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ABSTRACT
We explore the relationship between the thermal Sunyaev-Zel’dovich (tSZ) power spectrum amplitude
and the halo mass and redshift of galaxy clusters in South Pole Telescope (SPT) data, in comparison
with three N -body simulations combined with semi-analytical gas models of the intra-cluster medium.
Specifically, we calculate both the raw and fractional power contribution to the full tSZ power spectrum
amplitude at ℓ = 3000 from clusters as a function of halo mass and redshift. We use nine mass bins in
the range 1×1014 M ⊙ h−1 < M 500 < 2×10 15 M ⊙ h−1 , and two redshift bins defined by 0.25 < z < 0.59
and 0.59 < z < 1.5. We additionally divide the raw power contribution in each mass bin by the number
of clusters in that bin, as a metric for comparison of different gas models. At lower masses, the SPT
data prefers a model that includes a mass-dependent bound gas fraction component and relatively
high levels of AGN feedback, whereas at higher masses there is a preference for a model with a lower
amount of feedback and a complete lack of non-thermal pressure support. The former provides the
best fit to the data overall, in regards to all metrics for comparison. Still, discrepancies exist and the
data notably exhibits a steep mass-dependence which all of the simulations fail to reproduce. This
suggests the need for additional mass- and redshift-dependent adjustments to the gas models of each
simulation, or the potential presence of contamination in the data at halo masses below the detection
threshold of SPT-SZ. Furthermore, the data does not demonstrate significant redshift evolution in the
per-cluster tSZ power spectrum contribution, in contrast to self-similar model predictions.
Keywords: Large-Scale Structure of the Universe, Galaxy Clusters, Intracluster Medium, Astronomical

Simulations, Sunyaev-Zeldovich Effect

1. INTRODUCTION
Galaxy clusters are the largest gravitationally bound

structures in the Universe, and are principally composed

of dark matter, galaxies (stars), and ionized gas. As a
result of ionization, these structures are hosts to a reser-
voir of hot free electrons which reside in what is known
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as the intra-cluster medium (ICM). The inverse Compton
scattering of cosmic microwave background (CMB) pho-
tons off of these hot electrons is known as the thermal
Sunyaev Zel’dovich (tSZ) effect (Sunyaev & Zeldovich
1970). Since the strength of the tSZ signal is redshift-
independent, it enables the study of clusters across a wide
range of cosmic time. The tSZ signal is a direct probe of
the pressure profiles of galaxy clusters, which makes it a
compelling probe of both cluster physics and cosmology
(Carlstrom et al. 2002).

The angular power spectrum of the tSZ effect is an
especially sensitive probe of structure evolution and can
be used to constrain the value of σ8, the cosmological
parameter that describes the amplitude of the matter
power spectrum at a scale length of 8 Mpc h −1 . The
tSZ power spectrum amplitude is predicted to scale as

 ∼ σ 7−8
8 (Komatsu & Seljak 2002).

A computationally efficient way to simulate and model
the tSZ is through the use of high-volume N-body
(dark matter only) simulations in combination with semi-
analytical ICM gas models. These semi-analytical gas
models can be calibrated against low-volume hydrody-
namical simulations, and data, to yield high-accuracy
and high-volume tSZ simulations. Semi-analytical mod-
elling of the ICM gas often involves calibration against
X-ray data specifically. Yet, there is a lack of X-ray data
for the high-redshift low-mass clusters which principally
source the tSZ power spectrum at small angular scales
(Komatsu & Seljak 2002), which leads to major mod-
elling limitations. In this paper we consider three such
simulations, in comparison with data from the 2500 deg2
SPT-SZ survey conducted with the South Pole Telescope
(SPT). Specifically, we analyze the amplitude of the tSZ
power spectra at small scales (high multipole number)
in these data and simulations as a function of cluster
halo mass. Redshift bins are also employed as a probe of
redshift-evolution. We note that this analysis is similar
in spirit to Rotti et al. (2021), but with an explicit focus
on mass and redshift values. We are motivated by the
potential to provide further constraints on models and
simulations of the tSZ.

This paper is organized as follows.We discuss theoret-
ical background on the tSZ effect in Section 2.In Section
3 we describe the three tSZ simulations considered here
and compare their different ICM gas models. We de-
scribe the data products used in Section 4. In Section 5
we outline the methods implemented. Our baseline re-
sults are presented in Section 6, with a summary and
discussion presented in Section 7. In Section 8 we de-
scribe tests for evaluating the robustness of our baseline
results. Finally, we conclude in Section 9.
2. BACKGROUND ON THE THERMAL SZ EFFECT

The tSZ effect is caused by the inverse Compton
scattering interaction between hot ICM electrons and
the CMB, which results in some CMB photons gain-
ing energy and shifting to higher frequencies. The non-
relativistic tSZ signal has a null frequency of 218 GHz.
At frequencies below this, the tSZ signal can be observed
as an intensity decrement in the CMB. At frequencies
above this, it shows up as an intensity increment (e.g.,
Carlstrom et al. 2002).

These distortions can be modeled as a change in the
apparent CMB temperature, at a frequency of ν and at

a particular direction on the sky ˆ n, using the following
equation for the non-relativistic limit:

∆T tSZ
TCMB

(n̂) = f ν y(n̂) (1)

where f ν is a frequency dependent function, defined as:

f ν = xcoth
x

2
− 4, (2)

with
x =

hν
kB TCMB

, (3)

and y is the Compton-y parameter, defined as:

y(n̂) =
kB σT
mec2

Z
ne(x⃗)T e(x⃗)dl(ˆn), (4)

where kB is the Boltzmann constant, σT is the Thomson
cross-section, me is the electron mass, ne is the electron
number density, Te is the electron temperature, and the
integral is along the line of sight.

The Compton-y parameter is proportional to the in-
tegral of electron pressure along the line of sight. The
description of the electron pressure is one of the main
sources of of discrepancy between different models and
simulations, and reflects an incomplete understanding of
cluster gas physics.

The tSZ power spectrum is commonly reported in
terms of D ℓ , where

D ℓ =
ℓ(ℓ + 1)

2π
Cℓ , (5)

and Cℓ is the angular power spectrum, i.e., the variance
of the coefficients aℓm of the spherical harmonic trans-
form of a sky map (or the covariance of the transforms
of two sky maps), averaged over azimuthal index m. In
this work we take auto-spectra of simulated Compton-y
maps and denote this by D

yy
ℓ . For the data, we take the

cross-spectra of two half Compton-y maps (half1×half2),
each created using half of the total data set from Bleem
et al. (2022), and also denote this by D

yy
ℓ (see Section 4

for more details on the data).

3. SIMULATIONS
In this section we describe three N -body simulations

that are coupled with semi-analytical ICM gas models to
simulate the tSZ signal. We present these products in
the chronological order in which they were released and
give brief overviews of the cosmology and gas physics
employed in each. Table 3 gives a qualitative summary
of some of the relevant astrophysical quantities in each
simulation. We direct the reader to the associated papers
of each product for more detailed descriptions.

3.1. Sehgalet al. (2010) Microwave Sky Simulation

The microwave sky simulation described in Sehgal
et al. (2010), hereafter referred to as S10, is a publicly
available N -body simulation with 10243 dark matter par-
ticles in a 1000 Mpc h−1 box and cluster halos identified
via a friends-of-friends (FOF) algorithm. The simulation
is combined with a semi-analytic ICM gas model from
Bode et al. (2009), which is calibrated against X-ray data
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Parameters S10 O22 Agora
σ8 0.8 0.82 0.818
Ωb 0.044 0.046 0.0482
Ωm 0.264 0.279 0.307
ΩΛ 0.736 0.721 0.693
h 0.71 0.7 0.678
ns 0.96 0.97 0.96

Table 1
Cosmological parameters and values adopted by the three

simulations discussed in this work.

(Vikhlinin et al. 2006; Sun et al. 2009), to produce sim-
ulated tSZ maps at six different frequencies. Other mi-
crowave sources are also simulated (including dusty star
forming galaxies, active galactic nuclei, and the primary
CMB), but are of lesser importance for the purposes of
our analysis.

Table 1 describes the cosmological parameters used by
S10, along with those of two other simulations. For the
cosmology adopted, S10 compares their simulated halo
abundance to the semi-analytic fitting formula for the
halo mass function from Jenkins et al. (2001) and finds
good agreement.

The maps produced through this simulation are full-
sky HEALPix (Hierarchical Equal Area isoLatitude Pix-
elization, Górski et al. 2005) maps of 0.4’ resolution
(HEALPix N side = 8192). To produce full-sky maps,
S10 generates a halo catalog for a single octant and then
replicates it seven more times to cover the full-sky area.
This is then used to create full-sky maps of each separate
microwave component as well as a combined sky map, at
each of the six frequencies. The tSZ power spectrum
obtained from these maps has been observed to have a
higher amplitude than that obtained from data (George
et al. 2015) and other simulations (see Fig. 1). This is
likely due, in large part, to the absence of non-thermal
pressure support in S10 (Shaw et al. 2010; Trac et al.
2011; Battaglia et al. 2012b). A rescaled Compton-y
map was produced in 2019, using a scaling factor of 0.75,
to bring the amplitude of the tSZ power spectrum into
good agreement with the 2013 Planck Compton-y map
power spectrum (Ade et al. 2019).However, since we are
interested in analyzing the effects of specific gas prescrip-
tions, we use the original unscaled maps.We exclusively
make use of the 148 GHz tSZ map and apply a frequency-
dependent conversion factor (see Equation 2) to convert
it into units of Compton-y.

3.1.1. S10 ICM Gas Model Prescription

To simulate the tSZ signal, S10 adds a semi-analytical
ICM gas prescription, which assumes a polytropic equa-
tion of state and hydrostatic equilibrium, to the N -body
halos. Three separate approaches to modeling the gas are
taken, depending on halo mass and redshift. For halos
with FOF mass above 3×1013 M ⊙ and z < 3, the model
described in Bode et al. (2009) is used. This category of
halos is the main focus of the analysis presented here.
Less massive and higher-redshift halos are more difficult
to model because of a lack of X-ray data.For less-massive
(down to ∼ 1 × 1013 M ⊙ ) low-redshift (z < 3) halos, S10
assigns a pressure based on the simulated velocity disper-
sion of a halo particle and its neighbors.For high-redshift
halos (3 < z < 10), mass density and momentum shells
at various redshift slices in an isothermal universe are

used to construct the tSZ signal.
The Bode et al. (2009) model includes four free param-

eters, calibrated against X-ray gas fractions as a function
of temperature from Chandra X-ray observatory data of
the time (Vikhlinin et al. 2006; Sun et al. 2009). The
four parameters include: star formation rate, AGN feed-
back, dynamical energy transfer from dark matter to gas,
and non-thermal pressure support. It is this last pa-
rameter, the amount of non-thermal pressure support,
which is the principal difference between this model and
the others described in this paper. Bode et al. (2009)
and S10 adopt a value of zero for the only parameter
that describes the amount of non-thermal pressure sup-
port from merger-induced shocks, consequently yielding
a higher value for the amplitude of the tSZ power spec-
trum (Shaw et al. 2010). This is because non-thermal
pressure support tends to reduce the tSZ signal at the
outskirts of galaxy clusters (Battaglia et al. 2012a).

Table 2 describes the gas parameter values used to sim-
ulate the tSZ signal in S10, as well as that of one other
simulation analyzed in this work. S10 yields a tSZ power
spectrum amplitude of D yy

3000 = 1.21 × 10−12 in units of
Compton-y at ℓ = 3000. Figure 1 shows the S10 tSZ
power spectrum for a wider range of ℓ values, along with
the power spectra of two other simulations and a data
value from George et al. (2015).

3.2. Osato & Nagai (2022) Simulation

Osato & Nagai (2022) take realizations of an N -body
simulation from Takahashi et al. (2017), along with their
halo catalogs, and apply a halo-based pasting algorithm
to simulate the tSZ signal. The Takahashi et al. (2017)
simulation is an N -body simulation created using six in-
dependent sets of 14 nested periodic boxes, ranging in
side length from 450 Mpc h −1 to 6300 Mpc h −1 , and
increased in increments of 450 Mpc h−1 . Each of these
nested boxes contains 20483 dark matter particles, which
are evolved into dark matter halos at different redshifts.
These are all run with L − Gadget2 code (Springel et al.
2005), with halos identified using the Rockstar algorithm
(Behroozi et al. 2013). Table 1 lists the specific cosmo-
logical parameter values used by Takahashi et al. (2017).
More details about the methods used can be found in the
associated paper for this simulation. From now on we
refer to the combination of the Takahashi et al. (2017)
N -body simulation and the Osato & Nagai (2022) gas
prescription as O22. We specifically only make use of
one realization (realization000) of the 108 full-sky maps
generated by O22.

3.2.1. O22 ICM Gas Model Prescription

In the O22 Compton-y map used in this work, only the
gas embedded within halos contributes to the tSZ signal.
This means there is no contribution to the signal from
any diffuse gas outside of the halo’s virial radius. This is
in contrast to a particle-based pasting algorithm, where
both gas inside and outside the halo can contribute.O22
show that the tSZ power spectra of both the particle-
based and halo-based pasting approaches agree reason-
ably well up to ℓ ∼ 3000 (see Figure 8 in the associated
paper). The halo-based approach has the advantage of
being more computationally efficient.

O22 uses similar gas model parameters to those in S10,
described in Bode et al. (2009); Ostriker et al. (2005),
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and calibrated against X-ray gas fractions measured us-
ing data from Chandra (Vikhlinin et al. 2006; Sun et al.
2009) and XMM-Newton (Lovisari et al. 2015). The
parameters adopted by O22 are additionally calibrated
against Chandra X-ray measurements of gas density pro-
files for 83 massive SPT-SZ clusters (McDonald et al.
2013). Furthermore, O22 also incorporates three distinct
parameters to specify the amount of non-thermal pres-
sure support in their model, as described and calibrated
in Shaw et al. (2010). This is a major departure from
the model of S10. Shaw et al. (2010) finds that incorpo-
rating non-thermal pressure support in their gas model
effectively scales the amplitude of the tSZ power spec-
trum down by roughly a factor of two at ℓ = 3000 (See
Figure 8 in Shaw et al. 2010). Beyond non-thermal pres-
sure support, all other gas model parameters adopted by
O22 are those calibrated in Flender et al. (2017).We list
and describe all of these in Table 2.

O22 predicts a tSZ power spectrum amplitude of
D yy

3000 = 7.29 × 10−13 in units of Compton-y at ℓ = 3000.
The full tSZ power spectrum can be seen in Figure 1.

3.3. Agora (2022) Simulation

Following the approaches of S10 and O22, Omori
(2022) applies analytical prescriptions to the MultiDark
Planck 2 (MDPL2) N -body simulation to simulate differ-
ent components of the microwave sky, including the tSZ
effect. We will henceforth refer to the combination of
MDPL2 and this tSZ gas model as Agora (Omori 2022).

MDPL2 is a dark matter-only N -body simulation of
38403 particles in a box with a 1000 h−1 Mpc side length
(Klypin et al. 2016). Halos are identified by using the
Rockstar algorithm (Behroozi et al. 2013), in a similar
fashion as O22.However, unlike O22, distinct lightcones
are not generated by stacking a series of nested boxes
with different resolutions. Instead, the original high-
resolution box is tessellated to fill the simulation volume
needed.This allows for a higher mass resolution at high
redshifts.

The specific cosmological parameter values used by
MDPL2 are listed in Table 1. More details about the
methods used can be found in Klypin et al. (2016) and
in Omori (2022).

3.3.1. Agora Gas Model Prescription

Agora uses the gas model described in Mead et al.
(2020), which is based on the fitting of electron pres-
sure profiles from the Baryons and Haloes of Massive
Systems (BAHAMAS) hydrodynamical simulation (Mc-
Carthy et al. 2017; McCarthy et al. 2018).The gas model
of Mead et al. (2020) employs a distinct set of parame-
ters, different from those adopted by S10 and O22. This
makes a direct comparison between the gas prescription
of Agora and that of the other two simulations more chal-
lenging. However, there are things we can infer from dif-
ferences in the calibration approaches used for each gas
model. As in the previous models, BAHAMAS (and by
extension Agora) also calibrate their simulation against
X-ray gas mass fractions. However, in a departure from
the previous models, BAHAMAS additionally calibrates
simulation parameters to match measurements of the lo-
cal Galaxy Stellar Mass Function (GSMF), based on ob-
servations from SDSS (Bernardi et al. 2013; Li & White

2009) and GAMA (Baldry et al. 2012). The full details
of these calibrations can be found in McCarthy et al.
(2017); Mead et al. (2020) and we just highlight notable
features here for comparison and completeness.

Based on differences in calibration approaches, we can
infer that Agora contains lower gas mass fractions and
effectively higher levels of AGN feedback than either S10
or O22. In McCarthy et al. (2017), X-ray gas fractions
are mainly used to help specify the BAHAMAS AGN
heating temperature, one of two parameters that deter-
mines the level of AGN feedback in the hydrodynamical
simulation. While the GSMF is not found to scale sensi-
tively with AGN heating temperature, the simulated gas-
halo mass relation does. Adjustments of the AGN heat-
ing temperature in BAHAMAS results in three versions
of the hydrodynamical simulation and the gas model of
Mead et al. (2020). In pasting profiles, Agora opts for
using the version of this model that best matches recent
measurements of the tSZ angular power spectrum from
SPT, P lanck, and ACT (see Figure 15 in Omori 2022).
This makes sense, given that the ultimate goal is to sim-
ulate an accurate Compton-y map. However, the version
Agora chose (BAHAMAS 8.0) has the highest AGN heat-
ing temperature (and AGN feedback), which results in a
poorer match to the data of X-ray gas mass fractions (see
Figure 4 in McCarthy et al. 2017) and is likely to cause
discrepancies with S10 and O22. Previous works (e.g.,
Shaw et al. 2010) have shown that increased feedback
leads to a reduction in the overall amplitude of the tSZ
power spectrum. We expect to observe this influence in
the Agora tSZ power spectrum.

However, other parameter choices may compensate.
For example, as discussed below, the cosmological pa-
rameters adopted for the MDPL2 simulation (in partic-
ular the higher value of Ωm ) would be expected to result
in a higher tSZ power spectrum at fixed gas prescription
compared to the other two simulations. This is because
a higher value of Ωm results in a higher halo abundance
(see, e.g., Equation 1 in Bocquet et al. 2015).

Additionally, in a departure from S10 and O22, the
halo model of Agora includes tSZ contributions from a
diffuse ejected gas component that resides outside of the
halo virial radius. The presence of this ejected gas is di-
rectly related to feedback processes as well. Although,
the ejected gas contributes only to the two-halo term,
which is sub-dominant at ℓ = 3000, it decreases the frac-
tional amount of bound gas which has a significant effect
on the one-halo term (Mead et al. 2020). Both bound
and ejected gas fractions in Agora are mass-dependent
and described by Equations 25 and 26 in Mead et al.
(2020), respectively. Notably, the fractional amount of
ejected gas decreases with increasing halo mass, leading
the fractional amount of bound gas to increase with halo
mass. This effectively boosts the tSZ signal in higher-
mass halos for Agora, in comparison to lower-mass halos.

As in S10 and O22, Agora assumes a polytropic
equation of state and hydrostatic equilibrium for their
gas model, with an adiabatic index value of Γ = 1.1966.
We refer the reader to Mead et al. (2020) for a more
detailed description of the other distinct gas model
parameters and values employed. Agora predicts a tSZ
power spectrum amplitude of D yy

3000 = 7.41 × 10 −13 in
units of Compton-y at ℓ = 3000. The full tSZ power
spectrum for a wider range of ℓ values is shown in Figure
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Figure 1. tSZ power spectra for simulation products and one data
value used in this work. The curves represent full power spectra for
each of the three simulated y-maps. The triangle marker, labelled
"G15", denotes a full tSZ power spectrum amplitude derived from
SPT-SZ data in George et al. 2015. The dotted vertical dark gray
line at ℓ = 3000 highlights the fiducial ℓ value used for subsequent
analysis. Notably, all of the simulations predict a higher tSZ power
spectrum amplitude than the data, with S10 having the highest
amplitude at ℓ = 3000.

1.

The gas prescription for each simulation is only one
component of the overall effect on the tSZ power spec-
trum. We must also consider cosmological effects related
to the relative abundance of halos as a function of mass.
Notably, there are some differences in the values of cos-
mological parameters adopted by each simulation, as can
be seen in Table 1, which may lead to differences in clus-
ter abundance per mass and redshift. We consider both
cosmological and gas model effects when anlyzing our
baseline results,but also choose one metric for compar-
ison that reduces the effects of cosmology and allows us
to focus on gas model choices.

4. DATA
The SPT-SZ survey is a ∼2500 deg 2 survey of the

southern sky with three observation bands centered at
frequencies of roughly 95, 150, and 220 GHz (Carlstrom
et al. 2011). In this work we make use of Compton-y
maps presented in Bleem et al. (2022), specifically using
the half1 and half2 “minimum-variance” maps.1 These
Compton-y maps have an angular resolution of 1.25’ and
are constructed from both SPT-SZ and P lanck 2015 data
(Ade et al. 2016). By combining data from both surveys,
the noise level of the resulting Compton-y is minimized
over a wide range of angular scales.The half1 and half2
Compton-y maps are each created using half of the full
data set. The advantage of using half maps over the full
y map is that taking their cross-spectra nulls any uncor-
related instrumental noise. In our analysis, we mask the
top 5% of galactic dust regions, determined using a CMB-
subtracted P lanck 545 GHz foreground map presented
in Ade et al. (2016) as a template. Furthermore, we
also mask bright emissive point sources detected above 6

1 While these maps are referred to as “minimum-variance maps”
in Bleem et al. (2022), they have in fact been weighted slightly
sub-optimally in order to reduce CIB contamination. We discuss
this point in more detail in Section 8.

mJy (at 150 GHz). We refer the reader to Bleem et al.
(2022) for more details on both dust and point-source
masks. Note that throughout this paper we use the terms
"masked" and "unmasked" in reference to galaxy clusters
only; dust and point-source masking is assumed through-
out for the data. The cluster catalog we use to select
what clusters to mask as a function of mass and redshift
in this y map is also derived from SPT-SZ data.This cat-
alog is described in Bleem et al. (2015); Bocquet et al.
(2019) and includes spectroscopic redshifts and M500 es-
timates (based on an SZ observable-mass scaling rela-
tion) for 516 identified clusters.

As in the previous section, we use as a reference the
tSZ amplitude measured in George et al. (2015), which
we henceforth refer to as G15.2 This measurement has
a value of D yy

3000 = (5.05 ± 0.78) × 10 −13 in units of
Compton-y and is denoted by a purple triangle marker
in Figures 1 and 2. To derive this value, George et al.
(2015) adopts a baseline model from Shaw et al. (2010)
as a template in Markov chain Monte Carlo (MCMC)
chains in order to constrain the tSZ amplitude from SPT-
SZ data. Additional constraints are applied using the 800
deg2 SPT bispectrum measurement described in Craw-
ford et al. (2014).

In Figure 2, we show the cross-power-spectrum be-
tween the half1 and half2 SPT-SZ minimum-variance
Compton-y maps as a black line. The dotted vertical
dark gray line at ℓ = 3000 represents the fiducial ℓ value
used for comparison in our baseline results. We note
that the amplitude of this power spectrum, at ℓ = 3000,
is almost an order of magnitude larger than that of the
G15 data and the three simulations considered in Fig-
ure 1. This is primarily indicative of other microwave
sources which have not been completely selected out
of the Compton-y maps and which effectively act as
sources of contamination. These include signals from
radio galaxies, dusty galaxies that make up the cosmic
infrared background (CIB), and the primary CMB.

5. METHODS
In our analysis we mask galaxy clusters in several mass

and redshift bins and use these to compute three main
quantities for comparison. To this end, we make use
of Python healpy utilities (Zonca et al. 2019), as well
as halo masses,redshifts, and positions provided in the
associated cluster catalogs of each simulation and data
product. We take M 500 to be our default halo mass,
where this quantity is defined as

M 500 = 500ρcrit (z)
4π
3

R3
500 , (6)

with ρ crit being the critical matter density of the universe
and R 500 being the characteristic radius at which this
equation is satisfied (i.e., the radius at which the cluster’s
spherical overdensity is equal to 500 times the critical
density of the universe).

For simplicity, we use binary tophat masks (not
apodized) throughout. These also have the advantage

2 We use measurements from G15 over more recent measure-
ments from Reichardt et al. (2021) mainly due to the fact that our
data y map was created using the same data set that G15 uses.
Furthermore, G15 describes the results of a cluster masking test,
which we use in a robustness test described in Section 8.1
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Parameters S10 O22 Description
Γ 1.2 1.2 Adiabatic Index

ϵDM 0.05 0 Energy transfer between dark matter and gas
ϵ∗ 4 × 10−6 3.97 × 10−6 Feedback from astrophysical sources
f ∗ 0.0164 0.026 Amplitude of stellar mass fraction scaling relation
S∗ 0.26 0.12 Slope of stellar mass fraction
α nt 0 0.18 Amplitude of non-thermal pressure
βnt 0 0.5 Redshift dependence of non-thermal pressure
nnt 0 0.8 Radial dependence of non-thermal pressure

Table 2
Gas model parameters and values adopted by S10 and O22. Agora uses a different parameterization procedure, which is not as directly

comparable to the other two simulations mentioned here, but is described in detail in Mead et al. 2020.

Qualitative Treatment by Simulation
Astrophysical Quantity S10 O22 Agora

Non-thermal Pressure None. Redshift- and radius-
dependent. None.

AGN Feedback More than O22. Lowest amount. Highest amount.

Dark Matter Energy Transfer
Has similar effects as AGN
feedback.
More than O22.

None
(i.e., parameter value set
to zero).

None, explicitly
(i.e., no parameter).

Bound-gas fraction
All gas is bound.
Always equal to 1. Always equal to 1. Strong scaling

with mass.

Stellar-mass fraction
Mass-dependent, with
shallower slope than
O22.

Highest overall amplitude
with steepest slope and
mass-dependence.

Lowest amplitude with
weak redshift- and mass-
dependence.

Table 3
Qualitative summary of relevant astrophysical quantities from each simulation. More details in the text and in the associated papers of

each product.

102 10310 2

10 1

100

101

D
yy

×
 1

0
1

2

SPT-SZ Total

CMB

Radio
CIB

G15 (tSZ)

Figure 2. Data y map power spectrum along with the spectra
of model contaminants. The black line denotes the cross-power-
spectrum of the half1 and half2 minimum-variance Compton-y
maps from Bleem et al. (2022). Model contaminant curves are de-
rived in the same manner as used for Figure 7 of Bleem et al. (2022),
with different frequency weights applied to match the minimum-
variance y map used here. As in Figure 1, the triangle marker de-
notes a full tSZ power spectrum amplitude, derived from SPT-SZ
data in G15, and which we adopt for some subsequent calculations.
The dotted vertical dark gray line at ℓ = 3000 represents the fidu-
cial ℓ value used for analysis in this work.

of reducing any potential masking of residual tSZ signal
from filamentary structure in data. In Section 8 we test
the effects of varying this procedure and find that our
baseline method is robust enough for the purposes of our

analysis here. Individual masks are tailored to depend
on each cluster’s characteristic θ500 value, which can be
defined as

θ500 =
R500
D A

(7)

where D A is the angular diameter distance, which de-
pends on redshift and cosmology. We specifically use
the COLOSSUS toolkit (Diemer 2018) to compute D A
and R 500 , using catalog M 500 and z values, and thus
determine θ500 for each halo. We use θ500 in units of
arcminutes (′ ) and apply the following masking routine:
for θ500 ≥ 2 ′ , we use a mask radius of 2 × θ500 , whereas
for θ500 < 2 ′ , we use a mask radius of 4′ . This routine is
motivated by our understanding of the radial extent of
most of the tSZ signal in data and simulations.

When masking out galaxy clusters by mass and red-
shift in all Compton-y maps, a mask correction factor
is applied to correct for holes in the map area and refer
cut-sky estimates to the full sky. In the case of the data,
a beam correction factor is also applied to power spectra
via healpy utilities in order to properly compare to sim-
ulations. Similarly, healpy tools correct for differences in
the pixel window function of both data and simulations.

The first quantity used to measure the effects of mask-
ing clusters is simply the difference between the masked
and unmasked3 tSZ power spectra at ℓ = 3000, which we

3 Once again, "masked" and "unmasked" in this case refers only
to galaxy clusters. Dust and radio point-sources are always masked
for the data.
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describe with

∆D
yy
3000 (M 500) = D

yy
3000,unmasked − D yy

3000,masked (M 500 )
(8)

This metric allows us to specifically probe and com-
pare the contributions of high-mass clusters (M 500 >
1 × 1014 M ⊙ h−1 ) to the overall tSZ power spectrum
amplitude in each y map. Beyond individual cluster gas
physics, ∆D

yy
3000 measurements are also dependent on the

cluster count in each of our mass and redshift bins.These
cluster counts are reflective of the cosmology and halo-
abundance in each data and simulation product.

In order to minimize cosmological effects, and focus
on studying the effects of gas physics, we additionally
normalize ∆D

yy
3000 relative to one galaxy cluster in each

bin. We refer to this quantity as ∆D
yy
3000 per cluster and

use it as a second metric for comparison. To measure
this, we divide ∆D

yy
3000 values by the cluster count in

each mass and redshift bin, normalized relative to a full
sky area, such that

∆D
yy
3000 per cluster (M 500) =

∆D
yy
3000 (M 500)

Nclusters, full−sky
(9)

In order to infer the contributions to the total power
from low-mass clusters, we incorporate full tSZ power
spectrum amplitude measurements into our third, and
final, metric for comparison. We specifically divide
∆D

yy
3000 values by the full tSZ power spectrum ampli-

tude of each respective product at ℓ = 3000. We refer
to this quantity as the fractional power contribution at
ℓ = 3000 (f 3000 ) and define it as:

f 3000 (M 500) =
∆D

yy
3000 (M 500)
D yy,tSZ

3000
(10)

For simulated y maps, D yy,tSZ
3000 in Equation 10 is equiv-

alent to D
yy
3000,masked in Equation 8. However, since our

data contains additional sources of microwave contami-
nation (see Figure 2), we require a different Dyy,tSZ

3000 value
that better approximates the true total amplitude of the
tSZ power spectrum for our treatment of the data. In
our analysis we reference the aforementioned tSZ power
spectrum amplitude measurement from G15, which has
a value of D yy,tSZ

3000 = (5.05 ± 0.78) × 10 −13 in units of
Compton-y. To be clear, we still take the difference be-
tween masked and unmasked power spectra for our data
y maps, but we divide this quantity by the full amplitude
from G15 to obtain f 3000 values as a function of mass.

As previously mentioned, we compute ∆D
yy
3000 ,

∆D
yy
3000 per cluster, and f 3000 for data and simulations

in several mass and redshift bins. Since cluster abun-
dance decreases exponentially with halo mass (Tinker
et al. 2008), we use logarithmically spaced mass bins.
Specifically, we initially create nine mass bins in the
range 1 × 1014 M ⊙ h−1 < M 500 < 1 × 1015 M ⊙ h−1 . We
then manually widen our last bin up to 2 × 1015 M ⊙ h−1

in order to accommodate all high-mass clusters.For full-
redshift values we use the range 0.25 < z < 1.5. Our
lower redshift boundary is mostly motivated by the SPT-
SZ cluster selection function (see, e.g., Bleem et al. 2015).
The upper limit is motivated by the maximum redshift
of massive clusters in the Agora catalog at the initial

time of analysis.4 For our redshift-binned values we split
up our cluster sample between two z-bins defined by:
0.25 < z < 0.59 and 0.59 < z < 1.5. These were cho-
sen so as to divide our cluster counts as evenly as pos-
sible and thus reduce uncertainties on our y-axis values.
Again, we apply mask-correction factors throughout, so
as to calculate these values in the full-sky regime.

In addition to our mass and redshift bins we use ℓ bins
to compute mean values for each of our main metrics for
comparison. For each mass and redshift bin, we define
five evenly-spaced ℓ bins in the range 2950 ≤ ℓ ≤ 3050.
A bin size of ∆ℓ = 20 is chosen due to the fact that,
because of the size of its observation region, the SPT-SZ
survey has a resolution limit of ∆ℓ ∼ 10. We measure
our metric value in each of the five ℓ bins and then take
the average of all five to obtain a mean metric value for
comparison.

We estimate the uncertainty on ∆D
yy
3000 through:

σ2
∆D

yy
3000

=
Var(∆D

yy
ℓ )

N ℓ,bins
+

(∆D
yy
3000 )2

Nclusters
, (11)

where Var(∆D
yy
ℓ ) is the variance in individual ℓ bin val-

ues of ∆D
yy
ℓ , N ℓ,bins is the number of ℓ bins (i.e., five),

and N clusters is the cluster count in each mass and red-
shift bin. The first term in Equation 11 is our estimate
of the variance on the mean value across the ℓ bins, and
the second term is from Poisson statistics. The uncer-
tainty on the data in most mass bins is dominated by
the Poisson term.

To approximate the error on ∆D
yy
3000 per cluster, we

additionally divide σ 2
∆D

yy
3000

by the full-sky cluster count
in each mass and redshift bin. Similarly, the uncertainty
on f 3000 is σ2

∆D
yy
3000

divided by D
yy
3000,unmasked . As in

Equation 10, we adopt a D
yy
3000,unmasked value from G15

for our treatment of the data.
Additionally, for the data, we approximate uncertain-

ties on our mean cluster mass values in each bin by cal-
culating the propagation of error due to uncertainties on
the SPT-SZ mass-significance relation. This relation is
described by Equation 1 in Bocquet et al. (2019), for
which a fiducial νΛCDM cosmology is employed, with
parameter values and uncertainties described in column
2 of Table 3 of the same paper.For clarity, we show this
equation here:

⟨lnζ⟩ = lnA SZ + B SZ ln
M 500h70

4.3 × 1014M ⊙
+ C SZ ln

E(z)
E(0.6)

(12)
To obtain uncertainty measurements from this we first
compute mean significance values for each of our mass
bins. We then invert this relation to solve for M 500 , as a
function of ζ, and propagate the error on the parameters
ASZ , BSZ, and CSZ to approximate the error on M 500 .
A fiducial redshift value of z = 0.7 is used throughout.
This treatment effectively measures the mean correlated
uncertainty value for each mass bin. We assume that
there are enough clusters in each mass bin so as to make
the uncorrelated uncertainty negligible.

6. BASELINE RESULTS

4 The Agora catalog has since been updated to include higher
redshift clusters.
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In this section we present baseline results for our three
main metrics for comparison between data and simula-
tions. In generating baseline values we convert all halo
masses into units of M ⊙ h−1 for easier comparison.For
consistency, we assume h = 0.7 throughout.

We note that the > 95% cluster mass-completeness
limit for the SPT-SZ survey, and its associated cluster
catalog, is cited as M 500 ∼ 7 × 10 14 M ⊙ h−1

70 (Bleem
et al. 2015), corresponding to a value of M 500 ∼ 5 ×
1014 M ⊙ h−1 . This means that any sample of clusters
identified below this mass is not a complete sample, and
thus the total tSZ power contribution of all clusters be-
low this mass cannot be directly estimated without im-
plementing some kind of completeness correction. This
becomes increasingly difficult to do at lower mass values,
due to uncertainties in our completeness fractions, and
so we only apply this treatment to one data point near
the completeness limit in each relevant baseline figure.

6.1. ∆D
yy
3000

In the top panel of Figure 3 we show our baseline full-
redshift ∆D

yy
3000 calculations, for SPT-SZ data and all

three simulations considered. The shaded region in Fig-
ure 3 represents the mass incompleteness regime of clus-
ters in the SPT-SZ survey of Bleem et al. (2015). We in-
clude three SPT-SZ data points in the non-shaded > 95%
complete mass regime,and one point in the shaded re-
gion (near-completeness).We also apply a completeness
correction to this last point. We do this by dividing the
incomplete ∆D

yy
3000 value by the estimated completeness

fraction for y power spectrum measurements in that bin.
We note that this completeness fraction is not identi-
cal to the completeness for cluster-finding. To estimate
the completeness for y power spectrum measurements,
we make use of existing SPT-SZ mock-observations of y
maps from the MAGNETICUM simulation (Dolag et al.
2016). We compute power spectra from MAGNETICUM
y maps with and without masking clusters, but in any
one mass bin we only mask clusters that exceed the
Bleem et al. (2015) detection threshold in mock-observed
maps. The bottom panel of Figure 3 is a histogram of
cluster counts from each simulation and data product,
normalized to the SPT-SZ survey area.

In Figure 4 we show our baseline redshift-binned
∆D

yy
3000 calculations and cluster counts. This is similar

to Figure 3, except our cluster sample is broken up into
our two redshift bins, defined as: 0.25 < z < 0.59 and
0.59 < z < 1.5. Completeness corrections are applied as
previously outlined.

6.2. ∆D
yy
3000 per cluster

In Figures 5 and 6, we present baseline
∆D

yy
3000 per cluster values. Figure 5 shows these

values for our full-redshift range, while Figure 6 displays
these values for our two redshift bins. This metric
represents the contribution to the tSZ power spectrum
from an average cluster in each mass bin. To calculate
this, we divide ∆D

yy
3000 values in a given bin by the

cluster count in that bin, normalized relative to a full
sky area. This assumes that all clusters in a mass and
redshift bin contribute proportionally the same to the
tSZ power spectrum at ℓ = 3000. By using the ∆D

yy
3000

per cluster as a basis of comparison, we can isolate the

effects of different gas prescriptions from factors such as
halo abundance and cosmology.

6.3. f 3000

In Figures 7 and 8 we show baseline f3000 values for our
full redshift range and our two redshift bins, respectively.
This metric is described by Equation 10, and amounts to
dividing the ∆D

yy
3000 values for each simulation or data

product by the respective full tSZ power spectrum am-
plitude at ℓ = 3000 measured from each product. All
masking and binning routines remain the same. This
metric allows us to incorporate the tSZ power contri-
butions of low-mass clusters into our measurements and
comparisons. Completeness corrections are applied to
one of our data values as outlined before.As a reminder,
in our analysis, we adopt a full tSZ power spectrum am-
plitude value from G15 for the SPT-SZ data. This choice
is appropriate given that the G15 value was derived using
the same data used to produce our baseline y map.

7. DISCUSSION
In this section, we provide a summary and discussion

of our baseline results. We analyze the findings for each
of our metrics individually and then draw general conclu-
sions from all three in Section 9.To make more quantita-
tive comparisons, we introduce a χ2-like statistic for each
full-redshift metric and simulation value. This statistic
takes into account the uncertainties of both the data and
simulations and is defined as follows:

χ2-like =
X (valuedata − valuesim )2

σ2
data + σ 2

sim
(13)

Here, valuedata represents any one metric value for the
data, valuesim represents the corresponding metric value
for a specific simulation, and σ2data and σ2

sim represent the
squares of their respective uncertainty values.

Table 5 serves as an organizational tool, providing a
qualitative summary of the agreement regimes between
the data and simulations, along with potential interpre-
tations.

7.1. ∆D
yy
3000

For the full-redshift ∆D
yy
3000 values (Figure 3), we ob-

serve that S10 generally has the highest amplitude, fol-
lowed by Agora and then O22. The higher overall am-
plitude of S10 can be attributed to the absence of non-
thermal pressure support in its gas model and a lower
amount of feedback compared to Agora. Agora, on
the other hand, has a higher amplitude than O22 due
to both gas model choices (discussed more in-depth in
the next subsection) and a higher halo abundance per
mass bin. It is worth noting that Agora has the high-
est halo abundance in all mass bins, except for the last
bin where it is comparable to the data. This is reflec-
tive of MDPL2’s choice of cosmologicalparameters, in
particular the higher value of Ω m used compared to the
other simulations (see Section 3.3.1). In terms of agree-
ment with the data, none of the simulation values for full-
redshift ∆D

yy
3000 strongly align with the data. However,

the data generally falls between the values of Agora (up-
per bound) and O22 (lower bound), with slightly better
agreement observed with Agora. The calculated χ 2-like
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Figure 3. Top panel: Full-redshift values of the difference between masked and unmasked power spectra, ∆D

yy
3000 , normalized relative to

the full sky. The gray shaded region represents the mass-incomplete regime of the SPT-SZ cluster catalog of Bleem et al. 2015; Bocquet
et al. 2019. The redshift boundary implemented is specified at the top of the figure. A completeness correction is applied to the lowest-mass
SPT-SZ data point and denoted by a black star marker. The original data point, without this correction, is denoted by a gray star marker.
The observed trends and outcomes presented here can be ascribed to a combination of cosmological and gas model choices, as detailed in
the text. Bottom panel: A histogram of cluster counts in each mass bin, normalized relative to the area of the SPT-SZ observation region.
The solid black vertical lines represent the boundaries of our last seven mass bins; the first three mass bins are omitted for simplicity and
since they are less relevant to the data. We still include three bins without data values for a comparison between simulation models at
lower masses. The highest mass bin is manually widened to include all high-mass clusters. Notably, Agora consistently predicts the highest
cluster abundance here, which, along with the other relative cluster counts, helps explain some of the results in the top panel.

statistic value for Agora is 8.19, compared to 13.76 for
O22 and 13.82 for S10.

In the redshift-binned values of Figure 4 (upper panel),
we find that the data has a relatively higher amplitude at
lower redshift compared to higher redshift. This brings
the data into good agreement with O22 at higher red-
shift, while maintaining relatively good agreement with
Agora and S10 at lower redshift. We also notice strong
evolution in O22 between the two sets of redshift-binned
values. O22 exhibits significantly higher ∆D

yy
3000 values

at higher redshift compared to lower redshift. By com-

paring the normalized cluster counts in each mass and
redshift bin, we find that this effect is not driven by cos-
mology. Increases in the individual halo tSZ signal as
a function of redshift is not completely unexpected and
consistent with self-similar scaling relations found in the
literature (e.g., Arnaud et al. 2010). Furthermore, Shaw
et al. (2010) finds that their gas model, which O22 ref-
erences,is expected to scale close to self-similarly (see
Figure 6 in Shaw et al. 2010).The reason Agora and S10
do not scale as strongly with redshift could have some-
thing to do with the relatively higher amount of feedback
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Figure 4. Redshift-binned ∆D
yy
3000 values. Similar to Figure 3, but with additional redshift-binning of clusters. The specific boundaries

of our two redshift bins are specified in the title of this figure and are defined as: 0.25 < z < 0.59 and 0.59 < z < 1.5. These boundaries are
chosen so as to split up our cluster count as evenly as possible. Shaded regions denote the mass-incomplete regime of the data. Here O22
exhibits the lowest ∆D

yy
3000 amplitude overall, yet notably provides a closer match to the data and other simulations at higher redshift. On

the other hand, Agora and S10 display higher amplitudes and provide a better fit to the data at lower redshift. Again, these trends can be
attributed to a combination of cosmological and gas model choices, as discussed in the text.

in their gas models (Holder & Carlstrom 2001; Battaglia
et al. 2012b), but we leave a more in-depth analysis of
each gas model for the next sub-section. Ultimately, we
note that higher-redshift ∆D

yy
3000 values from O22 are in

better agreement with the data and other simulations.
In our baseline ∆D

yy
3000 data values (and in f 3000 ),

we notice an anomalously high value in the highest-
mass bin. However, this discrepancy is not evident in
∆D

yy
3000 per cluster (discussed in the next subsection).

The different simulations may be discrepant with this
mean ∆D

yy
3000 data value for different reasons. In par-

ticular, S10 is discrepant due to a lower abundance of
highest-mass halos, while Agora is discrepant due to
lower individual tSZ cluster signals (as can be seen in the
∆D

yy
3000 per cluster values of Figure 5).O22 is discrepant

due to both a lower halo abundance and mean individual
cluster signal. We could also attribute some of the seem-
ingly high tSZ signal in the data to mass-uncertainties
and possible projection effects. Nonetheless, it is impor-
tant to note that this data point is not very statistically
significant and lies within 2σ of all simulations.

In general, we find the data is broadly consistent with

all ∆D
yy
3000 values from simulations, with a preference for

O22 at higher redshift and a preference for Agora and S10
at lower redshift. The main complication is that most of
these results are due to a combination of both cosmology
and gas model choices.In the next subsection we attempt
to disentangle these two components so as to specifically
isolate the effects of different gas model prescriptions.

7.2. ∆D
yy
3000 per cluster

In Figures 5 and 6, we aim to isolate the effects of gas
physics from cosmological and halo-abundance related
factors by presenting the difference between masked and
unmasked power spectra per cluster.To achieve this, we
calculate the ratio of the upper panel values from Figures
3 and 4 to their respective cluster counts in each mass
bin, normalized relative to the full sky area. Figure 5
shows results for the full-redshift range, while Figure 6
shows the result for our two redshift bins. We note that
this metric implicitly assumes that all clusters in a mass
bin contribute proportionally the same to the tSZ power
spectrum at ℓ = 3000.

In the full-redshift limit (Figure 5), the data shows



11

2 × 1014 1015

10 1

100

101

D
yy 3
0

0
0

p
e
r 

cl
u
st

e
r 

×
 1

0
1
6

0.25 < z < 1.5

S10

O22

Agora

SPT-SZ

M500 (M h 1)
Figure 5. Full-redshift values of ∆D

yy
3000 per cluster. Similar to the top panel of Figure 3, but normalized relative to one cluster from

each simulation and data product. This measurement is achieved by dividing ∆D
yy
3000 values from Figure 3 by full-sky cluster counts for

each mass bin. This metric facilitates a more direct comparison of the effects of gas model choices. Notably, S10 provides a closer match
to the data at higher masses, while Agora provides a better match at lower masses. Conversely, O22 provides the worst fit overall. These
findings likely arise due to different degrees of feedback, among other distinct gas model features, within each simulation, as elaborated
upon in the text.
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Figure 6. Redshift-binned values of ∆D
yy
3000 per cluster. Similar to the top panel of Figure 4, but normalized relative to one cluster from

each simulation and data product. Notably, the higher uncertainty associated with high redshift data points results in rough agreement
between the data and all simulations at high redshift. Nevertheless, S10 and Agora exhibit better agreement with the data at lower redshift,
likely owing to reasons similar to those outlined for the full-redshift values in the text.
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13

better agreement with S10 at higher masses, while also
demonstrating good agreement with Agora, particularly
at lower masses.Overall, the agreement is stronger with
Agora, as indicated by a χ2-like value of 6.28, compared
to 10.25 for S10. O22 exhibits the lowest amplitude and
the poorest agreement with the data, with a χ2-like value
of 18.81.

A striking feature of Figure 5 is that S10 agrees with
the data very well in the highest mass bins but exhibits
a shallower slope with mass than the data. The sim-
plest interpretation of this result is that non-thermal
pressure support (which S10 lacks) is negligible at the
highest mass but important nearer the SPT-SZ com-
pleteness limit; however, the literature (e.g., Figure 4
in Green et al. 2020) suggests the opposite may be true.
An alternative possibility is that non-thermal pressure
support is negligible at all masses probed by the data,
but that the amount of feedback (e.g., AGN feedback)
in S10 is low compared to that in real clusters. AGN
feedback is known to have a stronger power-reducing ef-
fect on low-mass systems than high-mass systems (e.g.,
Puchwein et al. 2008; Chon et al. 2016), and at our small
angular scale of interest (e.g., Shaw et al. 2010). If the
amount of feedback were increased in S10, it could be
possible to achieve better agreement with the data at
low masses while maintaining the current agreement at
high masses.However, this could come at the expense of
a poorer match to X-ray data.

Additionally, we observe that O22 values surpass
Agora values at lower masses. This can be attributed
to Agora’s mass-dependent treatment of the bound gas
component in their halo model and their high level of
AGN feedback, which has a more significant effect on
lower-mass systems as previously discussed.In Section 3
we describe Agora’s calibration approach, including their
choice of a gas model with increased AGN feedback and
a lower gas-halo mass relation compared to both S10 and
O22. We also describe their treatment of the ejected and
bound gas fractions in their halo model, which is a dis-
tinctive feature of the Agora simulation. The ejected gas
component, located outside the halo’s virial radius, con-
sists of gas that was initially within the virial radius but
has been expelled due to feedback processes, resulting in
a lower bound gas fraction. As previously discussed, the
fraction of bound gas in Agora increases with mass, such
that a higher proportion of relevant tSZ signal comes
from high-mass halos.Consequently, we expect low-mass
Agora clusters to source a proportionally lower amount
of tSZ signal. On the other hand, O22 does not incor-
porate such a treatment, leading to a less steep decline
at lower masses. S10, which excludes non-thermal pres-
sure support and incorporates a lower level of AGN feed-
back compared to Agora, exhibits higher values overall.
This combination of parameter choices helps explain why
Agora values mostly lie between S10 and O22 here, yet
fall below O22 at lower masses.

To further examine the mass-dependence, we fit full-
redshift data and simulation points to a power-law
model:

∆D
yy
3000 per cluster = A

M 500

6 × 1014M ⊙ h−1

p

(14)

and present the best-fit power-law index values p with

Product Best-fit Power-law Index p
SPT-SZ 3.54 ± 0.55

S10 2.50 ± 0.35
O22 1.60 ± 0.12

Agora 2.61 ± 0.09

Table 4
Best-fit power-law index p (see Equation 14) and uncertainties for
full-redshift ∆D

yy
3000 per cluster values from Figure 5. In the case

of simulations, only values in the mass range of the data are
considered for this calculation.

uncertainties in Table 4. In the case of the simulations,
the fit is only performed for values within the same mass
range as the data. This ensures a fair comparison be-
tween the simulated and observed slopes within the spe-
cific mass range of interest. Notably, the data exhibits
the steepest index overall, with a value of 3.54 ± 0.55.
This is followed by Agora, with an index of 2.61 ± 0.09,
S10, with an index of 2.50 ± 0.35, and finally O22, with
an index of 1.60 ± 0.12.These results highlight the pres-
ence of discrepancies between the data and simulations
in terms of both the amplitude and mass-dependent scal-
ing.

A brief comparison between the best-fit power-law in-
dex values obtained for the full-redshift range and those
predicted in a self-similar model is worthwhile. In the
self-similar case, the predicted power-law index of the
relation between integrated Y 500 and M 500 is 5/3 (e.g.,
Arnaud et al. 2010; Ade et al. 2013), while the central
decrement is predicted to scale linearly with mass (p = 1,
e.g., Equation 7 in Holder & Carlstrom 2001). Since
we have computed index values based on the tSZ power
spectrum, it is necessary to square these self-similar rela-
tions such that we instead compare to values of 10/3 and
2, respectively. Scaling arguments and simple numerical
simulations indicate that, for the typical mass and red-
shift of clusters considered here, the tSZ power spectrum
at ℓ = 3000 is more sensitive to changes in Y 500 than
the central y. In this context, we find that the SPT data
exhibits the closest adherence to a self-similar Y500 mass-
scaling, with a slope value of 3.54 ± 0.55.Agora exhibits
the next closest adherence to a self-similar mass-scaling,
followed by S10, and finally O22.

In the redshift-binned regime (Figure 6), the data re-
mains in better agreement with S10 and Agora, over
O22, particularly at lower redshifts. While higher-
redshift data values have larger uncertainties, resulting
in a broader range of agreement with all three simula-
tions, the central data values still show closer alignment
with S10 at higher masses and Agora at lower masses.
Once again, O22 values scale more strongly with red-
shift, which we would expect from the near self-similar
model of Shaw et al. (2010).

Despite O22’s relatively closer adherence to a self-
similar redshift-scaling, it exhibits the least self-similar
mass-scaling among the models. Similarly, we observe
a lack of self-similar redshift evolution in Agora and
S10, even though these models show closer adherence
to a self-similar mass-scaling. Some of these findings
could tentatively be attributed to increased feedback
and non-gravitational processes,which are predicted to
affect redshift-scaling more strongly than mass-scaling
(Holder & Carlstrom 2001). Both S10 and Agora in-
corporate higher levels of feedback in their gas mod-
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els compared to O22, and Agora includes several other
redshift-dependent terms in their gas model (e.g., modi-
fications to halo concentrations) which could collectively
contribute to scaling the redshift-evolution of pressure
profiles away from self-similarity. Nonetheless, there are
clearly other model features or assumptions at play in
these results which are not fully understood. Interest-
ingly, the data itself does not exhibit a strong dependence
on redshift at ℓ = 3000. Further analysis and investiga-
tion are necessary to fully understand the implications
and underlying mechanisms or assumptions driving these
discrepancies.

The observed differences in amplitude, and in mass and
redshift scaling, between simulations and data suggest
that the simulated models may not fully capture the un-
derlying physical processes governing the observed data,
and some mass- and redshift-dependent adjustments to
the gas models would be required to improve the agree-
ment. S10 exhibits discrepancies at lower masses,and
potential adjustments to its gas model have already been
discussed above. On the other hand, O22 and Agora
show larger discrepancies at higher masses, suggesting
that these simulations may have overestimated the ef-
fects of power-reducing mechanisms in this regime.This
seems to be especially true at lower redshift. To ad-
dress this, reducing the amount of non-thermal pressure
support in O22 could be considered, but it would result
in a poorer match to the overall amplitude of the tSZ
power spectrum from G15. Alternatively, increasing the
amount of feedback in O22 could help compensate for the
discrepancy and reduce its redshift evolution.In the case
of Agora, it is possible that the amount of AGN feedback
has been overestimated for the mass range of interest.In
Figure 9 we compare baseline data and Agora values to
those derived from an alternative Agora y map with a
lower AGN heating temperature, and consequently less
AGN feedback. We find that these alternative values are
a better match to the data here, having a χ 2-like value
of 2.34, but would yield a worse match to the overall tSZ
power spectrum amplitude of G15 and other data (see
Figure 15 in Omori 2022). This suggests overall that
feedback processes may not be very significant at high
mass while remaining significant at lower masses.More-
over, the data implies a steep mass-dependent scaling
that is not reproduced by any of the simulations.

The ∆D
yy
3000 metric used here does not capture the

tSZ power contributions from low-mass clusters (M500 <
1014 M ⊙ h−1 ). While S10 agrees well with the data
based on this metric, it is expected to be consistently
higher in amplitude than the data at lower masses, as
indicated by the relatively lower amplitude of the SPT
full tSZ power spectrum from G15 (see Figure 1). In the
next subsection, we incorporate measurements of the full
tSZ power spectrum amplitude as an additional probe of
low-mass cluster signals.

7.3. f 3000

Using f 3000 as a metric for comparison enables us to
consider the cumulative impact of various model and
data components, including cosmology, gas physics, and
the contributions of both high- and low-mass clusters.
High-mass clusters are directly examined through our
masking routine, while the influence of low-mass clus-
ters is incorporated through the full tSZ power spectrum
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Figure 9. Comparison of ∆D
yy
3000 per cluster values from an alter-

native Agora y map, produced using lower levels of AGN feedback,
with data and baseline values. Alternative values are labeled as
“Agora 7.8,” which refers to the value of the AGN heating tem-
perature parameter in Agora’s gas model (107.8 K). The baseline
Agora y map employs an AGN heating temperature of 10 8.0 K in
order to better match overall measurements of the tSZ power spec-
trum from data (Omori 2022). Evidently, we find that reducing
the amount of AGN feedback in Agora results in a closer match to
the data within the targeted mass range.

amplitude, which is primarily sourced by high-redshift
low-mass clusters.By considering these factors together,
we can gain a comprehensive understanding of the over-
all agreement between the simulations and the observed
tSZ power spectrum.

In the top panel of Figure 7 we find that the relative po-
sition and shape of all points remains largely unchanged
compared to their ∆D

yy
3000 counterparts. However, the

mean SPT-SZ data points have a significantly higher rel-
ative amplitude in f 3000 . Nevertheless,we find that the
data is in good agreement with Agora for most mass bins
and overall, yielding a χ 2-like value of 3.28. In compari-
son, S10 and O22 yield χ2-like values of 6.98 and 21.52,
respectively.

In comparing the simulations, Agora consistently ex-
hibits higher amplitudes than the other simulations for
mass bins above M 500 ∼ 3 × 10 14 M ⊙ h−1 . This can
be attributed to Agora’s higher cluster abundance and a
relatively lower full tSZ power spectrum amplitude com-
pared to S10. Evidently, there is a higher proportion
of tSZ signal at high masses in Agora compared to low-
masses. However, at lower masses, there is a turnover
where O22 surpasses both Agora and S10 in amplitude.
Despite having a comparable full tSZ power spectrum
amplitude to Agora, as shown in Figure 1, low-mass clus-
ters in O22 source a proportionally higher amount of tSZ
signal. For Agora, this can be partly explained by the
mass-dependent treatment of their bound gas fraction
and high AGN feedback levels. High-mass clusters in
S10 may source a proportionally higher amount of tSZ
signal due to the relatively higher amount of feedback,
compared to O22.

In the redshift-binned version of f3000 (Figure 8), there
is a noticeable discrepancy between the data and simula-
tion values at lower redshift in most mass bins.However,
there is better agreement in the higher-redshift bin, with
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all simulations matching up relatively well to the data.
Despite larger discrepancies at lower redshift, Agora still
provides the best overall match to the data, likely due to
similar reasons as outlined above.

The discrepancies between the data and simulations in
f 3000 , as compared to ∆D

yy
3000 , are due in large part to

differences in the full tSZ power spectrum amplitude at
ℓ = 3000. This indicates that either the simulations over-
predict the tSZ power coming from low-mass clusters, or
there is something (e.g., the CIB) contaminating the tSZ
signal from low-mass clusters in the data. In Section
8.4 of this work, we find that the CIB does not signif-
icantly contaminate high-mass clusters in our baseline
data products. However, it is possible that CIB contam-
ination could be more prominent in low-mass clusters,
which are more abundant at higher redshift due to hier-
archical structure formation. Although G15 attempts to
account for CIB contamination by incorporating a sim-
ple non-physical model of tSZ-CIB correlation into their
fitting procedure (see Equation 14 in G15), this model
may not adequately describe the CIB at low masses and
in the ℓ range of interest. Overall, the differences in
gas model choices,binned cluster counts, and full tSZ
power spectrum amplitude all play a role in the observed
discrepancies in f 3000 . However, it is the variations in
the full tSZ power spectrum values that are particularly
significant in highlighting larger discrepancies in the low-
mass regime.

8. ROBUSTNESS TESTS
In this section we outline several tests for evaluating

the robustness of our baseline results.

8.1. Cross-check with Literature

In this subsection we compare the values we estimate
for ∆D

yy
3000 in SPT-SZ data to the results of a similar

procedure performed in G15.
In addition to their baseline tSZ power spectrum am-

plitude, G15 reports a value for the tSZ power spectrum
with clusters masked. For their version of this calcula-
tion, G15 masks all clusters in the 2500 deg 2 SPT-SZ
survey that are included in the Bleem et al. (2015) cata-
log with a statistical significance of ξ > 5 (where ξ is the
raw cluster signal-to-noise). In their treatment, clusters
are masked using apodized masks with Rtophat = 5 ′ and
a Gaussian taper of FWHM = 5 ′ for each. This is no-
tably different from our baseline masking routine. G15
obtains a value for the difference between the masked and
unmasked power spectrum, of ∆D

yy
3000 = 2.54 × 10−13 in

units of Compton-y. It is difficult to approximate the
uncertainty on this measurement due to the correlation
between the uncertainties on the masked and unmasked
D yy

3000 measurements from G15. However, we note that
it is likely comparable to the uncertainty on our own
measurement (reported below).

For comparison, we reproduce this measurement using
our baseline masking routine. That is, we mask clusters
with ξ > 5 in Bocquet et al. (2019, which is an updated
catalog of Bleem et al. 2015, but with the same ξ values)
using non-apodized masks, with θ 500-dependent radii.
We obtain a value of ∆D

yy
3000 = (2.75 ± 0.26) × 10 −13 ,

which is in good agreement with G15, especially consid-
ering the differences in masking routines.
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Figure 10. Four sets of ∆D
yy
3000 data points derived using differ-

ent mask radii than employed in our baseline ∆D
yy
3000 (also shown).

The legend specifies the different mask radii in units of θ 500 . For
these tests, and unlike in our baseline routine, we do not apply a
mask radius floor for clusters with θ 500 < 2 ′ . Our results appear
to be robust across different mask radii choices, as they all yield
statistically consistent outcomes.

8.2. Different Masking Routine Tests

In this subsection we analyze the effects of altering
our masking routine on ∆D

yy
3000 data values. Specifically,

we test the effects of changing the radius prescription
of cluster masks and of apodizing masks with Gaussian
tapers.

In Figure 10 we show four sets of ∆D
yy
3000 data points

with different θ 500-dependent mask radius functions (as
specified in the legend), alongside baseline data points.
We notice that these all yield statistically consistent re-
sults. This indicates that our baseline data values are
not sensitively dependent on our choice of cluster mask
radius.

In Figure 11 we present ∆D
yy
3000 data points created

using apodized masks, alongside baseline data points.
For the apodized masks we apply our baseline masking
routine with the addition of a Gaussian taper, defined
by FWHM = 5 ′ , to all masks. This is mostly a test
for any significant mode-mixing effects produced by our
tophat masking routine. We generally find that the mean
data points associated with apodized masks are higher in
∆D

yy
3000 amplitude than our baseline points. This might

indicate that more residual tSZ signal from filamentary
structure, or nearby halos, is being masked and is not
necessarily due to mode-mixing effects.Nevertheless, we
find that the difference between both sets of data points
is not very significant (< 1σ) and adopting the test values
would not change our overall discussion and conclusion.

8.3. Comparison to ACT Compton-y Map

As a cross-check, we wish to compare baseline SPT-
SZ data values to those derived from a different data
product. In the top panel of Figure 12 we compare
SPT-SZ ∆D

yy
3000 measurementsto those derived from

the Compton-y map described in Madhavacheril et al.
(2020), which was produced from the combination of
data from the ACTPol receiver on the Atacama Cos-
mology Telescope (ACT, Thornton et al. 2016) and the
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Simulation Agreement with Data Potential Interpretations

S10
∆D

yy
3000 per cluster at higher

masses. ∆D
yy
3000 at lower

redshift.

Simulated clusters at higher mass and
lower redshift
are a closer match to the data.
More non-thermal pressure
support and/or feedback is needed.

O22
∆D

yy
3000 at higher redshift, f 3000 at

higher redshift.

Simulated clusters at higher
redshift are a better match to data.
Amount of non-thermal pressure
and stellar-mass-fraction is
potentially too high.

Agora

∆D
yy
3000 at lower

redshift, ∆D
yy
3000 per cluster

at lower masses,
full-redshift f 3000 .

Simulated clusters at lower mass
and redshift are a closer match
to data. AGN feedback is too
strong at higher masses.

Table 5
Qualitative summary of agreement between simulations and data in this work along with potential interpretations. More details available

in the text, along with a brief discussion of possible contaminants in the data.
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Figure 11. ∆D
yy
3000 values obtained using Gaussian apodized

masks (blue circle markers), alongside baseline values (black star
markers). For the apodized masks we apply our baseline mask-
ing routine with the addition of a Gaussian taper, defined by
FWHM = 5 ′ , to all masks. This is mostly a test for any significant
mode-coupling effects produced by our tophat masking routine.
Our results show no indication of such significant mode-coupling
effects.

Planck satellite. The bottom panel includes a normal-
ized histogram of cluster counts in each bin. In Fig-
ure 13 we compare ∆D

yy
3000 per cluster values for both

data products. In order to measure these metrics for
ACT clusters, we use the cluster catalog described in
Hilton et al. (2021) and apply our baseline masking and
∆D

yy
3000 -error-approximation routine. We note that the

mass-significance scaling relation of ACT is different than
that of SPT-SZ, and so the cluster masses in each catalog
are not directly comparable to each other. We attempt
to compensate for this by scaling all ACT halo masses
by a value of 1.027, the estimation of which is described
in Section 5.1 of Hilton et al. (2021). Additionally, we
have omitted error approximations on ACT mass values
for simplicity.

In Figure 12, we generally notice that most ACT
∆D

yy
3000 data values are in agreement with our baseline

SPT-SZ results. There is similarly high agreement in
∆D

yy
3000 per cluster, as seen in Figure 13.
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Figure 12. Top panel: ∆D
yy
3000 values derived from an ACT DR4

Compton-y map alongside baseline SPT-SZ data values. There is
generally decent agreement between ACT and SPT data points
here. Bottom panel: A histogram of cluster counts in the ACT
and SPT-SZ catalogs, normalized relative to the SPT-SZ sky area.

8.4. Effects of CIB Contamination

In our high-ℓ region of interest, the CIB is expected
to be the primary source of microwave contamination in
our SPT-SZ Compton-y map, especially after masking
out radio point sources (see Figure 2 in Reichardt et al.
2021). We run three separate tests probing the effects of
CIB contamination on our baseline ∆D

yy
3000 per cluster

values and show the results in Figures 14 (full-redshift)
and 15 (z-binned). We choose ∆D

yy
3000 per cluster as a

metric for comparison for this test so as to factor out
the effects of different cluster counts between data and
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Figure 13. ∆D
yy
3000 per cluster values derived from an ACT DR4

Compton-y map alongside baseline SPT-SZ data values. We find
good agreement overall between ACT and SPT data points here
as well.

simulations.
The first two tests involve running two alternate SPT-

SZ Compton-y maps, with different CIB treatments,
through our analysis pipeline. The data values labeled
“SPT-SZ CIB-nulled” in the legend of Figures 14 and 15
are obtained using an SPT y map created using a linear
combination algorithm that nulls a particular CIB spec-
tral energy distribution. Recall that our baseline results
(labeled “SPT-SZ”) use a y map that has had the weights
slightly altered to reduce (though not explicitly null) the
CIB, assuming a particular two-component model. Fi-
nally, the data points labelled as “SPT-SZ true minvar,”
were derived using an SPT-SZ y map which does not in-
clude any mitigation of CIB contamination beyond sim-
ply minimizing the total noise-plus-foreground variance.
We note that the alternate ∆D

yy
3000 per cluster values are

nearly identical to our baseline results. This indicates
that our data is not significantly contaminated by the
CIB in our high-mass range of interest.

As an additional test, we compute ∆D
yy
3000 per cluster

values for a reconstructed Agora y map and also present
these results in Figures 14 and 15.This particular prod-
uct is created by taking the per-frequency maps from
Agora (which contain all sky components, including tSZ,
primary CMB, CIB, and radio sources) and reconstruct-
ing the y map using the same frequency weights used to
create our baseline SPT-SZ y map (for more details see
Bleem et al. 2022 and Omori 2022). Based on these al-
ternate values, it seems that the main effect of including
CIB contamination in the Agora y map is to cause an
overall decrease in ∆D

yy
3000 per cluster, as compared to

baseline Agora values. Since our tests on the data do
not suggest the presence of significant levels of CIB con-
tamination, we believe the Agora reconstructed y map
likely overapproximates the effects of CIB contamination
at the masses tested here.

9. CONCLUSION
Measurements of the tSZ effect have the potential to

constrain cosmological parameters to exquisite precision.
However, such constraints are difficult to achieve in prac-

2 × 1014 1015

10 1

100

101

D
yy 3
0

0
0

p
e
r 

cl
u

st
e
r 

×
 1

01
6

0.25 < z < 1.5

Agora

Agora reconstructed

SPT-SZ CIB-nulled

SPT-SZ true minvar

SPT-SZ

M500 (M h 1)

Figure 14. ∆D
yy
3000 per cluster values derived from different data

and simulation products in order to test for the significance of CIB-
contamination on our baseline values (also shown). Brown square
markers, labeled “SPT-SZ CIB-nulled,” are obtained using an SPT-
SZ y map with a single CIB component explicitly nulled. Cyan
circle markers, labelled “SPT-SZ true minvar,” are derived using
an SPT-SZ y map which does not include any mitigation for CIB
contamination. Baseline ∆D

yy
3000 per cluster values for Agora are

also shown, and compared with values from a reconstructed Agora
y map which includes contamination from a model of the CIB.
This reconstructed map is created using the same y map frequency
weights used to create the y map we use for our baseline results.
Notably, there is no indication of significant CIB contamination in
our targeted mass and redshift range.

tice due to modelling limitations. In this work we study
features of the tSZ power spectrum as a function of halo
mass and redshift, utilizing semi-analytical N -body sim-
ulations and SPT-SZ data, with the intention of analyz-
ing and constraining different models of the ICM.

In general, we find notable discrepancies between the
data and all ICM gas models considered, suggesting the
need for additional mass-dependent adjustments to each
model, with caveats and limitations outlined in Section
7. Notably, the data predicts a steep mass-scaling which
all of the simulations fail to capture. Nonetheless,the
gas models of S10 and Agora provide the best fit to data
in ∆D

yy
3000 per cluster, with S10 providing a better fit at

the highest halo masses and Agora a better fit at lower
masses.O22 is very broadly consistent with the data in
full-redshift ∆D

yy
3000 and in all metrics at higher redshift,

but generally in worst agreement overall.
The agreement between the data and S10, as well as the

agreement between data and an alternative low-AGN-
feedback Agora y map (Figure 9), indicates that the role
of feedback is less significant at high mass (masses tested
here). However, at low masses (M500 < 10 14 M ⊙ h−1 ),
AGN feedback must play a significant role to achieve
better agreement with data measurements of the full
tSZ power spectrum. It is also possible that the im-
plied discrepancy between the data and all simulations
at low mass is due to contamination by sources such as
dusty galaxy emission in the tSZ power spectrum mea-
sured in the data. These sources could correspond to
clusters with masses which are below the SPT-SZ cluster
selection threshold but which source a large fraction of
the tSZ power at ℓ = 3000. If we assume the measured
power is uncontaminated, the combination of Figure 1
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Figure 15. ∆D
yy
3000 per cluster values similar to Figure 14 but for our two redshift bins. There is no indication of significant CIB

contamination in our targeted mass and redshift range.

and full-redshift f 3000 suggest that the Agora baseline
model simulates low mass cluster signals in better agree-
ment with the data than S10 or O22. Despite the afore-
mentioned discrepancies, Agora provides the best overall
fit to the data as it remains statistically consistent within
1.5σ and yields the lowest χ2-like values across all metrics
considered.

Furthermore, the data does not suggest the need for
any significant evolution in individual tSZ signals (at
ℓ = 3000) between the two redshift bins used here. This
is seemingly a departure from the redshift dependence
in the simplest self-similar scenario. Although there are
notable differences between z-binned data values in f3000
and ∆D

yy
3000 , this is mainly due to differences in relative

cluster counts between our two redshift bins. The agree-
ment between ∆D

yy
3000 per cluster values in the two z bins

indicates that the data gas pressure signal does not evolve
strongly with redshift. It is worth noting that among
the simulations considered, only O22 includes a strong
redshift evolution and generally models higher redshift
clusters in better agreement with the data compared to
lower-redshift clusters.

While the analysis presented here provides some valu-
able insights, it only begins to scratch the surface of po-
tential comparisons between data and simulations. A
more complete cluster catalog and statistically significant
set of data points would be helpful in making more robust
statements and comparisons.This should soon be possi-
ble with data from SPT-3G (Sobrin et al. 2022), Simons
Observatory (Ade et al. 2019), and CMB-S4 (Abazajian
et al. 2019). Furthermore, there exist a plethora of other
features of the tSZ effect and its power spectrum that
could be used as a basis of comparison between mod-
els, such as the shape or ℓ-dependence as a function of
mass and redshift, to name two. Despite limitations,
we hope this paper will inspire further analysis and de-
velopment of semi-analytical N -body simulations, which
undoubtedly are invaluable tools in our understanding of
cosmology and cluster physics.

10. ACKNOWLEDGEMENTS

The authors thank Dhayaa Anbajagane for helpful
comments and suggestions.

The South Pole Telescope program is supported by the
National Science Foundation through the awards OPP-
1852617 and OPP-2147371.Partial support is also pro-
vided by the Kavli Institute of Cosmological Physics at
the University of Chicago. Argonne National Labora-
tory’s work was supported by the U.S. Department of
Energy, Office of High Energy Physics, under Contract
No. DE-AC02-06CH11357.

The CosmoSim database used in this paper is a ser-
vice by the Leibniz-Institute for Astrophysics Potsdam
(AIP). The MultiDark database was developed in coop-
eration with the Spanish MultiDark Consolider Project
CSD2009-00064.

The authors gratefully acknowledge the Gauss Cen-
tre for Supercomputing e.V. (www.gauss-centre.eu) and
the Partnership for Advanced Supercomputing in Europe
(PRACE, www.prace-ri.eu) for funding the MultiDark
simulation project by providing computing time on the
GCS Supercomputer SuperMUC at Leibniz Supercom-
puting Centre (LRZ, www.lrz.de). The Bolshoi simu-
lations have been performed within the Bolshoi project
of the University of California High-Performance Astro-
Computing Center (UC-HiPACC) and were run at the
NASA Ames Research Center.

REFERENCES

Abazajian, K., Addison, G., Adshead, P., et al. 2019, CMB-S4
Science Case, Reference Design, and Project Plan,
arXiv:1907.04473 [astro-ph.IM]

Ade, P., Aguirre, J., Ahmed, Z., et al. 2019, Journal of
Cosmology and Astroparticle Physics, 2019, 056

Ade, P., Aguirre, J., Ahmed, Z., et al. 2019, J. Cosmology
Astropart. Phys., 2019, 056

Ade, P. A. R., Aghanim, N., Arnaud, M., et al. 2013, Astronomy
and Astrophysics, 557, A52

—. 2016, Astronomy and Astrophysics, 594, A13
Arnaud, M., Pratt, G. W., Piffaretti, R., et al. 2010, Astronomy

and Astrophysics, 517, A92
Baldry, I. K., Driver, S. P., Loveday, J., et al. 2012, MNRAS,

421, 621
Battaglia, N., Bond, J. R., Pfrommer, C., & Sievers, J. L. 2012a,

Astrophysical Journal, 758
—. 2012b, The Astrophysical Journal, 758, 75
Behroozi, P. S., Wechsler, R. H., & Wu, H.-Y. 2013, ApJ, 762, 109



19

Bernardi, M., Meert, A., Sheth, R. K., et al. 2013, MNRAS, 436,
697

Bleem, L. E., Stalder, B., de Haan, T., et al. 2015, The
Astrophysical Journal Supplement Series, 216, 27

Bleem, L. E., Crawford, T. M., Ansarinejad, B., et al. 2022, The
Astrophysical Journal Supplement Series, 258, 36

Bocquet, S., Saro, A., Dolag, K., & Mohr, J. J. 2015, Monthly
Notices of the Royal Astronomical Society, 456, 2361

Bocquet, S., Dietrich, J. P., Schrabback, T., et al. 2019, The
Astrophysical Journal, 878, 55

Bode, P., Ostriker, J. P., & Vikhlinin, A. 2009, The Astrophysical
Journal, 700, 989

Carlstrom, J. E., Holder, G. P., & Reese, E. D. 2002, Annual
Review of Astronomy and Astrophysics, 40, 643

Carlstrom, J. E., Ade, P. A. R., Aird, K. A., et al. 2011,
Publications of the Astronomical Society of the Pacific, 123, 568

Chon, G., Puchwein, E., & Böhringer, H. 2016, A&A, 592, A46
Crawford, T. M., Schaffer, K. K., Bhattacharya, S., et al. 2014,

The Astrophysical Journal, 784, 143
Diemer, B. 2018, The Astrophysical Journal Supplement Series,

239, 35
Dolag, K., Komatsu, E., & Sunyaev, R. 2016, Monthly Notices of

the Royal Astronomical Society, 463, 1797
Flender, S., Nagai, D., & McDonald, M. 2017, ApJ, 837, 124
George, E. M., Reichardt, C. L., Aird, K. A., et al. 2015, The

Astrophysical Journal, 799, 177
Górski, K. M., Hivon, E., Banday, A. J., et al. 2005, ApJ, 622, 759
Green, S. B., Aung, H., Nagai, D., & van den Bosch, F. C. 2020,

Monthly Notices of the Royal Astronomical Society, 496, 2743
Hilton, M., Sifón, C., Naess, S., et al. 2021, ApJS, 253, 3
Holder, G. P., & Carlstrom, J. E. 2001, The Astrophysical

Journal, 558, 515
Jenkins, A., Frenk, C. S., White, S. D. M., et al. 2001, Monthly

Notices of the Royal Astronomical Society, 321, 372
Klypin, A., Yepes, G., Gottlöber, S., Prada, F., & Heß, S. 2016,

MNRAS, 457, 4340
Komatsu, E., & Seljak, U. 2002, Monthly Notices of the Royal

Astronomical Society, 336, 1256
Li, C., & White, S. D. M. 2009, MNRAS, 398, 2177
Lovisari, L., Reiprich, T. H., & Schellenberger, G. 2015,

Astronomy and Astrophysics, 573, A118

Madhavacheril, M. S., Hill, J. C., Næss, S., et al. 2020,
Phys. Rev. D, 102, 023534

McCarthy, I. G., Bird, S., Schaye, J., et al. 2018, Monthly Notices
of the Royal Astronomical Society, 476, 2999

McCarthy, I. G., Schaye, J., Bird, S., & Le Brun, A. M. C. 2017,
MNRAS, 465, 2936

McDonald, M., Benson, B. A., Vikhlinin, A., et al. 2013, ApJ,
774, 23

Mead, A. J., Tröster, T., Heymans, C., Waerbeke, L. V., &
McCarthy, I. G. 2020, Astronomy and Astrophysics, 641, A130

Omori, Y. 2022, arXiv e-prints, arXiv:2212.07420
Osato, K., & Nagai, D. 2022, Baryon Pasting Algorithm:

Halo-based and Particle-based Pasting Methods
Ostriker, J. P., Bode, P., & Babul, A. 2005, The Astrophysical

Journal, 634, 964
Puchwein, E., Sijacki, D., & Springel, V. 2008, The Astrophysical

Journal, 687, L53
Reichardt, C. L., Patil, S., Ade, P. A. R., et al. 2021, ApJ, 908,

199
Rotti, A., Bolliet, B., Chluba, J., & Remazeilles, M. 2021,

MNRAS, 503, 5310
Sehgal, N., Bode, P., Das, S., et al. 2010, The Astrophysical

Journal, 709, 920
Shaw, L. D., Nagai, D., Bhattacharya, S., & Lau, E. T. 2010, The

Astrophysical Journal, 725, 1452
Sobrin, J. A., Anderson, A. J., Bender, A. N., et al. 2022, The

Astrophysical Journal Supplement Series, 258, 42
Springel, V., White, S. D. M., Jenkins, A., et al. 2005, Nature,

435, 629
Sun, M., Voit, G. M., Donahue, M., et al. 2009, ApJ, 693, 1142
Sunyaev, R. A., & Zeldovich, Y. B. 1970, Ap&SS, 7, 3
Takahashi, R., Hamana, T., Shirasaki, M., et al. 2017, The

Astrophysical Journal, 850, 24
Thornton, R. J., Ade, P. A. R., Aiola, S., et al. 2016, ApJS, 227,

21
Tinker, J., Kravtsov, A. V., Klypin, A., et al. 2008, The

Astrophysical Journal, 688, 709
Trac, H., Bode, P., & Ostriker, J. P. 2011, Astrophysical Journal,

727
Vikhlinin, A., Kravtsov, A., Forman, W., et al. 2006, The

Astrophysical Journal, 640, 691
Zonca, A., Singer, L. P., Lenz, D., et al. 2019, Journal of Open

Source Software, 4, 1298

This paper was built using the Open Journal of As-
trophysics LATEX template. The OJA is a journal which

provides fast and easy peer review for new papers in the
astro-ph section of the arXiv, making the reviewing pro-
cess simpler for authors and referees alike. Learn more
at http://astro.theoj.org.


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19

