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ABSTRACT

Statistical properties of large-scale cosmological structures serve as powerful tools for constraining the cosmological properties of
our Universe. Tracing the gas pressure, the thermal Sunyaev-Zel’dovich (tSZ) effect is a biased probe of mass distribution and, hence,
can be used to test the physics of feedback or cosmological models. Therefore, it is crucial to develop robust modelling of hot gas
pressure for applications to tSZ surveys. Since gas collapses into bound structures, it is expected that most of the tSZ signal is within
halos produced by cosmic accretion shocks. Hence, simple empirical halo models can be used to predict the tSZ power spectra. In
this study, we employed the HMx halo model to compare the tSZ power spectra with those of several hydrodynamical simulations:
the Horizon suite and the Magneticum simulation. We examine various contributions to the tSZ power spectrum across different
redshifts, including the one- and two-halo term decomposition, the amount of bound gas, the importance of different masses, and the
electron pressure profiles. Our comparison of the tSZ power spectrum reveals discrepancies between the halo model and cosmological
simulations that increase with redshift. We find a 20% to 50% difference between the measured and predicted tSZ angular power
spectrum over the multipole range £ = 103—10*. Our analysis reveals that these differences are driven by the excess of power in the
predicted two-halo term at low k and in the one-halo term at high k. At higher redshifts (z ~ 3), simulations indicate that more power
comes from outside the virial radius than from inside, suggesting a limitation in the applicability of the halo model. We also observe
differences in the pressure profiles, despite the fair level of agreement on the tSZ power spectrum at low redshift with the default
calibration of the halo model. In conclusion, our study suggests that the properties of the halo model need to be carefully controlled
against real or mock data to be proven useful for cosmological purposes.
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1. Introduction

The thermal Sunyaev-Zel’dovich (tSZ) effect (Sunyaev
& Zeldovich 1970) arises when cosmic microwave background
(CMB) photons are inverse Compton scattered by hot electrons,
which leads to an energy shift of the CMB photons. The tSZ
effect thus manifests as a distortion of the CMB black-body
spectrum. By measuring this distortion, it is possible to infer
astrophysical properties of the hot gas in galaxy clusters, and, in
particular, their pressure on which the tSZ signals scale, as well
as cosmological information.

It is possible to observe this effect on wide fields to cre-
ate tSZ maps with Planck (Planck Collaboration XXII 2016)
and the South Pole Telescope (SPT) (Bleem et al. 2022), for
example, or on individual galaxy clusters, as done by Planck
(Planck Collaboration XXIX 2014), Atacama Cosmology Tele-
scope (ACT) (Menanteau et al. 2010), and SPT (Plagge et al.
2010) for example and will be studied with the New IRAM Kids
Arrays (NIKA2) ground-based telescope (Perotto et al. 2023).
As tSZ data become better resolved (with reduced levels of noise
and systematics), it is important to have a robust modelisation
because it is a foreground for the CMB but also a probe of the
distribution of the baryonic matter which can help us to obtain
better astrophysical and cosmological constraints. On the cos-
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mological side, the amplitude of the tSZ is extremely sensitive
to og (e.g. Komatsu & Kitayama 1999; Refregier et al. 2000;
Seljak et al. 2001; Komatsu & Seljak 2002; McCarthy et al.
2014; Bolliet et al. 2018). It can also be used to study early dark
energy model (e.g. Sadeh et al. 2007; Waizmann & Bartelmann
2009). On the other hand, the tSZ is sensitive to astrophysics
phenomena such as active galactic nuclei (AGN) feedback that
redistributes mass and modifies the pressure of the hot plasma in
massive halos (e.g. McCarthy et al. 2014, 2023; Le Brun et al.
2015; Spacek et al. 2018; Lee et al. 2022; Moser et al. 2022;
Pandey et al. 2023).

To be able to extract even more information, the tSZ has been
used in correlation with other probes. Many combined cross-
correlation analyses have been performed, for example, the cor-
relation between the tSZ signal and the weak lensing signal has
been widely used to constrain cosmological parameters and nui-
sance parameters (e.g. Van Waerbeke et al. 2014; Ma et al. 2015;
Osato et al. 2020; Troster et al. 2022). More recently, Fang et al.
(2024) developed a joint halo model to correlate tSZ, weak lens-
ing, CMB lensing, and galaxy density (in total ten different
two-point functions) to obtain even tighter constraints jointly on
cosmological parameters and astrophysical parameters. Incorpo-
rating the tSZ probe is beneficial due to its sensitivity to baryonic
physics. From this paper, one can note that, by including cross-
correlations with additional tracers, the figure-of-merit can be
improved by a factor of two and reduced notably the fraction
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of sky needed. By adding stronger priors on the halo model, in
particular on the parameters required to model the tSZ pressure
profile, one can gain even more on the figure-of-merit, which
emphasizes the need for more robust tSZ models.

Originally, the tSZ power spectrum was modelled through
the Press-Schechter formalism (e.g. Komatsu & Kitayama 1999;
Refregier et al. 2000; Seljak et al. 2001). First studies with this
formalism only account for correlation within clusters (known
as the one-halo term) and Komatsu & Kitayama (1999) added
for the first time the contribution of the correlation among clus-
ters (known as the two-halo term). To improve the prediction,
the Press-Schechter formalism is replaced by a halo model that
depends mostly on the distribution of halos, halo bias, and
electron pressure profile. Refregier & Teyssier (2002) made the
first comparison between the tSZ power spectrum obtained with
such a model and measurement in simulation. Once the limita-
tions of the simulation were taken into account, the prediction
from the halo model was in good agreement with the simula-
tion. Many works continue to model the tSZ power spectrum
with different parametric choices in a halo model framework to
improve the agreement of the model with improved simulations
and measurement. For cosmological analysis, one of the most
used halo model is HMx, developed by Mead et al. (2020) (e.g.
in Troster et al. 2022). It is also possible to study the tSZ with
non-parametric modelisation with machine learning techniques
as done with the camels simulations (Moser et al. 2022) or with
the the three hundred project (Ferragamo et al. 2023) for
example.

For this work, we focused on and used the HMx halo model
developed by Mead et al. (2020). This halo model was calibrated
on the BAHAMAS simulation (McCarthy et al. 2017, see a small
description of the simulation in Sect. 3.5 of this paper) at the
level of the response power spectrum, and we used the model
calibrated for the matter-pressure power spectrum. We explored
how the predictions and components of this model compare
with the Horizon suite (Dubois et al. 2014, 2016) and the
Magneticum (Dolag et al. 2016) simulation. This study allowed
us to extract the tSZ signal of the simulations to gauge the uncer-
tainties associated with subgrid modelling. We also explored the
importance of different mass bins and redshift ranges, to under-
stand better where the modelisation needs to be improved, in
particular for the correlation between CMB lensing and tSZ sig-
nal of clusters.

This paper is organised as follows: in Sect. 2 we describe
the HMx halo model. We continue with a description of the
Horizon suite and Magneticum simulation in Sect. 3. In Sect. 4
we present the results of the comparison of the power spectrum
and angular power spectrum. In Sect. 5 we discuss the different
properties that can impact the difference between prediction and
measurement. Finally, we draw our conclusions in Sect. 6.

2. Halo model framework

We recall in the following the main assumptions and properties
of a classical halo model and then describe the specifics of HMx.

2.1. Halo model

A halo model assumes that all matter in the universe is parti-
tioned into spherical and symmetrical halos of different masses
and sizes. Depending on the scale of interest, the statistical prop-
erties of the matter distribution will depend on the overall distri-
bution of halos in the universe (large scale) or on the distribution
of matter within a given halo, integrated over the distribution of
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halo sizes and masses (small scale). Such a model relies on a
limited number of components, including the properties of the
matter distribution at large scales in the linear regime (given by
the cosmological model), the distribution of halo mass (or halo
mass function) n(M), the halo bias b(M), and the halo profile.
These components must be modelled and can be calibrated using
simulations or data. Starting from this main idea, it is possible to
extend this formalism to other tracers of large-scale structures,
provided that the halo properties as seen by those tracers and
their correlations with the matter distribution are known.

In this context, the power spectra of the different tracers of
the large-scale structure (LSS) are often separated into their one-
halo (probing the intra-halo statistical properties of the tracer,
typically at small scales) and two-halo parts (probing the dis-
tribution of halos, often at large scales) P, (k) = Pigu(k) +
Ponuw(k), where u and v are two three-dimensional (3D) fields.

In detail, the one- and two-halo power spectrum of a given
tracer of the LSS follow

mmmifmm@Wmewm (1)
0
meﬁmMJH£MMWMmeL @)

where Py, is the linear matter power spectrum and the Fourier
transform of the field u is

sin(k7)

;,\

W (M, k) = f 4rp? 0.(M, #)d#, ?3)
0

with 6,(M, 7) the averaged radial profile for the field «, function

of mass M and comoving radius 7.

While the matter, pressure, and matter-pressure 3D power
spectra can be measured in simulations and are required to com-
pute the correlation of tSZ with other LSS tracers, they are usu-
ally not directly observable. What can be measured easily in
microwave sky maps are angular power spectra C,,(£) which are
projected along the line of sight. From the 3D power spectra, one
can compute the angular power spectrum C,,(£)

QMFJW&@&@hﬂmﬂmM @)
0

RG]
where ¢ is the multipole moment, 7y the Hubble radius, fi(7)
the comoving angular-diameter distance (for a flat universe we
thus have fi(7) = 7), z(7) is the redshift at comoving distance 7,
and k(7) = (€ + 1/2)/ fi(?). For the Compton-y parameter, the
projection kernel X, is:

gT 1

X,(P) = e 25’ (5)

where a is the expansion factor, ot is the Thompson scattering
cross-section, m, is the electron mass, and c is the speed of light.

2.2. HMx parametrisation

We recall in the following the details of one of the main
approaches used to approximate the power spectrum of differ-
ent tracers of large-scale structures: the HMx model (Mead et al.
2020). This semi-analytical model was built upon the classi-
cal halo model and included additional degrees of freedom that
were fit to a suite of hydrodynamical simulations (the BAHAMAS
simulation McCarthy et al. 2017). The HMx model predicts the
(cross-) power spectra of different tracers, including tSZ, within
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a single framework and includes physics-inspired parameters
that are common to some of the different tracers. This approach
is particularly useful when analysing a large number of tracers
simultaneously in the context of cosmological surveys, as we
demonstrate in Fang et al. (2024).

Different halo models for different observables and assum-
ing different hypotheses have been developed over the years (e.g.
Maniyar et al. 2021; Bolliet et al. 2023). Each of them proposes
different modelling for the components described above and dif-
ferent ways to calibrate the parameters of those models. The HMx
(Mead et al. 2020) variant of these models is one of the most
widely used for cosmological data analysis (e.g. for weak lens-
ing analysis such as in Troster et al. 2022). It further features
several interesting features that make it particularly suitable as a
base for comparison with simulations, as we will do here. HMx
already implements several probes of the LSS which makes it
particularly useful in the context of probes cross-correlations.
Its implementation is also very modular, allowing for relatively
easy modifications of the different model components, as well
as change in ranges of integration, a feature that will be key to
our comparisons, as we will discuss below. Finally, a specificity
of this model is that all the parameters of the different approx-
imations used to describe the halo properties are fitted simulta-
neously against the BAHAMAS simulation power spectra (see the
end of this subsection or in Mead et al. 2020, for more details).
This is a different approach from one where each component
and parameter of the model are fitted separately against data or
simulations (for example, fitting the parameters of the halo pro-
file against stacked halo profiles measured in simulations). This
simultaneous fitting ensures the fidelity of the power spectra pre-
diction, but it may come at the expense of the physical meaning
of the parameters and their values. This can be an issue if one
wants to improve the model by obtaining stronger and physically
inspired priors on those parameters from data or simulations. For
all of those reasons, we decided to retain HMx as our reference
halo model in this work.

The mass function n(M) adopted in HMx is the one from
Sheth & Tormen (1999). The halo bias function was then derived
from this mass function using the peak-background split formal-
ism (Mo & White 1996; Sheth et al. 2001). In the case of tSZ,
the field u is the electron pressure, defined as

pbnd(M, r)

pHe

P.(M,r) = kpTo(M, 1), ©6)

where m;,, is the proton mass, u. is the mean gas-particle mass
per electron divided by the proton mass, kg is the Boltzmann
constant, and pyyq is the halo bound gas density and represents
the gas which is inside the proper virial radius r,, defined as

In(1 + r/r) ]

r/rs

pond [ , ™)

where I’ is the polytropic index for the gas, and ry is the halo
scale radius parameter, specified via the concentration relation
oM = 1y/rs

The virial mass M, was defined as where the total mean mat-
ter density in the halo within the (proper) virial radius ry is Ay
(the virial-collapse density contrast) times the critical density:

Vi¥/g
M, = —riApc(2),

3 ®)

where p.(z) = 3H(z)*/(8nG) is the critical density of the Uni-
verse at redshift z, G is the gravitational constant, H(z) is the

Hubble expansion factor, and where A, comes from the ACDM
fitting function of Bryan & Norman (1998). This was the same
definition of virial mass as in Mead et al. (2020), but we cau-
tion that their masses were measured in dark matter-only simula-
tion whereas we used the one of the hydrodynamical simulations
directly.

The gas ejected outside the virial radius by feedback pro-
cesses did not contribute to the one-halo term. The formalism
assumed that the gas was associated with the initial density of the
associated halo but can now be far from it. It was however taken
into account by adding it back to the two-halo term only, fol-
lowing the treatment done by Fedeli (2014) and Debackere et al.
(2020). For more details about the treatment of the ejected gas,
we refer the reader to Mead et al. (2020). The model further
assumed that all the gas is ionized, and for the bound gas, the
Komatsu & Seljak (2001) profile was used to determine the gas
temperature T'g:

In(1 + r/rg)
1+r/rs

Ty(M.,r) =Ty (M) , ©))

which assumes hydrostatic equilibrium. The virial temperature
T, was defined as:

GMmppu,

%kBTV(M) =a (10)

v

where p, is the mean gas-particle mass divided by the proton
mass, « encapsulates deviations from a virial relation and thus
acts as a hydrostatic bias (here we have @ = 0.8471).

Such model particularly enhances the contribution of high-
mass halos to the tSZ power spectrum, while low-mass halos are
deficient in gas. Moreover, the amplitude of the one- and two-
halo terms are more sensitive to high-mass halos, as the Fourier
transform of the pressure profile W,(M,k — 0) is proportional
to M>/3. In comparison, the Fourier transform of the matter field
Wn(M,k — 0) scales as M. This can be explained by the fact
that the electron pressure follows the gas density but emanates
only from the highest gas-density peaks because the temperature
is higher, thus boosting the electron pressure.

For more details about the definition of the concentration
relation, the fraction of bound gas, or other model’s components,
we refer the reader to Mead et al. (2020). The default and best-
fit values of the parameters of the model, that were fitted against
the BAHAMAS simulations (McCarthy et al. 2017), can be found
in Tables 1 and 2 of Mead et al. (2020), respectively.

In detail, the fits were performed on the BAHAMAS simula-
tion 3D power spectrum response between z = 0 and 1 and for
k between 0.015 and 7 h~! Mpc for stars, matter, matter & elec-
tron pressure, or matter, cold dark matter (CDM), gas & stars
jointly. The fits covered four different cosmological models. In
the case of tSZ, the parameters were fitted on the matter-electron
pressure cross-power spectrum only and used as is for the pre-
dictions of the electron pressure auto-spectrum. The Mead et al.
(2020) paper argues that this approach provides the lowest error
on the pressure auto-power spectrum as the pressure auto-power
spectrum is difficult to fit because of its high Poisson noise. The
relative difference between the BAHAMAS simulation and predic-
tion, averaged linearly over z between 0 and 1 and logarithmi-
cally over k between 0.015 and 7 hMpc™', is of 2% for the mat-
ter auto-power spectrum, 15% for the matter-pressure, 25% for
the pressure auto-power spectrum. As can be seen, the prediction
has a relatively low fidelity for the pressure auto-spectrum. Sev-
eral reasons can explain this fact. The halo model makes several
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strong hypotheses, such as halos trace the underlying linear mat-
ter distribution with a linear halo bias, halo profiles are perfectly
spherical with no substructure and no scatter at fixed mass, and
there is nothing to prevent halos from overlapping. While these
hypotheses provide a reasonable approximation of the physics at
play in the case of the matter distribution, explaining the good
precision in the case of the matter power spectrum and fair in
the case of the cross-spectrum, they are not necessarily correct
for the electron pressure distribution. Furthermore, the tSZ sen-
sitivity to high-mass clusters also limits the predictive power for
different reasons. First, because of the limited size of the simu-
lations, calibration for high-mass clusters can be imperfect. Sec-
ond, the mass scaling parametrisation must extrapolate from halo
masses probed by the matter-pressure power spectrum to those
probed by the pressure auto-power spectrum, which involves
highest masses.

The relatively low fidelity of the model for the electron pres-
sure auto-spectrum, the fact that the parameters lose some of
their physical meaning since they were fitted to reproduce the
simulation power spectra and the risk of over-fitting the model
to a particular simulation and its limitations are all excellent
arguments to revisit the HMx predictions and compare them with
other simulation suites. In this work, we used the Horizon
and Magneticum simulations. Similar to the approach taken by
Mead et al. (2020), we also focused on the matter-pressure cross-
spectra, which is the best predicted observable of HMx model we
are using.

2.3. Angular power spectrum prediction

In the rest of this article, we compared the model predictions
with measurements in the simulations. However, it is not use-
ful to discuss differences occurring at redshifts that do not con-
tribute significantly to the angular power spectra. For example,
Komatsu & Seljak (2002) showed that the contribution of clus-
ters at z > 10 is negligible to the pressure angular power spec-
trum. We used the predictions from HMx to address this question.
The pressure angular power spectrum obtained using different
redshift ranges of integration is shown on the left panel of Fig. 1,
where we look at the angular power spectrum when integrating
up to different redshifts. We can note that integration up to z = 3
or z = 4 captures more than 97% of the power for £ between 10
and 10*. Limiting ourselves to z = 2 will only lead to a dramatic
loss of ~17% of validity after £ = 4x 103. We have also looked at
the contribution coming from the one-halo term when integrating
up to a given z for different £. Except when z is sufficiently small
and ¢ large, corresponding to the interior of halos, more than
90% of the angular power spectrum comes from the one-halo
term. This behaviour can be due to the change of slope in the
pressure profiles of halos, or to the fact that the contrast of pres-
sure is smaller on the inner part of halos. These two conclusions
imply that the modelisation of the electron pressure profiles up
to z = 4 will impact our results and need to be well understood.
In the previous section, we noted that the power spectra are
dominated by high-mass clusters. However, depending on the
simulation characteristics, the number of such high-mass objects
in our simulations will be limited, which we need to take into
account when comparing the model predictions with the simu-
lations. As a first step in investigating the impact of high-mass
objects, we show in the right panel of Fig. 1 the contribution of
the different halo masses to the power spectra, as we vary the
maximum mass considered in HMx (see also, e.g. Refregier et al.
2000; Battaglia et al. 2012). Our reference here is the default
maximum mass used in HMx: M. = 107 7~' M. We can note
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that the different ¢ are not affected in the same way; this choice of
maximal mass impacts the most the values of £ = 50—60. We can
see that integrating up to My, = 10'° 4~! M, makes almost no
differences. Using Gumbel statistics, Davis et al. (2011) found
that it is very unlikely to have dark matter halos with M >
10'® 4~! My, within a volume of 1/4~' Gpc, we can extrapolate
that it is also the case within the observable Universe. The pre-
diction still changes a bit because the halo mass function pre-
dicts that it is possible to have such halos, but for analysis
with real data, we will probably never use this maximal mass
(Holz & Perlmutter 2012). If we are integrating up to My =
2x10 17! M, instead of My = 4% 10" h~! M, we loose max-
imum 20% of the signal instead of a few percent. This implies
that the masses of a few 10'> 4~! M, must be well-modelled in
our prescription.

3. Simulations

To pursue this analysis, we are interested in the comparison of
the HMx prediction with measurement in different simulations.
‘We thus used four simulations: Horizon-AGN, Horizon-noAGN,
Horizon-Large, and Magneticum and we recall their main
characteristics in this section. This allowed us to compare pre-
diction and measurement with simulations containing different
physics and implementation schemes but also to analyse for
the first time the tSZ signal in the Horizon simulations. We
also recall the main characteristics of the BAHAMAS simulation
because they are the ones used to calibrate HMx, but we are not
analysing them within this paper.

3.1. Horizon-AGN

The Horizon-AGN simulation (Dubois et al. 2014) is a cos-
mological hydrodynamical simulation of 100/4~! Mpc comov-
ing volume, with 1024 dark matter particles, leading to a
resolution of Mpyres = 8.3 X 10" My. The simulation uses
the adaptive mesh refinement code RAMSES (Teyssier 2002)
that can refine up to a minimum cell size of Ax =~ 1kpc
(comoving). The cosmology is a standard ACDM cosmol-
ogy compatible with WMAP-7 (Komatsu et al. 2011) with
{Qm, Qa, 05, Qp,nt = {0.272,0.728,0.81,0.045,0.967} and
Hy = 70.4kms~! Mpc~'. Multiple redshifts between z = 0.018
and z = 38.3 are available, allowing us to perform redshift
space analysis. In the following, we focus our study on red-
shifts between O and 5. More details about the physics and
refinement scheme are available in Dubois et al. (2014), but we
summarise here the main aspects. The simulation includes gas
cooling (Sutherland & Dopita 1993), and a uniform UV back-
ground (Haardt & Madau 1996) with redshift of reionisation
zr = 10. It follows star formation using a Schmidt law with 2%
star formation efficiency and the associated feedback from stellar
winds, type Il and type Ia supernovae (Dubois & Teyssier 2008),
as well as feedback from active galactic nuclei (AGN) powered
by Bondi-Hoyle-Lyttleton accretion limited at Eddington with
jet/radio or heating/quasar mode depending on the accretion rate
relative to Eddington (Dubois et al. 2012).

3.2. Horizon-noAGN

The Horizon-noAGN simulation (Dubois et al. 2016) has the
same initial conditions, sub-grid modelling, and cosmology as
the Horizon-AGN simulation, only the physics is different. This
simulation contains no black hole formation and therefore no
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Fig. 1. Predicted pressure angular power spectrum when integrating up to different redshifts in different colours (on the left) or between z = 0.02
and z = 10 for different maximal mass in different colours (on the right) as a function of the angular scale ¢.

AGN feedback. This leads to a significant overshoot of the bary-
onic mass content in galaxy groups and clusters, and in partic-
ular of their gas fraction, at the high-mass end (Beckmann et al.
2017; Chisari et al. 2018).

3.3. Magneticum

The Magneticum suite of simulations (Dolag et al. 2016) are
cosmological hydrodynamical simulations with different box
sizes and cosmologies. In this work we use the medium resolu-
tion Boxla simulation of 896 4! Mpc comoving volume, with
15123 dark matter and (initial) gas particle masses of 1.3 x
10" h=! M, and 2.6 x 10° h~! M, respectively. For analysing
the properties of lower mass halos (see Section 5.2), we use
Box2 which has a smaller volume of 352/~ Mpc comoving
volume but a better mass resolution of 6.9 x 10%/4~! My and
1.4 x 108 h™! M, for dark matter and gas particles respectively.
The simulations use the smooth particle hydrodynamics (SPH)
code P-GADGET3 (Springel et al. 2005). The boxes that we are
using also follow a WMAP-7 cosmology (Komatsu et al. 2011)
with {Qn, Qy, 03, h,ns) = {0.272,0.0456,0.809,0.704, 0.963}.
We also have access to the redshifts between 0 and 5. We sum-
marise here the main physical aspects. The simulation includes
gas cooling, star formation, and winds (Springel & Hernquist
2003). The metals, stellar population, and chemical enrichment,
SN-Ia, SN-II, AGB follow Tornatore et al. (2003, 2006) with the
new cooling tables of Wiersma et al. (2009). There are also black
holes and AGN feedback (Hirschmann et al. 2014).

3.4. Horizon-Large

We ran the Horizon-Large simulation specially for this work to
improve the comparison between the Horizon and Magneticum
suite of simulations. This particular simulation is a cosmologi-
cal hydrodynamical simulation of 896 4~! Mpc comoving vol-
ume (a similar box size than that of the Magneticum simulation
described in the previous subsection), with 10243 dark matter
particles, leading to a resolution of Mpyyres = 6 X 10'° M. The
simulation uses the RAMSES (Teyssier 2002) code and the grid

is allowed to refine up to a spatial resolution of 10 kpc (comov-
ing). The cosmology is the same as that of the Horizon-AGN
and Horizon-noAGN simulations. The physics is simpler than
the other simulations: it only contains gas cooling and UV back-
ground heating below z, and no galactic physics (no star forma-
tion nor feedback) for computational reasons. It is a reasonable
approximation to large-scale boxes with more complex subgrid
physics (such as, e.g. Magneticum) as the most massive clus-
ters that are captured in such big volumes — and which domi-
nate the tSZ signal (see Section 2.2) — are the most insensitive to
mass redistribution due to feedback (e.g. Gonzalez et al. 2013;
Le Brun et al. 2014; McCarthy et al. 2018; Chisari et al. 2018).
This simulation is also used to probe the cosmic variance with
a similar numerical treatment of the hydrodynamics than in the
other Horizon simulations.

3.5. BAHAMAS

The BAHAMAS simulations are a suite of hydrodynamical sim-
ulations of 400/4~! Mpc with the WMAP 9-yr (Hinshaw et al.
2013) and Planck 2013 (Planck Collaboration XVI 2014) cos-
mology. The simulations contain 2 x 10243 particles leading to
a resolution of Mpyryonres = 3.85 X 10° A7 Mo (Myaryonres =
4.45 % 10° h~! M) and MDM,res =7.66x 108 41 Mg (MDM,res =
8.12x108 i~ M), respectively for a WMAP-9 (Planck) cosmol-
ogy. The hydrodynamic code and subgrid physics are the same
as the ones in the OWLS (Schaye et al. 2010) and cosmo-OWLS
(Le Brun et al. 2014; McCarthy et al. 2014) projects. The simu-
lations include radiative cooling and heating, with a reionization
that occurs at z, = 9, a star formation rate, and stellar evolu-
tion and chemical enrichment. It also contains a black hole and
AGN feedback with three strengths of AGN feedback, from the
smaller to the bigger: 109K, 107# K, and 1089 K. More details
about the physics are available in Schaye et al. (2010).

3.6. Mass cut to compare different simulations

Because the simulations have different box sizes and physics,
the halo mass function can differ and, as seen on the right
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of Fig. 1 and related text, the maximum mass chosen for the
HMx prediction will impact our results. In Fig. 2, we present
the halo mass function of the four simulations we are working
with (Horizon-AGN, Horizon-noAGN, Horizon-Large, and
Magneticum) compared with the theoretical halo mass function
from Sheth & Tormen (1999), which is the one used in HMx.
This analytical mass function has been fitted on dark matter
halos. For the Horizon simulations, the halos were identified
with the adaptaHOP halo finder (Aubert et al. 2004), and we
only kept the halos (and subhalos) with at least 100 particles. For
Magneticum, the halos were identified with a standard Friends-
of-Friends algorithm and subhalos with the subfind module
(Springel et al. 2001; Dolag & Stasyszyn 2009). We see a rel-
atively good agreement between the different simulations, nev-
ertheless, they all have different maximal and minimal masses
because of the difference in volume and mass resolution. We
observe a lack of high-mass halos (except for the last bin of
Horizon-AGN and Horizon-noAGN, which is probably just a
binning effect), more important in the bigger simulations, and
of low-mass halos in all the simulations. The trend observed
at z = 0 is similar to the one at higher redshift. Since we are
comparing an analytical function derived from dark matter-only
halos with results from hydrodynamical simulations, discrep-
ancies may be caused by the influence of baryons (cosmolog-
ical accretion shocks, background UV heating, and feedback)
on mass redistribution. The impact varies across different halo
masses with fractional variations in good agreement with other
studies (see, e.g. Vogelsberger et al. 2014; Sorini et al. 2025).

We recall that we used the virial mass as the definition of
our halo mass (defined in Eq. (8)). As mentioned in Sect. 2, the
maximal mass chosen in HMx will significantly change the pre-
diction on the pressure auto-power spectrum, it is thus impor-
tant to take them into account when comparing the results
from HMx and the one measured in the simulations. In the fol-
lowing of the paper, we used Myx = 6.4 x 10'*h~! M, for
Horizon-AGN and Horizon-noAGN simulations and M., =
2.6x10" h~! M, for the Horizon-Large and Magneticum sim-
ulations. These two maximal masses are the maximum mass of
Horizon-AGN and Magneticum, respectively. We have checked
that the prediction using the maximal mass of Horizon-noAGN
(or Horizon-Large) makes almost no difference, this is why we
can compare the results of Horizon-noAGN with the prediction
obtained for Horizon-AGN, and the results of Horizon-Large
with the prediction obtained for Magneticum.

4. Results

In this section, we present our results on the comparison of the
predicted (angular) power spectrum from HMx and the one mea-
sured in the different simulations. As some differences between
the predictions and the measurements are expected (see Sect. 2),
we now focus on characterizing the ones that matter the most for
observations.

4.1. Power spectrum

The first straight-forward comparison concerns the pressure and
matter-pressure power spectrum. We restricted our analysis to
redshifts between 0 and ~4, as higher redshifts do not signifi-
cantly contribute to the angular power spectrum, as discussed in
Sect. 2.3. We focused on quantifying differences of the tSZ sig-
nal from simulations that include different physical models than
BAHAMAS (which HMx is calibrated on) and understanding how
they propagate to higher redshifts.
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To obtain the different power spectra from the simulations,
we followed the procedure described in Appendix A. As a first
check, we compared the matter auto-power spectrum of all the
simulations at all redshift with the one predicted by HMx and we
find a good agreement. The analysis reveals a ~10% difference
between the measurements and predictions, with no apparent
trend in k or redshift. This test allows us to confirm our pipeline
before moving to the analysis of pressure auto- or cross-power
spectra.

4.1.1. Pressure auto-power spectrum

We first compare the pressure auto-power spectrum measured in
the Horizon-AGN and Magneticum simulations to the one pre-
dicted by HMx as a function of redshift in Fig. 3. Additionally,
the result of Horizon-noAGN and Horizon-Large at z ~ O are
included to emphasize the impact of different physics. We do
not show their evolution with redshift since the trend is sim-
ilar to the other simulations. At z ~ 0, both Horizon-AGN
and Horizon-noAGN predict an excess of power, even more
important in Horizon-AGN. On the other hand, Horizon-Large
shows a power deficit. Finally, Magneticum is in relatively good
agreement with the prediction at every scale. We also observe
that there is more power in the larger simulations, which is
expected as they contain more massive halos (see also Sect. 2.3).

Then, we can examine the evolution with redshift. For all
the simulations, we observe a relatively good agreement at
low redshift with the predictions from HMx (up to z ~ 1
for Horizon-AGN and Magneticum). However, as the redshift
increases, discrepancies become more evident. We observed that
the differences in the pressure power spectrum are not attributed
to the one of the matter power spectra, suggesting that these
discrepancies are more likely due to the modelling of the pres-
sure rather than the matter. HMx predicts an excess of power at
high redshift, indicating that the model’s physics fails to cap-
ture the nuances present in the simulations. We also notice that
the measured power spectra are flatter than the predictions. Fur-
ther investigations into these differences will be studied and dis-
cussed in Sect. 5.

4.1.2. Matter-pressure power spectrum

As we are using the HMx model calibrated on the matter-pressure
power spectrum (see Sect. 2.2), we extended our analysis to
examine the matter-pressure power spectrum to explore the
agreement across different redshifts. Moreover, modelling the
matter-pressure power spectrum is important for studying the
correlation between weak lensing and pressure (that we are not
doing here). In Fig. 4, we show the measurement obtained from
the Horizon-AGN and Magneticum simulations compared to
the HMx prediction as a function of redshift. Additionally, the
result of Horizon-noAGN and Horizon-Large at z ~ O are
included to emphasize the impact of different physics. We do
not show their evolution with redshift since the trend is sim-
ilar to the other simulations. At z ~ 0, as for the pressure
auto-power spectrum, Horizon-AGN demonstrates an excess of
power, Horizon-Large a lack of power, while Magneticum
agrees well with the prediction. We now observe a good agree-
ment between Horizon-noAGN and HMx.

Then, we can examine the evolution with redshift. We
observe a better agreement up to a comparable redshift (z ~ 1.18
for both simulations) than for the pressure auto-power spec-
trum. This outcome is expected as HMx has been calibrated on
the matter-pressure power spectrum up to z = 1. Moreover, the
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matter auto-power spectrum agrees well across all redshifts, mit-
igating the discrepancies in the pressure auto-power spectrum.
At higher redshifts, the discrepancies caused by the pressure
auto-power spectra persist.

Given the sensitivity of pressure to baryonic physics, such
cross-correlations can serve as valuable tools for constraining
astrophysical parameters (e.g. with the cosmic shear-tSZ cross-

correlation with the flamingo simulations in McCarthy et al.
2023 or with the lensing-tSZ cross-correlation from KiDS-1000
(lensing), Planck and ACT (tSZ) in Troster et al. 2022). Depend-
ing on the probes we are working with, it is crucial to adequately
model different redshift ranges. With future surveys, we expect
to be sensitive up to redshift two for probes such as the distri-
bution of galaxies, tomographic studies, or weak lensing (e.g.
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with Euclid, Laureijs et al. 2011 or Roman, Eifler et al. 2024),
our prediction thus needs to be trustable up to this redshift, which
is qualitatively the case for the matter-pressure power spectrum.

4.2. Angular power spectrum

The observable accessed through surveys is the angular power
spectrum, and its accurate prediction is crucial. Using the power
spectra computed on the simulations or predicted by HMx, we used
Egs. (4) and (5) to obtain the pressure angular power spectrum. We
integrated these spectra over the redshift range z = 0.02to z = 4
(according to the discussion in Sect. 2.3) and we limited our analy-
sis to the Nyquist frequency: kxy ~ 16 h~! Mpc for Horizon-AGN
and Horizon-noAGN, while going up to kny ~ 3.6 ™! Mpc for
Magneticum and Horizon-Large (using a projection on 1024>
to achieve a comparable kyy to that of Magneticum). Ateach red-
shift, the £ range accessible with the simulations varies, depend-
ing on the available k range (which is influenced by the size of
the simulations). Choosing an £ range accessible to all the sim-
ulations across all redshifts between 0.02 and 4 would be quite
narrow. To avoid this limitation and extract maximum information
from the simulations, we opted for an interesting range of £, filling
the angular power spectrum with a zero for any inaccessible £. We
ensured to maintain the same behaviour in the angular power spec-
trum computed with the power spectrum of HMx, by cutting out
at the same locations. We decided to compute the angular power
spectrum for £ between 103 and 10* to encompass a range where
the tSZ becomes an important foreground but remains accessi-
ble with future surveys. This pipeline limits our predictive power
but allows us to infer the properties and behaviour of the different
simulations and HMx.

The angular power spectra obtained from the different sim-
ulations are shown in Fig. 5 and compared with the HMx predic-
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tion. The agreement between Horizon-AGN and HMx improves
at higher ¢ with differences reaching less than 10% between
¢ =3 x 10’ and ¢ = 10*. The power spectrum of Horizon-AGN
(see Fig. 3), exhibits more power at low redshifts and less power
at high redshifts compared to the prediction, and these discrep-
ancies seem to compensate each other, resulting in a small dif-
ference in the angular power spectrum. In contrast, Magneticum
shows an opposite trend, with better agreement at low ¢ where
differences are less than 10% difference between ¢ = 10° and
¢ = 2-3 x 10%. For Horizon-noAGN and Horizon-Large, the
general behaviour is quite similar, the simulations always have
between 20% and 50% less power than HMx.

5. Discussion

In the previous section, we have emphasized the observed differ-
ences between prediction from HMx and measurement from the
simulations (Horizon-AGN, Horizon-noAGN, Horizon-Large
and Magneticum), in particular, the increased discrepancy when
the redshift increases. In this section, we explore some effects
that can partially explain the observed differences between pre-
diction and measurement but also between the measurements in
different simulations. It can give a hint at the intrinsic limitation
of a halo model but also an avenue for improved prediction. We
are thus exploring the consequences of using a halo model pre-
scription in Sect. 5.1, the electron pressure profile in Sect. 5.2,
and the differences between simulations in Sect. 5.3.

5.1. Halo model consequences

In this section, we are interested in studying the limitations
caused by a halo model prescription. We explored the one-
and two-halo decomposition, the validity of the bound gas



Aycoberry, E., et al.: A&A, 693, A182 (2025)

Box size = 100 Mpc/h
100

R
d
n
>
N /——\
a
=
- Horizon — AGN

Horizon —noAGN
HMx

~107!

¥ 40

g 20 \

5 0

% ——————————

= —201

Q

E _10 4\———/

10° 10*

¢

Box size = 896 Mpc/h

1004

Magneticum

Horizon—Large
HMx

—

—40
103

10*
¢

Fig. 5. Pressure angular power spectrum integrated between z = 0 and z = 4 for the different simulations in different colours and HMx in dark grey.
The left panel shows the results for simulation with a box size of 100 A~! Mpc, thus Horizon-AGN in red and Horizon-noAGN in purple. The right
panel shows the results for simulation with a box size of 896 #~! Mpc, thus Horizon-Large in green and Magneticum in blue.

assumption at different redshifts, and the importance of the dif-
ferent masses. This can help us understand the limitations that
can bias or limit our predictive power.

5.1.1. One- and two-halo terms decomposition

To understand better the differences observed in the predicted and
measured pressure auto-power spectrum (see Fig. 3 and related
text), we explored the evolution of the one- and two-halo term con-
tributions to the total power spectrum as a function of redshift. In
Fig. 6, we show this decomposition for three different redshifts:
7=0.02,z = 1.16, and z = 3.01. For each redshift, we compared
the Horizon-AGN power spectrum, the one predicted by HMx, and
the one-halo and two-halo term predicted by HMx. As we increase
the redshift, the contribution from the two-halo term becomes
increasingly significant compared to the one-halo term at a given
k. The increasing importance of the two-halo term is related to the
scale at which the one- and two-halo terms intersect, which shifts
towards higher k values. We observe that the excess of power in
the HMx power spectrum at higher redshifts is thus dominated by
the two-halo term at low k and by the one-halo term at high k.
The excess of power in HMx suggests potential discrepancies in
the distribution between the one- and two-halo terms, including
the amplitude of each term at a given k scale as a function of red-
shift. At higher redshifts, there are only a few halos, the observ-
able thus resembles the matter distribution, whereas at lower
redshifts, more, and more massive, halos have formed. Thus, at
low redshifts, the hypothesis that all the matter is within the halos
is more accurate and the halos contribute more to the total power.
Also, the contribution from the halos increases more rapidly than
that from the diffuse gas. Finally, differences can suggest an inac-
curate representation of the intergalactic medium effects by the
two-halo term, in particular its amplitude.

5.1.2. Validity of the bound gas assumption

The halo model contains some intrinsic limitations, as it assumes
that all the matter is within spherical halos and that the one-halo
term — which is the dominant contribution to the power spec-

tra at low redshift (as shown by the coloured lines in Fig. 6
and discussed in the previous subsection) — only contains bound
gas, which is gas inside the virial radius. To better understand
the validity of this assumption, we investigated how the power
spectrum differs when considering pressure inside or outside
one virial radius of halos, compared to the prediction from HMx.
These spectra are obtained by selectively masking gas pressure
by masking either inside or outside one virial radius of halos. In
Fig. 6, we show the contribution of bound and diffuse gas to the
power spectrum measured from Horizon-AGN, and we find that
the remaining simulations show similar trends. We compared the
electron pressure auto-power spectra of Horizon-AGN to the one
coming from inside (outside) one virial radius for three differ-
ent redshifts: z = 0.02, z = 1.16, and z = 3.01. We observe
that, at low redshift, most of the power comes from within one
virial radius of halos. However, this assumption loses validity
with increasing redshifts. Notably, at z = 3.01, there is more
power coming from outside one virial radius of halos than inside.
This implies the diminishing applicability of the halo model pre-
scription at higher redshifts. Moreover, comparing the one-halo
term to the power spectrum coming from inside one virial radius,
reveals that at z = 0.02, the shape is consistent even if HMx lacks
power. However, as redshift increases, discrepancies in shape
emerge, contrary to the expectation that the one-halo term should
be representative of the power spectrum within one virial radius
of the halos. These observations can partially explain the dis-
crepancies observed in Fig. 3 with increasing redshift. Given
these limitations, it becomes imperative to consider them when
evaluating the cross-correlation with other probes.

5.1.3. Importance of the halo mass

To go one step further in our test of the halo model, we
investigated the contribution of each mass bin to the over-
all power spectrum. We performed this study for the different
simulations (Horizon-AGN, Horizon-noAGN, Horizon-Large
and Magneticum), and redshifts, and they all show a simi-
lar trend, thus, we are only presenting and quantify the results
for Horizon-AGN at z = 0.02 in Fig. 7. We compared the
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electron pressure auto-power spectra with the one coming from
inside one virial radius of the halos in different mass bins at
z = 0.02. We can clearly see that most of the power emanates
from the highest mass bin, despite its relatively low population
(for Horizon-AGN, the highest mass bin contains only 0.006%
of the total number of halos). The lower the mass bin, the lesser
its contribution to the total power spectrum. A reduction of
approximately one order of magnitude is observed with each
logarithmic decrease in mass bin. This shows the importance of
ensuring that the halo model, particularly the electron pressure
profile, accurately reflects the characteristics of the highest mass
halos, in agreement with the conclusion done in Sect. 2.3. How-
ever, given that the higher mass halos are less common occur-
rences, it may be worth masking them to mitigate the connected
non-Gaussian covariance and tighten cosmological or astrophys-
ical constraints, as explored in Osato & Takada (2021).

5.2. Halo pressure profiles

One of the main components of the model is the electron pres-
sure profile, defined in Eq. (6). This profile not only repre-
sents a major aspect of the model but also constitutes the pri-
mary component of the one-halo term. As demonstrated in
Fig. 6, the one-halo term is the predominant contribution to
the power spectrum at low redshifts, further influencing the
angular power spectrum. Consequently, in Fig. 8 we present
the electron pressure profile measured in the different simula-
tions (Horizon-AGN, Horizon-noAGN, Horizon-Large, and
Magneticum) compared to the prediction from HMx at z = 0 and
z = 1.18, across three mass bins: 12 < log(M,/Myh™') < 12.5,
13 < log(M, /My h™") < 13.5 and 14 < log(M, /My h™") < 14.5.
The consistency in trends between the two redshifts aligns with
expectations, given that the measured profiles scale as (1 + z)*,
as the predicted one. For all the Horizon simulations at both
redshifts, as well as Magneticum at z = 1.18, discrepancies are
noticeable, particularly in the low- and intermediate-mass bins,
where the inner regions exhibit closer agreement, while devia-
tions escalate towards outer regions. The Magneticum profiles
at z = 0 have different behaviour, characterised by elevated inner
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which corresponds to the mass bin log(M, /M, h™") < 10.

pressures and convergence towards other simulations in the outer
regions. For the high-mass bin, we see that the Horizon simu-
lations have a higher amplitude than the predictions at both red-
shifts, whereas the Magnetiucm profiles surpass the prediction
at z = 0 and undershoot them at z = 1.18. Nevertheless, the
overall shape remains reasonably consistent across all distances
from the centre. As HMx should represent the mean behaviour
of halos, we have added error bars that indicate the error on the
mean, and are often too small to be discernible. This observation
suggests that while our mean is well estimated, it is not entirely
compatible with the HMx prescription.

Since the model’s free parameters are tailored to fit the
response power spectrum, achieving a perfect agreement on
pressure profiles is not guaranteed. Moreover, the influence of
high masses, which contribute the most to the power spectrum,
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the time too small to be visible.

can alter even more the profiles of low-mass halos that con-
tribute slightly to the power spectrum. The predicted profiles
should be considered as the ones of effective halos, but it is
still worth comparing the predicted and measured profiles, to
understand power spectrum disparities. Let us describe more
the high-mass bin which is the dominant part of the power
spectrum. The difference observed in this bin could explain
power spectrum differences. For example, at z = 0, all simu-
lations (Horizon-AGN, Horizon-noAGN, Horizon-Large and
Magneticum) have qualitatively similar pressure profiles (with
more pronounced differences on the outer regions), containing
more pressure than HMx. At z = 1.18, the Horizon-Large
remains above the prediction, while Magneticum is under. On
the left panel of Fig. 3, both Horizon-AGN and Horizon-noAGN
power spectra also contain more power than HMx. How-
ever, on the right panel of Fig. 3, Horizon-Large power
spectrum lies below HMx (with Magneticum showing rel-
atively good agreement). These diverse behaviours suggest
that profile differences alone cannot entirely account for
observed power spectrum discrepancies. Additionally, we note
that the lower-mass halos exhibit greater discrepancies, as
anticipated.

To improve our analysis, it can be interesting to focus even
more on high-mass halos and their impact on the tSZ properties.
Future studies with larger volume simulations could provide a
more comprehensive probe of these halos, which are quite rare in
the Horizon suite, for example. Because of the current compu-
tational constraints, the resolution of such simulations cannot be
as good as the one in Horizon-AGN, which can potentially intro-
duce additional biases. Building large simulations with zoom-in
capabilities targeting big halos to assess the fidelity of baryonic

physics can be an avenue. This approach could offer a new per-
spective for such analysis, which is currently limited by the noise
on the number of these halos.

5.3. Difference of the simulations

The simulations that we are analysing are different: they are run
with different computational codes, different physics models,
different resolutions, and different box sizes. Different choices
in terms of the included physics and their modelisation method-
ology are made and can influence the obtained results. For
example, in Mead et al. (2020), models were fitted against three
BAHAMAS simulations, each containing different strengths of
AGN feedback, yielding different values for the fitted parame-
ters. In our simulations, with the different choices, the strength
of feedback is also different, but other choices can lead to many
other differences that are challenging to precisely identify and
define.

Another critical aspect that can be evaluated is the cosmic
variance of the simulation. To quantity this variance, we took
500 non-overlapping boxes extracted from the Horizon-Large
simulation, each with a dimension of 100 4~! Mpc. As the power
spectrum depends a lot on the high-mass halos, we applied selec-
tion criteria to retain only boxes with maximal mass similar to
the one in the Horizon-AGN and Horizon-noAGN simulations.
This refinement yielded 363 non-overlapping boxes, from which
we computed the pressure auto-power spectrum. We employed a
constant binning in log space of k for our power spectrum, check-
ing that the level of correlation between the bins is low. We then
calculated a cumulative probability distribution function at each
k to extract the values encompassing 68% of the signal. This
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Fig. 9. Pressure auto-power spectrum in Horizon-noAGN in purple
compared to HMx in dark grey and the mean over 363 sub-boxes
of 1004~ Mpc from the Horizon-Large in blue. The purple error
bars contain 68% around the mean of the 363 sub-boxes of the
Horizon-Large (see the text for more information). They are applied
to the Horizon-noAGN simulations to represent its variance.

approach allowed us to derive the lower and upper bounds of our
error bars.

In Fig. 9 we show the binned mean power spectrum of these
boxes, of the Horizon-noAGN simulation, and of the HMx pre-
diction. The variance derived using the method described above
is overlaid on the Horizon-noAGN simulation to represent the
cosmic variance of such a simulation. We see that the error bars
are non-Gaussian and of the same order of magnitude across dif-
ferent k ranges. They emphasize a tendency for a higher power
spectrum than the one predicted by HMx.

6. Conclusions

Within this paper, we compared the predicted (angular) power
spectrum from HMx to the measurement from different simu-
lations (Horizon-AGN, Horizon-noAGN, Horizon-Large and
Magneticum). Using the HMx halo model, we predicted the pres-
sure angular power spectra by integrating up to different redshifts
or different masses. Our analysis first reveal that integration up
to z = 4 (or even z = 3) accounts for more than 98% (96%) of the
power. We also find that integrating up to 4 x 10'> 4~! M, cap-
tures 97% of the signal, highlighting the significant contribution
of higher masses to the power (this is also evident in Fig. 7 where
we examined the power contribution from different mass bins at
the level of the power spectrum). From these initial findings, we
conclude that our comparison should focus on the redshift range
between 0 and 4 and emphasize the importance of the highest
mass range.

The main results of our analysis can be summarised in three
points:

— The comparison between the pressure power spectrum from
different simulations with the one predicted by HMx for red-
shifts between z = 0 and z = 4.25 (Fig. 3), reveals a qualita-
tive conclusion which is consistent across all simulations: at
low redshift, there is a qualitative agreement between mea-
surements and predictions but discrepancies increase with
higher redshifts.

— A similar trend is observed for the matter-pressure power
spectrum (Fig. 4), although the discrepancies are less pro-
nounced due to better agreement in the matter-auto power
spectra. It is important to note that when working with cross-
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correlation such as the weak lensing-tSZ one, sensitivity
extends only up to a redshift ~2. This range is where HMx
shows relatively good agreement.

— The comparison between the predicted and measured pres-
sure angular power spectrum reveals differences ranging
from 20 to 50% across all simulations.

To understand the origin of the discrepancies, we explored the
limitations inherent to the halo model:

— we observe that the excess of power in the HMx prediction is
dominated by the one-halo term at high k and by the two-halo
term at low k (Fig. 6),

— we investigated the contribution of power from within and
outside one virial radius of halos in the simulations at dif-
ferent redshifts (Fig. 6). At lower redshifts, the majority of
power originates from within halos, indicating compatibility
with the halo model assumption. However, at higher redshift
(e.g. z ~ 3), a substantial portion of the power comes from
regions outside one virial radius of halos, highlighting a lim-
itation of the halo model to capture this phenomenon,

— we compared the pressure profiles across different mass bins
and redshifts, as the pressure profile is the main property of
the halo model (Fig. 8). While differences were expected due
to the halo model being fitted at the level of the response
power spectrum, it was informative to observe the behaviour
and degeneracies. Across most mass and redshift ranges, the
simulations exhibit higher power levels and distinct profile
shapes compared to the predictions.

Enhancing the robustness of predictions could be achieved by
developing a halo model that more accurately reflects the physics
within simulations. This could involve calibrations on simula-
tions at the level of individual properties, such as the pressure
profile. Additionally, to apply a halo model framework in cos-
mological analyses, calibrating the model with real data would
be beneficial. Such approaches come with inherent challenges,
such as the parameter measurement methodologies. Exploring
different parametrisations that better align with these properties
may help determine whether an accurate match at the compo-
nent level would lead to a robust power spectrum prediction.
Employing larger and better-resolved simulations, which include
more massive halos, can also address some limitations of the
halo model, particularly by enhancing our understanding of the
tSZ effect and the behaviour of high-mass halos across different
redshifts. Another significant avenue for exploration is investi-
gating the variability of the tSZ power spectrum under different
cosmologies. This includes assessing the influence of cosmolog-
ical parameters that impact the growth of structures, such as the
quantity of baryonic matter or the dark energy) equation of state.
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Appendix A: Power spectrum computation

A.1. Power spectrum computation in the Horizon suite of
simulations

To obtain the different power spectra from the simulations, we
followed different procedures for the Horizon and Magneticum
suite of simulations.

A.1.1. Power spectrum computation in the Horizon suite of
simulations

To compute the power spectra in the Horizon suite of simula-
tions, we first needed to project the component of interest onto
a uniform three-dimensional grid. The matter component is the
sum of the dark matter, stars, and gas. DM and stars were pro-
jected with a cloud-in-cell interpolation on the grid. Gas quan-
tities were already on the regular Cartesian grid and we directly
used the values of mass or pressure from the corresponding level
of refinement. The simulations provided the total gas pressure,
which we can easily modify to obtain the electron pressure,
assuming local thermodynamic equilibrium between ions and
electrons for a fully ionized gas, that is:

Pe L B L o400, (A.1)
P e

where P is the total gas pressure, u (u.) is the mean molecu-
lar weight for gas (electron) particles. We projected our quan-
tity into a 512 grid, allowing us to reach a Nyquist frequency
(kny = 7T X Ninesh/Lbox) of kny ~ 16 AMpc™" for Horizon-AGN
and Horizon-noAGN and up to knyy ~ 1.8AMpc™' for
Horizon-Large. To obtain the angular power spectrum, it
was beneficial to project Horizon-Large into a 1024 grid to
achieve kny ~ 3.6 hMpc ™.

Once the quantity is projected, we used the Pylians
python package (Villaescusa-Navarro 2018) to compute the 3D
auto- and cross-power spectra deconvolved by the CIC mass-
assignment scheme.

A.2. Power spectrum computation in Magneticum

For the Magneticum simulation, we assigned each gas particle
(Iabelled by i) an electron pressure P, ; according to the ideal gas

law
NeikpT;
P i = - . A2
& Vcell ( )
M;
Nei = , (A.3)
Mple i

where T; is the particle temperature, V. is the cell volume, N, ;
is the number of free electrons, M; is the SPH particle mass,
Uei = 2/(2 = Y;) is the mean mass per electron and Y; is the
Helium fraction.

We used Pylians to project the electron pressure onto a
10243 mesh based on the CIC assignment scheme and then mea-
sured the power spectrum. We thus achieve kny ~ 3.6 1 Mpc!.

A182, page 14 of 14



	Introduction
	Halo model framework
	Halo model
	HMx parametrisation
	Angular power spectrum prediction

	Simulations
	Horizon-AGN
	Horizon-noAGN
	Magneticum
	Horizon-Large
	BAHAMAS
	Mass cut to compare different simulations

	Results
	Power spectrum
	Pressure auto-power spectrum
	Matter-pressure power spectrum

	Angular power spectrum

	Discussion
	Halo model consequences
	One- and two-halo terms decomposition
	Validity of the bound gas assumption
	Importance of the halo mass

	Halo pressure profiles
	Difference of the simulations

	Conclusions
	References
	Power spectrum computation
	Power spectrum computation in the Horizon suite of simulations
	Power spectrum computation in the Horizon suite of simulations

	Power spectrum computation in Magneticum


