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Abstract

We present joint South Pole Telescope and XMM-Newton observations of eight massive galaxy clusters
(0.8–2 × 1015 Me) spanning a redshift range of 0.16–0.35. Employing a novel Sunyaev–Zel’dovich + X-ray
fitting technique, we effectively constrain the thermodynamic properties of these clusters out to the virial radius.
The resulting best-fit electron density, deprojected temperature, and deprojected pressure profiles are in good
agreement with previous observations of massive clusters. For the majority of the cluster sample (five out of eight
clusters), the entropy profiles exhibit a self-similar behavior near the virial radius. We further derive hydrostatic
mass, gas mass, and gas fraction profiles for all clusters up to the virial radius. Comparing the enclosed gas fraction
profiles with the universal gas fraction profile, we obtain nonthermal pressure fraction profiles for our cluster
sample at >0.5R500, demonstrating a steeper increase between R500 and R200 that is consistent with the
hydrodynamical simulations. Our analysis yields nonthermal pressure fraction ranges of 8%–28% (median:
15% ± 11%) at R500 and 21%–35% (median: 27% ± 12%) at R200. Notably, weak-lensing mass measurements are
available for only four clusters in our sample, and our recovered total cluster masses, after accounting for
nonthermal pressure, are consistent with these measurements.

Unified Astronomy Thesaurus concepts: Galaxy clusters (584)

1. Introduction

Galaxy clusters, the largest gravitationally bound structures in
the Universe, offer a unique window into the complex interplay
between dark matter, galaxies, and hot intracluster gas. Accurate
estimation of cluster masses plays a crucial role in understanding
the properties and dynamics of galaxy clusters (for a review, see
G. W. Pratt et al. 2019). Traditionally, cluster mass estimates have
been derived from X-ray and Sunyaev–Zel’dovich (SZ) observa-
tions under the assumption that the intracluster medium (ICM) is
in hydrostatic equilibrium with the gravitational potential of the
cluster (e.g., A. Vikhlinin et al. 2006; S. Ettori et al. 2019;
A. Sarkar et al. 2021). However, numerous studies have revealed
inconsistencies between cluster mass estimates obtained through
hydrostatic equilibrium and those derived from gravitational
lensing measurements (e.g., A. von der Linden et al. 2014;
G. P. Smith et al. 2016; D. Coe et al. 2019).

These inconsistencies, commonly known as hydrostatic mass
bias, have raised questions about the validity of the hydrostatic
equilibrium assumption and have prompted investigations into
the sources of such discrepancies (D. J. Barnes et al. 2021). It
has been established that nonthermal pressure support in the

ICM, arising from processes such as turbulence, bulk motions,
and magnetic fields, can significantly impact the estimation of
cluster masses (e.g., D. Nagai et al. 2007; M. Kawaharada et al.
2010; V. Biffi et al. 2016; X. Shi et al. 2016; XRISM
Collaboration et al. 2025). The contribution from the magnetic
field is negligible (1%; G. Brunetti & T. W. Jones 2014),
whereas the contribution from turbulence and bulk motion
remains largely unknown. Although there is a spectroscopic
confirmation of a low-level nonthermal pressure, for the
Perseus cluster using the Hitomi microcalorimeter (Hitomi
Collaboration et al. 2016), this measurement was limited to the
cluster center. The microcalorimeter on board XRISM could
provide crucial constraints on nonthermal pressure within
R2500

10 (XRISM Science Team 2020). On the other hand,
direct measurement of the nonthermal pressure support via line
broadening using current X-ray high-resolution grating spectra
is observationally expensive at larger radii of clusters. Future
microcalorimeter missions with large fields of view, like Line
Emission Mapper, will directly measure the spectral line
broadening out to cluster outskirts (e.g., R. Kraft et al. 2022;
G. Schellenberger et al. 2024; N. Truong et al. 2023).
In recent years, the combination of X-ray and SZ observa-

tions of clusters has emerged as a powerful approach to
studying these cosmic giants (e.g., R. Adam et al. 2015;

The Astrophysical Journal Letters, 984:L63 (14pp), 2025 May 10 https://doi.org/10.3847/2041-8213/adc676
© 2025. The Author(s). Published by the American Astronomical Society.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

10 RΔ is the radius from the cluster core, where matter density is Δ times the
critical density of the Universe.
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F. Ruppin et al. 2017, 2021; V. Ghirardini et al. 2018;
E. Bulbul et al. 2019; F. Kéruzoré et al. 2020; M. Muñoz-Ec-
heverría et al. 2023). In this Letter, we explore the significance
and potential of joint X-ray and SZ measurements in providing
comprehensive insights into the physical processes governing
galaxy clusters. These two observables, X-rays and SZ signals,
probe different aspects of the cluster properties, enabling a
multiwavelength view of their structure and dynamics. The
X-ray emission originates from the thermal bremsstrahlung of
the hot ICM, providing information about its temperature,
density, and metallicity (P. Chakraborty et al. 2020a, 2020b;
A. Sarkar et al. 2022a). On the other hand, the SZ effect, arising
from the interaction of cosmic microwave background (CMB)
photons with the energetic electrons in the cluster, offers a
measure of the thermal energy and pressure of the ICM
(R. A. Sunyaev & I. B. Zeldovich 1980).

In this Letter, we present new results from our joint X-ray
(XMM-Newton) and SZ (South Pole Telescope (SPT)) observa-
tions of a sample of eight galaxy clusters at redshift 0.16 < z <
0.35. For the first time, we probe detailed thermodynamic profiles
of clusters, including mass measurements, and account for the
effects of nonthermal processes out to R200 and beyond in this
redshift range. Previous studies using the X-COP sample were
limited to redshift <0.1 because of Planck’s large primary beam
size (∼10¢ ). Throughout this Letter, we have adopted a
cosmology of H0 =70 km s−1Mpc−1, ΩΛ = 0.7, and Ωm

= 0.3. Unless otherwise stated, all reported error bars are at a
68% confidence level.

2. Sample Selection and Data Analysis

Our target selection criteria for this study include (1) clusters
with redshifts >0.1, (2) clusters massive enough to be resolved
by the SPT (M500 > 3 × 1014Me), and (3) clusters with modest
XMM-Newton exposures of at least 30 ks. The chosen exposure
time ensures enough photon counts to capture X-ray surface
brightness profiles in smaller radial bins with reasonable 1σ
uncertainty. For target selection, we focus on the 11 highest-
luminosity REFLEX clusters at redshifts z > 0.15 studied by
T. Plagge et al. (2010). These clusters, observable by the SPT due
to a range of accessible elevation angles, were also observed by
XMM-Newton. Out of these 11 clusters, RXCJ0217.2-5244 and
RXCJ0528.9-3927 have XMM-Newton exposure times of ∼20
and 13 ks, respectively. Despite having a ∼58 ks XMM-Newton
exposure, most observations of A3888 clusters suffer from high

background levels. These three clusters are, therefore, not
considered in this study. From the remaining clusters, we
assemble a sample of eight massive clusters within the redshift
range 0.16 < z< 0.35. This joint analysis aims to investigate the
gas properties of these clusters and derive key physical parameters
to understand the gas dynamics better. The details of our cluster
sample are listed in Table 1.

2.1. SZ: South Pole Telescope

The SPT is optimized for imaging large areas of the CMB
sky with arcminute resolution, and one of its primary objectives
is the identification of massive clusters via the SZ effect
(Z. Staniszewski et al. 2009). The galaxy clusters discussed in
this work were observed using constant-elevation scans, where
the telescope swept at a constant angular velocity in azimuth
across the field and back while stepping in elevation and
repeating the process. These observations were combined to
create single maps for each field in different bands (T. Plagge
et al. 2010; L. E. Bleem et al. 2022). For this work, we utilized
the component-separated y-maps using a combination of data
from the SPT-SZ and Planck (L. E. Bleem et al. 2022), which
are publicly available. These maps cover approximately 2500
square degrees of the southern sky with a 1¢.25 resolution and
have been corrected for large-scale dust emissions and point
sources. For our fiducial measurements, we utilized the
minimum variance y-map presented in L. E. Bleem et al.
(2022) due to its low noise and small beam size, which
provides optimal sensitivity for our analysis.
We reprojected each y-map onto the tangent plane to analyze

individual clusters in our sample, generating a 1024 × 1024 pixel
cut-out y-map centered on each cluster’s position and covering at
least 20R200. Figure 1 (top left) illustrates the resulting y-map for
the AS0520 galaxy cluster as an example. For each cluster, we
extracted the y-parameter radial profile from concentric annuli
with 0¢.5 wide bins centered on each cluster core (X-ray centroid;
T. Plagge et al. 2010). The radial range covered extends from the
cluster center to 2R200. We accounted for the local background
offset by selecting an area surrounding each cluster beyond 5R200.
Since most of the clusters in our sample are relatively hot, we also
accounted for relativistic corrections in the y-parameter profiles.
Following L. E. Bleem et al. (2022), we applied a 5% correction
for clusters with TX� 10 keV and an 8% correction for clusters
with TX> 10 keV. The statistical uncertainties of the y-parameters
were estimated by performing random sampling of y-maps in

Table 1
Galaxy Cluster Sample Adopted for This Study

Cluster ID R.A. Decl. z TX XMM-Newton exp. R500
a SPT Data Centroid Shiftb

(keV) (ks) (Mpc) Source

A2744 0h14m18.s6 −30 ¢ 23 15.4 0.307 10.1 ± 0.3c 100 1.56 P10 −1.54 ± 0.01
A3404 6h45m30.s0 −54 ¢ 13 42.1 0.164 8.1 ± 0.3c 62 1.46 B22 −2.31 ± 0.04
AS0520 5h16m35.s2 −54 ¢ 30 36.8 0.294 7.5 ± 0.3c 67 1.34 B22 −1.37 ± 0.01
AS0592 6h38m46.s5 −53 ¢ 58 18.0 0.222 8.0 ± 0.4

c

48 1.39 B22 −1.77 ± 0.02
AS1063 22h48m44.s9 −44 ¢ 3144.4 0.346 11.1 ± 1.1c 52 1.44 P10 −1.76 ± 0.03
1ES 0657–56 6h58m30.s2 −55 ¢ 56 33.7 0.297 10.6 ± 0.2c 46 1.57 B22 −0.65 ± 0.01
RXCJ0232.2–4420 2h32m18.s8 −44 ¢ 20 51.9 0.284 7.0 ± 0.3c 40 1.25 B22 −2.89 ± 0.06
RXCJ2031.8–4037 20h31m51.s5 −40 ¢ 37 14.0 0.342 10.9c 30 1.2 B22 −1.31 ± 0.02

Notes. P10 and B22 refer to T. Plagge et al. (2010) and L. E. Bleem et al. (2022), respectively. Cluster redshift is taken from T. Plagge et al. (2010).
a Radius measured from hydrostatic mass profiles.
b Centroid shift is measured using XMM-Newton data and taken from Z. S. Yuan et al. (2022).
c Global X-ray temperatures taken from Y. Y. Zhang et al. (2006), J. P. Hughes et al. (2009), B. J. Maughan et al. (2008), and H. Böhringer et al. (2004), respectively.
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source-free regions. Figure 1 (bottom left) shows the resulting y-
parameter profile for the cluster AS0520.

For further details regarding the construction, algorithms,
and validation of the maps used in this analysis, we refer the
reader to L. E. Bleem et al. (2022).

2.2. X-Ray: XMM-Newton

We used archival XMM-Newton-EPIC data spanning over
two decades for those eight galaxy clusters. The data analysis

for this study was performed using the XMM-Newton
Extended Source Analysis Software (XMM-ESAS11) and
related methods to process the EPIC (European Photon
Imaging Camera) data. Initially, the event files were subjected
to basic filtering and calibration using XMM-ESAS tools,
including epchain, emchain, mos-filter, and pn-
filter. These tools applied the latest XMM-ESAS Current
Calibration Files database to ensure accurate data calibration

Figure 1. Top left: SPT y-map of the galaxy cluster AS0520. Top right: quiescent particle-background-subtracted X-ray count image of AS0520 in the 0.7–1.2 keV
energy band, obtained using XMM-Newton. The solid green and dashed cyan circles represent R200 and R500, respectively, for AS0520. Bottom left: y-parameter
profile extracted from the SPT-SZ map of AS0520. Bottom right: similar to the bottom left figure, but showing the X-ray surface brightness profile of AS0520 in the
0.7–1.2 keV energy band. The surface brightness profile is exposure corrected and background subtracted. In both bottom panels, the best-fit curves, as shown in solid
red, are obtained by fitting only in range (0.15R500–R200). We extended the best-fit curve, as shown in dashed red. Vertical dashed and dashed–dotted lines represent
the R500 and R200 of AS0520, respectively. Horizontal blue dashed lines indicate the respective instrumental background.

11 https://heasarc.gsfc.nasa.gov/docs/xmm/abc/
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and removed flares using the unexposed corners of the
instrument, using a high-energy band from 2.5 to 12 keV.

The images were created in the 0.7–1.2 keV energy band
from the filtered event files and used to detect point sources.
Exposure maps were also created for each detector to account
for chip gaps and mirror vignetting. The automated point-
source detection task cheese-bands within XMM-ESAS
was utilized to detect point sources. All these point sources
were excluded from further analysis. The quiescent particle-
background (QPB) images were created from filter-wheel
closed data by employing mos-back and pn-back tools
(S. L. Snowden et al. 2008).

Figure 1 (top right) shows the resulting point-source
excluded and QPB-subtracted count image of AS0520. The
local sky background was estimated from a region surrounding
each cluster beyond R200. Some of the clusters in our sample
are undergoing mergers, with substructures present within the
central region. We cut out the regions obviously contaminated
by substructures from the X-ray image, before extracting
surface brightness profiles. Finally, we extracted sky +
particle-background-removed X-ray surface brightness profiles
for each cluster from the similar annuli bins used for y-
parameter profiles, as shown in Figure 1 (bottom right). We
adopted the median technique as proposed by D. Eckert et al.
(2015) to extract X-ray surface brightness profiles to avoid
biases in 3D density profiles due to the presence of gas
clumping at cluster outskirts.

The dynamical state of galaxy clusters is commonly
characterized by their proximity to virial equilibrium at a
given time, as this can influence the measurement of
nonthermal pressure and, consequently, the estimation of
cluster masses (e.g., K. Nelson et al. 2012; V. Biffi et al.
2016). In this study, we employ the centroid shift as an
indicator of dynamical state. The centroid shift values for our
cluster sample were adopted from Z. S. Yuan et al. (2022), who
analyzed XMM-Newton observations of 1308 galaxy clusters.

3. Joint SZ and X-Ray Analysis

For each cluster in our sample, we utilize the above-
described SZ y-parameter and X-ray surface brightness profiles
to measure the thermodynamic profiles out to R200 and beyond.

3.1. Density and Temperature Profiles

SZ observations directly measure the dimensionless Comp-
tonization parameter, y, which represents the strength of
interaction between CMB photons and ICM electrons. This
Compton y-parameter provides the measurement of thermal
pressure integrated along the line of sight (R. A. Sunyaev &
Y. B. Zeldovich 1972),

( )ò
s

=y
m c

P dl, 1
e

T
2

where l is the distance along the line of sight, σT is the
Thompson scattering cross-section, me is the electron mass, and
c is the speed of light. Thermal gas pressure, P, in Equation (1)
can be described as

( )=P k n T , 2e eB

where ne, Te, and kB are the gas density, temperature, and
Boltzmann constant, respectively.

On the other hand, XMM-Newton observations provide the
X-ray surface brightness of the ICM, which is a function of gas
density and temperature (C. L. Sarazin 1988),

( )/ò»S n T dl, 3X e e
2 1 2

where the integration is along the line of sight. One can use
parametric expressions of ne and Te in Equations (1), (2), and
(3) and fit y-parameter and X-ray surface brightness profiles
simultaneously to put tighter constraints on ne and Te (see
F. Ruppin et al. 2021). We follow this prescription for each of
the clusters in our sample. We note that temperature
dependence in Equation (3) is relatively mild due to the use
of a narrow X-ray band. We adopt a gNFW density model, as
described in S. Amodeo et al. (2021),

( )
( ) [ ( ) ]

( )=
+g a b g

a
-n r

n

c x c x1
, 4e

0

500 500

where x = r/R500, c500 is the concentration parameter, γ, α, and
β are the slopes at r = rs, r ∼ rs, and r ? rs, respectively,
and rs is a scale parameter rs = R500/c500.
For temperature, we adopt a universal temperature profile as

described in C. Loken et al. (2002),

( ) [ ] ( )/= + d-T r T r r1 , 5e c0

where T0, rc, and δ are free parameters. For each cluster in our
sample, we employ the aforementioned expressions for density
and temperature in Equations (1)–(3) and simultaneously fit the
y-parameter and X-ray surface brightness profiles. The
parameters n0, rs, α, β, γ, T0, rc, and δ in Equations (4) and
(5) are allowed to vary freely during the fitting process. We
emphasize that the above temperature profile model accurately
characterizes the gas temperature of the ICM at the larger radii
(specifically, 0.15R500). However, it is important to note that
this model does not provide constraints on temperature
variations within the central region (<0.15R500). We therefore
restrict our fitting process within 0.15R500 < r < R200. We note
that this limitation does not affect the outcomes of our study
since our primary focus is to derive nonthermal pressure at
larger radii (between R500 and R200).
It is important to highlight that we opted not to adopt the

well-known density and temperature profiles by A. Vikhlinin
et al. (2006). These profiles involve 10 free parameters for
density and nine for temperature. Given the context of our SZ
+ X-ray joint analysis, encompassing simultaneous projection
and fitting with 19 free parameters, the computational
complexity becomes formidable, and the statistical significance
is limited. Our approach with eight free parameters provides
sufficient functional freedom for the fitting process and better
matches the constraining power of the data. The resulting best-
fit parameters are listed in Appendix B.
The uncertainties are estimated using the affine invariant

Markov Chain Monte Carlo (MCMC) sampler implemented in
the emcee package by D. Foreman-Mackey et al. (2013). To
illustrate the results, Figure 1 (bottom panels) displays the best-
fit y-parameter and X-ray surface brightness profiles for cluster
AS0520 as an example. This procedure is repeated for all eight
clusters in our sample. The resulting best-fit scaled density and
deprojected temperature profiles are presented in Figure 2 (top
panel).
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Temperature profiles are scaled by R500 and T500, where T500 is

( ) ( )/



m
=

-
T

M

h M
E z8.85 keV

10 0.6
, 6500

500
1 15

2 3
⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

where M500 and μ ∼ 0.6 are hydrostatic mass at R500

(measured from hydrostatic mass profiles shown in Figure 3)
and mean molecular weight. E(z) can be expressed as
E(z) = ( )W + + WLz1m

3 .
Our results show that the density profiles decline dramatically

by ∼2 dex from center (>0.15R500) to outskirts, consistent with

the previous observations, such as the X-COP sample (V. Ghir-
ardini et al. 2019) and z > 0.3 SPT clusters (F. Ruppin et al.
2021). In contrast, the deprojected temperatures experience
relatively mild variations across the same radial span. Similar
temperature variations can also be seen in the X-COP sample
(V. Ghirardini et al. 2019) and in z > 1.2 SPT clusters
(V. Ghirardini et al. 2021). We also derive the global
temperatures of the clusters in our sample by projecting the
best-fit temperature profiles onto the sky plane, as discussed in
Appendix C. We then compare our results with global
temperatures obtained from spectral fits using Chandra and
XMM-Newton observations. Our X-ray + SZ measurements

Figure 2. Best-fit gas properties of galaxy clusters in our sample. Top left: the scaled best-fit electron density profiles. Green shaded region represents density profiles
of 67 high-redshift SPT clusters within (0.3 < z < 1.3) (F. Ruppin et al. 2021). Top right: scaled best-fit deprojected temperature profiles. Bottom left: scaled
deprojected pressure profiles. Bottom right: scaled entropy profiles. Dotted line shows self-similar entropy profile (G. M. Voit et al. 2005). In all panels, yellow shaded
regions represent gas properties for the X-COP sample of clusters with redshift z < 0.1 (V. Ghirardini et al. 2019). In the top right, bottom left, and bottom right
panels, gray shaded regions show the gas properties of high-redshift (z > 1.2) SPT clusters (V. Ghirardini et al. 2021).
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more closely align with the temperatures measured by XMM-
Newton, as shown in Figure 6.

3.2. Pressure and Entropy Profiles

If the ICM is unaffected by any ongoing merger, gas
pressure typically exhibits the smoothest thermodynamic
quantity along the azimuth. We derive the deprojected pressure
profiles for our cluster sample from Equation (2) by employing
best-fit density and deprojected temperature profiles. Pressure
profiles are scaled by R500 and P500, where P500 is

( ) ( )( ) ( )/



= ´

´ m

- -

-

P

E z

3.426 10 keV cm

. 7M

h M

500
3 3

10
8 3

0.6
500

1 15

Figure 2 (bottom left) shows the deprojected pressure profiles of
our cluster sample. We compare our measurements with those of
the low-redshift X-COP sample (V. Ghirardini et al. 2019) and
high-redshift (z > 1.2) SPT clusters (V. Ghirardini et al. 2021), as
shown in Figure 2. Our results are consistent with those previous
studies, except for AS1063 and RXCJ2032 in the central region.
Entropy, a critical parameter that depends on the gas

temperature (kT) and electron density (ne) as / /=K kT ne
2 3,

plays a crucial role in understanding the thermal history of the
ICM. By examining the entropy as a function of radius, we can
trace the thermal evolution of the ICM plasma, which is subject
to various processes such as cooling/heating, mixing, and
convection (see S. Walker et al. 2019 for a review).

Figure 3. Top left: hydrostatic mass profiles of the clusters derived using best-fit pressure and density profiles and assuming hydrostatic equilibrium. Top right: gas
mass profiles of the sample of clusters using best-fit density profiles and assuming a spherical geometry. Bottom left: the gas mass fraction profiles of the sample of
clusters. Blue horizontal shaded region shows the Planck universal baryon fraction Ωb/Ωm (Planck Collaboration et al. 2016).
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Numerical simulations focusing on gravity-only structure
formation (G. M. Voit et al. 2005) have shown entropy
increases radially from the cluster center, following a power
law. These simulations provide a baseline entropy profile
prediction when clusters are scaled by the self-similar entropy
K500, resulting in the expression K(r)/K500 ≈ ( )/r R500 1.1. K500

can be expressed as

( ) ( )
/

/


= -

-K
M

h M
E z1667

10
keV cm . 8500

500

70
1 15

2 3
2 3 2

⎜ ⎟
⎛
⎝

⎞
⎠

Deviation from this baseline entropy profile indicates the
presence of nongravitational physics (see D. Nagai &
E. T. Lau 2011 and H. Akamatsu et al. 2011 for a review). In
this study, we derived the entropy profiles of our cluster sample
extended to R200 and beyond, as shown in Figure 2 (bottom right).
We find that the majority (five out of eight) of the clusters exhibit
a good agreement with the baseline entropy profile between R500
and R200, suggesting that gravitational physics predominantly
governs the thermal evolution in this radial range. However, when
examining individual clusters, we note that both A2744 and
AS0592 display mild entropy flattening at R200, although their
upper limits of 1σ error bar remain consistent with the baseline
profile. In contrast, A3404 exhibits a significant entropy flattening
that deviates from the baseline profile beyond the uncertainties.
Our measured density profiles are free from potential clumpy gas
at the outskirts since we derive it from median surface brightness
profiles (V. Ghirardini et al. 2019). This implies thermal
nonequilibrium between electrons and ions and/or that large-
scale inhomogeneities of cluster gas distribution may be
contributing to the entropy flattening near the virial radius.

Furthermore, the central regions (<R500) of our cluster
sample show higher entropy values compared to the baseline
profile. This discrepancy partly suggests that nongravitational
physics, specifically related to cooling, active galactic nucleus
feedback, and merging events, plays a substantial role in
increasing the entropy (A. Sarkar et al. 2022b, 2023; M. Ayr-
omlou et al. 2023). Our findings are consistent with the
previous studies (e.g., K. W. Cavagnolo et al. 2009; G. W. Pratt
et al. 2010), indicating that central heating and mixing
mechanisms significantly influence the gas properties of galaxy
clusters. We also find our results are consistent with those of
X-COP and z > 1.2 SPT clusters for the entire radial range
considered, as seen in Figure 2 (bottom right).

3.3. Mass and fgas Profiles

Under the assumption of the spherically symmetric distribu-
tion of the ICM and adherence to the equation of state for an
ideal gas, the combined information of gas density and pressure
enables the estimation of the total mass of a cluster within a
given radius (C. L. Sarazin 1988). This estimation can be
achieved through the hydrostatic equilibrium equation, which
accounts for the gravitational force acting on the gas. We
assume the ICM is in hydrostatic equilibrium (HSE) within the
potential well, with the kinetic energy converted entirely into
thermal energy (S. Ettori et al. 2019). In this case, hydrostatic
mass within a given radius (r) can be written as

( ) ( )
r

< = -M r
r

G

dP

dr
, 9HSE

2

gas

th

where Pth is the thermal electron pressure. ρgas = 1.92 μmpne is
the gas density (Y. Su et al. 2015).

In this study, we use deprojected pressure and best-fit
electron density profiles obtained from joint SZ and X-ray
fitting. These profiles are then used to solve Equation (9) to
estimate the hydrostatic mass for our sample of clusters.
Figure 3 (top left) presents the resulting hydrostatic mass
profiles for the cluster sample, spanning from the central region
to the outskirts. These profiles offer insights into the
distribution of mass within the clusters.
The high statistical quality of the SPT and XMM-Newton data

and our novel joint fitting technique results in overall measure-
ment uncertainties of ∼5% for hydrostatic mass within R200.
We also derive the ICM gas mass within a given radius (r)

by integrating the best-fit gas density profile,

( ) ( ) ( )òp r< = ¢ ¢ ¢M r r r dr4 , 10
r

gas
0

gas
2

assuming spherical symmetry for the clusters. Figure 3 (top right)
shows the gas mass profiles for all eight clusters in our sample. To
further characterize the gas content within the clusters, we compute
the enclosed gas fraction profiles, defined as fgas,HSE(<r) =
Mgas(<r)/MHSE(<r). The gas fraction profile quantifies the fraction
of the total mass composed of ICM gas and provides valuable
information regarding the baryonic content of the clusters.
In Figure 3 (bottom), we display the enclosed gas fraction

profiles of our cluster sample as a function of the scaled radius.
These profiles allow us to explore the variations in gas fraction
across different cluster scales and provide insights into the
distribution of baryonic matter (G. W. Pratt et al. 2010). It is
important to note that the radial range of each profile corresponds
to regions where reliable information on density and pressure is
available, ensuring robust estimates of the gas fraction. For our
cluster sample, we are able to measure hydrostatic mass, gas mass,
and hence gas fraction profiles out to R200 without requiring
any extrapolation. Throughout our analysis, we have accounted
for statistical uncertainties. The typical uncertainties in fgas,HSE are
approximately �5% at R500 and approximately �10% at R200,
reflecting the precision of our measurements and the reliability of
the SZ + X-ray joint fitting technique for such high-redshift
clusters. We note that our SPT + XMM-Newton fitting process
may underestimate the uncertainties reported here due to our
choice of simple temperature model.

4. Nonthermal Pressure Support

Quantifying the magnitude of nonthermal pressure contribution
is imperative for understanding the mechanisms driving the
virialization of the gas confined within the gravitational potential
of the halo, as well as for accurately calibrating biases inherent in
hydrostatic mass estimations (K. Nelson et al. 2014). Despite the
importance, the observational constraints on nonthermal pressure
at larger radii (>0.5R500) of high-redshift clusters are still largely
unknown. We therefore examine the nonthermal pressure support
in the ICM of our cluster sample.

4.1. Universal Gas Fraction

The universal gas fraction within a given radius can be
written as

( ) ( ) ( )=
W
W

- f r Y r f , 11b
b

m
gas,univ

where Yb and få are the baryon depletion factor and fraction of
baryons converted into stars (or stellar fraction), respectively.
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The baryon depletion factor and stellar fraction have been
extensively studied in the literature (e.g., A. V. Kravtsov et al.
2005; S. Planelles et al. 2013; E. Rasia et al. 2015; M. Ayro-
mlou et al. 2023). In this present work, we adopt the baryon
depletion factor and stellar fraction profiles predicted by
M. Angelinelli et al. (2022) for a wide mass range, using
Magneticum cosmological simulation. Their selected subsam-
ple of galaxy clusters has an average redshift of z = 0.25,
consistent with the median redshift value z = 0.29 ± 0.06 of
our cluster sample. For this work, we specifically use the
baryon depletion factor and stellar fraction profiles of halos
with mass >5.4 × 1014 h−1Me, since our sample consists of
most massive clusters with M500 > 5 × 1014Me (see
Figure 3). Finally, we estimate the universal gas fraction profile
using Equation (11) in the 0.5–2R500 radial range. We adopt
Ωb/Ωm = 0.156 (Planck Collaboration et al. 2016). Figure 4
shows the baryon depletion factor, stellar fraction, and resulting
universal gas fraction profiles considered in this work. We use
a R500 < r < 2R500 radial range of Yb and få profiles for
nonthermal pressure measurements (F. Sembolini et al. 2016).

4.2. Nonthermal Pressure Fraction

Accurate estimation of cluster masses from X-ray and SZ
observations relies on the fundamental assumption that the ICM is
in hydrostatic equilibrium with the gravitational potential of the
cluster. However, previous studies have highlighted discrepancies
between the mass estimates obtained through hydrostatic
equilibrium and those derived from gravitational lensing
measurements (A. Mahdavi et al. 2013; K. Nelson et al. 2014;
A. von der Linden et al. 2014). This hydrostatic mass bias is
attributed to the nonthermal pressure support within the galaxy
clusters. Unfortunately, direct measurement of this nonthermal
pressure using X-ray CCD/grating spectra of the ICM poses
significant challenges and becomes increasingly unfeasible at
larger radii. To address this issue, we adopt a methodology similar
to that employed by V. Ghirardini et al. (2018), D. Eckert et al.
(2019), and more recently in S. Ettori & D. Eckert (2022) to
estimate the nonthermal pressure support for our cluster sample.

In the presence of isotropic nonthermal pressure, the
hydrostatic equilibrium equation can be modified as

[ ( ) ( )] ( ) ( )r+ = -
<d

dr
P r P r

GM r

r
, 12th NT gas

tot
2

where Pth and PNT are the thermal and nonthermal pressure,
respectively, and Mtot(<r) is the true total mass of a cluster
within a given radius r. The nonthermal pressure fraction, α(r),
can be defined as the ratio between nonthermal pressure and
total pressure, α(r) =

+
P

P P
NT

th NT
. Together with α(r) and

Equation (9), Equation (12) yields

( ) ( ) ( ) ( )

( )
( )

a

a r
a

< = < + <

-
-

M r M r r M r

P r

G

d

dr1
. 13

tot HSE tot

th
2

gas

Finally, using the formulation of enclosed gas fraction,
fgas(<r)=Mgas(<r)/Mtot(<r), Equation (13) can be simplified as

( )( )
( )

( )
a r

a a
< =

-
-

-
-

14M r
P r

G

d

dr

f

f1
1

1
.HSE

th
2

gas

gas,HSE

gas

1
⎡

⎣
⎢

⎤

⎦
⎥

Therefore, by knowing the true gas fraction ( fgas) and by
comparing fgas,HSE with the universal gas fraction, one can
estimate the nonthermal pressure fraction, α(r), from
Equation (14) (D. Eckert et al. 2019).
We adopt a functional form of nonthermal pressure fraction

introduced by K. Nelson et al. (2014),

( ) ( ) ( )/
a = - + -

g

g
r A

r R

B
1 1 exp , 15200

⎜ ⎟
⎛
⎝

⎡
⎣

⎤
⎦
⎞
⎠

where A, B, and γ are the free parameters. For each cluster, we fix
the fgas,HSE to the measured values (Figure 3) and fgas to the
universal gas fractions, as derived in Section 4.1. We vary A, B,
and γ in Equation (15) iteratively until Equation (14) converges to
the measured MHSE values. Figure 4 shows the resulting
nonthermal pressure fraction profiles of individual clusters in the
0.75 < r/R500 < 2R500 radial range. Our measured nonthermal
pressure fraction profiles show good agreement with those of
hydrodynamical simulations done by K. Nelson et al. (2014) and
the 300 simulations shown in D. Eckert et al. (2019).
We further compare our results with the X-COP sample, as

illustrated in Figure 4. Specifically, at the radius R500, our
measurements align with those from X-COP within 1σ
uncertainties for seven out of eight clusters, taking into account
the spread observed in their sample (excluding A2319). The
nonthermal pressure fraction (PNT/PT) exhibits a range of 8%–

23% (median: 12.5% ± 6%) at R500, with RXCJ2031 showing
the highest value of 23% ± 2.2%. D. Eckert et al. (2019)
measured a median nonthermal pressure of 5.9-

+
3.3
2.9% for z < 0.1

clusters, consistent with our measurement. Compared to the
X-COP sample, our selected SPT clusters demonstrate a steeper
increase in PNT/PT between the radii R500 and R200. This
discrepancy becomes more pronounced at R200, where the
nonthermal pressure fractions for the SPT clusters are relatively
larger than those observed in the X-COP sample (though there are
still overlaps for few clusters). This disparity may be attributed to
our adoption of the Yb profile from M. Angelinelli et al. (2022).
Our measurement of PNT/PT ranges from 21% to 30% at R200,
with a median of 25% ± 4%. We note that the determination of
nonthermal pressure at the cluster outskirts using this method
relies significantly on the simulated profiles of Yb and få.
Next, we determine the total mass of each cluster in our

sample using Equation (12) and the derived PNT/PT. The
recovered total masses are listed in Appendix A. We then
compare our recovered masses with those measured from
weak-lensing (WL) observations. Since WL mass measure-
ments are not biased by nonthermal pressure, they provide a
true estimate of the cluster mass. However, not all clusters in
our sample have WL mass measurements. Only four clusters—
A2744 (E. Medezinski et al. 2016), AS0520 (F. Menanteau &
J. P. Hughes 2009), 1ES 0657–56 (M. Bradač et al. 2006), and
AS1063 (D. Gruen et al. 2014)—have masses measured using
WL. As shown in Appendix A, our recovered total masses are
consistent with the WL masses, demonstrating the robustness
of our measurements.
The ICM of dynamically active galaxy clusters experiences

turbulence and bulk motion, increasing the nonthermal pressure
fraction. Using high-resolution hydrodynamical simulations of
65 galaxy clusters, K. Nelson et al. (2014) found a strong
correlation between a cluster’s dynamical state and its
nonthermal pressure fraction, with the mass accretion rate as
an indicator. Similarly, using centroid shift as a dynamical state
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indicator, we find that the nonthermal pressure fraction at R500

increases with centroid shift, as shown in Figure 5. This
suggests that dynamically active clusters have more turbulent
ICMs than relaxed ones, consistent with simulations. Even with
large 1σ uncertainties, our results hint at a similar trend at R200,
as seen in Figure 5. Future X-ray missions like NewAthena
may better constrain nonthermal pressure fractions at R200.

5. Systematic Uncertainties

We discuss different sources that can introduce systematic
uncertainty in our measurements of nonthermal pressure at

cluster outskirts. Systematic uncertainties in our measurements
can arise from subtracting XMM-Newton quiescent particle
background. V. Ghirardini et al. (2018) showed that a residual
soft-proton background remains (at ∼15%) after subtracting
QPB if the observation is impacted by a severe soft-proton
background. We therefore only include radial bins that are
within R200 of the respective clusters to avoid including bins
where count rates are dominated by a soft-proton background.
For all the clusters in our sample, the sky-background-
subtracted source count rates are a factor of �2 (i.e., �3.5σ)
higher than the QPB level at R200, as shown in Figure 1. We
also adopt a systematic uncertainty of 15% of the non-X-ray

Figure 4. Top left: baryon depletion factor (red) and stellar fraction (green) profiles as obtained from M. Angelinelli et al. (2022). Blue curve shows the universal gas
fraction. Black star represents the universal gas fraction used for the X-COP sample. Top right: nonthermal pressure fraction profiles for 1ES 0657, AS0520, AS1063,
and AS0592. The blue and cyan dashed curves show the nonthermal pressure fractions predicted from the numerical simulations of K. Nelson et al. (2014) and
D. Eckert et al. (2019), respectively, with their 1σ uncertainties. The black data points show the nonthermal pressure obtained for the X-COP sample of clusters.
Bottom: similar to top right, but for A2744, A3404, RXCJ0232, and RXCJ2031 clusters.
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background level on the measured X-ray surface brightness
profiles.

Another source of systematic uncertainty may stem from our
choices of simple electron temperature and density models to fit
X-ray surface brightness and SZ y-map profiles. V. Ghirardini et al.
(2019) showed that the slope of density profiles steepens with
radius even at larger radii, but the slope of temperature profiles
stays relatively flat at r > 0.3R500. Our gNFW based density
model does not capture any variation in the slopes of density
profiles at r ? rs, which may underestimate the uncertainty levels
on density and temperature profiles at cluster outskirts.

One major source of systematic uncertainties in nonthermal
pressure measurements stems from adopted values of Yb and f*
from hydrodynamical simulations. As seen in Figure 4, our
measurements for z > 0.1 clusters are systematically shifted to
larger PNT/PT values compared to X-COP clusters because of
different choices of Yb and f* values between two studies.

6. Conclusion and Summary

X-ray observations offer a precise estimation of ICM gas
density, while SZ observations provide accurate measurements
of thermal pressure out to R200 and beyond (V. Ghirardini et al.
2018; L. E. Bleem et al. 2022). By integrating these
complementary data sources, we can potentially enhance our
understanding of cluster formation and evolution. In this study,
we have introduced a joint fitting technique that combines
X-ray and SZ data to obtain precise constraints on ICM gas
properties. To validate our approach, we apply this technique to
a sample of eight massive galaxy clusters (0.16 < z< 0.35)
carefully selected from the SPT and XMM cluster catalogs. We
present a summary of our key findings below.

1. We show that a gNFW electron density model
(S. Amodeo et al. 2021), together with a universal
temperature profile as described in C. Loken et al. (2002),

fits best with the observed X-ray surface brightness and y-
parameter profiles out to R200 when fitted jointly. The
best-fit density and temperature profiles are in good
agreement with previous other studies (e.g., V. Ghirardini
et al. 2019, 2021; F. Ruppin et al. 2021).

2. The pressure profiles of our cluster sample show similar
trends, as expected for massive galaxy clusters
(M500 > 3 × 1014 Me). Our measurements of pressure
profiles are consistent with those of the X-COP cluster
sample (V. Ghirardini et al. 2019) and z > 1.2 SPT
cluster sample (V. Ghirardini et al. 2021). We find that
the majority of the clusters in our sample show a good
agreement with the baseline entropy profile between R500

and R200, indicating that gravitational collapse governs
the ICM heating in this radial range.

3. Our measurements of MHSE for the cluster sample range
from 0.75 to 1.68 × 1015 Me within R500 and 1 to
2.2 × 1015 Me within R200. The fgas profiles of our cluster
sample increase from the cluster centers and reach values
between 0.108 and 0.148 at R500 and 0.144 and 0.165 at
R200.

4. We adopted Yb and få profiles from Magneticum
simulation (M. Angelinelli et al. 2022) for deriving
nonthermal pressure. Our estimated nonthermal pressure
fraction (PNT/PT) ranges from 8% to 28% (median: 15%
± 11%) at R500 and from 21% to 35% (median: 27% ±
12%) at R200, consistent with the hydrodynamical
simulations (K. Nelson et al. 2014; D. Eckert et al.
2019). Our results at R500 are consistent with the X-COP
measurements within 1σ uncertainties but differ signifi-
cantly at R200. We note that our results show a steeper
increase in PNT/PT between R500 and R200 compared to
the X-COP sample. This disagreement likely stems from
differing choices of Yb and få profiles in the two studies.
We recover the total cluster mass for each cluster in our
sample, accounting for nonthermal pressure, and compare
these values with masses derived from WL observations.
The consistency between our recovered cluster masses
and the available WL masses demonstrates the robustness
of our measurements.
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Appendix A
Physical Properties of Our Sample of Clusters

Table 2 shows the physical properties of the galaxy clusters
we considered for this study.

Figure 5. Nonthermal pressure fraction of galaxy clusters in our sample as a
function of centroid shift. Centroid shift values have been adopted from
Z. S. Yuan et al. (2022). Higher centroid shift implies that a cluster is more
dynamically active, which increases nonthermal pressure at cluster outskirts.
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Table 2
Galaxy Cluster Sample Adopted for This Study

Cluster MHSE,500 MHSE,200 fgas,500 fgas,200
P

P 500

NT

T

P

P 200

NT

T Mrecovered,200 MWL References
(1015Me) (1015Me) (%) (%) (1015Me) (1015Me)

A2744 1.45 ± 0.06 1.76 ± 0.18 0.111 ± 0.005 0.153 ± 0.011 13.9 ± 3.8 25.1 ± 6.3 2.22 ± 0.63 2.1 ± 0.4 (1)
A3404 1.04 ± 0.07 1.21 ± 0.16 0.108 ± 0.006 0.144 ± 0.010 8.6 ± 3.7 21.2 ± 7.1 1.31 ± 0.47 L
AS0520 0.92 ± 0.08 1.37 ± 0.15 0.131 ± 0.005 0.163 ± 0.009 20.4 ± 3.3 33.8 ± 5.9 2.13 ± 0.44 1.7 (2)
AS0592 0.96 ± 0.06 1.12 ± 0.13 0.120 ± 0.007 0.161 ± 0.012 10.9 ± 4.7 28.3 ± 7.7 1.51 ± 0.45 L
AS1063 1.63 ± 0.07 2.13 ± 0.26 0.121 ± 0.006 0.147 ± 0.010 13.1 ± 4.6 26.1 ± 6.6 2.63 ± 0.65 2.3 ± 0.4 (3)
1ES 0657–56 1.68 ± 0.11 2.23 ± 0.38 0.148 ± 0.007 0.164 ± 0.012 25.4 ± 5.0 34.2 ± 8.5 3.15 ± 0.71 3.1 ± 0.5 (4)
RXCJ0232.2–4420 0.94 ± 0.06 1.11 ± 0.18 0.124 ± 0.005 0.149 ± 0.009 16.1 ± 3.6 24.9 ± 6.3 1.33 ± 0.43 L
RXCJ2031.8–4037 0.75 ± 0.07 1.02 ± 0.14 0.139 ± 0.005 0.165 ± 0.009 28.2 ± 3.3 35.3 ± 5.5 1.74 ± 0.47 L

Note. P
P 500

NT

T
and P

P 200

NT

T
are nonthermal pressure fractions at R500 and R200, respectively. Mrecovered,200 is the recovered cluster total mass after accounting for nonthermal pressure. MWL represents cluster mass measured

from weak-lensing (WL) observations within R200 adopted from (1) E. Medezinski et al. (2016), (2) F. Menanteau & J. P. Hughes (2009), (3) M. Bradač et al. (2006), (4) D. Gruen et al. (2014).
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Appendix B
Best-fit Parameters from SZ Y-map + X-Ray Surface

Brightness Fitting

Table 3 lists the best-fit parameters obtained by jointly fitting
SZ Y-map and X-ray surface brightness for each cluster in our
sample.

Table 3
The Best-fit Parameters from the Joint Fitting of SZ Y-maps and X-Ray Surface Brightness Are Presented for the Galaxy Cluster Sample Used in This Study

Cluster log( )( )
n

E z
0
2 α β γ rs T0 rc δ

(Mpc) (keV) (Mpc)

A2744 −2.53 2.0 2.45 0.13 0.54 14.9 4.5 2.55
A3404 −2.46 1.44 2.8 0.12 0.60 16.8 2.8 2.6
AS0520 −2.71 1.41 3.3 0.11 1.0 11.8 2.6 1.64
AS0592 −1.98 0.88 3.1 0.0 0.61 13.5 2.7 2.6
AS1063 −2.04 1.9 2.3 0.11 0.29 17.9 2.0 1.2
1ES 0657–56 −2.16 1.41 3.5 0.0 0.70 15.8 2.8 1.64
RXCJ0232.2–4420 −2.25 1.2 2.36 0.45 0.41 14.4 1.6 1.3
RXCJ2031.8–4037 −2.02 1.1 2.4 0.12 0.30 9.4 1.3 0.75
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Appendix C
Temperatures from X-Ray Spectral Fit (TX-Ray) versus Our

Measurements of TX-Ray+SZ

In this section, we compare the global projected temperatures
of the galaxy clusters in our sample, measured using Chandra
and XMM-Newton spectral fitting (TX-ray), with our global
temperature measurements obtained from X-ray + SZ joint
fitting. First, we project the best-fit 3D temperature profiles
(Figure 2) onto the sky plane, following A. Sarkar et al. (2021)
and assuming a spherical distribution,

( )ò

ò
=- + -

T
n T dV

n T dV
, C1

e e

e e

X ray SZ

2
1
4

2 3
4

where Te and ne are the best-fit 3D temperature and density
profiles. Finally, we measure the average projected temp-
erature of the cluster within 0.15R500–R200. Figure 6
compares the resulting average projected temperatures with
the global temperatures measured using spectral fit from
Chandra (left) and XMM-Newton (right) observations. Our
temperature measurements using joint X-ray and SZ
observations more closely align with the XMM-Newton
measurements than those of Chandra.

Figure 6. Comparison of global projected temperatures within 0.15R500 < r < R200 of clusters in our sample, measured using spectral fitting with the projected
temperatures within the same radial range from our X-ray + SZ joint fitting. Left: X-ray temperatures are measured using Chandra observations and are taken from
I. Babyk et al. (2012; A2744), F. Menanteau et al. (2010; AS0520, AS0592), and B. J. Maughan et al. (2008; AS1063, 1ES 0657–56, RXCJ2032.2–4420). Right:
X-ray temperatures are measured using XMM-Newton observations and are taken from L. Lovisari et al. (2020).
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