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ABSTRACT

The hot plasma in galaxy clusters, the intracluster medium (ICM), is expected to be shaped by sub-
sonic turbulent motions, which are key for heating, cooling, and transport mechanisms. The turbulent

motions contribute to the non-thermal pressure which, if not accounted for, consequently imparts a
hydrostatic mass bias. Accessing information about turbulent motions is thus of major astrophysical
and cosmological interest. Characteristics of turbulent motions can be indirectly accessed through

surface brightness fluctuations. This study expands on our pilot investigations of surface brightness
fluctuations in the SZ and X-ray by examining, for the first time, a large sample of 60 clusters using
both SPT-SZ and XMM-Newton data and span the redshift range 0.2 < z < 1.5, thus constraining
the respective pressure and density fluctuations within 0.6 R500. We deem density fluctuations to

be of sufficient quality for 32 clusters, finding mild correlations between the peak of the amplitude
spectra of density fluctuations and various dynamical parameters. We infer turbulent velocities from
density fluctuations with an average Mach number M3D = 0.52 ± 0.14, in agreement with numerical

simulations. For clusters with inferred turbulent Mach numbers from both pressure, MP and density
fluctuations, Mρ, we find broad agreement between MP and Mρ. Our results suggest a bimodal Mach
number distribution, with the majority of clusters being turbulence-dominated (subsonic) while the
remainder are shock-dominated (supersonic).

Keywords: Galaxy Clusters (854)

1. INTRODUCTION

The dominant baryonic component of galaxy clusters
is the hot (107 to 108 K) intracluster medium (ICM).
The thermal component of the ICM is observable via X-
rays and the millimeter band via the Sunyaev-Zel’dovich
(SZ) effect (Sunyaev & Zel’dovich 1972), while relativis-

tic particles are observable via synchrotron radiation at

∗ E-mail: charles.romero@gmail.com

lower frequencies. The thermal gas, especially at moder-
ate to large radii (∼R2500 to R500)

1 matches well expec-
tations of self-similarity and gravitational heating (see
e.g. Kravtsov & Borgani 2012). Gravitational heating
is likely to proceed primarily through shock (adiabatic)
heating or turbulent (dissipative) heating. Through nu-

1 For a density contrast, ∆, R∆ is the radius within which the mean
matter density is ∆ times the critical density of the universe.
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merical simulations Shi et al. (2020) found that tur-
bulent heating should be dominant within R500, while
shock heating (especially for accretion shocks) will dom-
inate at r > R500.
In the central regions of galaxy clusters, baryonic

physics is critical. In particular, radiative cooling ap-
pears to be self-regulated via active galactic nuclei
(AGN) feedback (e.g McNamara & Nulsen 2012; Gas-
pari et al. 2014a; Voit et al. 2017). In the case of
merger shocks and AGN feedback, much of the gas heat-
ing will be localized and yet the balanced feedback re-
quires much of the energy to be isotropically distributed
throughout the ICM, with turbulence likely playing a
crucial role in this transport (e.g. Wittor & Gaspari
2020, 2023). At the same time, turbulence is expected
to have a prominent role in gas condensation in cluster
centers driving chaotic cold accretion onto supermassive
black holes (Gaspari et al. 2020, for a review), as well
as in the re-acceleration of cosmic rays generating ex-

tended radio emission (van Weeren et al. 2019; Pasini
et al. 2024; Eckert et al. 2017).
Beyond the inextricable role that turbulence plays in

the thermodynamics of the ICM, it will also impart a

non-thermal pressure component throughout the ICM
and thereby contribute to the hydrostatic mass bias2,
which is currently the dominant source of systematic

uncertainty in mass estimation from the ICM (see Pratt
et al. 2019, for a recent review).
Despite the integral role that turbulence must play in

the observed X-ray, millimeter, and radio signals, con-
straining turbulence, especially turbulent motions has
not come easily (e.g. Simionescu et al. 2019). While
there is much anticipation of turbulent velocity con-

straints from Doppler shifts and broadening of lines
in high-resolution X-ray spectroscopy via the recently
launched XRISM (XRISM Science Team 2020) and pro-

posed facilities such as LEM (Kraft et al. 2022) and
Athena (Nandra et al. 2013), turbulent velocities can
also be accessed via the driven surface brightness fluc-
tuations in the X-ray (e.g. Schuecker et al. 2004; Chura-
zov et al. 2012; Gaspari & Churazov 2013; Gaspari et al.
2014b; Hofmann et al. 2016; Heinrich et al. 2024) and
SZ images (Khatri & Gaspari 2016; Romero et al. 2023).
From a cosmological perspective, constraining turbu-
lent motions at cluster outskirts (at radii of roughly
R500 and larger) is most important. As both SZ and

X-ray signals are faint (relative to the cluster cores),
such observations are expensive. Moreover, the rela-

2 The hydrostatic mass bias is the bias on a mass estimate when
assuming that the cluster is in hydrostatic equilibrium and thus
only supported by thermal pressure.

tive expense of velocity constraints from high-resolution
X-ray spectroscopy compared to surface brightness fluc-
tuations (e.g. Romero 2024), suggests that measuring
turbulence in the cluster outskirts is more feasible via
surface brightness fluctuations.
Accessing surface brightness fluctuations via both X-

ray and SZ can be desirable for their different observa-
tional properties, i.e. advantages, as well as their dif-
ferent physical insights, where they are best suited to
constraining density and pressure fluctuations, respec-
tively. With both density and pressure fluctuations, one
can assess the effective equation of state (Romero et al.
2023) and potentially more robustly constrain the tur-
bulent gas velocities.
Given the required sensitivity to obtain meaningful

constraints on density and pressure fluctuations, we may
also be interested in correlating those fluctuations with

other, more accessible parameters. While AGN feed-
back should generate turbulence in the central regions
(e.g. Wittor & Gaspari 2023), this is not expected to be

dominant at moderate (r > R2500c) cluster-centric radii
(e.g. Lau et al. 2017). If merger activity is expected to
be the primary driver of gas motion at moderate radii

and larger, then we can expect some degree of corre-
lation with typical dynamical parameters (e.g. Lovisari
et al. 2017; Yuan et al. 2022).
The sample selection and approach, building on the

pilot study of Romero et al. (2024) are discussed in
Section 2. We present results in Section 3 and dis-
cuss them in Section 4. Our assumed cosmology adopts

H0 = 70 km s−1 Mpc−1, ΩM = 0.3, ΩΛ = 0.7. We re-
port all uncertainties as one standard deviation (for dis-
tributions taken to be symmetric) or the distance from

the median to the 16th and 84th percentiles (when al-
lowing for asymmetric distributions), unless otherwise
stated.

2. APPROACH

We seek to constrain density and pressure fluctuations
via X-ray and SZ observations, respectively. Unlike pre-
vious studies, we aim to have a large statistical sample
across a wide mass and redshift range (see Figure 1). To
do this, we use a sample defined by the galaxy clusters
in the SPT-SZ survey (Bleem et al. 2015) which also

have sufficiently deep XMM-Newton data. Such a sam-
ple was compiled in Bulbul et al. (2019). SPT-CLJ0014-
3022 was observed with the SPT camera (Plagge et al.
2010) separate from the SPT-SZ survey. Given that
SPT-CLJ0014-3022 (also called Abell 2744) meets the
redshift (z > 0.2) and photon count (more than 1000
filtered source counts in MOS cameras) criteria for the
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Figure 1. The mass and redshift distribution of clusters
in our sample as well as information regarding constraints
on surface brightness fluctuations. Empty circles denote no
significant constraints are reported; filled markers denote
that constraints of at least 2σ were obtained within 0.62R500

(filled circles) and out to R500 (crosses). The color indicates
a representative exposure time across the EPIC cameras.

sample selection in (Bulbul et al. 2019), it is also in-
cluded in our sample.

2.1. Image and Fourier analysis

Our data analysis approach largely follows that used
in our precursory studies (Romero et al. 2024; Khatri
& Gaspari 2016), which we summarize here. For sur-

face brightness images, y and S, in the SZ and X-ray,
respectively, we fit smooth surface brightness models, ȳ
and S̄, to their respective images. In this work, we take
our models to be circular β models in both the SZ and

X-ray cases, with the SZ and X-ray centers fixed to the
centroid found in the X-ray dataset. We also run the
SZ profile fitting procedure with the center free to infer
∆c, the SZ to X-ray centroid offset. The SZ model, ȳ, is
entirely defined by the ICM; i.e. any mean level or back-
ground component is assumed to have been nulled. The
X-ray model, S̄, can be taken as the sum of an ICM com-
ponent and a background component: S̄ = S̄ICM+ S̄bkg.
Residual maps are taken to be δy = y−ȳ and δS = S−S̄.
Point sources and chip gaps are masked as in previous
analyses (Romero et al. 2023, 2024).
We characterize surface brightness fluctuations of the

normalized residual maps, δy/ȳ and δS/S̄ICM, via a

wavelet decomposition method based on a Mexican Hat
filter (Arévalo et al. 2012). As in Romero et al. (2024),
we adhere to exploring fluctuations in two regions: Ring
1 being a circle of radius 0.62R500 and Ring 2 being the
annulus between 0.62R500 and R500.

The power spectra of surface brightness fluctuations
in SZ and X-ray are then deprojected to pressure and
density fluctuations, characterized by their 3D spectra,
P3D, as in Romero et al. (2024). The fluctuations may
also be represented through their amplitude spectra:

A3D =
√
4πk3P3D. (1)

Specifically, we calculate A3D to correspond to density
fluctuations, i.e. Aρ, when considering X-ray data. Sim-
ilarly, in the case of SZ data, A3D is taken as AP. We
sample our spectra at angular scales between our resolu-
tion limit (taken to be 10′′ for XMM-Newton and 1′.25
for SPT) and θ500 (the angular extent of R500 on the
sky) with logarithmic spacing close to a factor of 2 so
that each point is (approximately) independent.

2.1.1. Updates to X-ray analysis

In our pilot study, neither of the two clusters in-
vestigated had clear substructure in the XMM-Newton
images, and we did not investigate masking substruc-

ture. In the full sample, we encountered SPT-CLJ0658-
5556 (aka the Bullet cluster), SPT-CLJ0304-4401, SPT-
CLJ2023-5535, SPT-CLJ0014-3022, and SPT-CLJ0225-
4155 which we identified as having significant substruc-

ture and mask the substructure according to an algo-
rithm detailed in Appendix B.

2.1.2. SZ analysis of SPT-CLJ0014-3022

Our analyses of SPT images proceed as in Romero
et al. (2024) with the exception of the analysis of SPT-
CLJ0014-3022 which is not in the SPT-SZ survey. In
particular, the dataset3 does not include half maps, but

rather a single map out to large cluster-centric radii.
The map is tapered starting at roughly 3R500. Two
point sources are evident in the map (both are beyond
2R500) and are masked.
A mean level is found at radii beyond R500 and is

subtracted. A β model is then fit to the cluster and
a power spectrum within Ring 1 can be calculated on
the resultant δy/ȳ image, which will include power from
the noise. Power spectra are computed in six non-
overlapping regions of equivalent radius of Ring 1 spaced
far from the cluster center. That is, for each region, i, a
corresponding (δy/ȳ)i map is computed by moving the
ȳ model center to the center of the region. From these

power spectra of “noise realizations”, we debias and de-
rive uncertainties on the desired SZ surface brightness
fluctuations.

3 Available at https://doi.org/10.17038/HEP/2342125.

https://doi.org/10.17038/HEP/2342125
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Figure 2. Scatter plots of dynamical parameters relative to the inferred Aρ in Ring 1. Sizes of markers indicate the maximal ξ
(see Appendix A) in Aρ,1. The coloring of the markers corresponds to the location (wavenumber) of the inferred peak, adopting
a SNR threshold of ξ > 2.

3. RESULTS

From pressure or density fluctuations, one can infer
turbulent velocities quantified in relation to the sound

speed, i.e. their Mach numbers (e.g Gaspari et al. 2014b;
Khatri & Gaspari 2016; Romero et al. 2023; Dupourqué
et al. 2023; Heinrich et al. 2024). In particular, one ei-
ther integrates over the power spectrum (Simonte et al.
2022; Zhuravleva et al. 2023) and applies a linear rela-
tion to obtain a Mach number, or one finds the peak of
the amplitude spectrum and applies a linear scaling from
that peak to obtain a Mach number (Gaspari & Chura-
zov 2013). As we do not always have good constraints at
all scales of our power spectra, we opt to estimate Mach
numbers from our defined peak of each amplitude spec-
trum. It is interesting to note that such a linear relation
might appear a trivial result (first shown in Gaspari &
Churazov 2013), however, this linearity only arises in

stratified atmospheres (like the ICM), while a quadratic
scaling is expected in pure hydrodynamics (Churazov
et al. 2012).
Throughout this paper, we present Mach numbers

in terms of 3D gas velocities, i.e. M3D. When these
Mach numbers are (specifically) inferred from density

and pressure fluctuations, we adopt the respective nota-
tions Mρ and MP . At times we further specify which
rings these values may pertain to with an additional in-
dex (subscript), e.g. for Ring 1: Mρ,1 and MP,1. To

determine turbulent velocities, we adopt the relations
from Gaspari & Churazov (2013):

Mρ = 4.0Aρ(kpeak,ρ)

(
linj

0.4R500

)αH

(2)

MP = 2.4AP (kpeak,P )

(
linj

0.4R500

)αH

, (3)

where linj is the injection scale and the parameter αH =
−0.25 models the hydrodynamical regime of negligible
thermal conduction, as expected in the ICM due to mag-
netic and plasma micro-scale processes (Gaspari et al.
2014b; ZuHone et al. 2015; Komarov et al. 2016).
We define the peak of Aρ to be the maximum of the

set of points with signal-to-noise ratio (SNR), ξAρ
=

Aρ/σAρ , greater than 2. By extension, we define kpeak
to be the wavenumber at which this peak is found. For a
well-sampled and well-constrained amplitude spectrum,
the inverse of the injection scale, kinj = 1/linj, will effec-

tively be the same as kpeak. However, our spectra are
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Figure 3. As with Figure 2, but relative to the inferred turbulent 3D Mach number Mρ in Ring 1.

not well sampled, and thus we simply take kpeak as a
proxy for kinj.

Of the 60 clusters in our sample, 32 clusters yielded
amplitude spectra of density fluctuations where a peak
(as defined above) could be identified in Ring 1 and 15
clusters where such a peak can be identified in Ring 2.

From the SZ side, only seven clusters are found to have
a node in the amplitude spectra of Ring 1 above 1.5σ.
In the following sections we focus on the results within

Ring 1.

3.1. Correlations with dynamical parameters

As we may expect the inferred density fluctuations to
be related to merger activity, we investigate correlations
between the peak of the amplitude spectra of the inner
rings (Ring 1) and the dynamic parameters as calculated
by Yuan et al. (2022). These parameters are c, P3/P0,

α, ω, κ, and δ which correspond to a concentration in-
dex, power ratio, asymmetry factor, peak-centroid off-
set, profile parameter, and morphology index, respec-
tively. The quantitative formulae for these values can
be found in Yuan et al. (2022). We take the values pub-
lished in their table; some of the values are published as
the base-10 logarithm of the above parameters, in which

case we retain this logarithm. Figure 2-3 show the re-

trieved correlations between the dynamical parameters
and Aρ or Mρ, respectively.

Table 1 reports correlations between either Aρ or Mρ

and the dynamical parameters cited above. We include

an additional parameter, ∆R we define as:

∆R = ∆c/θ500, (4)

where ∆c is the angular distance between the SZ and

X-ray centroids, and θ500 is the angular equivalent of
R500. We quantify the correlations with the Spearman
and Pearson coefficients, rSp, and rPe, respectively. Ad-
ditionally, we quantify the correlations via the linear
correlation coefficient when considering a Bayesian ap-
proach with LINMIX4 (Kelly 2007; Gaspari et al. 2019).
This method takes observables y and x, the relations
y = η + σy, x = ξc + σx, where ξc is the independent
variable and η is the dependent variable, and fits the
linear relation:

η = αc + βcξc + ϵ, (5)

4 as implemented in Python; see https://linmix.readthedocs.io/.

https://linmix.readthedocs.io/
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Table 1. Correlation coefficients

Dynamical logAρ logMρ

Parameter rSp rPe rLin rSp rPe rLin

log c −0.44+0.10
−0.08 −0.43+0.09

−0.07 −0.60+0.17
−0.14 −0.34+0.05

−0.05 −0.37+0.03
−0.04 −0.39+0.19

−0.16

logω 0.48+0.08
−0.08 0.44+0.06

−0.07 0.59+0.13
−0.16 0.40+0.04

−0.04 0.40+0.02
−0.02 0.42+0.15

−0.17

log(P3
P0

) 0.34+0.11
−0.12 0.34+0.10

−0.12 0.50+0.17
−0.20 0.34+0.08

−0.09 0.35+0.07
−0.08 0.40+0.17

−0.19

κ 0.44+0.08
−0.10 0.41+0.08

−0.09 0.56+0.15
−0.17 0.27+0.04

−0.04 0.30+0.03
−0.03 0.31+0.18

−0.19

logα 0.43+0.09
−0.09 0.42+0.08

−0.09 0.57+0.15
−0.19 0.51+0.04

−0.05 0.44+0.03
−0.03 0.45+0.15

−0.17

δ 0.54+0.08
−0.09 0.49+0.08

−0.09 0.67+0.13
−0.17 0.44+0.04

−0.04 0.42+0.03
−0.03 0.44+0.15

−0.18

∆R −0.06+0.10
−0.10 −0.03+0.09

−0.09 −0.09+0.22
−0.22 −0.14+0.06

−0.05 −0.08+0.04
−0.04 −0.08+0.20

−0.19

Note—Correlation coefficients obtained between either logAρ(kpeak) or logAρ(kpeak) and
various dynamical parameters with the cut ξAρ > 2.

Table 2. Linear coefficients

Dynamical logAρ logMρ

Parameter αc βc αc βc

log c −1.23+0.17
−0.16 −0.69+0.22

−0.21 −0.79+0.06
−0.05 −0.35+0.17

−0.17

logω −0.47+0.47
−0.47 1.97+0.62

−0.62 −1.72+0.16
−0.15 1.07+0.46

−0.45

log(
P3
P0

) −5.11+0.60
−0.59 1.87+0.80

−0.76 −6.25+0.18
−0.20 1.25+0.61

−0.62

κ 2.74+0.36
−0.36 1.44+0.48

−0.47 1.81+0.13
−0.13 0.68+0.41

−0.41

logα −0.26+0.33
−0.32 1.22+0.42

−0.41 −1.01+0.10
−0.10 0.78+0.31

−0.31

δ 2.04+0.39
−0.39 1.88+0.51

−0.51 0.84+0.14
−0.13 1.03+0.42

−0.41

∆R 0.06+0.06
−0.06 −0.03+0.08

−0.09 0.09+0.02
−0.02 −0.03+0.06

−0.06

Note—Linear coefficients αc and βc, given in Equation 5 obtained be-
tween logAρ(kpeak) and various dynamical parameters with the cut
ξAρ > 2.

where ϵ is the intrinsic scatter and αc and βc are the
regression coefficients. The correlation coefficients from
LINMIX is that between ξc and η and is reported in Ta-
ble 1 as rLin. We report the coefficients αc and βc in
Table 2.

Dupourqué et al. (2023) investigated correlations be-

tween the amplitude of fluctuations (related to the inte-
gral of the power spectrum of fluctuations), σδ, and dy-
namical parameters c, ω, the Ginni coefficient, G, and an
asymmetry parameter quantified through Zernike poly-
nomials, CZ . Although our comparisons are not pre-
cisely equivalent, we should expect that the correlations
we find for Aρ(kpeak)−log10(c) are similar to those found
in Dupourqué et al. (2023) for σδ − c and likewise for
Aρ(kpeak)− log10(ω) and their σδ−ω. This is in fact the
case, where Dupourqué et al. (2023) find the Spearman

coefficients for σδ − c and σδ − ω to be −0.4+0.15
−0.15 and

0.37+0.2
−0.18, respectively. Those values are similar to the

analogous values −0.44+0.10
−0.09 and 0.48+0.08

−0.09, also reported

in Table 1.

3.2. Correlations with the Mach number

Where Table 1 presented the correlations of dynam-
ical parameters relative to both Aρ and Mρ in Ring
1 and Figure 2 visually presented correlations against
Aρ,1, Figure 3 does so for Mρ,1. As evidenced in Ta-

ble 1, the correlations do not differ drastically between
the Aρ,1 and Mρ,1 cases.
We considered additional correlations with Aρ,1 or

Mρ,1. There are several readily available quantities
from previous works such as those in Bulbul et al.
(2019), taken as the values within the aperture of R500:
LX,cin, LX,cin,bol, TX,cin, ZX,cin, LX,cex, LX,cex,bol, TX,cex,

ZX,cex, and YX,cin, where subscripts cin and cex indi-
cate whether the core (r < 0.15R500) is included or ex-
cised, respectively, for the quantities. We do not find

any strong correlation amongst these variables and the
inferred density fluctuations in Ring 1. Even considering
ratios of core-included to core-excluded quantities does
not produce any strong correlations.
From the SPT-SZ works (Bleem et al. 2015; Boc-

quet et al. 2019), one also has YSZ and M500. We
thus additionally consider the correlation of YSZ/YX,cin

and Aρ,1, which yields no apparent correlation. Finally,
we consider the self-similar scaling YSZ ∝ E(s)2/3M5/3

(e.g. Kravtsov & Borgani 2012) and compute a quantity

Ψ = YSZ/(E(s)2/3M5/3) that we then correlate against
Aρ,1. This too does not show a clear correlation.

3.3. Distribution of fluctuations and inferred turbulent
velocities

The adopted threshold of 2σ is admittedly a low
threshold and may introduce a bias due to noise that

happens to scatter values above our threshold. Account-
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Figure 4. Within Ring 1, distributions of Aρ(kpeak) and
distributions of Mach numbers, Mρ for different significance
thresholds on Aρ, and MP with AP significance greater than
1.5σ. For clarity, the blue bars indicate the number of clus-
ters for which we infer a given peak of Aρ or a given Mρ

when considering only nodes of amplitude spectra for which
Aρ > 2σAρ .

ing for any bias is potentially quite involved, as there are
at least two parts to consider: (1) what is the bias on
the value of the amplitude spectrum at the considered
wavenumber (kpeak), and (2) would a correction to this
bias change the inferred kpeak? An earnest attempt to
correct for this bias would require knowledge about the
expected distribution of amplitude spectra, which is not
yet established.
To gauge the potential importance of such a bias, we

investigate the inferred Aρ(kpeak) using 2, 3, 4, and
5σ cuts. We don’t find (see Figure 4) clear evidence
of a substantial bias in the distribution of Aρ(kpeak).
Moreover, the weighted mean of Aρ(kpeak) remains 0.16

across all significance cuts.

Figure 5. Comparison of M3D as derived from SZ (pres-
sure) or X-ray (density) fluctuations. The dashed line shows
unitary equivalence.

While Aρ(kpeak) appears to not suffer a substantial
bias, we may also be concerned with the inferred turbu-

lent velocity. Again, we do not see evidence for a clear
bias from the 2σ cut (see again Figure 4), where the
weighted means are 0.57, 0.57, 0.59, and 0.59 for the re-
spective threshold cuts of 2, 3, 4, and 5σ. Additionally,

Figure 4 is quite suggestive of an underlying bimodal
distribution, where the two populations are separated
at the supersonic transition.

We also consider the weighted means if we trim the
clusters with supersonic Mach numbers. Doing so, we
find weighted means (of the Mach numbers) of: 0.52,

0.50, 0.52, and 0.52 for the respective σ cuts. In each of
those, the scatter in Mach numbers is between 0.12 and
0.14. The median subsonic Mρ values for the respective
σ cuts are 0.52, 0.50, 0.55, and 0.56. In the case of

the 2σ cut, there are 25 clusters with inferred turbulent
velocities that are subsonic. In the following section we
discuss the interpretation of supersonic Mach numbers

and identify the individual clusters in which we infer
supersonic velocities.

For the seven clusters which have SZ constraints
(above 1.5σ in Ring 1), we compare the SZ-inferred tur-
bulent velocities to those from X-ray, i.e. we compare
the inferences from pressure and density fluctuations,
in Figure 5. We find general agreement and note the
point with Mρ > 1 and MP < 0.5 corresponds to SPT-
CLJ0012-3022 (or Abell 2744). Notwithstanding consid-

erations of masking substructure (see Apendix B), this
indicates that the infalling group has not contributed to
substantial pressure fluctuations.

4. DISCUSSION
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In the previous section we found an average turbu-
lent velocity within Ring 1 (R < 0.62R500) which cor-
responds to Mρ ∼ 0.6 when including all clusters for
which we have at least a 2σ significance in the ampli-
tude spectrum of density fluctuations. This average be-
comes Mρ ∼ 0.5 when confining attention to the subset
of clusters that also have inferred Mρ < 1.
Given that turbulence with M3D > 1 is largely not

expected within R500, let alone within 0.62R500 and
that the clusters for which we infer Mρ > 1 have ei-
ther known merger shocks or morphologies suggestive of
mergers, we consider that the inferred Mach numbers
should not be interpreted as arising solely from turbu-
lence. We discuss this more in the following subsection.
Previous studies of surface brightness fluctuations

across samples of similar sizes have tended to find rela-
tively lower 3D Mach numbers than the Mρ = 0.52 ±
0.14 found in this work. For example, Hofmann et al.
(2016) find an average Mρ ≈ 0.3 with a large 50% scat-

ter in a sample of 33 Chandra clusters. Across the 12
clusters in the small X-COP sample, Dupourqué et al.
(2023) found Mρ = 0.37 ± 0.06 within 0.5R500 < r <
R500. Investigating a sample of 80 clusters with Chan-

dra data, Heinrich et al. (2024) found Mρ = 0.31± 0.09
in the region within 0.4R500. Using the 64 clusters
in the CHEX-MATE sample, Dupourqué et al. (2024)

find an average turbulent velocity of Mρ = 0.41 ± 0.17
within R500, with similar values found analyzing temper-
ature (instead of surface brightness) fluctuations (Lovis-

ari et al. 2024).
The larger difference in average Mach number with

pure X-ray samples (e.g. Chandra samples) can be un-
derstood as the SZ selection is typically less biased, e.g.,

allowing us to avoid the cool-core bias in X-ray band
(Rossetti et al. 2017). This enables the inclusion of
a larger fraction of substantially perturbed and unre-

laxed systems (with boosted pressure/SZ signal within
R2500 −R500), leading to a net increase in the observed
average Mach number.
To better understand/test the Mach numbers, we

compare them to predictions from cosmological hydro-
dynamical simulations. Battaglia et al. (2012) (B12),
Nelson et al. (2014) (N14), and Angelinelli et al. (2020)
(A20) have investigated non-thermal pressure profiles,
PNT, due to random or kinetic motions, where An-
gelinelli et al. (2020) provides an explicit separation

for the pressure due to strictly turbulent motions. In
particular, these works provide parametric forms for
αNT = PNT/(PNT+Pth), where Pth is the thermal pres-
sure. For turbulent motions, Pturb/Pth = (γ/3)M2

3D.
Thus, where PNT is taken to be, implicitly or explicitly,
Pturb, one can infer M3D.

Figure 6. Radial profiles of Mach numbers from various
simulations (dashed curves) and observational constraints on
Mach numbers as points with uncertainties (in M3D); ra-
dial ”error bar” denotes the extent of the radial bin. Ob-
servational points identified as D23, H24, and D24 refer
to Dupourqué et al. (2023), Heinrich et al. (2024), and
Dupourqué et al. (2024), respectively. Points from this work
correspond to those in which gas motions have been re-
stricted to subsonic velocities.

Figure 6 shows Mach profiles derived from the non-
thermal pressure profiles presented in B12, N14, and

A20, where we take the profile explicitly determined for
turbulence from A20. From these profiles we further cal-
culate that within 0.62R500, the expected M3D values

are 0.49, 0.52, and 0.45 for B12, N14, and A20, respec-
tively. Within Ring 2 (0.62R500 < r < R500) those
respective Mach numbers are 0.68, 0.66, and 0.50. We
note that the simulations themselves find a scatter of

≳ 10% in the αNT profiles.
Aside from differences in cluster samples and analysis

approaches among Dupourqué et al. (2023, 2024), Hein-
rich et al. (2024), and this work, there are differences
in the scaling between density fluctuations and inferred
Mach numbers which are potentially relevant. While
some theoretical agreement has been found between the

relations presented in Gaspari & Churazov (2013); Gas-
pari et al. (2014b) and Zhuravleva et al. (2014, 2023),
it will be important to establish a robust, empirical re-
lation between density (and pressure) fluctuations and
turbulent velocities inferred from high-resolution X-ray
spectroscopy, e.g. with the ongoing XRISM mission.

4.1. Non-thermal pressure support and hydrostatic
mass bias

Our inferred average turbulent Mach number, Mρ =
0.52±0.14 in Ring 1 is thus in excellent agreement with
what is expected from simulation. This turbulent Mach
number corresponds to a non-thermal pressure fraction
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αNT = 0.13±0.06. This value does not necessarily reflect
the hydrostatic mass bias, which is instead given by:

bM =
−γM2

3D

3

d lnPNT

d lnPth

(
1 +

γM2
3D

3

d lnPNT

d lnPth

)−1

(6)

(Khatri & Gaspari 2016; Romero et al. 2024). That is,
αNT = −bM only when d lnPNT/d lnPth = 1. Consid-
ering that

d lnPNT

d lnPth
= 1 + 2

d lnM3D/d ln r

d lnPth/d ln r
, (7)

we see that d lnPNT/d lnPth = 1 when the turbulent
Mach number is constant with radius. We expect that
M3D should, in general, increase with radius (as in Fig-
ure 6) and consequently we expect that −bM < αNT.
From above, we can say that we expect the average

hydrostatic mass bias within Ring 1 to be less than

0.13 (for those clusters with inferred subsonic turbu-
lence). Given that masses are generally not provided
at 0.62R500, the hydrostatic mass bias at R500 is of

more interest. However, our constraints from Ring 2 are
poorer and we discuss these in detail in Appendix D.
From the few (four) clusters which have sufficient con-

straints (at least 2σ significance in Aρ,2) and yielding
subsonic turbulent velocities, we find Mρ,2 = 0.59±0.18
with corresponding αNT = 0.16 ± 0.08. We can take
this to define an upper limit of the hydrostatic mass

bias: −bM < 0.16± 0.08. Such an interpretation is con-
sistent with the expected hydrostatic mass bias values
between 0.1 and 0.3 (e.g. Romero et al. 2024, and ref-

erences therein); though we note again that the sample
size is small (four clusters) and the constraints are of
limited quality. This motivates our later discussion in

Section 4.3.

4.2. Inferred supersonic velocities

The clusters for which Mρ > 1 are: SPT-CLJ0354-
5904, SPT-CLJ0658-5556, SPT-CLJ2017-6258, SPT-
CLJ2056-5459, SPT-CLJ0304-4401, SPT-CLJ2032-
5627, and SPT-CLJ0014-3022. Of these, SPT-CLJ0354-
5904, SPT-CLJ2017-6258, and SPT-CLJ2056-5459 show
evidence of disturbance; however, our substructure algo-
rithm did not identify any substructure to mask, in part
due to the modest photon counts in those images. SPT-
CLJ0658-5556 (the Bullet cluster), SPT-CLJ0014-3022
(Abell 2744), SPT-CLJ0304-4401, and SPT-CLJ2032-
5627 are known mergers (Markevitch et al. 2002; Kemp-
ner & David 2004; Raja et al. 2021; Duchesne et al.
2021).
As in Romero et al. (2024), the regions where Mρ is

inferred, from surface brightness fluctuations, to exceed

unity is broadly congruent with where known or plausi-
ble shocks exist. Although gas velocities (M3D) are fre-
quently attributed to distributed turbulence (Section 1),
the inferred values represent a volume-weighted average
that can be elevated to super-linear levels by the influ-
ence of multiple local shocks, which are inherently super-
sonic. From another perspective, someone could select
a target cluster from super-linear fluctuations, and then
investigate the (likely) presence of shocks with deeper
observations.
A more detailed interpretation of these supersonic ve-

locities is likely to be complicated by several factors. As
is often the case, the inclination angle of features, in this
case shocks or a sloshing core, will impact the surface
brightness signature. The current method of inferring
gas velocities is developed in the context of turbulent
motions and does not explicitly account for such sub-
structure and thus different inclination angles. As such,
we acknowledge that our inferred volume-averaged gas
velocities have additional (unaccounted) systematic un-

certainties. Secondarily, there is the matter of masking,
which has evaded a widely accepted identification strat-
egy (e.g. Zhuravleva et al. 2015; Dupourqué et al. 2023,

and this work). The Bullet cluster and Abell 2744 pro-
vide some insight here, insofar as it is clear that our
masking algorithm has masked the cooler gas behind
the shocks in those two clusters, and not the shocks

themselves.

4.3. Towards more sensitive measurements

This project aimed to constrain both pressure and

density fluctuations, ideally out to R500, over a sample of
galaxy clusters with both sensitive X-ray and SZ data.
We find that it is already difficult to place tight con-
straints on these fluctuations within 0.62R500. On the
SZ side, pressure fluctuation constraints are at best 2σ.
The ongoing SPT-3G survey (Benson et al. 2014) is ex-
pected to reach a final depth 10 times that of the SPT-SZ

survey, and correspondingly, we should expect the un-
certainties in amplitude spectra to improve by a factor
of 10. This will enable some insight into pressure fluctu-
ations, but the constraints across spatial scales will still
be limited, due to the expected power spectrum of pres-
sure fluctuations and the angular resolution achieved by
SPT-3G.
With respect to the dependence of the SNR on the

angular frequency, k, we can take a simple case where
the statistical noise in y or S maps has a flat power

spectrum. In this case, the uncertainty in the measure-
ments of surface brightness fluctuations will scale as k−1

(Arévalo et al. 2012; Romero 2024). At scales smaller
than the injection scale, the power spectrum will have
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a logarithmic slope steeper than −3, where at some fre-
quency beyond kinj, a logarithmic slope of 11/3 is pre-
dicted for Kolmogorov turbulence. Therefore, we can
consider that the SNR is declining at a rate steeper than
k−2 beyond the injection scale.
While the resolution of XMM-Newton has a non-

trivial impact on measurements of density fluctuations,
we see that, in fact, constraints at the smallest scales
tend to still be limited by overall sensitivity owing to the
scaling of SNR with k. Consider that we do achieve > 3σ
constraints at spatial scales corresponding to ∼ 0.4R500,
which appears to be a plausible injection scale (e.g. Gas-
pari et al. 2014b). Suppose a cluster has a constraint of
3σ at 0.4R500 and we wish to obtain 3σ constraints at
0.1R500; we would need to improve the SNR by at least
16 times, which will require a factor of 162 = 256 more
time.
When we consider how the required time scales, this

suggests clean exposure time requirements with XMM-

Newton in excess of 1 Ms (per cluster) to achieve 3σ
constraints at 0.1R500, in Ring 1 across our sample.
From the constraints we do have in Ring 2, we find that
the clean exposure time requirements exceed 10 Ms (per

cluster; sometimes exceeding 100 Ms) for the same tar-
get constraint. It is clear that such constraints must be
tasked to future facilities.

We would be remiss to not mention constraints to
come from high-resolution spectroscopy, especially from
XRISM (XRISM Science Team 2020) and the proposed
Athena (Barret et al. 2020) telescope. These will clearly

play an important role in constraining turbulent mo-
tions in clusters. While there has not been a study com-
paring required observing times across spectroscopic in-

struments, nor a dedicated study comparing constraints
from spectroscopy to those from surface brightness fluc-
tuations, Romero (2024) found that, for similar collect-

ing areas, constraints from surface brightness fluctua-
tions can be obtained with exposures that are one to
two orders of magnitude shorter than those from spec-
troscopy5.

5. CONCLUSIONS

Expanding on our previous pilot investigations of sur-
face brightness fluctuations jointly in the SZ and X-ray
(Khatri & Gaspari 2016; Romero et al. 2023, 2024), we
analyzed here, for the first time, a large sample of 60

5 This comparison was made between the results in Romero (2024)
and those in Beaumont et al. (2024). As the differences in the
methodologies are not trivial, a more judicial comparison be-
tween constraints from surface brightness fluctuations and high-
resolution spectroscopy is warranted.

clusters using both SPT and XMM-Newton data. We
thus derived constraints on density and pressure fluc-
tuations within ∼ 0.6R500 for 32 and 7 clusters, respec-
tively, and converted them to 3D Mach numbers through
the peak amplitude linear relation (Gaspari & Churazov
2013). We were able to derive constraints on density
fluctuations out to R500 for 15 clusters, but the inter-
pretation of those fluctuations is unclear. We thus focus
on the interpretation of fluctuations within 0.62R500;
our main results tied to this region are as follows.

• We find a mean Mach number to be Mρ = 0.52±
0.14 for the 25 clusters that we consider to be dom-
inated by turbulence and consistent with expecta-
tions from simulations (Battaglia et al. 2012; Nel-

son et al. 2014; Angelinelli et al. 2020).

• Clusters with supersonic Mρ > 1 are either known

to be or are plausibly undergoing a merger, thus
likely shock-dominated systems

• For clusters with constraints on both density and
pressure fluctuations, the inferred velocities are
generally in agreement (except in Abell 2744).

• We find mild correlations between the spectral am-
plitude/Mach number and the cluster dynamical
parameters that are typically used in the litera-
ture.

In order to obtain robust results out to R500, as well
as tracing the full turbulent cascade, deeper observa-
tions are required. Some meaningful improvements are
in progress, with SPT-3G, and can be obtained with
deep XMM-Newton observations. However, for the less

massive and higher redshift clusters, robust constraints
must come from future generation of instruments, both
in X-ray and SZ band.
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APPENDIX

A. CLUSTER PROPERTIES

Tables 3 and 4 list various observational properties
of the clusters. Clusters with density fluctuations in
Ring 1, Aρ,1, with at least one node of SNR ξ > 2 are
listed in Table 3 along with key properties of Aρ,1. Con-
versely, clusters which do not satisfy the SNR thresh-
old are listed in Table 4. SPT-CLJ2344-4243 (Phoenix
cluster), SPT-CLJ0637-4829, SPT-CLJ0330-5228, and
SPT-CLJ2332-5358 are omitted from these tables. In
the case of SPT-CLJ2344-4243, the bright cool-core and
asymmetries of the XMM-Newton PSF present a chal-
lenge beyond the scope of this work. The remaining
three clusters suffered from complications in ESAS pro-
cessing.

B. MASKING SUBSTRUCTURE

We employ an algorithm to identify substructure using

net rate images smoothed with three different Gaussian
kernels. For each of these images, for a given annulus
i, pixel means, p̄i, and Gaussian widths, σp,i are deter-

mined within annuli of 10′′ width. Initially, a threshold,
expressed as a factor fi of σp,i, is chosen per annulus
(and per smoothing) such that a pixel is not expected
to surpass that threshold for a Gaussian distribution.

That is, we flag pixels with value p > fiσp,i. However,
we found that this threshold did not produce consis-
tent flagged regions across the EPIC cameras (MOS1,

MOS2, and pn). To improve this consistency, we added
a multiplicative factor, g, per smoothing kernel, such
that we then flag pixels with p > gfiσp,i. We find that
factors of 0.5 < g < 2 were able to create greater con-
sistency across EPIC cameras. This flagging yielded bi-
nary masks per EPIC camera (MOS1, MOS2, and pn)
and each energy band (400-1250 eV). For each cluster,
we stacked the binary masks from each EPIC camera
and energy band, gently smoothed the stacked mask,
and employed another threshold to obtain a merged (bi-

nary) mask which closely matched the individual masks.
Figure 7 shows the normalized residuals, δS/S̄ICM,

for SPT-CLJ0658-5556, with the substructure mask-
ing algorithm masking solely the bullet (and not the
bow shock). In the case of the bullet cluster, masking
the substructure (the bullet) reduces the recovered fluc-
tuations as seen in the amplitude spectra (Figure 8).

However, for some clusters (e.g. SPT-CLJ0014-3022

Figure 7. The δS/S̄ICM image for SPT-CLJ0658-5556 (top)
and SPT-CLJ0014-3022 (bottom) as seen with the pn camera
(400-1250 eV). The substructures masked are indicated with
green arrows; other masked regions are from point sources
and chip gaps.

and SPT-CLJ0225-4155), the amplitudes can increase.
Much as in Romero et al. (2024), changes in the surface
brightness profile modeling, such as masking, which in-
duce a steeper profiles (thus smaller S̄ICM values) can
ultimately yield larger fluctuations (δS/S̄ICM). Another
effect is that, for a fixed a P2D, the deprojection will
produce larger values of P3D , and thus A3D, relative to
its counterpart from a surface brightness profile with a
shallower slope.
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Table 3. Cluster characteristics, observational properties, and inferred values

Cluster za θ500 ξaSPT Mb
500 Obs. ID Exposures (ks) Counts kpeak Aρ,1(kpeak) Mρ,1 ξAρ,1

(SPT-CLJ) (arcmin) (1014 M⊙) MOS1;MOS2;PN MOS1;MOS2;PN (R−1
500) (max)

2248-4431 0.35 4.96 42.36 13.05 0504630101 25.70;26.60;21.90 14127;14012;36984 3.97 0.10 ± 0.05 0.44 ± 0.22 12.09

0658-5556 0.29 5.71 39.05 12.70 0112980201 22.20;22.20;18.00 12730;12380;31034 4.57 0.28 ± 0.05 1.29 ± 0.21 15.91

0549-6205 0.37 4.30 25.81 9.66 0656201301 13.40;13.10;9.90 4223;3908;10405 3.44 0.12 ± 0.05 0.53 ± 0.22 7.78

0827050701 39.50;39.70;37.90 12057;11211;37560

0232-4421 0.28 5.33 23.96 9.45 0042340301 11.60;12.10;6.80 4414;4757;9652 2.63 0.16 ± 0.02 0.65 ± 0.08 9.51

0827350201 24.60;25.70;18.00 9403;9393;26991

0638-5358 0.23 6.26 22.69 9.42 0650860101 24.60;31.70;7.60 11177;14200;13067 1.71 0.18 ± 0.02 0.64 ± 0.06 11.49

0438-5419 0.42 3.77 22.88 8.68 0656201601 18.00;18.00;13.50 3002;2907;7331 3.01 0.14 ± 0.05 0.57 ± 0.21 9.21

0827360501 37.80;40.30;33.60 6230;6386;18737

2031-4037 0.34 4.31 17.52 7.95 0690170501 2.50;2.50;0.80 352;368;432 1.00 0.08 ± 0.04 0.26 ± 0.11 2.30

0690170701 10.30;10.10;8.60 1565;1522;4800

2106-5844 1.13 1.80 22.22 7.14 0744400101 41.50;46.30;19.30 1146;1055;1901 1.00 0.22 ± 0.04 0.70 ± 0.12 5.75

0763670301 26.80;27.70;18.40 688;746;1729

2337-5942 0.77 2.28 20.35 7.05 0604010201 18.20;19.70;10.20 740;737;1462 1.00 0.13 ± 0.05 0.42 ± 0.17 2.49

0304-4401 0.46 3.27 15.69 6.98 0700182201 16.90;16.80;13.00 1570;1457;3926 2.62 0.34 ± 0.05 1.37 ± 0.19 10.06

2023-5535 0.23 5.53 13.63 6.49 0841951701 13.90;14.00;11.40 2338;2402;6837 1.00 0.19 ± 0.02 0.59 ± 0.06 9.75

0243-4833 0.50 2.97 13.90 6.26 0672090501 10.40;10.20;5.30 772;772;1651 1.00 0.09 ± 0.03 0.29 ± 0.09 3.23

0723780801 12.70;11.60;3.70 987;980;1063

2138-6008 0.32 4.14 12.64 6.10 0674490201 13.10;14.40;9.80 1260;1340;2822 1.00 0.07 ± 0.03 0.22 ± 0.08 2.70

0114-4123 0.38 3.57 11.43 5.86 0724770901 12.40;12.80;7.40 926;973;2034 1.00 0.07 ± 0.03 0.21 ± 0.08 2.63

0014-3022 0.12 9.20 18.29 5.43 0042340101 13.90;14.20;10.90 3337;3499;7740 14.40 0.28 ± 0.13 1.70 ± 0.79 19.47

0743850101 96.50;96.60;82.80 22015;21716;58130

0559-5249 0.61 2.39 10.64 5.03 0604010301 18.30;18.20;13.50 415;391;1059 1.00 0.18 ± 0.04 0.57 ± 0.14 4.02

2341-5119 1.00 1.71 12.49 4.94 0744400401 74.30;84.20;47.30 1189;1294;2869 1.00 0.12 ± 0.03 0.39 ± 0.10 3.87

0763670201 31.10;35.20;16.10 503;527;990

2146-4633 0.93 1.79 9.67 4.89 0744400501 94.10;97.90;70.50 1209;1148;3466 1.43 0.16 ± 0.05 0.56 ± 0.16 3.73

0744401301 71.50;75.30;44.50 883;917;2277

0240-5946 0.40 3.22 8.84 4.85 0674490101 14.30;14.20;7.90 779;759;1381 1.00 0.17 ± 0.06 0.54 ± 0.20 2.73

2032-5627 0.28 4.24 8.61 4.77 0674490401 25.10;25.80;19.30 3162;3538;8248 3.39 0.56 ± 0.04 2.40 ± 0.17 14.62

2124-6124 0.44 2.94 8.50 4.60 0674490701 14.10;14.70;7.90 434;487;862 1.00 0.14 ± 0.07 0.46 ± 0.22 2.06

0225-4155 0.22 5.02 6.92 4.33 0692933401 12.50;12.20;10.90 3862;3643;11651 4.01 0.16 ± 0.01 0.74 ± 0.05 17.02

0803550101 64.20;68.40;50.70 19341;21865;42391

2017-6258 0.53 2.46 6.32 4.03 0674491501 25.90;25.80;20.80 328;273;833 1.00 0.41 ± 0.11 1.30 ± 0.34 3.80

0344-5452 1.00 1.58 7.98 3.89 0675010701 49.50;49.70;43.00 303;248;1044 1.00 0.16 ± 0.08 0.51 ± 0.24 2.12

0254-5857 0.44 2.78 14.13 3.86 0656200301 11.90;13.30;6.80 1081;1368;2116 1.49 0.15 ± 0.01 0.53 ± 0.05 10.84

0674380301 45.90;47.20;38.90 4493;4383;12464

0354-5904 0.41 2.92 6.42 3.83 0724770501 14.80;16.30;9.10 333;554;968 1.00 0.33 ± 0.05 1.06 ± 0.17 6.27

0317-5935 0.47 2.61 6.26 3.73 0674490501 8.10;10.90;1.90 232;270;204 1.00 0.13 ± 0.05 0.41 ± 0.17 2.44

0724770401 15.00;15.10;7.30 567;489;921

0233-5819 0.66 2.05 6.55 3.70 0675010601 49.70;50.90;38.30 754;736;2183 1.00 0.10 ± 0.03 0.31 ± 0.11 2.96

0403-5719 0.46 2.60 5.86 3.52 0674491201 18.60;20.00;10.10 994;1104;1893 1.44 0.15 ± 0.05 0.52 ± 0.18 3.35

0522-4818 0.29 3.67 4.82 3.37 0303820101 11.60;15.30;3.10 863;957;680 1.00 0.14 ± 0.03 0.45 ± 0.11 4.19

2056-5459 0.72 1.87 6.07 3.36 0675010901 40.70;39.80;36.00 371;396;1167 1.00 0.42 ± 0.10 1.33 ± 0.32 4.14

2011-5725 0.28 3.77 5.34 3.35 0744390401 17.20;17.70;10.50 739;799;1036 1.74 0.16 ± 0.05 0.59 ± 0.20 5.18

Note— Properties of clusters for which at least one node in Aρ,1 has a SNR of ξ > 2. aValues taken from Bocquet et al. (2019) and for

SPT-CLJ0014-3022 from Plagge et al. (2010). ξSPT refers to the detection significance of the cluster from SPT data (Bleem et al. 2015). bValues
taken from Bulbul et al. (2019). θ500 is inferred from M500 and our assumed cosmology. ξρ,1 refers to the maximum significance of nodes within
the amplitude spectrum Aρ,1.
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Table 4. Cluster characteristics and observational properties for non-detections

za θ500 ξaSPT Mb
500 Obs. ID Exposures (ks) Counts

Cluster (arcmin) 1014 M⊙ MOS1;MOS2;PN MOS1;MOS2;PN

SPT-CLJ0615-5746 0.97 2.11 26.42 8.69 0658200101 12.70;13.40;5.20 641;643;663

SPT-CLJ0234-5831 0.42 3.45 14.66 6.70 0674491001 12.70;13.80;9.10 1485;1580;3558

SPT-CLJ2131-4019 0.45 3.21 12.51 6.25 0724770601 12.70;12.90;6.20 1288;1395;2417

SPT-CLJ0417-4748 0.58 2.66 14.24 6.22 0700182401 22.10;23.80;15.30 1646;1754;3981

SPT-CLJ0516-5430 0.29 4.44 12.41 5.96 0042340701 5.00;5.00;0.80 1006;1096;482

0205330301 10.40;10.70;8.10 2166;2210;5323

0692934301 27.50;27.40;23.60 5452;5513;14735

SPT-CLJ2145-5644 0.48 2.98 12.60 5.82 0674491301 10.30;10.70;6.40 619;666;1221

SPT-CLJ0510-4519 0.20 5.97 9.50 5.73 0692933001 13.00;13.10;11.10 4007;3975;11859

SPT-CLJ0205-5829 1.32 1.39 10.40 4.37 0675010101 57.00;57.90;46.70 472;412;1208

0803050201 10.50;12.40;6.00 82;74;150

SPT-CLJ2130-6458 0.31 3.78 7.63 4.33 0692900101 6.30;8.20;4.10 403;489;938

SPT-CLJ0254-6051 0.44 3.31 6.55 6.52 0692900201 16.20;15.70;12.20 316;334;1027

SPT-CLJ0217-5245 0.34 3.43 6.46 4.01 0652951401 9.30;14.70;3.80 332;470;448

SPT-CLJ2022-6323 0.38 3.09 6.51 3.80 0674490601 14.70;14.40;5.80 290;201;373

SPT-CLJ2200-6245c 0.39 3.02 0.00 3.79 0674490801 9.60;10.70;6.20 180;140;343

0724771001 Not used Not used

SPT-CLJ0343-5518 0.55 2.29 6.01 3.52 0724770801 18.10;18.00;11.80 252;265;635

SPT-CLJ0230-6028 0.68 1.95 6.01 3.43 0675010401 19.50;25.40;11.20 295;412;705

SPT-CLJ2030-5638 0.39 2.90 5.50 3.35 0724770201 21.10;21.10;17.10 391;398;1133

SPT-CLJ2040-4451 1.48 1.19 6.72 3.31 0723290101 76.30;76.10;72.90 280;282;1019

SPT-CLJ0406-5455 0.74 1.82 5.91 3.28 0675010501 54.20;56.10;40.00 426;354;1218

SPT-CLJ2136-6307 0.93 1.56 6.24 3.24 0675010301 57.30;60.80;50.30 429;417;1164

SPT-CLJ2040-5725 0.93 1.56 6.24 3.23 0675010201 75.70;77.30;68.40 783;600;2113

SPT-CLJ0231-5403 0.59 2.10 5.22 3.18 0204530101 17.30;22.00;4.50 195;320;146

SPT-CLJ0257-5732 0.43 2.64 5.04 3.15 0674491101 27.60;28.10;23.10 180;125;530

SPT-CLJ0611-5938 0.39 2.84 4.74 3.13 0658201101 13.10;13.40;6.30 367;302;616

SPT-CLJ2109-4626 0.97 1.43 4.65 2.68 0694380101 53.10;56.10;43.30 224;159;593

Note—Properties of clusters for which amplitude spectra were produced but for which the SNR threshold ξ > 2
was not met. aValues taken from Bocquet et al. (2019) and for SPT-CLJ0014-3022 from Plagge et al. (2010).
ξSPT refers to the detection significance of the cluster from SPT data (Bleem et al. 2015). bValues taken from
Bulbul et al. (2019). θ500 is inferred from M500 and our assumed cosmology. cListed with this moniker in
Bulbul et al. (2019), it is more commonly found with the moniker SPT-CLJ2159-6244.
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Figure 8. The resultant amplitude spectra, Aρ, for clusters with substructure masked (solid lines) and unmasked (dashed
lines). The clusters are SPT-CLJ0014-3022 (top left), SPT-CLJ0225-4155 (top right), SPT-CLJ0304-4401 (bottom left), and
SPT-CLJ0658-5556 (bottom right). Arrows indicate a 3σ upper limit.

C. AMPLITUDE SPECTRA

In Figure 9 we present the amplitude spectra of in-
dividual clusters for which Aρ in Ring 1 had at least
one node with significance ξ > 9. Without clear ob-
servations of the spectral cascade, i.e. significant con-
straints at scales smaller than the observed peaks (with

ξAρ > 2), we are limited in how well we can infer the
injection scales. To the extent that a drop-off at larger
scales than the injection scale is expected (e.g. Gaspari
& Churazov 2013), the relatively flat spectra (e.g. that
of Ring 1 in SPT-CLJ2248-4431 or SPT-CLJ0014-3022,
for which many nodes have ξ > 5) suggest multiple in-
jection scales.
This potential has been noted in other works (e.g.

Romero et al. 2023; Dupourqué et al. 2023; Romero
et al. 2024), and in the case of SPT-CLJ0014-3022 (that
is, Abell 2744), we know it is a multiple-merger sys-

tem. Notwithstanding issues of substructure masking
(discussed in Appendix B), it is not surprising to find
multiple injection scales. Gómez et al. (2012) find a bi-
modal galaxy distribution in SPT-CLJ2248-4431 (Abell
S1063) and infer that it is in a merging state, while the
X-ray distribution does not reveal such bimodality. Shi-
tanishi et al. (2018) classify SPT-CLJ2248-4431 as a non

cool-core cluster and there is no substantial substructure
in the X-ray images, including work by Olivares et al.
(2023) who found no evidence of X-ray cavities in Chan-
dra images of SPT-CLJ2248-4431.
We present all nodes of the amplitude spectra of den-

sity fluctuations, Aρ, with significance ξ > 2 in Fig-
ure 10. We see a clear trend of fewer points at higher
k (smaller scales), given the increased difficulty of plac-
ing constraints at these values (see Section 4.3). Even
so, we see in Ring 1 (bottom panel of Figure 10) that
there appears to be an upward trend in the amplitude
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Figure 9. Amplitude spectra of density fluctuations (lines; blue corresponds to Ring 1 and orange to Ring 2) and pressure
fluctuations in Ring 1 (shaded region, if significant) for clusters with ξ > 9 for at least one node of Aρ in Ring 1. Arrows indicate
a 3σ upper limit.

spectra. This reflects the notion that the injection scales
within Ring 1 are generally smaller than R500. However,
an average injection scale in either Ring is fairly uncon-
strained as we do not see a clear peak/turnover in the
amplitude spectra.

D. CONSTRAINTS OUT TO R500

We find 15 clusters for which at least one node in the
amplitude spectra of density fluctuations within Ring

2 are at least 2σ. The weighted average of the in-
ferred Mach numbers is Mρ,2 = 0.87, though the scat-
ter is 0.89, where the distribution is asymmetric. In-
deed, many of the systems have inferred gas velocities
which are supersonic, which is not expected for tur-
bulent motions alone. If, as before, we exclude those
with inferred supersonic gas velocities, we arrive at only
four clusters whose weighted average Mach number is
Mρ,2 = 0.59± 18.
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Figure 10. Nodes of amplitude spectra of density fluctua-
tions where Aρ has significance ξ > 2 in the respective Ring.
The size and transparency are scaled by the significance such
that larger and more opaque points have greater statistical
significance.

Of the 15 clusters, those which we infer to have
supersonic gas velocities are: SPT-CLJ0658-5556, SPT-
CLJ0638-5358, SPT-CLJ0438-5419, SPT-CLJ0304-
4401, SPT-CLJ2023-5535, SPT-CLJ0114-4123, SPT-

CLJ0014-3022, SPT-CLJ2341-5119, SPT-CLJ2146-
4633, SPT-CLJ2032-5627, and SPT-CLJ0254-5857.
Several of these are again known merging clusters where

merging structure exists within Ring 2. As stated in
Appendix B, masking substructure need not always re-
duce the inferred fluctuations as the masking can alter
the fitted surface brightness profile.

The distribution of inferred Mρ,2 appears bimodal as
did the distribution of Mρ,1. This bimodality may have
the same causation as in Ring 1, i.e. seeing turbulence

versus substructure, where the latter is due to merging
activity and likely corresponds to non-turbulent motions
(e.g. shocks). However, we are unable to confidently as-
sert the cause of the apparent bimodality in Mρ,2 due
to the fainter X-ray signal in Ring 2. For various sig-
nificance cuts, we have either three or four clusters with
subsonic velocities, where the weighted means of M3D

are between 0.6 and 0.7, which is in agreement with ex-
pectations derived in Section 4. That said, better con-
straints over more clusters are clearly necessary to ro-

bustly distinguish between turbulent and non-turbulent
motions out to R500.


