementary dependence
on cosmological parameters [40–44]. A drawback of this
approach is the degeneracy between gas density and
temperature, since the SZ Compton-y parameter is sensitive
to the line of sight integral of the thermal gas pressure
Pth ∝ ρgasTgas, where ρgas and Tgas are the density and
temperature of the gas. Thus, in the absence of additional
information, a model able to connect the distribution of gas
and its thermal state unambiguously is required to fully
exploit this cross-correlation [45,46].
X-ray data has also been exploited in the context of

baryonic physics, especially through the measurement of
bound gas fractions from the observation of individual
galaxy clusters [47–49] and, more recently, including
derived constraints on the electron density profile [50].
The cross-correlation of x-ray maps with cosmic shear data
itself was first presented in [51]. Cross-correlations
between x-ray maps and other large-scale structure tracers
have also been used in the literature for similar purposes
[52–59]. Potential advantages of the cross-correlation
approach are the absence of selection effects, and the
ability to incorporate the measurements in a joint cosmo-
logical analysis with cosmic shear and galaxy clustering
data, accounting for all data correlations in a completely
consistent manner. Since the x-ray emissivity jε has a
complementary dependence on gas density and temperature
(jε ∝ ρ2gasΛcðTgasÞ, where Λc is the x-ray cooling function
[60]), a combination of x-ray and tSZ data could be a
powerful way to break the degeneracy between gas density
and thermodynamics. Furthermore, the strong dependence
on gas density (∝ ρ2gas) makes x-ray observations more
sensitive to the inner regions of dark matter haloes, whereas
tSZ data is also sensitive to the outskirts, adding to the
complementarity of both probes. Both probes are also
sensitive to different sources of contamination, such as the
cosmic infrared background (CIB) and Galactic dust for
tSZ [61], and emission from unresolved AGN in the case of
x-ray data1 [62–64].

The main aim of this paper is to explore the possibility
of describing the x-ray and tSZ cross-correlations within
a single hydrodynamical model of gas and to constrain it
from data. Of particular interest is the performance of
such a model in the presence of non-negligible sources
of observational and theoretical uncertainty that affect
each probe differently, such as contamination from x-ray
AGN or the impact of nonthermal pressure support. In
this sense, the use of cross-correlations with cosmic
shear makes this a simpler task since, on small scales,
gas properties need only be related to the matter density,
rather than more physically complex quantities, such as
galaxy abundance, which may require additional com-
plexity in the model [65].
This paper is structured as follows. Section II presents

the hydrodynamical model used to describe the measured
cross-correlations, as well as the methods used to make
these measurements. The datasets used in our analysis are
described in Sec. III. Section IV presents our results,
including the model constraints, the ability of the best-fit
model to describe other gas observables, and the impact of
observational and theoretical uncertainties. We then con-
clude in Sec. V. We use natural units throughout, with
c ¼ 1, unless otherwise stated.

II. METHODS

A. Hydrodynamical halo model for gas physics

We use the halo model to describe tSZ and x-ray signal
from warm/hot diffuse gas. Specifically, our fiducial model
is that used in [51], which we describe in more detail below.
The model itself is heavily inspired on the hydrodynamical
halo model of [45], as well as the so-called “baryon
correction model” (BCM) of [66].
We model the total matter density as a sum of different

contributions from cold dark matter (CDM), stars (⋆),
bound (b) and ejected gas (e). The density profile for each
component is characterized by a mass-dependent mass
fraction fxðMÞ, and a scale-dependent function gxðrjMÞ,
where r is the comoving distance to the halo center. The
physical mass density in component x is thus given by

ρxðrjMÞ ¼ M
a3

fxðMÞgxðrjMÞ; ð1Þ

where a is the scale factor, and the scale-dependent
function is normalized to

4π

Z
∞

0

dr r2gxðrjMÞ ¼ 1: ð2Þ

The next sections present the models used for fxðMÞ and
gxðrjMÞ for the different components. We also require a
model for the thermal state of the gas, which we para-
metrize in terms of the gas pressure. This is described
below for the bound and ejected gas components.

1Some of these AGN may exhibit radio emission and con-
taminate tSZ measurements at low frequencies, although this
contribution is usually subdominant to dust.
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1. Cold dark matter

The fractional dark matter abundance is fixed to the
global cosmic abundance fCDMðMÞ ¼ Ωc=Ωm, where Ωc
and Ωm are the fractional energy densities in cold dark
matter and total nonrelativistic matter, respectively.
We parametrize the scale dependence using a truncated

Navarro-Frenk-White profile of the form

gCDMðrjMÞ ¼ 1

VCDM

Θðr < rΔÞ
r
rs
ð1þ r

rs
Þ2 : ð3Þ

Here, rΔ is the virial radius, defined as the radius enclosing
a total mass that is Δ ¼ 200 times larger than the mean
critical density of the Universe. The scale radius rs is
related to the virial radius by the concentration parameter
cΔðMÞ via rΔ ¼ cΔrs. Θ is a Heavyside function, and the
proportionality factor VCDM enforces the normalization in
Eq. (2). For the NFW profile, this is given by

VCDM ¼ 4πr3s

�
logð1þ cΔÞ −

cΔ
1þ cΔ

�
: ð4Þ

The Fourier transform of this profile, which is needed to
construct halo model power spectra (see Sec. II A 6), can be
calculated analytically (see, e.g., [65]).

2. Stars

The stellar mass fraction is modeled as in [67]

f�ðMÞ ¼ A� exp

�
−
1

2

�
log10ðM=M�Þ

σ�

�
2
�
; ð5Þ

where M� ¼ 1012.5M⊙, σ� ¼ 1.2, and A� ¼ 0.03 [68,69].
Furthermore, we assume that stars contribute only at very
small distances from the central galaxy, and thus approxi-
mate the scale-dependent profile as a Dirac delta function at
r ¼ 0. The corresponding Fourier-space profile is therefore
simply a constant

ρ�ðkjMÞ ¼ M
a3

f�ðMÞ: ð6Þ

3. Bound gas

The diffuse gas component is divided into a “bound”
contribution, corresponding to virialized gas that has not
been expelled from the halo, and a low-density “ejected”
contribution, expelled outside of the halo virial radius by
AGN-driven outflows.
The mass-dependence of the bound fraction is

modeled as

fbðMÞ ¼ Ωb=Ωm

1þ ðMc=MÞβ ; ð7Þ

where Ωb is the cosmic baryon abundance, Mc is the mass
scale at which half of the gas has been expelled, and the
slope β determines the steepness of the curve. Effectively,
Mc determines the amount of bound gas at sufficiently high
density and temperature to contribute significantly to both
tSZ and x-ray measurements, and hence plays an important
role in governing the amplitude of both cross-correlations.
We will refer toMc as the “halfway mass” in what follows.
We find that our measurements are relatively insensitive to
the value of the mass slope β, and hence we fix it to
β ¼ 0.6 [66].
The scale dependence of the bound gas is given by the

Komatsu-Seljak (KS) [70] profile. This is determined under
the assumption of hydrostatic equilibrium balancing gas
pressure and gravity

dP
dr

¼ −
GMð<rÞρbðrÞ

r2
; ð8Þ

where Mð<rÞ is the total mass enclosed within a radius r.
Assuming a polytropic equation of state P ∝ ρΓb with a
polytropic index Γ, and an NFW profile to calculate
Mð<rÞ, the equation above can be solved for ρb to yield
a relatively simple scale dependence

gbðrjMÞ ¼ 1

Vb

�
logð1þ r=rsÞ

r=rs

� 1
Γ−1
: ð9Þ

The normalization-enforcing prefactor in this case is

Vb ≡ 4πr3sI

�
1

Γ − 1
; 0

�
; ð10Þ

where we have defined the integral

Iðγ; qÞ≡
Z

∞

0

dx x2
�
logð1þ xÞ

x

�
γ

j0ðqxÞ; ð11Þ

with j0ðxÞ≡ sinðxÞ=x.
The Fourier transform of this profile must be calculated

numerically for general values of Γ. Fortunately, it can be
expressed as a function of γ ≡ 1=ðΓ − 1Þ and the combi-
nation q≡ krs alone as

gbðkjMÞ ¼ Iðγ; qÞ
Iðγ; 0Þ : ð12Þ

To speed up the evaluation of theoretical predictions, we
precalculate Iðγ; qÞ and interpolate it as a function of γ
and q.
The two parameters governing the bound gas density are

therefore Mc, determining the overall abundance of virial-
ized gas, and Γ, describing the scale dependence of its
distribution.
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4. Ejected gas

Once the mass fractions for the stellar and bound
components are known, the ejected mass fraction is simply

feðMÞ ¼ 1 − fCDMðMÞ − f�ðMÞ − fbðMÞ: ð13Þ

For the scale dependence, we use the Gaussian model of
[66] (motivated under the assumption of a Maxwellian
distribution for the velocities that cause the gas to be
ejected)

geðrjMÞ ¼ exp½−r2=ð2r2eÞ�
ð2πr2eÞ3=2

; ð14Þ

the characteristic scale re is connected with the typical
distance traveled by a gas particle traveling at the escape
velocity. As in [66], this is parametrized as

re ¼ 0.375ηb
ffiffiffiffi
Δ

p
rΔ; ð15Þ

where Δ ¼ 200 in our case, and ηb quantifies the distance
to which gas is expelled by AGN outflows. The Fourier
transform of this profile is analytical geðkjMÞ ¼
exp½−ðkreÞ2=2�. We find that our data is insensitive to
the value of ηb, since the ejected gas is too diffuse to
produce appreciable x-ray emission, and too cold to
contribute significantly to the tSZ sigal. We thus fix this
parameter to ηb ¼ 0.5 in our analysis consistent with the
range of values presented in [66].

5. Temperature, pressure, and number density

The observables under study in this work are mostly
sensitive to the number densities and temperature of
different particle species in the bound gas.
The number density of particle type q is related to the gas

mass density ρg ¼ ρb þ ρe through its mean molecular
weight μq via nq ¼ ρg=ðμqmpÞ, where mp is the proton
mass. Assuming a fully ionized gas made out of free
electrons, hydrogen, and helium nuclei, the relevant μqs are

μH ¼ 1

XH
; μe ¼

2

1þ XH
; μT ¼ 4

3þ 5XH
; ð16Þ

where XH is the hydrogen mass fraction, and μT is the mean
molecular weight of all particle species combined.
As described in Sec. II A 3, the bound gas is assumed to

have a polytropic equation of state, relating its pressure to
its density P ∝ ρΓ. Assuming the bulk of this pressure to be
thermal pressure, the temperature could then be calculated
from the relation Pth ¼ kB nT ∝ ρT. In this case T ∝ ρΓ−1,
and the scale dependence of the temperature is univocally
determined to be TðrÞ ∝ ΦðrÞ ∝ logð1þ r=rsÞ=ðr=rsÞ,
where ΦðrÞ is the gravitational potential of the NFW
profile. In order to allow for the presence of nonthermal

pressure support, we instead parametrize the temperature of
the bound component as

TbðrÞ ¼ Tc

�
logð1þ r=rsÞ

r=rs

�
γT
; ð17Þ

where γT ≠ 1 quantifies the presence of nonthermal pres-
sure. The central temperature Tc should be of the order of
the virial temperature of the gas, and therefore we para-
metrize it, as in [45], in terms of a free, order 1, parameter
αT as

kBTc ¼ αT
2

3

GMmpμ

arΔ
; ð18Þ

where μT ¼ 0.61, as in [45], is the mean molecular weight,
and a is the scale factor.
Note that, within this model, the thermal pressure

fraction is given by

PthðrÞ
PðrÞ ¼

�
logð1þ r=rsÞ

r=rs

�
γT−1

: ð19Þ

This scale dependence is similar to that found in [71], out to
the virial radius r ¼ rΔ, for γT ∼ 1.5, with the advantage of
retaining the same simple functional form for the thermal
pressure profile used for all calculations involving the
bound gas component (Pth ∝ ½logð1þ xÞ=x�γ0 with
γ0 ¼ 1=ðΓ − 1Þ þ γT). Our fiducial analysis will assume
no nonthermal pressure support (i.e., we will fix γT ¼ 1),
and we will study the effect of allowing for nonthermal
pressure in Sec. IV B 3.
Finally, we fix the temperature of the ejected gas to

that of the warm-hot intergalactic medium Te ¼ 106.5 K
[40,72].

6. Halo model ingredients

Within the halo model [73–75], the power spectrum
between two fieldsUðxÞ and VðxÞ is a combination of two-
halo and one-halo correlations

PUVðkÞ ¼ hbUihbViPlinðkÞ þ P1h
UVðkÞ; ð20Þ

where

hbUi≡
Z

dM nðMÞbhðMÞhUðkjMÞi; ð21Þ

P1h
UVðkÞ≡

Z
dM nðMÞhUðkjMÞVðkjMÞi: ð22Þ

Here, PlinðkÞ is the linear matter power spectrum, nðMÞ and
bhðMÞ are the halo mass function and the linear halo bias,
UðkjMÞ is the Fourier-space profile of quantity U around
halos of mass M, and the angle brackets imply averaging
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over halos of the same mass. The models used for the halo
profiles of the different quantities used in this analysis have
been described in the previous sections. In our theory
predictions, we will use the halo mass function of [76], the
halo bias parametrization of [77], and the concentration-
mass relation of [78]. We use a spherical overdensity halo
mass definition, with an overdensity parameter Δ ¼ 200,
defined with respect to the critical density.

B. X-ray, tSZ, and cosmic shear

This section presents the models used to construct
theoretical predictions for our measured cross-correlations
involving x-ray count-rate maps, tSZ Compton-ymaps, and
cosmic shear data.

1. Angular power spectra

Let uðn̂Þ be a field defined on the celestial sphere, and
related to a three-dimensional quantity Uðx; zÞ through a
line-of-sight projection of the form

uðn̂Þ ¼
Z

dχWuðχÞUðχn̂; zðχÞÞ; ð23Þ

where χ is the comoving distance, zðχÞ is the corresponding
redshift in the light cone, and WuðχÞ is the radial kernel
associated with u.
The angular power spectrum of two such quantities, u

and v, Cuv
l , is related to the power spectrum of their three-

dimensional counterparts PUVðk; zÞ via

Cuv
l ¼

Z
dχ
χ2

WuðχÞWvðχÞPUV

�
k≡lþ 1=2

χ
; zðχÞ

�
: ð24Þ

This equation is valid in the Limber approximation [79],
which is sufficiently accurate for the broad radial kernels of
the quantities explored in this work.
The angular power spectrum is therefore determined by

the radial kernels of the quantities involved, and the power
spectrum of their three-dimensional counterparts PUV. The
model used to estimate PUV was described in Sec. II A. The
following sections describe the kernels and 3D quantities
associated with the three fields studied in this work.

2. Compton-y tSZ maps

CMB photons are inverse-Compton scattered by thermal
free electrons in the intergalactic medium (IGM), particu-
larly in galaxy clusters and groups, through the so-called
thermal Sunyaev-Zel’dovich effect [80]. The SZ effect
modifies the CMB spectrum in a universal way, and thus
multifrequency observations can be used to separate the
secondary anisotropies induced by this scattering. These
are represented by the Compton-y parameter, given by a
line of sight integral of the electron thermal pressure

yðn̂Þ ¼
Z

dχ
1þ z

σT
mec2

Pth
e ðχn̂; zðχÞÞ: ð25Þ

where σT is the Thomson scattering cross section. Thus, the
three-dimensional quantity associated with tSZ observa-
tions is the thermal electron pressure, and the radial
kernel is

WyðχÞ≡ σT
mec2ð1þ zÞ : ð26Þ

The thermal electron pressure profile is computed sepa-
rately for the bound and ejected gas components combining
their density and temperature profiles, using Pth

e ¼ kBneTe.
The total pressure is then the sum of the pressures of both
components.

3. X-ray count rate maps

We use x-ray data in the form of count rate maps, i.e., the
number of photons observed per unit time and solid area in
a given energy band

CRðn̂Þ≡ dNo

dtodΩo
; ð27Þ

where the subscript o denotes quantities measured in the
observer’s frame. In this context, it is important to dis-
tinguish between observer-frame energy εo (i.e., the true
energy of the photon as it hits the detector), and the
measured energy ε̃o (i.e., the energy measured by the
instrument). The relationship between both quantities is
usually quantified in terms of the so-called energy redis-
tribution matrix, the probability of measuring a given ε̃o if
the true energy is εo

Mðε̃ojεoÞ≡ dpðε̃ojεoÞ
dε̃o

: ð28Þ

In addition to this, the effective area of x-ray detectors
depends on the incident photon energy AðεoÞ. Thus, the
observed count rate is related to the photon specific
intensity (i.e., number of photons per unit time, solid
angle, area, and energy interval) in the observer’s frame via

CRðn̂Þ ¼
Z

dεo ϕðεoÞAðεoÞ
dNo

dεodtodAodΩo
; ð29Þ

where we have defined the instrument bandpass ϕðεoÞ as

ϕðεoÞ≡
Z

ε̃o;max

ε̃o;min

dε̃oMðε̃ojεoÞ; ð30Þ

with ðε̃o;min; ε̃o;maxÞ the edges of the observed band.
Now, the contribution to the specific intensity from

sources at a comoving distance interval ðχ; χ þ dχÞ is
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d

�
dNo

dεodtodAodΩo

�
¼ dχ

4πð1þ zÞ3 jεðχn̂; z; εeÞ; ð31Þ

where jε ≡ dNe=ðdεedtedVeÞ is the emissivity (number of
photons emitted per unit energy, time, and physical
volume), and the subscript e denotes quantities in the
emitter’s reference frame. Thus, the count rate map is

CRðn̂Þ ¼
Z

dχ
4πð1þ zÞ3

Z
dεo ϕðεoÞAðεoÞ

× jεðχn̂; z; εoð1þ zÞÞ: ð32Þ

The specific form of jε depends on the type of source. Here
we will consider two cases:

(i) Diffuse gas. Our main case of interest is x-ray
emission by hot IGM gas. This is dominated by
collisional processes, prominently bremsstrahlung
and collisionally driven line emission [60]. In this
case, the emissivity is proportional to the square
number density of gas particles and to the cooling
function Λcðε; T; ZÞ, depending on the plasma
temperature and metallicity. Specifically

jεðx; εÞ ¼ neðxÞnHðxÞΛcðε; TðxÞ; ZðxÞÞ: ð33Þ

Inserting this in Eq. (32), the count rate map for
diffuse gas emission is

CRgasðn̂Þ ¼
Z

dχ
4πð1þ zÞ3 ½nenHJðT; Z; zÞ�ðχn̂;zÞ;

ð34Þ

where we have defined

JðT; Z; zÞ≡
Z

dεo ϕðεoÞAðεoÞΛcðð1þ zÞεo; T; ZÞ:

ð35Þ

Thus, the radial kernel for x-ray emission is simply

WXðχÞ≡ 1

4πð1þ zÞ3 ; ð36Þ

and its associated three-dimensional quantity is the
combination ne nHJðT; Z; zÞ. We assume a metal-
licity Z ¼ 0.3Z⊙, where Z⊙ is the solar metallicity
[81]. We compute the cooling function using the
Astrophysics Plasma Emission Code (APEC [82]) as
implemented in PYATOMDB [83].

(ii) AGN. A significant fraction of the diffuse x-ray
background is emission from unresolved nonthermal
point sources, specifically AGN [62,84–86]. Our
analysis will therefore quantify their contribution to
the measured x-ray cross-correlations in different

ways. The specifics of the model used here to
estimate the contribution from unresolved AGN
are described in Appendix A. In short, the contri-
bution from AGN to the anisotropies in the count-
rate map is given by

CRAGNðn̂Þ ¼
Z

dχ

�
A
ε

�
z
ρ̄LðzÞδsðχn̂; zÞ; ð37Þ

where hA=εiz is the value of the detector area over
photon energy weighted by the source spectrum and
averaged over the energy band [see Eq. (A4)], ρ̄LðzÞ
is the background x-ray luminosity density due to
AGN [see Eq. (A5)], and δs is the overdensity of
AGN (see Appendix A).

4. Cosmic shear

Weak lensing distorts the shapes of background galaxies,
inducing correlations between them and with the interven-
ing large-scale structure. The resulting “cosmic shear” γ is a
spin-2 field with vanishing B-modes at leading order [87]
(see [88] for further details about spin quantities defined on
the sphere).
The E-mode component of the shear field is a line-

of-sight integral with the form of Eq. (23), with the three-
dimensional field corresponding to the matter overdensity
field2 δmðx; zÞ, and the radial kernel

qγðχÞ ¼
3

2
ΩmH2

0ð1þ zÞχ
Z

∞

z
dz0 pðz0Þ χðz

0Þ − χ

χðz0Þ : ð38Þ

Here, H0 is the expansion rate today, and pðzÞ is the
redshift distribution of source galaxies. Following [51], we
neglected the impact of intrinsic alignments (IAs) on the
cross-correlations studied in this article. Ideally, the con-
tribution from IAs would be constrained self-consistently
by jointly analysing the γX and γy correlations in combi-
nation with the cosmic shear power spectra. We leave this
study for future work. It is worth noting that the DES Y3
analysis [89] did not find strong evidence for IAs. We will
also neglect the impact of photometric redshift uncertain-
ties, as well as multiplicative shape measurement bias.
Given the relatively tight calibration priors on these
systematics, their impact on the astrophysical constraints
presented here should be small.
To understand the value of the different cross-correla-

tions studied in this work as probes of the cosmic baryon
component in the context of cosmological weak lensing
analysis, it is useful to quantify the halo mass scales that
they are sensitive to. Figure 1 shows the contribution to
different power spectra from different halo masses.

2Strictly speaking, the relation between the shear E-mode
and the matter overdensity involves an additional scale-
dependent factor in harmonic space of the form fl ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðlþ 2Þðlþ 1Þlðl − 1Þp

=ðlþ 1=2Þ2, which is nevertheless
negligibly close to 1 on the scales explored here.
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The contribution to the bias-weighted average of a quantity
U is shown in the top panel [i.e., the integrand in Eq. (21)],
while the bottom panel shows the contribution to the cross-
spectrum between the matter overdensity and U in the 1-
halo regime [i.e., the integrand in Eq. (22)]. Results are
shown for the matter power spectrum (dotted black), the
mass-pressure power spectrum (dashed red), and the
correlation between matter and x-ray emissivity (solid
blue). The volume integral of the thermal gas pressure
scales as ∼M5=3 approximately, due to the dependence on
gas temperature, and the tSZ cross-correlation (represented
here by the matter-pressure power spectrum) is thus
sensitive to larger masses than the matter power spectrum.
In turn, the x-ray emissivity has a much milder dependence
on temperature (as long as the gas is hot enough to produce
significant bremsstrahlung emission), and thus scales
approximately as ∼M. Cross-correlations with the x-ray
emission from hot gas can therefore be used effectively to

study the impact of baryonic physics in the matter power
spectrum, since they track a similar range of halo masses.
We did not consider the effect of baryons in the modeling of
cosmic shear in our fiducial analysis. We tested that,
including the impact of baryonic effects by modeling the
gas content of dark-matter haloes as described in Sec. II A
led to only small changes to our final constraints, shifting
the central parameter values by ∼0.5σ on average.

C. Power spectra and covariances

We estimate all power spectra using the pseudo-Cl
algorithm [90] as implemented in NaMaster

3 [91]. The
method is based on the analytical calculation of the
statistical coupling between different power spectrum
multipoles (summarized in the so-called mode-coupling
matrix) caused by the presence of a skymask. The details of
the method, including its application to spin-2 fields (as is
the case for cosmic shear) are described in [91].
A key peculiarity of cosmic shear data is the fact that the

field is only defined at the positions of galaxies in the
catalog. Effectively this implies that a close-to-optimal sky
mask in this case is given by the sum of shape weights for
all sources in each pixel.4 Such a complex mask leads to
enhanced residual mode-coupling that must be propagated
to the theoretical predictions, convolving the predicted Cls
with the associated bandpower window functions. For
further details regarding the treatment of cosmic shear
power spectra, see [96].
The covariance matrix of the estimated power spectra

was calculated analytically. Specifically, we calculate the
disconnected part of the “Gaussian” covariance using the
improved narrow kernel approximation, described in
[96,97], incorporating the impact of mode-coupling via
approximate pseudo-Cl-like methods. We include the non-
Gaussian contribution to the covariance matrix due to the
1-halo trispectrum [70], which is mostly relevant for the Xy
cross-correlation (which itself is dominated by the 1-halo
term of low-redshift clusters). Other non-Gaussian contri-
butions, particularly supersample covariance terms, were
found to be small for shear-y cross-correlations in [44], and
for shear-x-ray correlations in [51].
All maps used to estimate power spectra were con-

structed using the HEALPix
5 [98] pixelization scheme with a

resolution parameter Nside ¼ 1024, corresponding to ∼3.40
pixels. The choices made to construct these maps and their
masks are described for each individual dataset in
Sec. III. Power spectra were measured in l bins with
linear spacing of δl ¼ 30 for l < 240, and logarithmic

FIG. 1. Top: relative contribution from different halo masses to
the bias weighted average hbUi, which dominates the amplitude
of the power spectrum on large scales. Bottom: relative con-
tribution from different halo masses to the 1-halo power spec-
trum, which dominates the amplitude on small scales, at
k ¼ 1 Mpc−1. Results are shown at z ¼ 0 for the matter power
spectrum (dotted black), for the matter-pressure cross correlation
(dashed red), and for the correlation between matter and x-ray
emissivity (solid blue). On small-scales, where baryonic effects
are most relevant, cross-correlations between cosmic shear and
x-ray emission from hot gas traces almost the same mass scales
that the matter power spectrum is sensitive to.

3https://github.com/LSSTDESC/NaMaster
4Note that substantial progress has been made recently in the

analysis of discretely sampled fields [92,93]. Although we use a
pixel-based approach, this has been extensively validated for the
shear sample studied here (see, e.g., [22,94]). See also [95].

5http://healpix.sourceforge.net/
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bins with δ log10 l ¼ 0.055 in the range 240 < l < 3Nside.
In our analysis, we use scales with bin centers in the range
30 < l < 2000 (the exact scale cuts are discussed in
Sec. IV), resulting in 24 bandpowers per Cl.

III. DATA

A. DES

We use cosmic shear data from the 3-year data release of
the Dark Energy Survey [99] (DES-Y3). The DES [100] is
an imaging galaxy survey covering ∼5000 deg2 of the
southern sky. Observations were taken from the Cerro
Tololo International Observatory with the 4-meter Blanco
telescope. We use the publicly available 3-year cosmic
shear sample [101], containing more than 108 sources over
an effective area of 4143 deg2, for a number den-
sity n̄eff ¼ 5.6 arcmin−2.
These data were analyzed, as described in [22] and [51],

following closely the steps described in the official DES
analysis [94,101]. The sample was divided into four red-
shift bins, spanning the range of photometric redshifts
zph < 1.5. The official redshift distributions were used to
interpret the signal from each of these bins. The mean
ellipticity in each bin was subtracted from all sources, and
the resulting ellipticities were corrected for the mean
multiplicative bias estimated from the Metacalibration

response tensor. We then construct spin-2 shear maps by
binning the galaxy ellipticities onto pixels, using the
HEALPix pixelization scheme with resolution Nside ¼
1024 (corresponding to a pixel resolution of δθ ≃ 3.40).

B. ROSAT

We use x-ray data from the final data release of the
ROSAT All-Sky Survey (RASS) [102]. ROSAT observed
the full x-ray sky in the soft band (0.1 keV≲ ε≲ 2.0 keV),
with modest energy resolution (δε=ε ∼ 0.4). We make use
of data collected during the six-month all-sky survey phase
of the mission, until the main detector (PSPC-C) was
destroyed due to a pointing glitch. We use the photon
catalog as provided by the German Astrophysics Virtual
Observatory [103], selecting only photons in the observed
energy range ε̃o ∈ ½0.5; 2� keV. We also use the exposure
images available with the RASS release, reprojecting them
onto HEALPix pixelization to generate a full-sky exposure
map with the same resolution used for the cosmic shear
maps (Nside ¼ 1024). We then construct a photon count rate
map by binning all photons in the desired energy range onto
these pixels, and dividing by the exposure map and
associated pixel area. When interpreting the ROSAT data,
we account for the effective point-spread function of the
instrument, modeling it as a Gaussian with a full-width
half-max (FWHM) spread of 1.8 arcminutes [104].
We also use data from the Second RASS Point Source

Catalog (2RXS) [105] to quantify the impact of point
sources (predominantly x-ray AGN) in our measurements.

We select sources with fluxes above 0.02 photons per
second, masking all pixels containing such sources.6 In
addition to this, we mask out all regions of the sky with
exposures below 100s, and applied a Galactic mask that
removes areas of large Milky Way dust emission (see
details in [65]), to reduce potential contamination from
Galactic foregrounds.

C. Compton-y maps

We use maps of the Compton-y parameter constructed
from the multifrequency Planck maps. Our baseline y map
is the Planck 2015 full-sky map, generated using the
MILCA component separation technique [29]. MILCA
is a modified version of the internal linear combination
(ILC) technique, which extracts signals with a known
spectrum from optimally designed linear combinations of
multifrequency maps. The linear weights are often depen-
dent on angular scale and sky position. Details regarding
the specific implementation used can be found in [29]
and [106].
We compare the results found with this fiducial map

against two other public y maps. First, we use the map
constructed from the final Planck data release [107] (PR4)
using a needlet ILC (NILC) approach. The map exhibits
lower noise levels and a reduced level of contamination
from Galactic and extragalactic dust emission. To further
test for the potential impact of contamination from Galactic
and extragalactic foregrounds, we also employ the y maps
released by [61] from the PR4 dataset. In this case, various
versions of the y map were generated using a constrained
ILC method that deprojects contamination from other sky
components with known spectra. In particular, we employ
the y maps with no contaminant deprojection, as well as
those with CMB and CMBþ CIB deprojected.
To minimize contamination from Galactic foreground

and extragalactic point sources we construct a mask using
the Planck Galactic mask covering 60% of the sky, as well
as the point-source mask from [29,108].

IV. RESULTS

A. Power spectrum measurements

The top and bottom panels of Fig. 2 show the angular
cross-correlations of DES cosmic shear data with the
ROSAT x-ray maps and the Planck Compton-y map
cosmic shear, respectively. Results are shown for the four
different DES redshift bins. The different theoretical
predictions shown will be described in the next sections.
The data analysis pipeline used to construct these
measurements, including map construction for all probes,

6More in detail, we produce a point-source mask at high
resolution (Nside ¼ 2048), roughly matching the instrument PSF,
and then downgrade the resulting binary map to our base
resolution.
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FIG. 2. Angular cross-power spectra of the 4 DESY3 cosmic shear redshift bins with the ROSAT x-ray map (top panels) and the
Planck 2015 Compton-y map (bottom panels). We show theory predictions from the bestfit to CγX

l (blue), Cγy
l (orange) and their

combination (dashed green) where individual χ2 are listed in Table I. For visualization purpose, we used Dl ¼ lðlþ 1ÞCl=2π.

INSIGHTS ON GAS THERMODYNAMICS FROM THE … PHYS. REV. D 112, 043525 (2025)

043525-9



as well as power spectrum and covariance matrix esti-
mation, was developed as part of the Cosmotheka

7 package
[25]. All cross-correlations are detected at high signifi-
cance, with signal-to-noise (S=N) ratios above 10 for
each individual cross-correlation. Both cross-spectra
(γ × X and γ × y) are detected with comparable signifi-
cance (see Table I), with the Compton-y cross-correlation
achieving consistently higher S=N.
In addition to the cross-correlation with the shear E-

modes, we also measure the B-mode power spectra. The χ2

and associated probability-to-exceed (PTE) values of all
spectra are reported in Table I. The PTE values reported in
the table were computed assuming that the calculated χ2

follows a chi-squared distribution with a number of degrees
of freedom Ndof given by the number of data points. This is
appropriate, as the best-fit model used here is that found by
combining all the CγX

l and Cγy
l measurements, and not just

the individual power spectra listed in the table.
Nevertheless, reducing this Ndof by up to 3 (the total
number of free parameter in our baseline model) would not
change the qualitative conclusions drawn here. As
expected, the measurements are consistent with zero, with
all PTEs in the range >0.24. This confirms that no
systematics are present in the cosmic shear data that could
lead to a B-mode signal correlated with the large-scale
structure. It also serves as an indirect confirmation that our
covariance matrix is reasonable, since a significant under-
or over-estimate of the covariance would have led to PTE
values that are suspiciously close to 0 or 1, respectively.
Finally, we note that, as reported in [22], the same analysis
pipeline is able to recover the official DES cosmic shear
autocorrelations (and their covariance), presented in [94], at
high accuracy. We make these power spectrum measure-
ments publicly available.8

B. Constraints on gas thermodynamics from γX + γy

We model the gas distribution in halos following
Sec. II A, using the halo model to compute the predicted
angular power spectrum. To extract constraints on the
parameters of the model we use a Gaussian likelihood
for the data such that

logpðĈjθ⃗Þ ¼ −
1

2
½Ĉ −Cthðθ⃗Þ�⊤Σ−1½Ĉ −Cthðθ⃗Þ�; ð39Þ

where Ĉ is our data vector of measured power spectra,
Cthðθ⃗Þ is the theoretical prediction, dependent on param-
eters θ⃗, and Σ is the covariance matrix of these measure-
ments. We will consider data vectors constituted by
different combinations of the cross-correlations between
cosmic shear, x-ray, and y maps fCγX

l ; Cγy
l ; C

Xy
l g. Unless

stated otherwise, for every dataset we use multipoles from
l ¼ 30 to l ¼ 2073, corresponding to 24 multipole bins.
We discuss the stability of our results with respect to tSZ
scale cuts in Sec. IV B 4.
In the rest of this section we will present constraints on

the free parameters of the model. In the simplest scenario
these will include flog10Mc;Γ; αTg, but we will discuss the
ability of this model to simultaneously describe CγX

l and
Cγy
l , and the results obtained when extending the model to

include the impact of uncertainties in nonthermal gas
pressure and x-ray AGN contamination. In our analysis
we fix all cosmological parameters to the best-fit values
found by Planck [1].

1. Constraints on a minimal hydrodynamic model

We start by constraining a minimal hydrodynamic halo
model using CγX

l , Cγy
l , and the combination of both. In this

case, the model is that described in Sec. II A, with only
three free parameters: the halfway mass log10Mc, the
polytropic index Γ, and the deviation from virial temper-
ature parametrized by αT. As done in past analyses (e.g.,
[47]), we do not attempt to correct for the impact of AGN
contamination beyond masking the resolved point sources

TABLE I. Detection significance of the correlation between ROSAT x-ray maps or Planck tSZ maps with DES cosmic shear E-modes
expressed as a signal-to-noise ratio (SNR). The table also displays the consistency of the correlation measured from cosmic shear B-
modes with zero via a χ2 and the associated probability to exceed (PTE). We also show the χ2 for the best fit model to the γX þ γY data
vector. Note that, although the cross-correlation of the highest redshift bin with the tSZ map achieves a relatively large χ2, the
distribution of χ2 values for all cross-correlations listed in the table is compatible with a χ2 distribution with the same number of degrees
of freedom (see details in the main text).

DES × ROSAT DES × Planck tSZ

Bin E-mode SNR B-mode χ 2 Best-fit χ 2 (PTE) E-mode SNR B-mode χ 2 Best-fit χ 2 (PTE)

z1 10.0 14.6 (0.93) 19.9 (0.71) 11.1 22.4 (0.56) 23.5 (0.49)
z2 14.2 17.6 (0.82) 25.8 (0.36) 17.5 28.5 (0.24) 29.1 (0.22)
z3 18.3 23.1 (0.51) 22.8 (0.53) 22.4 16.0 (0.89) 27.6 (0.28)
z4 18.0 24.4 (0.44) 30.4 (0.17) 22.4 20.0 (0.70) 46.4 (0.004)

7https://github.com/Cosmotheka/Cosmotheka
8https://github.com/Cosmotheka/Cosmotheka_likelihoods/

tree/main/papers/syx
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from the 2RXS catalog. The two-dimensional marginalize
posterior distributions for this case are shown in Fig. 3.
Considering first the constraints found from γ × X alone

(blue contours), we see that, as found in [51], the x-ray
cross-correlation alone is in principle able to jointly
constrain log10Mc and Γ, which control the density and
scale dependence of the bound gas, but is only able to place
a weak lower bound on the temperature parameter αT. This
is not unexpected, given the relatively mild dependence of
the x-ray intensity on the plasma temperature. In contrast,
the strong degeneracy between temperature and density
makes it impossible for the tSZ cross-correlation alone
(orange contours) to constrain log10Mc and αT simulta-
neously, although the measurement is highly sensitive to a
particular combination of them. The degeneracy line is well
approximated by

ðαT − α0Þ
�
Mc

Mc;0

�
λ

≃ 1; ð40Þ

with log10Mc;0 ¼ 14.97, α0 ¼ 0.43, and λ ¼ −0.55, and
we find that the tSZ data alone can place constraints on this
particular combination at the level of a few percent

α̃T ≡ αT

�
α0 þ

�
Mc

Mc;0

�
−λ
�
−1

¼ 1.003� 0.043: ð41Þ

At the same time, the γy correlation is directly sensitive
to Γ through the scale dependence of the gas profile.
Quantitatively, we find the following constraints on Γ from
each individual probe:

Γ ¼ 1.218þ0.016
−0.011 ðCγX

l Þ;
Γ ¼ 1.147þ0.015

−0.013 ðCγy
l Þ:

These constraints are in tension at the ∼3.5σ level.
Furthermore, estimating the suspiciousness statistic
[109,110] of both datasets, we find them to be in tension
at the 2.8σ level.
This level of tension would seemingly make it impos-

sible to interpret both sets of cross correlations simulta-
neously within this model, even though doing so allows
us to break their individual parameter degeneracies.
Nevertheless, ignoring this tension for the moment (we
will return to it shortly), a joint analysis of bothCγX

l andCγy
l

leads to the following parameter constraints (shown as
green contours in Fig. 3):

log10Mc ¼ 14.66þ0.12
−0.19 ;

Γ ¼ 1.154þ0.015
−0.012 ;

αT ¼ 1.10þ0.11
−0.19 : ð42Þ

Interestingly, in spite of the tension between both datasets
within this model, the joint best fit parameters are able to
describe the joint dataset reasonably well. The best-fit chi-
squared statistic for the full data vector is χ2 ¼ 204.0=189,
corresponding to a PTE of 22%.9 The corresponding χ2

values for the individual power spectra, and their PTEs, are
listed in Table I. We obtain acceptable PTEs for all spectra
except the cross-correlation between the third cosmic shear
bin and the tSZ map. This PTE improves slightly when
using one of the alternative tSZ maps discussed in
Sec. IV B 4 (MC23—PTE ¼ 0.06). However, it is not
necessarily surprising to have a small number of anoma-
lously low PTEs out of a sample of several data vectors.
Quantitatively, a Kolmogorov-Smirnoff test comparing the
χ2 values listed in this table against a χ2 distribution with

FIG. 3. 2D marginalized posterior distributions for our minimal
hydrodynamic model, derived from the x-ray -shear correlation
(blue), from the tSZ-shear correlation (orange), and from their
combination (green). Angular power spectrum predictions from
best-fit models of these three data combinations are shown in
Fig. 2. Note that the constraint on αT from the shear-tSZ
correlation is fully driven by the prior bounds on log10ðMcÞ.
Combined constraints are pulled toward lower Γ values due to the
higher SNR of the tSZ-shear correlation, following the x-ray -
shear degeneracy line.

9Note that this PTE was estimated for a number of degrees of
freedom given by Ndof ¼ Ndata − Nparam, where Nparam ¼ 3 is the
number of free parameters in our baseline model. For models with
nonlinear parameter dependencies, as is the case here, some care
should be exercised when estimating the effective number of
parameters constrained by the data (see, e.g., [111]). However,
given the small number of parameters contained by our model,
our conclusions regarding the ability of the best-fit model to
describe the data is not affected by this.
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24 degrees of freedom yields a p-value of 0.24 (or 0.9 when
including both E- and B-mode power spectra).
The best-fit model predictions are shown as green lines

in Fig. 2. The figure also shows the best-fit predictions
found for each set of cross-correlations when analysing
them individually. Note that, in all cases, we obtain
reasonable best-fit PTEs, neither suspiciously low, nor
high. Hence the good χ2 achieved by the joint best fit
model, in spite of the parameter tension between both
datasets, is not driven by an overestimate of the statistical
uncertainties.
The next sections explore three different ways to

eliminate this tension and reconcile both datasets within
the same model.

2. AGN contamination

Emission from unresolved nonthermal sources, mostly
AGNs, acts as a significant contaminant to the x-ray
emission from diffuse IGM gas. In this section, we examine
the impact of this contamination on our constraints, explore
ways to account for it or mitigate it, and show that, doing
so, we are able to describe our two datasets within a single
model without tension.
The baseline results presented in the previous subsection

used x-ray maps from ROSAT after masking out the
brightest x-ray point sources from the RASS 2RXS source
catalog [105], using a flux cut of 0.02 photons=s. This
masking leads to an overall reduction in the amplitude of all
power spectra involving ROSAT (both in cross-correlation
with cosmic shear and tSZ, the latter of which we will
discuss in Sec. IV C) by between 10% and 20%. Note that
this is not necessarily representative of the pure impact of
contamination from the correlation of these sources with
the large-scale structure: many of these AGNs reside at the
center of massive haloes that also emit a significant amount
of bremsstrahlung radiation. Thus, masking these sources
also removes part of the signal we are trying to measure.
Both of these effects (the removal of genuine contamination
from AGNs and the undesired subtraction of part of the gas
signal) lead to a reduction in the amplitude of the x-ray
cross-correlations.
To quantify the impact of these effects, we repeat our

analysis using power spectra measured with no x-ray point
source masking. The result of this exercise is shown in
Fig. 4. When considering CγX

l alone, removing the point
source mask leads to a reduction in the inferred value of
both log10Mc and Γ. Lowering log10Mc leads to higher gas
densities in the less massive halos, while lowering Γ leads
to steeper profiles (and hence a larger density), and both
therefore enhance the x-ray signal. Nevertheless, as shown
in the figure, this shift is not sufficient to resolve the
apparent tension between both datasets.
In addition to the detected point sources we mask, the

majority of x-ray -emitting AGNs are unresolved [84],
and may constitute a significant contaminant to x-ray

cross-correlations. To quantify the impact of this unre-
solved component, we construct a theoretical estimate of
their contribution. We do so making use of the x-ray
luminosity function model [62], and following the pro-
cedure outlined in Sec. II B 3 and Appendix A. Since the
model used to generate this prediction has large uncertain-
ties (e.g., in the small-scale clustering of galaxies, or the
role of AGN obscuration in the soft band), we also attempt
to marginalize over them. Concretely, we model any cross-
correlation of the x-ray map with another tracer u as

CuX
l ¼ CuX;gas

l þ AAGNC
uX;AGN
l ; ð43Þ

where CuX;gas
l and CuX;AGN

l are the models for the gas and
unresolved AGN contributions, respectively (with the
former depending on the hydrodynamical parameters).
We predict the unresolved contribution to the cross-corre-
lation with shear and tSZ (CγX;AGN

l and CyX;AGN
l ) to be

around 20%, as shown in Fig. 10. The amplitude AAGN is a
free parameter that we marginalize over, assuming a
Gaussian prior with mean ĀAGN ¼ 1 (corresponding to
our predicted AGN contribution) and standard deviation
σðAAGNÞ ¼ 1. Effectively we thus allow the unresolved
AGN contribution to be 100% larger or smaller than our
expectation, within 1-σ.
The resulting constraints on log10Mc and Γ are shown in

the second panel of Fig. 5 for CγX
l (blue) and CγX

l þ Cγy
l

FIG. 4. 2D marginalized posterior distributions for CγX
l alone

and in combination with Cγy
l power spectra masking the brightest

AGN (dark blue, green) or without masking it (light blue, gray).
The impact of our choice of masking brightest AGN is not
significant enough to explain the discrepancy on the inferred
polytropic index Γ.
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(green). Accounting for the unresolved contribution, and
marginalizing over its uncertainties allows models with
larger log10Mc and, importantly, smaller Γ to describe the
γ-X correlation. This significantly increases the overlap in
parameter space between the individual γX and γy con-
straints, eliminating the tension between them altogether.
The additional freedom in the model leads to an increase in
posterior parameter uncertainties. Combining both datasets,
we obtain the following constraints on the hydrodynamic
parameters:

log10Mc ¼ 14.83þ0.16
−0.23 ;

Γ ¼ 1.144þ0.016
−0.013 ;

αT ¼ 1.30þ0.15
−0.28 :

These correspond to a ∼1σ increase in log10Mc, and a less
significant increase in αT from the constraints found with
our minimal model [Eq. (42)]. The value of Γ obtained is in
line with the value preferred by the tSZ cross-correlation.
Additionally, given the good agreement in parameter

space of γX, γy, and Xy constraints, one could further
improve the constraints on gas distribution and thermody-
namics including all spectra in the data vector. We report on
the marginalized posterior contours in Appendix B and find

log10Mc ¼ 14.69þ0.09
−0.10 ;

Γ ¼ 1.155� 0.008;

αT ¼ 1.13þ0.08
−0.10 ;

with a major improvement on the αT 68% errors, still
consistent with the virial relation.

3. Nonthermal pressure

Our minimal hydrodynamic model assumes the total gas
pressure to be dominated by thermal pressure, which allows
us to univocally relate the halo density and temperature
profiles (and, from them, predict the tSZ and x-ray signals).
Since the tSZ signal is significantly more sensitive to the
gas temperature, allowing for nonthermal pressure will
modify the region of parameter space favored by the γy
cross-correlations, potentially bringing it into better agree-
ment with the constraints derived from CγX

l . To explore this
possibility, we extend the minimal model by freeing the
nonthermal pressure parameter γT [see Eq. (19)], which
modifies the shape of the bound gas temperature profile.
We marginalize over this parameter imposing a Gaussian
prior N ð1.5; 0.2Þ, which allows us to match the shape and
amplitude of the nonthermal pressure contribution as
parametrized by [71], while accounting for the uncertainty
in the accuracy of this parametrization.

FIG. 5. 2D marginalized posterior distributions in the Γ −
log10ðMcÞ plane for different analysis settings and data combi-
nations. This figure highlights our most successful attempt at
reconciling parameter constraints from the cross correlations
studied in this article: marginalizing over AGN contamination in
x-ray data.
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The resulting constraints are shown in the third panel of
Fig. 5, with the results from CγX

l and CγX
l þ Cγy

l shown in
blue and green, respectively. Comparing to the results
found with our minimal model (shown in the first panel of
the same figure), we see that allowing for the presence of
nonthermal pressure produces an upward shift in the
preferred value of Γ, and a downward shift in Mc, thus
bringing the joint constraints into better agreement with the
values preferred by CγX

l . Specifically, the joint analysis of
CγX
l and Cγy

l leads to the following constraints

log10Mc ¼ 14.40þ0.12
−0.19 ;

Γ ¼ 1.178þ0.019
−0.016 ;

αT ¼ 1.29þ0.14
−0.18 :

4. Systematics in the Compton-y maps

The reconstruction of the thermal SZ signal from CMB
intensity maps is affected by foreground emission, domi-
nated by Galactic and extragalactic dust, as well as radio
point sources. To quantify the sensitivity of our constraints
to these sources of contamination, we carried out two tests.
First, we repeated our analysis for two alternative maps of

the Compton-y parameter, those released by [112] and [61]
(C23 and M23 hereon, respectively). These maps use
different releases of the Planck data (PR4, as opposed to
our fiducialmap, constructed from the official 2015 release),
and were constructed using different flavors of the “needlet
ILC” technique (NILC). The constraints in the ðlog10Mc;ΓÞ
plane found using these alternativemaps are shown in Fig. 5.
Focusing on the polytropic indexΓ, which is themain source
of tension as shown in Sec. IV B 1, we obtain the following
constraints from the joint analysis of CγX

l and Cγy
l :

Γ ¼ 1.166þ0.013
−0.011ðC23Þ;

Γ ¼ 1.182þ0.013
−0.011ðM23Þ;

in comparison with our constraint Γ ¼ 1.154þ0.015
−0.012 using

Planck ymap. In both cases we observe a shift toward larger
values of Γ, bringing the constraints into better agreement
with the CγX

l data.
Second, we repeat our analysis choosing a more

conservative scale cut in the Cγy
l correlation. Specifically,

we discard the largest angular scales, with average bin
center l < 200, where contamination from Galactic dust
could lead to a misestimation of the power spectrum
covariance, or even a bias in the measurement. As before,
we observe an upward shift in the preferred value of Γ,
finding Γ ¼ 1.210þ0.014

−0.012 , in better agreement with the value
preferred by CγX

l .
It is important to note that, in the three cases explored in

this section, this shift in Γ occurs along the same degen-
eracy line in the Γ − log10ðMcÞ for the CγX

l data that we

found in our minimal analysis. It is therefore difficult to
quantify whether this shift is significant or compatible with
a statistical fluctuation due to variations in the low-l power
spectrum. A visual inspection of the power spectra recov-
ered from C23 and M23 does not reveal any significant
systematic shifts with respect to our fiducial measurements.
Wewill explore the potential of systematics in the tSZ maps
as a solution to the tension found within our minimal model
by comparing their predictions against external data in the
next section.
Finally, as a further test for the potential of contamina-

tion in the ymap from extragalactic foregrounds, correlated
with the large-scale structure, we repeat our analysis using
the CIB-deprojected tSZ map made available by M23. We
find that this does not significantly impact our results
regarding the comparison with the model constraints
obtained from CγX

l , with a measured polytropic index
Γ ¼ 1.186þ0.015

−0.012 . The main effect is limited to a vertical
shift in the Mc − αT degeneracy measured from Cγy

l and
displayed in Fig. 3. The constraints on α̃T [see Eq. (41)]
from the CIB-deprojected map are

α̃T ¼ 0.888� 0.050; ð44Þ

corresponding to a −2.2σ shift with respect to 1.

C. Comparison with external datasets

Since the combination of CγX
l and Cγy

l allows us to
constrain all the free parameters of our minimal model, we
can explore the physical consistency of the derived con-
straints by comparing the predictions of this preferred
model against external datasets that we did not use to
constrain it.
First, we use measurements of the tSZ autocorrelation,

presented in [113], and obtained from the 2015 Planck tSZ
map. These measurements, marginalized over CMB fore-
ground contamination, are shown in Fig. 6. The figure also
shows the best-fit predictions for this observable obtained
from the combination of CγX

l and Cγy
l analyzed under the

minimal hydrodynamic model (green), as well as including
nonthermal pressure (pink), and marginalizing over the
AGN contamination (red). The predictions from all these
models are remarkably similar, and follow the measure-
ments reasonably well. We do not perform a quantitative
goodness-of-fit analysis, since we do not have access to the
full covariance matrix of these measurements. The figure
also shows the best-fit model obtained using a more
conservative large-scale cut for Cγy

l (l > 200, blue), which
also provides a reasonable fit to the data. In summary, the
model constraints obtained under our different analysis
choices all provide reasonable predictions for the tSZ
autocorrelation. Although not shown in the figure, it is
worth noting that the predictions obtained from the best-fit
model derived from the γy power spectrum alone also fit the
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Cyy
l measurements well. It is therefore not entirely surpris-

ing that all best-fit models derived from data combinations
that include this cross-correlation provide reasonable pre-
dictions for Cyy

l .
Second, we use measurements of the bias-weighted

mean pressure hbPei, obtained from the analysis of the
cross-correlation of tSZ maps with tomographic samples of
galaxies. Several groups have carried out measurements of
this quantity using different tSZ maps and galaxy surveys
[65,114–119]. Here we use the measurements of [65], using
the Planck 2015 Compton-y map and galaxies from the
2MPZ and WISE × SuperCOSMOS photometric surveys
[120,121], and those of [114], using tSZ maps constructed
from the combination of Planck and the South Pole
Telescope, and galaxies from the 3-year DES data release.
We show these measurements in Fig. 7. The theoretical
prediction for hbPei is given by Eq. (21), with our model
for the electron pressure profile replacing the generic halo
quantity U. The figure also shows the predictions derived
from the best-fit models obtained under different analysis
choices, in all cases usingCγX

l andCγy
l . The prediction from

the minimal hydrodynamic model seems to provide an
excellent fit to the data. The predictions from the extensions
including nonthermal pressure and residual AGN contami-
nation, as well as the prediction obtained using the M23
map, are remarkably similar to the minimal model pre-
diction. In contrast, the results using more conservative
scale cuts in Cγy

l lie more significantly above the measure-
ments, particularly at low redshifts. It is worth noting that
this comparison is a nontrivial test of the physical con-
sistency of our preferred models: while the autocorrelation
Cyy
l is dominated by the 1-halo term and is thus sensitive

mostly to very massive halos at z ∼ 0, the hbPei

measurements span a significantly larger range of redshifts
and halo masses. Nevertheless, as before, we find that the
predictions obtained with most of the different analysis
choices are also able to reproduce these measurements with
a reasonable level of accuracy (except perhaps in the case
of ly

min ¼ 200).
Finally, we compare the predictions obtained from our

different data combinations and analysis choices for the
cross-correlation between the x-ray and ymaps, CXy

l . In the
following we only focus on constraints from datasets which
do not include the Xy cross-correlation. We measure this
power spectrum directly from the data, and estimate its
covariance matrix, including its leading non-Gaussian
contributions, as described in Sec. II C. The measurements
and predictions are shown in Fig. 8. Since in this case we
have access to the full covariance matrix of these mea-
surements, we can estimate the χ2 and PTE of different
predictions, and these are reported in the figure. We find
that the minimal model obtained from the joint fit to CγX

l
and Cγy

l is able to provide a reasonable fit to the data, with a
PTE of 24.6%. Note that the connected 1-halo trispectrum
constitutes a large contribution to the total covariance
matrix of this power spectrum, since, as is the case for
Cyy
l , it is dominated by a few large clusters at low redshifts.

This means that the covariance matrix has large off-
diagonal elements that can make a visual comparison
between data and predictions misleading. This explains
the relatively good χ2 of the CγX

l þ Cγy
l prediction in spite

of the data showing correlated deviations with respect to it.
On the other hand, we find that the prediction obtained
using a more conservative scale cut in Cγy

l is not able to
describe the data well (PTE < 0.1%). Allowing for a
certain amount of nonthermal pressure in the modeling
or using the MC23 Compton-y map indeed allows for a

FIG. 7. Average bias weighted gas pressure as a function of
redshift measured in Refs. [65,114] along with theory predictions
from the parameter constraints shown in Fig. 5. All best-fit
models are able to provide a reasonable description for this
observable.

FIG. 6. Comparison of theory predictions obtained from
parameter constraints shown in Fig. 5 with a foreground and
cosmology marginalized measurement of the tSZ autospectrum
from [113]. Almost all best-fit models provide similar theory
predictions for this observable, which is therefore not very
informative for model selection.
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higher polytropic index from the shear-tSZ correlation, but
does provide a worse description of the CXy

l measurement
with PTE of 4.9% and 4.6% respectively. marginalizing
over AGN contamination turns out to be successful at

reconciling measurements of Γ from CγX
l and Cγy

l and also
predicts a CXy

l prediction in excellent agreement with the
data with a PTE of 77.9%.

D. Constraints on gas thermodynamics
from γy+Xy

Since we have access to the covariance of the CXy
l

measurements, and their cross-covariance with the two
other cross-correlations used in our main analysis, we can
also explore the ability of CXy

l to constrain our hydro-
dynamic model. In particular, it is interesting to explore the
possibility of replacing the CγX

l data with CXy
l , combining it

with Cγy
l . The impact of AGN contamination (the most

important systematic for x-ray cross-correlations) should be
different for these two datasets, since both tSZ and x-ray
maps are tracers of the hot gas, while cosmic shear maps the
full matter distribution within which both gas and AGNs
reside. By studying this data combinations, we will also be
able to quantify whether the different model extensions
explored in the previous section are fully able to alleviate
the model tension between different datasets. We thus
repeat our analysis using Cγy

l þ CXy
l to constrain the

parameters of the hydrodynamic model. When accounting
for AGN contamination, we follow the same procedure
used for CγX

l : in the fiducial analysis we limit ourselves to
masking the 2RXS sources, whereas in the case of AGN
marginalization, we estimate the contribution from resolved
and unresolved AGNs theoretically and marginalized over
its amplitude (the level of contamination expected in this
case is shown in the right panel of Fig. 10).
The constraints resulting from this data combination are

shown in Fig. 5 (red contours). We see that, in our minimal
analysis, the constraints obtained overlap with those from
the CγX

l þ Cγy
l , although they exhibit the same level of

tension with the parameter values favored by CγX
l . More

interestingly, the variations of our analysis that explore the
impact of systematics in the tSZ data (using more
conservative scale cuts for y and employing the M23
tSZ map) yield parameter constraints when using Cγy

l þ
CXy
l that still show tension with the constraints from CγX

l .
The presence of tSZ systematics on its own is therefore not
a satisfactory solution to the model discrepancy observed in
the minimal analysis. The inclusion of nonthermal pressure
in the model leads to constraints from Cγy

l þ CXy
l that are in

somewhat better agreement with those found for CγX
l and

CγX
l þ Cγy

l , although the tension between different datasets
does not appear to be completely resolved. Finally, the
second panel of this figure shows that the marginalization
over residual AGN contamination leads to model con-
straints that agree well with the regions of parameter space
favored by the other data combinations explored in this
analysis.

FIG. 8. Angular power spectrum measurement from x-ray and
tSZ data. We display this cross correlation using ROSAT x-ray
and Planck 2015 Compton-y map (top panel), using Planck PR4
MC23 maps (middle panel). We also display the correlation using
ROSAT x-ray and Planck 2015 marginalizing over AGN con-
tamination (bottom panel). We compare these measurements to
theory predictions from the different analysis settings from Fig. 5.
Note that the covariance of this power spectrum receives a major
contribution from the connected trispectrum, increasing the bin-
to-bin correlations. All predictions displayed in the figure are not
informed from the CXy

l measurement. For visualization purpose,
we used Dl ¼ lðlþ 1ÞCl=2π.
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In summary, the comparison of our results against
external data seems to suggest that the most likely avenues
to explain the internal tensions apparent in our minimal
hydrodynamic models are extending this model to include
two additional astrophysical effects: nonthermal pressure
support and contribution from unresolved AGNs. Both of
these effects are known to be present in the observables
studied here at some level, and they allow us to describe all
of them in a self-consistent manner.

V. CONCLUSION

We have presented a joint analysis of the cross-correla-
tions between cosmic shear data (from DES-Y3) and two
probes of the hot gas in the intergalactic medium: maps of
the x-ray intensity (from ROSAT), and of the Compton-y
parameter (fromPlanck). As probes of gas, these datasets are
sensitive to complementary properties of the distribution,
chemical composition, and thermodynamics of the gas.
Their combined analysis within a single, self-consistent
physical model should, in principle, break the main param-
eter degeneracies present in individual probes, and provide a
more complete picture of the physics of the cosmic baryon
component.
We have explored a particularly simple model for the hot

gas, depending on three free parameters. These are: the
halfway mass log10Mc, which controls the fractional
amount of gas bound in dark matter haloes, the polytropic
index Γ, which determines the concentration and scale
dependence of this gas, and αT , which parametrizes
deviations of the gas temperature from perfect virialization.
We have also extended this minimal model in two different
ways: we have accounted for the presence of nonthermal
pressure support (vital in connecting the density and
temperature of the gas), and included a model for the
contribution to the x-ray intensity from unresolved non-
thermal point sources, primarily AGNs.
We find that this minimal hydrodynamic model is able to

describe both cross-correlations well, and that the corre-
sponding best-fitting parameters are also able to predict a
number of external datasets that were not used in the
analysis (the tSZ autocorrelation, tomographic measure-
ments ot the bias-weighted mean gas pressure, and the
x-ray -tSZ cross-correlation). However, when studying the
regions of parameter space preferred by different data
combinations, we find tensions between CγX

l and Cγy
l ,

particularly in terms of Γ (even if this tension does not
prevent the joint best-fit from describing the data well). We
have explored various ways to alleviate this tension,
including the two extended models mentioned above, as
well as variations in the choices made in the analysis of the
Compton-y map. Based on their ability to predict the
external datasets, and in particular to provide consistent
constraints when including the tSZ-x-ray cross-correlation
(see second panel of Fig. 5), we find that the most
promising solutions to this tension are marginalizing over

residual AGN contamination and accounting for nonther-
mal pressure.
Although both of these effects are subdominant, affect-

ing the signal at the level of a few tens of percents, current
cross-correlation measurements are sensitive enough that
this can have a significant impact on the model constraints.
Future cross-correlation analyses involving high-SNR gas
probes will therefore need to rely on more sophisticated
models than the relatively simple one explored here. This
will be particularly important for any studies aiming to
analyse these probes in combination with cosmic shear
autocorrelations to deliver constraints on cosmological
parameters marginalized over a self-calibrated model for
baryons [23,44]. In this sense, the model presented here can
be improved along several angles:

(i) It will be important to study the impact of metallicity
gradients on the predicted x-ray signal [122]. A
significant deviation of the density-squared-weighted
average metallicity from the value assumed here (and
a potential dependence on halo properties) would
affect the amplitude and the small-scale dependence
of the x-ray cross-correlations and their interpretation
in terms of gas properties.

(ii) The model should include a more flexible para-
metrization for the small-scale clustering of AGNs,
beyond the simple bias scaling used here, and ideally
calibrated against simulations. This would allow for
a more robust marginalization over uncertainties in
the AGN contribution.

(iii) Our measurements are sensitive to scales straddling
the regimes dominated by the 1-halo and 2-halo
contributions to the matter power spectrum.
Although this transition occurs on significantly
smaller scales for tSZ (and likely also x-ray)
cross-correlations [45], our model will benefit from
including corrections to the usual under-estimation
of power in this transition regime within the halo
model. This could be achieved using a response
approach, as in [45], the prescription of [123],
emulator-based methods [124], or recent advances
to describe halo nonlinear bias [125,126].

We envisage including these improvements, and quantify-
ing the accuracy of the resulting model predictions against
hydrodynamical simulations in future work.
The constraints found on our hydrodynamic model can be

used to make predictions regarding the impact of baryonic
effects in cosmological weak lensing analyses. In short, the
main impact of baryonic physics in the small-scale matter
power spectrum is the ejection of gas fromdarkmatter haloes
due toAGN-drivenoutflows. The ejected gas, at significantly
lower density and temperature than the bound component,
effectively ceases to contribute to thematter clustering signal,
which results in a suppression in the matter power spectrum
on small scales (0.3 Mpc−1 ≲ k≲ 10 Mpc−1) [9,127,128].
The key parameter in this case is log10Mc, which determines
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the halo mass range over which feedback effects dominate.
To quantify the level of suppression predicted by our
constraints, we follow a procedure similar to that used by
HMCode [129]: we calculate the halo model prediction for
the matter power spectrum, scaling, in the 1-halo term, the
matter density profile by the factor fCDM þ fbðMÞ (thus
quantifying the impact of gasmass loss due to feedback), and
including the contribution from the central stellar compo-
nent. The baryonic suppression factor SðkÞ≡ PmðkÞ=
PDMOðkÞ is then calculated as the ratio of the power spectrum
computed using the bound fraction fbðMÞ given by our
measurement of log10Mc, and the one given by fb þ
fCDM ¼ 1 with no stellar contribution. We verified that
the suppression factor thus calculated is robust against the
detailed modeling of the 1-halo to 2-halo transition regime.
The result of this calculation is shown in Fig. 9. The

figure shows the suppression predicted by our constraints
on log10Mc using CγX

l ignoring the contribution from
unresolved AGNs, and using CγX

l and CγX
l þ Cγy

l margin-
alizing over this contribution. The main impact of AGN
contamination is allowing for lower values of log10Mc to
compensate for the fraction of the signal due to AGNs,
leading to a larger ejected fraction and therefore higher
baryonic suppression factors. The uncertainties in the
predicted suppression factor grow significantly after mar-
ginalizing over AGNs, although a similar level of precision
is then recovered when including Cγy

l . For comparison, the
figure also shows the baryonic suppression recovered by
the FLAMINGO hydrodynamical simulations for different

levels of feedback intensity [127]. The level of suppression
recovered by our constraints lies closer to that predicted by
the simulations with stronger AGN feedback. This is in
approximate qualitative agreement with the findings of
[23,130] based on kSZ observations, although the level of
suppression found in [23] on small scales (k > 1 hMpc−1)
appears to be significantly larger than our predictions. The
Figure also shows the constraints found from the combi-
nation of Cγy

l and CXy
l (i.e. ignoring the shear-x-ray cross-

correlation). Interestingly, the constraining power in this
case is comparable to that of CγX

l þ Cγy
l . Thus, the tSZ-x-

ray cross-correlation can serve as a useful alternative to CγX
l

in constraining baryonic effects, given the different impact
of AGN contamination on both cross-correlations. Finally,
we must also note the qualitative difference in the shapes of
the baryonic suppression factors predicted here and found
in simulations, likely a consequence of the relatively simple
HMCode-like prescription used here. A thorough valida-
tion of the relatively simple hydrodynamical model used
here is therefore necessary before quantitative conclusions
can be drawn from our constraints regarding the impact of
baryonic effects in the context of the ongoing S8 tension,
particularly in the context of recent results highlighting that
other sources of systematic uncertainty (e.g.,photometric
redshift calibration) could be behind it [131].
Software: We made extensive use of the NUMPY

[133,134], SCIPY [135], ASTROPY [136,137], HEALPY

[138], MATPLOTLIB [139] and GetDist [140] Python packages,
as well as the HEALPix package [98].
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APPENDIX A: AGN CONTRIBUTION

Consider a sample of x-ray sources with a luminosity
function dn=d log10 L, representing the comoving number
density of sources within a logarithmic luminosity interval,
where the luminosity L is defined in a particular rest-frame
energy band ϕrefðεÞ

L≡
Z

dεeϕrefðεeÞ
dEe

dtedεe
; ðA1Þ

where dEe=dtedεe is the energy spectrum of a given source.
For simplicity, we will assume that sources of a given type
(e.g., absorbed or unabsorbed AGN) have spectra with the
same energy dependence dEe=dtedεe ∝ fðεeÞ. The emis-
sivity (i.e., number of photons emitted per unit time,
volume, and energy interval) is therefore

jεjAGN ¼ ð1þ zÞ3
Z

dlog10 L
dn

dlog10L
1

εe

dEe

dtedεe
; ðA2Þ

where the prefactor ð1þ zÞ3 accounts for the fact that
dn=d log10 L is a comoving density.
Substituting this in Eq. (32), we obtain

CRAGNðn̂Þ ¼
Z

dχ
4π

�
A
ε

�
z
ρLðχn̂; zÞ; ðA3Þ

where we have defined the band-averaged detector area
over energy

FIG. 10. Left: cross-correlation between cosmic shear in the third DES redshift bin and x-rays from ROSAT. The figure shows our
measurements (black dots with error bars), together with the predicted contribution from IGM gas (blue) and AGN (dashed red). AGN
contribute to ∼20% of the signal within the model described in the text. Right: same results for the tSZ-x-ray cross-correlation.
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�
A
ε

�
z
≡

R
dεo ϕðεoÞAðεoÞ fðεoð1þzÞÞ

εoð1þzÞR
dεϕrefðεÞfðεÞ

; ðA4Þ

and the luminosity density ρL

ρL ≡
Z

dlog10L
dn

dlog10L
L: ðA5Þ

Note the different bandpasses used in the numerator and
denominator of Eq. (A4), corresponding to the instrumental
bandpass within which observations are made, ϕ, and the
one over which luminosities entering the luminosity func-
tion are defined ϕref . Separating the luminosity function
into its background mean value and the spatial fluctuations
due to inhomogeneities in the distribution of AGN, with
overdensity δs, we obtain Eq. (37).
We use the luminosity function measurements and

parametrization of [62]. Specifically, we use the flexible
double-power law (FDPL) parametrizations for absorbed
and unabsorbed AGN. Note that, in this case, the lumi-
nosity function is defined in the hard x-ray band
(ε∈ ½2 keV; 10 keV�), and thus AGN spectra must be
redshifted to the soft ROSAT band used here. We assume
a power-law spectrum for unabsorbed AGN, with a spectral
index Γε ¼ −1.9, and an absorbed spectrum that decreases
by a factor 10−2 at εe ¼ 2 keV (see Fig. 4 in [62]). Finally,
we must adopt a model for the clustering of AGN. Using
the results of [64], we assume a linear biasing relation
δs ¼ bAGNδM, with bAGN ¼ 1.
Figure 10 shows the AGN contribution to our measure-

ments of CγX
l and CXy

l from AGN, together with our data
and the predicted contribution from hot gas. Within this
model, AGN contamination is of the order of 15%–20% of
the signal. As discussed in the main text, the relative
simplicity of the model used, and existing uncertainties
regarding the clustering properties of unresolved x-ray
sources imply that the real level of contamination could be
substantially larger, depending on the redshifts and angular
scales explored.

APPENDIX B: JOINT CONSTRAINTS FROM CγX
l ,

Cγy
l , AND CXy

l

As pointed out in Sec. IV B 2, after marginalization over
AGN contamination, CγX

l , Cγy
l , and CXy

l measurements
provide consistent constraints on the hydrodynamical halo
model studied in this paper. In Fig. 11, we present joint
constraints from all three correlations (black solid line),
reducing parameter posterior errors with respect to our
baseline data combination (Cγy

l , C
γX
l ). The most significant

impact is on the parameter αT, with αT ¼ 1.13þ0.08
−0.10 ,

indicating no departure from the virial relation.
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Dark energy constraints from the thermal Sunyaev-
Zeldovich power spectrum, Mon. Not. R. Astron. Soc.
477, 4957 (2018).

[114] J. Sánchez et al. (DES Collaboration and SPT Collabo-
ration), Mapping gas around massive galaxies: cross-
correlation of DES Y3 galaxies and Compton-y maps
from SPTand Planck, Mon. Not. R. Astron. Soc. 522, 3163
(2023).

[115] V. Vikram, A. Lidz, and B. Jain, A measurement of the
galaxy group-thermal Sunyaev-Zel’dovich effect cross-
correlation function, Mon. Not. R. Astron. Soc. 467,
2315 (2017).

[116] S. Pandey et al. (DES Collaboration), Constraints on the
redshift evolution of astrophysical feedback with Sunyaev-
Zel’dovich effect cross-correlations, Phys. Rev. D 100,
063519 (2019).

[117] Y.-K. Chiang, R. Makiya, B. Ménard, and E. Komatsu, The
cosmic thermal history probed by Sunyaev-Zeldovich
effect tomography, Astrophys. J. 902, 56 (2020).

[118] Z. Yan, L. van Waerbeke, T. Tröster, A. H. Wright, D.
Alonso, M. Asgari, M. Bilicki, T. Erben, S. Gu, C.
Heymans, H. Hildebrandt, G. Hinshaw, N.
Koukoufilippas, A. Kannawadi, K. Kuijken, A. Mead,
and H. Shan, Probing galaxy bias and intergalactic gas
pressure with KiDS Galaxies-tSZ-CMB lensing cross-
correlations, Astron. Astrophys. 651, A76 (2021).

[119] A. Ibitoye, D. Tramonte, Y.-Z. Ma, and W.-M. Dai, Cross
Correlation between the thermal Sunyaev-Zel’dovich ef-
fect and projected galaxy density field, Astrophys. J. 935,
18 (2022).

[120] M. Bilicki, T. H. Jarrett, J. A. Peacock, M. E. Cluver, and
L. Steward, Two micron all sky survey photometric red-
shift catalog: A comprehensive three-dimensional census
of the whole sky, Astrophys. J. Suppl. Ser. 210, 9 (2014).

[121] M. Bilicki, J. A. Peacock, T. H. Jarrett, M. E. Cluver, N.
Maddox, M. J. I. Brown, E. N. Taylor, N. C. Hambly, A.
Solarz, B. W. Holwerda, I. Baldry, J. Loveday, A. Moffett,
A. M. Hopkins, S. P. Driver, M. Alpaslan, and J. Bland-
Hawthorn, WISE × SuperCOSMOS photometric redshift
catalog: 20 million galaxies over 3/pi steradians, As-
trophys. J. Suppl. Ser. 225, 5 (2016).

[122] S. De Grandi and S. Molendi, Metallicity gradients in x-ray
clusters of galaxies, Astrophys. J. 551, 153 (2001).

[123] A. J. Mead and L. Verde, Including beyond-linear halo bias
in halo models, Mon. Not. R. Astron. Soc. 503, 3095
(2021).

[124] T. Nishimichi, M. Takada, R. Takahashi, K. Osato, M.
Shirasaki, T. Oogi, H. Miyatake, M. Oguri, R. Murata, Y.
Kobayashi, and N. Yoshida, Dark quest. I. Fast and
accurate emulation of halo clustering statistics and its
application to galaxy clustering, Astrophys. J. 884, 29
(2019).

[125] C. Modi, S.-F. Chen, and M. White, Simulations and
symmetries, Mon. Not. R. Astron. Soc. 492, 5754 (2020).

[126] M. Zennaro, R. E. Angulo, M. Pellejero-Ibáñez, J. Stücker,
S. Contreras, and G. Aricò, The BACCO simulation
project: Biased tracers in real space, Mon. Not. R. Astron.
Soc. 524, 2407 (2023).

[127] M. Schaller, J. Schaye, R. Kugel, J. C. Broxterman, and
M. P. van Daalen, The FLAMINGO project: Baryon
effects on the matter power spectrum, Mon. Not. R.
Astron. Soc. 539, 1337 (2025).

ADRIEN LA POSTA et al. PHYS. REV. D 112, 043525 (2025)

043525-24

https://arXiv.org/abs/astro-ph/0510346
https://doi.org/10.1093/mnras/stab918
https://doi.org/10.1093/mnras/stab918
https://ui.adsabs.harvard.edu/abs/1999A%26A...349..389V/abstract
https://ui.adsabs.harvard.edu/abs/1999A%26A...349..389V/abstract
https://ui.adsabs.harvard.edu/abs/1999A%26A...349..389V/abstract
https://ui.adsabs.harvard.edu/abs/1999A%26A...349..389V/abstract
https://ui.adsabs.harvard.edu/abs/1999A%26A...349..389V/abstract
https://ui.adsabs.harvard.edu/abs/1999A%26A...349..389V/abstract
https://ui.adsabs.harvard.edu/abs/1999A%26A...349..389V/abstract
https://ui.adsabs.harvard.edu/abs/1999A%26A...349..389V/abstract
https://ui.adsabs.harvard.edu/abs/1999A%26A...349..389V/abstract
https://ui.adsabs.harvard.edu/abs/1999A%26A...349..389V/abstract
http://dc.zah.uni-heidelberg.de/tableinfo/rosat.photons#ti-citing
http://dc.zah.uni-heidelberg.de/tableinfo/rosat.photons#ti-citing
http://dc.zah.uni-heidelberg.de/tableinfo/rosat.photons#ti-citing
http://dc.zah.uni-heidelberg.de/tableinfo/rosat.photons#ti-citing
http://dc.zah.uni-heidelberg.de/tableinfo/rosat.photons#ti-citing
http://dc.zah.uni-heidelberg.de/tableinfo/rosat.photons#ti-citing
https://doi.org/10.1086/304399
https://doi.org/10.1051/0004-6361/201525648
https://doi.org/10.1051/0004-6361/201525648
https://doi.org/10.1051/0004-6361/201321891
https://doi.org/10.1051/0004-6361/202038073
https://doi.org/10.1051/0004-6361/201321524
https://doi.org/10.1093/mnras/staa1836
https://doi.org/10.1093/mnras/staa1836
https://doi.org/10.1103/PhysRevD.103.063529
https://doi.org/10.1103/PhysRevD.103.063529
https://doi.org/10.1051/0004-6361/202038831
https://doi.org/10.1051/0004-6361/202038831
https://doi.org/10.1093/mnras/stad3156
https://doi.org/10.1093/mnras/stad3156
https://doi.org/10.1093/mnras/sty823
https://doi.org/10.1093/mnras/sty823
https://doi.org/10.1093/mnras/stad1167
https://doi.org/10.1093/mnras/stad1167
https://doi.org/10.1093/mnras/stw3311
https://doi.org/10.1093/mnras/stw3311
https://doi.org/10.1103/PhysRevD.100.063519
https://doi.org/10.1103/PhysRevD.100.063519
https://doi.org/10.3847/1538-4357/abb403
https://doi.org/10.1051/0004-6361/202140568
https://doi.org/10.3847/1538-4357/ac7b8c
https://doi.org/10.3847/1538-4357/ac7b8c
https://doi.org/10.1088/0067-0049/210/1/9
https://doi.org/10.3847/0067-0049/225/1/5
https://doi.org/10.3847/0067-0049/225/1/5
https://doi.org/10.1086/320098
https://doi.org/10.1093/mnras/stab748
https://doi.org/10.1093/mnras/stab748
https://doi.org/10.3847/1538-4357/ab3719
https://doi.org/10.3847/1538-4357/ab3719
https://doi.org/10.1093/mnras/staa251
https://doi.org/10.1093/mnras/stad2008
https://doi.org/10.1093/mnras/stad2008
https://doi.org/10.1093/mnras/staf569
https://doi.org/10.1093/mnras/staf569


[128] J. Salcido, I. G. McCarthy, J. Kwan, A. Upadhye, and A. S.
Font, SP(k)—a hydrodynamical simulation-basedmodel for
the impact of baryon physics on the non-linear matter power
spectrum, Mon. Not. R. Astron. Soc. 523, 2247 (2023).

[129] A. J. Mead, S. Brieden, T. Tröster, and C. Heymans,
HMCODE-2020: Improved modelling of non-linear cos-
mological power spectra with baryonic feedback, Mon.
Not. R. Astron. Soc. 502, 1401 (2021).

[130] I. G. McCarthy, A. Amon, J. Schaye, E. Schaan, R. E.
Angulo, J. Salcido, M. Schaller, L. Bigwood, W. Elbers, R.
Kugel, J. C. Helly, V. J. Forouhar Moreno, C. S. Frenk,
R. J. McGibbon, L. Ondaro-Mallea, and M. P. van Daalen,
FLAMINGO: Combining kinetic SZ effect and galaxy–
galaxy lensing measurements to gauge the impact of
feedback on large-scale structure, Mon. Not. R. Astron.
Soc. 540, 143 (2025).

[131] A. H. Wright et al., KiDS-Legacy: Cosmological con-
straints from cosmic shear with the complete Kilo-Degree
Survey, arXiv:2503.19441.

[132] J. Schaye, R. Kugel, M. Schaller, J. C. Helly, J.
Braspenning, W. Elbers, I. G. McCarthy, M. P. van
Daalen, B. Vandenbroucke, C. S. Frenk, J. Kwan, J.
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