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ABSTRACT

We present a Chandra study of surface brightness fluctuations in the diffuse intracluster medium of the Perseus Cluster. Our
study utilizes deep, archival imaging of the cluster core as well as a new mosaic of 29 short 5-ks observations extending
in eight different directions out to radii of rsgg ~ 2.2 72500. Under the assumption that the distribution of densities at a given
radius is log-normally distributed, two important quantities can be derived from the width of the log-normal density distribution
on a given spatial scale: the density bias, that is equal to the square root of the clumping factor C; and the one-component
turbulent velocity, vi ;p. We forward-model all contributions to the measured surface brightness, including astrophysical and
particle background components, and account for the Poisson nature of the measured signal. Measuring the distribution of
surface brightness fluctuations in 1 arcmin?® regions, spanning the radial range 0.3-2.2 r509 (7.8-57.3 arcmin), we find a small
to moderate average density bias of around 3 per cent at radii below 1.6 r,509. We also infer an average turbulent velocity at these
radii of Vip < 400 km s~!. Direct confirmation of our results on turbulent velocities inferred from surface brightness fluctuations
should be possible using the X-ray calorimeter spectrometers to be flown aboard the XRISM and Athena observatories.

Key words: turbulence — galaxies: clusters: intracluster medium — galaxies: clusters: individual (Perseus).

of clusters. It was shown by Gaspari et al. (2014) and Zhuravleva

1 INTRODUCTION et al. (2014) that in relaxed clusters the density fluctuations at a given

The hot, diffuse, intracluster medium (ICM) is an important tool
through which we can study dynamical processes in galaxy clusters.
Motions within clusters on parsec to Megaparsec scales, driven by
sources such as AGN feedback, galaxy motions and subcluster merg-
ers, all act to perturb the ICM, leading to fluctuations in the density
of the gas and accordingly in the observed surface brightness. Under-
standing the nature of these fluctuations can shed light on the micro-
physical properties of the ICM and the process of virialization, and
in principle enable improved measurements of the gas mass and total
mass of these systems, which are important for cosmological work.

Power spectra have previously proven to be a successful method
of studying cluster gas fluctuations, particularly in the cool cores

*E-mail: martijndevries91 @gmail.com (MdeV); amantz@stanford.edu
(ABM)

length-scale can be directly related to the one-component turbulent
velocity at that length-scale. This relation provides a powerful way
to link the observable quantity of fluctuations in surface brightness
to the dynamical properties of the ICM. By measuring the turbulent
velocity as a function of length-scale, one can study the physical
processes sourcing gas motions, and the resulting turbulent cascade
from turbulent motions cascading down from larger to smaller
scales, eventually converting kinetic energy into heat. It has been
shown in some clusters that the turbulent dissipation of energy
provides sufficient heat to balance radiative cooling, providing an
important piece of the puzzle linking feedback from AGN to their
host environments (e.g. Hitomi Collaboration 2018; Zhuravleva et al.
2018; Liu et al. 2021). Furthermore, because the X-ray emissivity
depends on the temperature-dependent cooling function A(T), by
studying the fluctuations in different energy bands, information
about the thermodynamic processes that source the fluctuations
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(isothermal, isobaric, or adiabatic) can be inferred (Arévalo et al.
2016; Churazov et al. 2016; Zhuravleva et al. 2018).

The microphysical properties of the ICM remain relatively poorly
understood, yet are of fundamental importance to building better
models of the growth and evolution of galaxy clusters. The mea-
surement of ICM motions provides both a new window on to these
processes, and a powerful tracer of recent dynamical activity in these
systems (Simionescu et al. 2019).

A second reason to study fluctuations in the ICM is because homo-
geneity is often implicitly assumed when making measurements of
the overall gas properties in the cluster. Because the X-ray emissivity
of a thermal plasma is proportional to the density squared p?,
overdensities in the plasma will have an outsized contribution to the
total flux received from a source. The result is that an inhomogeneous
medium will bias measurements of the gas properties, such as density,
pressure, and entropy. The inhomogeneity can be characterized
through the clumping factor:

C = (p")/(p)% 1

where () denotes the average within a given region. It follows that
V/C represents, to first order, the bias in the measured density.

The clumping factor has been found in simulations to increase with
radius (e.g. Roncarelli et al. 2013; Zhuravleva et al. 2013; Angelinelli
etal. 2021). Such simulations typically show that ~/C < 1.2 at radii
below ~rs509. Measurements of the clumping factor from observations
have been made by e.g. Eckert et al. (2015) and Mirakhor & Walker
(2021), by comparing the mean and median surface brightnesses
within annuli at fixed clustercentric radius.

These studies have generally inferred values for +/C that agree
with simulations, although systematic uncertainties remain: at larger
radii, where the ICM emission is faint, it is necessary to have a
precise understanding of all sources of background emission. As
is noted above, precise measurements of the gas masses and total
masses of clusters are also important for a range of techniques
used to probe cosmology with galaxy clusters (for a review, see
Allen, Evrard & Mantz 2011). In particular, cosmological constraints
based on measurements of the gas mass fraction in clusters (Allen
et al. 2003, 2004, 2008; Mantz et al. 2014, 2022, and references
therein) and combinations of X-ray and Sunyaev—Zel’dovich effect
measurements (Mantz et al. 2014, 2022; Wan et al. 2021) are directly
impacted by systematic uncertainties in the clumping factor as a
function of radius.

In this work, we report on a new method of measuring fluctu-
ations in the ICM, using a forward-modelling approach that takes
into account the projected cluster emission as well as significant
background components. Our method is particularly well-suited for
measurements at the intermediate-to-large radii vital for cosmologi-
cal studies, where accounting for the amplitudes of and uncertainties
in all relevant background signals is important, and where fewer
number of counts are typically available. We apply our method to
a large Chandra ACIS data set of the Perseus Cluster between 0.3
and 2.2 500, using the value of 1,509 = 26.05 arcmin. At the adopted
redshift z =0.01 790 and adopting a ACDM cosmology with 7 =0.7,
Q= 0.3, and 2, = 0.7, this corresponds to a a length of 564 kpc.
By carefully modelling the projected cluster emission as a function
of radius and azimuth, we aim to (1) quantify the density bias, v/C, as
a function of radius along eight independent arms, and (2) assuming
that these fluctuations are sourced by turbulent motions, infer the 1D
turbulent velocity profile of the ICM.! In order to compare our results

! Given this assumption, the terms ‘gas motions’ and ‘turbulence velocity’ are
used interchangeable throughout this paper.
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Table 1. Overview of the Chandra observations of the Perseus Cluster used
in this paper. The ‘Aim’ column shows whether the observation aimpoint was
on the ACIS-I or ACIS-S array. The Exp column lists the exposure times in
kiloseconds, after filtering out periods of high background a.

Obs Date Aim  Exp Obs Date Aim Exp
3209 2002-08-08 S 95.8 17259  2015-12-03 1 4.7
3237 2003-03-15 S 93.9 17260  2015-12-01 I 5.0
4289 2002-08-10 S 95.4 17261 2015-12-01 I 5.0
4946 2004-10-06 S 23.7 17262 2015-12-07 1 4.7
4947 2004-10-11 S 29.8 17263  2015-12-04 1 4.7
4948 2004-10-09 S 118.6 17264  2015-12-01 1 4.7
4949 2004-10-12 S 29.4 17265  2015-12-07 I 5.0
4950 2004-10-12 S 96.9 17266  2015-12-04 1 4.7
4951 2004-10-17 S 96.1 17267  2015-12-12 1 5.0
4952 2004-10-14 S 1642 17268  2015-12-01 I 4.7
4953 2004-10-18 S 30.1 17269  2015-12-01 1 4.7
5597 2004-12-23 1 252 17270  2015-12-12 1 4.7
6139 2004-10-04 S 56.4 17271 2015-12-10 I 5.0
6145 2004-10-19 S 85.0 17272 2015-12-07 1 5.0
6146 2004-10-20 S 47.1 17273 2015-12-11 I 5.0
8473 2006-11-14 S 29.7 17274 2015-12-09 1 5.0
11713 2009-11-29 1 1122 17275 2015-12-09 1 4.7
11714 2009-12-07 1 92.0 17276~ 2015-12-09 1 5.0
11715 2009-12-02 1 734 17277  2015-12-10 1 4.7
11716 2009-10-10 I 39.6 17278  2015-12-10 1 4.7
12025 2009-11-25 1 17.9 17279 2015-11-30 1 4.7
12033 2009-11-27 1 18.9 17280  2015-12-11 1 4.7
12036 2009-12-02 1 479 17281  2015-12-11 1 4.7
12037 2009-12-05 1 84.6 17282 2015-12-11 1 4.7
13989 2011-11-07 1 38.2 17283  2015-10-06 I 5.0
13990 2011-11-11 1 37.1 17284  2015-10-06 1 4.7
13991 2011-11-05 1 37.1 17285  2015-10-06 1 4.7
13992 2011-11-05 1 36.8 17286  2015-10-06 1 4.7
17258 2015-12-03 I 5.0

against future observations by XRISM, we match our measurements
to the expected spatial resolution of the XRISM Resolve calorimeter:
~1 arcmin. In principle, however, our method can be applied to a
broad range of length-scales.

This paper is structured as follows: in Section 2, we show the
Chandra data set of the Perseus Cluster used in this analysis, in
Section 3, we describe the model components, the spatial layout
of the model and the statistical implementation. We report on the
results of the modelling in Section 4, discuss sources of uncertainty
and potential extensions of the method in Section 5, and conclude in
Section 6.

2 OBSERVATIONS AND DATA REDUCTION

This paper uses a large set of Chandra observations of the Perseus
cluster. Most important to this work are a set of observations with
average exposure times of ~5 ks, which extend outward from the
cool core to ~ 2.5 rps500 along 8 arms and together with archival data
provide nearly complete coverage of the field until ~ 1.2 r;509. The
full list of observations is given in Table 1. Because our modelling
relies on accurate finding and masking of point sources, we limit
ourselves to the four chips on the ACIS-I array for observations in
ACIS-I mode, and the ACIS-S3 chip for observations in ACIS-S
mode.

We used the same reprocessed data set as in Mantz et al. (2022),
using CIAO 4.9 and CALDB 4.7.6. We reduced the data following the
procedures described in Mantz et al. (2014, 2015), screening the
observations for periods of high background and filtering out those
time intervals. We also created exposure maps for each chip using the
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available CIAO tools, using a representative cluster emission spectrum
(a thermal plasma with kT = 7keV, and Galactic absorption ny =
1.36 x 10*' cm™?) as the energy weighting. All images created use
an energy range of 0.6-3.5 keV (see also Section 3.2).

We utilized the ACIS ‘stowed’ backgrounds to create particle
background maps. For each ACIS chip, the corresponding stowed
background was retrieved from the calibration data base. For each
chip, we define an exposure scaling factor by scaling the stowed
backgrounds to the number of counts between 9.5 and 12 keV.
The appropriate exposure scaling is handled within the model (see
Section 3.3.2 for more information), so that the Poisson errors are
correctly accounted for and the uncertainty in the energy scaling can
be marginalized over.

For each ObsID, we identified point sources using the Cluster
AGN Topography Survey pipeline (CATS; Canning et al. in prepa-
ration). We created region files of all identified point sources and
their associated fluxes to mask them from the analysis. The exact
procedure is described in more detail in Section 3.3.3.

Finally, we reprojected all the event data and exposure maps
to a common tangent point and co-added them. We use these
combined files to measure the number of counts, surface brightness,
and particle background levels across the field in the rest of the
analysis.

3 MODEL AND METHOD

Our forward-model includes projected ICM emission, two types of
astrophysical backgrounds (the Galactic foreground and unresolved
AGN), as well as the particle background. The forward-model
approach has several advantages, namely that (1) additional source
or background components can easily be added to the model, (2)
by modeling all background components we can robustly account
for their distributions, rather than just subtracting a single value or
assuming Gaussianity, and (3) by bringing the model to the data,
the Poisson noise is handled appropriately, even in bins with low
number of counts. This forward-model approach thus constitutes a
novel and statistically rigorous way to measure ICM fluctuations in
galaxy clusters. In the following sections, we give an overview of the
spatial layout, the way we derive the turbulent velocity and clumping
factor from surface brightness fluctuations, and the individual model
components and statistical implementation.

3.1 Spatial layout

We aim to measure the surface brightness fluctuations in self-
contained regions across the Perseus field. In order to do so, we
have divided the Perseus field into several sectors, following three
criteria: (1) the azimuthal opening angle is no larger than 50°, in order
to minimize the effect of non-radial surface brightness gradients
caused by the overall approximately elliptical surface brightness
distribution and apparent large-scale sloshing motions (Simionescu
et al. 2012), (2) there is an as-clean-as-possible division between
‘quiescent’ sectors along the north—south axis, and ‘non-quiescent’
sectors positioned on the most prominent cold fronts on the east—
west axis, and (3) the sectors follow the layout of Chandra CCD
observations, such that the regions in each sector are as contiguous as
possible. As the cluster centre, we use the coordinates of Simionescu
etal. (2012): @ = 3:19:47.7, § = +41:30:41.9.

The ROSAT residual surface brightness map of Simionescu et al.
(2012) was used to identify the location of the cold fronts within
Perseus. An overview of the cold fronts in the ROSAT residual
map, the Chandra ACIS observations, and the sectors shown in

MNRAS 518, 2954-2970 (2023)

Fig. 1. Along the cluster’s E-W major axis, where the most obvious
cold fronts are present, we define 3 sectors, subdividing the eastern
direction into 2 (E1 and E2) in order to minimize the azimuthal
opening angle. We also define 5 ‘quiescent’ sectors: S, SW, NE, N,
and NW, which are oriented away from the cold fronts (though which
may, in detail, still exhibit varying degrees of quiescence). In each
of these 7 sectors, we restrict ourselves to minimum and maximum
radii of 0.3-2.2 rp509. Additionally, we analyse a separate ‘deep-field’
set of 4 observations (ObsIDs 13989 to 13992) in the northwestern
region with a total exposure time of 148 ks, which we refer to as the
NWD region.

Each of these sectors is then subdivided into a number of ‘shells’,
each spanning a particular radial range, within which we will infer
the local turbulent velocity and clumping factor. Each shell is further
divided into a rough grid of 1 arcmin x 1 arcmin approximately
square ‘bins’, which are the regions used to determine the strength
of the surface brightness fluctuations within a shell. Crucially, the
bins are defined without reference to the surface brightness, and the
number of counts within them therefore follows Poisson statistics.
This is not the case for adaptive binning algorithms such as Weighted
Voronoi Tessellations or contour binning. Because all the model
components are forward-modelled towards the observed data, our
model is able to deal with Poisson noise even when a bin contains
zero counts, and thus there is no need to ensure that each bin contains
aminimum number of counts. We note that the results are only lightly
sensitive to the chosen bin size of 1 arcmin x 1 arcmin. As we will
see in Section 5.2, larger scales (closer to the size of the shell itself)
dominate the result in any given shell.

A schematic overview of the layout within a shell is shown in
Fig. 2. Within each shell, the bins are laid out along annuli using the
same cluster center for all shells. The shells themselves are chosen
to have >100 bins, such that meaningful inferences can be made
about the variance of the cluster emission. For consistency between
the sectors, most use the same shell radii. The exceptions are the
W and NW sectors, where gaps in the coverage combined with a
comparatively small azimuthal ranges required small adjustments.
An overview of the sectors and the number of shells within each
sector is given in Table 2.

The eastern sector represents a special case: as the eastern cold
front extends over a relatively large angle, we have subdivided it into
the E1 and E2 sectors. In practice, this means that a band of bins in
the E1 and E2 sectors at the same radius are allowed to have different
mean surface brightness. In doing so, we can correct for the fact that
the global surface brightness profile of Perseus is not spherical over
a large angle. As such, the E1 and E2 sectors are binned separately
but subsequently analyzed together, and the results in Section 4 are
listed for the E sector as a whole.

The size of our bins is 1 arcmin x 1 arcmin, while the width of the
Chandra PSF at energies <3.5 keV remains below ~5 arcsec across
the majority of the field. Because the PSF is significantly smaller
than the bin size, we have chosen to ignore PSF effects throughout
the analysis. In particular, the point sources that are incorporated in
the modelling (see Section 3.3.3) are always assumed to lie within a
single bin.

3.2 Cluster emission, clumping, and turbulence

For turbulent motions in an inviscid, isothermal gas, the equa-
tions governing the gas motions can be described only in terms of the
log of the density log p. Under the assumption that the perturbations
in the gas are random and uncorrelated, it can readily be seen that
the density PDF should be log-normal in shape. Although this is
a simplification, both analytical and numerical models of turbulent
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Figure 1. The spatial layout of the shells in the Perseus field. Top left panel: A ROSAT residual surface brightness image with a symmetrical beta model
subtracted (Simionescu et al. 2012), showing the cold fronts created by the sloshing motions of the cluster. The annulus indicates the inner and the outer radii
considered in our analysis, 0.3 2500 and 2.2 rp500 Top right panel: The ROSAT residual image with the sectors overlaid, showing the 28 shells considered in the
analysis, Bottom panel: Exposure-corrected Chandra mosaic of the used Perseus observations, with the sectors overlaid.
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Shell 1
(0.3 - 0.8) rzs00

Figure 2. Schematic overview of the region layout within a shell. Each shell
is subdivided into approximately square-sized bins with a surface area of 1
arcmin®. The bins are laid out along annuli, using the Perseus cool core as the
centre. To account for the surface brightness gradient, the cluster emission
component of each set of bins at the same radius (a band) is modelled as a
separate log-normal distribution, while the log-normal standard deviation o
is shared between all bands in the shell. Note that in this schematic layout
all bands contain 6 bins, but in practice the number of bins will vary based
on how many 1 arcmin? fit in the band at a given radius. The black arrow
indicates the radial extent of the shell, in this example (0.3-0.8)r2500.

Table 2. Overview of the sectors and the number of shells within
each sector. The shells in the E1 and E2 sectors at the same radius are
analysed together as a single shell.

Sector Azimuth E of N shells Shell radii [r2500]

NE 5°-50° 4 1) 0.3-0.8,2) 0.8-1.2
3)1.2-1.6,4) 1.6-2.2

El 50°-92.5° 4 As NE

E2 92.5°-135° 4 As NE

S 135°-185° 4 As NE

SW 185°-232.5° 4 As NE

w 232.5°-275° 4 1) 0.3-0.6,2) 0.8-1.3
3)1.3-1.8,4) 1.8-2.2

NwW 290°-325° 3 1) 0.3-0.6,2) 0.7-1.5

3)1.5-22
NWD 317°-341° 1 1) 1.7-2.7
N 325°-365° 4 As NE

motions in such gases show that a log-normal distribution is a good
approximation of the density PDF (Passot & Vdzquez-Semadeni
1998; Nordlund & Padoan 1999).

Log-normality appears to be a valid approximation in real ob-
servations of the ICM as well. It has been shown observationally
that, after correcting for the radial surface brightness gradient, the
surface brightness distribution in a given region of a galaxy cluster is
approximately log-normally distributed (Kawahara et al. 2007, 2008;
Khedekar et al. 2013). In simulations of galaxy clusters, Zhuravleva
et al. (2013) find that the density PDF’s can be separated in a log-
normally distributed bulk component and a high density tail. This
high-density tail is at least partly a simulation artefact, which arises
because cold and dense gas in subhaloes is more prominent in cooling
and star formation (CSF) simulations Zhuravleva et al. (2013).

MNRAS 518, 2954-2970 (2023)

The radii of interest in this paper, (0.3-2.2) rp500, are outside the
cool core where the AGN feedback and other astrophysical processes
play an important role in the gas dynamics, but well within the virial
radius. We thus use the log-normal model to describe the cluster
density PDF. These log-normal fluctuations are on top of the radial
gradient of the cluster, which we account for in the model. As we
will see in Section 4, the log-normal model for the cluster emission
provides a good description of the data.

We can link fluctuations in the density distribution to fluctuations
in the emissivity distribution through equation (4) of Zhuravleva et al.

(2016):
de\  [dp o dIn A(T)
(€)= (0) e

where de/e denote the emissivity fluctuations, §p/p denote the
density fluctuations, the subscript 7 refers to the type of fluctuation
(isobaric, adiabatic, or isothermal), and ¢; = 0, 5/3, 1 for isobaric,
adiabatic, and isothermal fluctuations, respectively. In the 0.6—
3.5 keV energy range and for gas temperatures >3 keV, we can

simplify this by assuming that dg‘l:(TT) ~ 0 (Zhuravleva et al. 2016):

() -+(2)
€ o

For this reason, as well as to make sure the Chandra PSF remains
small enough to not affect the analysis, we restrict ourselves to the
0.6-3.5 keV energy band.

If we assume that the cluster emission is log-normally distributed,
the definition for the clumping factor (equation 1) can be re-written
only in terms of the density log-normal standard deviation o, [see
appendix A of Eckert et al. (2015) for the derivation]:

C = exp(0,7). “

; (@)

Additionally, for relaxed clusters, the fluctuations in the density
distribution at a given length scale, k, can be linked to the one-
component turbulent velocity, Vj ip, at that length-scale:

1) Vi
<ﬁ> =2 )
o ¢

The factor 7, is a proportionality constant &1 =+ 0.3 (Zhuravleva
et al. 2014). We assume that this relationship holds for Perseus as
well, given that it is a relaxed cluster according to the Symmetry-
Peakiness-Alignment (SPA) criterion of Mantz et al. (2015).

We note that equation (5) is calibrated using non-radiative cos-
mological simulations which do not include physical processes such
as cooling, star formation, and AGN and supernova feedback. We
assume that at the radii investigated in these paper, the effects of
these processes are small. The cooling time of the ICM at r >
0.3r2500 1s of order 10 Gyr or greater (Dunn & Fabian 2006), and
the effects of star formation and SN feedback are expected to be
most important closer to center, where the stellar density is highest.
Zhuravleva et al. (2022) have studied the proportionality between
density and velocity perturbations in hydrodynamical simulations
including additional physical effects (cooling, star formation, AGN
and SN feedback, and the UV background). They find that while
including these effects increases the scatter of the relationship, the
mean relationship is unchanged within the uncertainties.

By using equations (3)—(5), we can thus directly connect fluctu-
ations in the emissivity distribution to two quantities: the clumping
factor and, assuming it is turbulent motions that sources these
fluctuations, the one-component turbulent velocity.

Finally, we require a way to link the 3-dimensional quantity of
emissivity to the 2D quantity that is observed in the data: the surface
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brightness. In general, projection has the effect of suppressing the
amplitude of observed fluctuations, but the exact level of suppression
depends on the surface brightness and density profiles of the cluster
Churazov et al. (2012). In order to measure this suppression factor,
we perform a power spectrum analysis on a select few regions, which
we will discuss further in Section 5.2.

3.3 Model components

The model consists of four additive components. In order of
importance these are: the projected cluster emission, the particle
background, the background from unresolved AGN, and the Galactic
foreground. For each component, we find the probability distribution
of the corresponding expected number of counts A, as described
in the subsections below. For all components except the particle
background, we use the Chandra exposure maps to convert between
surface brightness and number of counts. The expected number of
counts for each individual component are then combined in the
likelihood equation in Section 3.4. Throughout this section, we use
the symbol ~ to mean *follows the distribution of’.

3.3.1 Cluster emission

As detailed above, we assume that the cluster emission in each 1
arcmin? bin follows a log-normal surface brightness distribution.
This log-normal distribution has the free parameters 1 and oy, where
the standard deviation o7 is shared between all the bins in the shell,
and the mean p is shared between all the bins in the same band.
The log-normal distribution is described in terms of photon surface
brightness, and 1 thus has the units of photon cm~2 s~! arcsec 2.

For a given bin, the mean number of cluster emission counts A¢
is distributed as

Ac ~ LogNorm(itpana + 1n Epin, OF shenn)s (6)

where [tpaa 1S the mean surface brightness in that band of spatial
bins, o ¢nen log-normal standard deviation of the surface brightness
distribution in the shell, and Ey, the total value of the exposure map
in that bin, with units of cm? counts™! photon.

3.3.2 Particle background

Using the ACIS ’stowed’ background observations, we can calculate
the expected number of particle background counts in a given region
of the science observation.

Let P be a random variable for the number of counts in the stowed
background observation:

P ~ Poisson(Ap), (@)

where Ap is expected number of counts in the background observa-
tion. The number of expected counts in the science observation in an
equivalent region is then Ap = Apt, where 7 is the ratio of exposure
times of the science observation and the background observation 7 =
ts/tp. If we choose a Gamma distribution as a prior with shape kz and
scale 6, then the expected number of counts Ap in the background
observation are distributed as

0
A p ~ Gamma (kB + B, ﬁ) . (8)

We can then obtain the predicted number of particle background
counts in the science observation by multiplying Ap with the ratio
of exposure times 7. We choose a uniform prior (kz = 0.5, 05 —
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o0). Because our method directly uses the number of counts from
the stowed background, no vignetting correction is necessary, just as
in the more common case of the ‘blank-sky’ background.

Each shell in our analysis is a mosaic of different observations
with different exposure time, and each observation might also have
a different level of particle background. We apply this particle
background scaling on a bin-by-bin basis by modulating the exposure
time ratio t into an effective ratio t.¢. For each chip of each ACIS
observation, we calculate an energy scaling factor by comparing the
exposure time-scaled counts in the data and the stowed background
mosaic in the 9.5-12.0 keV range. At these energies, the effective
area of Chandra is small enough that all detected counts are expected
to be of particle background origin. For each individual ObsID, we
calculate a background scaling factor fyesca1 and an error on the scaling
O pgscal- Given that the number of 9.5-12 keV counts on a single chip
are >200 in all science and background observations, we can safely
approximate the errors on the scaling factor to be Gaussian.

We then apply the energy scaling by modulating the exposure
ratio 7. For each spatial bin within the shell, we determine which
observations overlap with that bin, and then calculate the effective
exposure ratio for that bin as

-1
+ > , 9)

where the indices 1,2.. represent each observation that bin overlaps
with. In the above equation, the background scaling factor is itself a
random variable that depends on the measured background scaling
and its associated error:

81 B2

Tefr = (Is1 + Is2 + ...) (

Fbgscah Fbgscalz

Fbgscal ~ Normal(fbgscal B Ubgscal)- (10)

The error on the background scaling factor typically is around
5 per cent for the short 5-ks observations. In order to minimize
computing time, we opted to ignore the error on the background
scaling in the modelling and keep it as a fixed parameter, having
verified in the 4 shells of the N sector that this does not significantly
affect the results.

The effective exposure ratio from equation (9) can be used together
with equation (8) to compute the expected number of particle
background counts Ap for each bin.

3.3.3 AGN background

Bothresolved and unresolved AGN can contribute to the total number
of observed counts in a given bin. Resolved AGN can be masked
from the data and excluded from the rest of the analysis, but the
contribution of unresolved and therefore undetected AGN must be
modelled. Within the data, we identify the resolved point sources in
the field using the Cluster AGN Topography Survey pipeline (CATS;
Canning et al. in preparation). For each of the point sources identified
with CATS, we estimate the flux from the number of counts assuming
a power-law spectrum with photon index I' = 1.5.

As part of the CATS pipeline, sensitivity maps for each CCD of
each observation are also calculated, which indicate the minimum
flux at which an AGN can be detected at each position. We use
the sensitivity maps from the ~5-ks observations to identify a flux
limit above which > 95 per cent of AGNs are detected, even in
these relatively short exposures and at off-axis pointings. The CATS
sensitivity maps are thus used to determine at which flux we treat
AGN as ‘resolved’ or "unresolved’ point sources. We find that for the
~5-ks observations in the Perseus data set, the 95 per cent sensitivity
level does notexceed 2 x 10~° photon cm™2 s~!. We therefore choose

MNRAS 518, 2954-2970 (2023)

$20z fieniga4 | Z uo Jasn uaissH qooer Aq 0ZSSZ89/¥562/2/8 L S/810NIB/SeIUW/WoD dno-olWwspeoe//:sdny woJj papeojumoq



2960 M. de Vries et al.

200+ i X Observed AGN
H Predicted AGN
175 { ---- Cutoff
> i
'c' 150 i
g 1251 !
—_ 1
@ 100 i
o ]
g 751 i
1
Z 50 x X x % i
X
X
251 >? ~ x
01X XX | XX % %
1076 107>

0.6-3.5 keV flux [photoncm™2s71]

Figure 3. Observed versus predicted number of AGN as a function of 0.6—
3.5keV flux over an area of 1 square degree. The dashed line indicates the
cutoff above which we excise the AGN from the analysis. Below the cutoff,
the AGNs are modelled using the redshift-integrated AGN flux distribution
predicted from the AGN luminosity function.

an AGN flux cutoff of 4 x 107 photoncm™2s~!, a factor 2 above
this sensitivity limit, in order to ensure that no AGN above the flux
cutoff remain undetected by CATS. All AGN above the cutoff are
masked.”

In order to model the unresolved AGN, we use models of the
AGN luminosity function ®(L, z), which describes the AGN number
density at a luminosity L and redshift z. Using this function and
the model parameters of Miyaji et al. (2015), we calculated the
predicted number density of AGN integrated over all redshifts and
within a given flux interval through a Monte Carlo process. We
compared the distribution of thusly predicted AGN with the number
of detected AGN in Perseus with the CATS pipeline. Fig. 3 shows the
observed AGN number density as a function of 0.6-3.5 keV photon
flux (photoncm™2s~"), versus the model-predicted AGN number
density over a solid angle of 1 square degree. At fluxes >2 x 107°
photon cm™2 s~!, the number of predicted AGN matches very well to
the number of detected AGN. This shows that the AGN luminosity
function provides a good description of the AGN number density
in the Perseus field, and that our choice of a cutoff at 4 x 107°
photoncm~2 s~! is appropriate.

As with the point sources found by the CATS pipeline, we assume
that the typical AGN spectrum is a power law with photon index I' =
1.5, so that we can estimate the total flux from AGN in a given flux
range from the number density. The expected number of counts from
unresolved AGN in a bin A 4 is then given by integrating the redshift-
integrated AGN luminosity function over a flux interval. From this
function, we can calculate the expected number of AGN counts in a
given region:

Ax ~ ¢(Fuins Fnaxs Qin) Evin, (11)

where ¢ is the PDF of the flux (in units of photoncm=2s~") from
all unresolved AGN within the flux range F, to Fiax, and in the
surface area api,. In our implementation, we use Fpi, = 0, and Fx =

4 x 107° photon cm~2s~!, corresponding to the cutoff in Fig. 3.

2Given that AGNs with low flux are accounted for in the model rather
than masked from the analysis, we note that our results are not sensitive
to the details of the CATS pipeline. Comparable results might be achieved
by straightforward application of standard source detection tools such as
wavdetect.
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Table 3. Model parameters for the APEC + PHABS«APEC model
fit to the Galactic foreground.

Parameter APEC PHABS*APEC2
KT (keV) 0.0974 0.221
Z/Z 1 1

Norm? 4.80 x 1077 232 x 107
ny (cm™2) 1.36 x 10!

“APECM normalization in the default XSPEC units of
10~
wwacror | nenndV.

3.3.4 Galactic foreground

In order to model the Galactic foreground, we use Perseus ob-
servations from the ROSAT All-Sky Survey. We defined 8 circles
with radius of 1°, 2° away from the center of Perseus. The re-
gions to the W and NW were contaminated by nearby sources,
while the remaining six regions were used to model the Galactic
foreground.

As a spectral model, we fit a combination of an absorbed and
unabsorbed thermal component: APEC + PHABS x APEC in
XSPEC. These two model components reflect thermal emission from
the 'Local Bubble’, and emission from Galactic halo, respectively
(for a discussion on Chandra’s soft X-ray background, see Hickox &
Markevitch 2006). An absorbed power-law component was included
in the fit to model the contribution from unresolved AGN, but this
component is modeled separately in our analysis. The abundance Z
and the Galactic absorption Ny were fixed, following Mantz et al.
(2022). A fit with a third thermal component of ~0.6keV was also
attempted (see e.g. Urban et al. 2014; Bluem et al. 2022), but this
did not result in an improved fit. The results of the fit are shown in
Table 3.

We use the parameters in Table 3 to calculate the 0.6-3.5 keV
surface brightness of the Galactic foreground: 2.13 x 10~!° photons
cm™2 s~! arcsec™!. This is taken to be a constant in the model. The
number of predicted counts from the Galactic foreground in a given
bin is then

Ay =2.13 x 107" Ey. (12

3.4 Likelihood function

For a given shell, we aim to constrain the variance of surface
brightness fluctuations, o en, and the mean brightness for each band
(1) within the shell, p;, using the number of 0.6-3.5 keV counts
measured in each bin (j) in the shell, ;. The likelihood for each bin
is Poisson, conditional on the corresponding predicted expectation
value of the number of counts, which we model as the sum of the
four components discussed above: A; = Ac(iigj), Oshenn) + Ap,j +
A, j + Ag j, where i(j) indicates the band containing the jth bin. In
practice, we directly marginalize over the latent parameters Ac, Ag,
A, and A, using Monte Carlo integration, such that the likelihood
for a bin is

A];fe_kf'
L= ! , (13)

where A; represents a random realization of A; based on the PDFs
described in the previous section, and the angled brackets represent
an average over such realizations (we find that 10000 provides
a good compromise between speed and precision). The complete
likelihood for the shell is simply the product of £ ; over bins within the
shell. In order to sample the posterior distributions of the remaining
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Figure 4. Forward-simulated model histograms resulting from the MCMC-sampled posterior distributions, compared with the observed 0.6-3.5 keV surface
brightness data in the 4 shells of the northern sector. The ’total model’ represents the sum of the four individual model components: cluster emission, unresolved
AGN, particle background, and Galactic foreground. The model error envelopes were created by repeating the forward simulation process 10000 times, and
taking the 14th and 86th percentiles at each histogram bin as the lower and upper model boundaries. We note that the residual plots below each panel are purely

meant as a visual aid, as the errors are correlated.

parameters, o ey and w;, we use the Markov Chain Monte Carlo
sampler of Goodman & Weare (2010), implemented through the
PYTHON package EMCEE.

4 RESULTS

Fig. 4 provides a visualization of the goodness of fit of the model
for each shell in the N sector, showing posterior predictions for the
distributions of surface brightness due to each model component,
as well as their sum and the empirical brightness distribution of
the data. Equivalent diagnostics for the other sectors are shown in
Appendix B.

As canbe seenin Figs 4 and B1, our model provides a good descrip-
tion of the data in all shells. This gives us a post-facto justification for
the assumption of log-normality for the (projected) cluster surface
brightness distribution. Having verified that the model distributions
match well to the data, we use the posterior distributions, obtained
through MCMC, to evaluate the surface brightness fluctuations o
in each shell. Because the posterior distributions are asymmetric,
we report the modes and the 68.3 per cent highest posterior density
intervals (HPDI).

In addition to the results for the individual sectors, we have also
combined the results of all sectors except the NWD sector. For each
of the 7 shells at a given radial range, we took samples o, from
the posterior distributions of o, and then constructed a likelihood

MNRAS 518, 2954-2970 (2023)

$20z fieniga4 | Z uo Jasn uaissH qooer Aq 0ZSSZ89/¥562/2/8 L S/810NIB/SeIUW/WoD dno-olWwspeoe//:sdny woJj papeojumoq


art/stac3285_f4.eps

2962 M. de Vries et al.

1.4 =teen E = MW L1
-—= N --+- NWD
1.3 1.3
(€ 2
1.2 Y 12
l’ R ———
/e — -~
1.1 R _--:7;#:—+—~ _ g , 1.1
"—’ \\\ 't /‘, °
1.0 ——— —— 1.0
1.4+ == E o= SW [14
-e- § -- W
1.3 13
I 1o
1.2 11.2
—_—
1.1 PP cEl
_"’_-5?':—"-'{%"" e ===
1.0 : e . 2 : : e ggeztt : 1.0
0.5 1.0 15 2.0 2.5 0.5 1.0 1.5 2.5
r/ras00 r/ra2s00
-4— combined
1.151 11.15
|§ 1.101 -1.10@
1.051 [ ™ -~ 11.05
l S
T | T
1.001 ' , . . £1.00
0.5 1.0 15 2.0 2.5
r/ras00

Figure 5. The density bias +/C — 1 measured with 1 x 1 arcmin?® regions, in each of the 8 sectors in Perseus. Plotted are the statistical errors, which indicate
the 68.3 per cent highest posterior density interval (HDPI), with the mode listed as the central value. The combined results were obtained by fitting a Gaussian

mean plus a scatter to the results of individual shells: see text for details.

function £ = Norm(oy | ite;, 00 ), marginalizing over N = 5000
number of samples, and then taking the logarithm and summing the
log-likelihoods of the individual shells. The free parameters 1t . and
0, represent the mean and the scatter in the surface brightness log-
normal standard deviation o ;. With this likelihood function, we used
MCMC to find the posterior distributions for these two parameters,
and calculated values for the combined sectors from the posterior
distributions of i, = We also investigated the combined results for
the combined quiescent arms (NE, S, SW, NWD, and N sectors), and
the arms along the E-W axis (E, W, and NW sectors), but found no
statistically significant differences between the combined quiescent
and combined E-W axis arms.

In order to find the scaling factor between the 2D surface brightness
fluctuations and the 3D density fluctuations, we use a power spectrum
analysis in several of the shells. We discuss power spectra and the
relation between 2D and 3D fluctuations in more detail in Section 5.2.
In order to obtain the amplitude of the density fluctuations, we
multiple o/ by a factor of 1.87.

We subsequently calculate the density bias +/C for the individual
sectors as well as the combined results, using equation (4). These
biases in each shell along the sectors are shown in Fig. 5. While
the intrinsic scatter between individual sectors below 1.6 509 is
somewhat large, in most individual shells we find the density bias
to below 15 per cent. For the combined results, we find the scatter
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to be better constrained, and about 3 per cent for inner radii. For
the shells at 1.6-2.2 rys500, the density bias is 8 per cent, although
given the uncertainties, this increase is only marginally significant.
We also note that our analysis assumes that all observed density
fluctuations can be attributed to the Perseus Cluster. Given the
big solid angle that Perseus extends on the sky, it is likely that
some extended background sources will contaminate our field of
view and introduce additional fluctuations. It is therefore possible
that the intrinsic density bias is somewhat lower than is measured
here.

The largest-scale fluctuations are expected to dominate the overall
contribution to the measured fluctuations, although to what degree
requires knowledge of the slope of the spectrum. The shells are
not equal in size, with the smallest inner shells extending about 10
arcmin and the largest outer shells extending about 25 arcmin in
the azimuthal direction. This would suggest that the shells at larger
radii are sensitive to somewhat larger-scale fluctuations, although no
unambiguous trend of increasing bias with radius is observed. We
refer to Section 5.2 for further discussion of the length-scales that
influence our measurement.

Zhuravleva et al. (2015) consider the clumping factor C in terms
of an integration over the density fluctuation power spectrum, in
the inner ~ 200 kpc region of Perseus. As can be seen from their
results, the clumping factor is significantly lower if one puts an upper
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Figure 6. The one-component turbulent velocity measured with 1 x 1 arcmin® regions, in each of the 8 sectors in Perseus. Plotted are the statistical errors,
which indicate the 68.3 per cent HDPI, with the mode listed as the central value. The combined results were obtained by fitting a Gaussian mean plus a scatter

to the results of individual shells: see text for details.

limit on the largest scale (in their case, [ = 100 arcmin for Perseus,
roughly comparable to the 25 arcmin extent of the largest shells in our
model). The 68 per cent clumping factor (and therefore a density
bias +/C = 3—4 per cent) measured in the central region is very
similar to our measurements at radii of 0.3 — 1.6 rp509. Our results are
also consistent with the clumping measurements of Simionescu et al.
(2012) which used Suzaku data, as in those data the clumping factor
was measured to be close to 1 at smaller radii, only starting to increase
at &~ 0.5ry09 & 1.6 12500, corresponding to the outermost shells in our
analysis. The results indicate that the amplitude of the clumping fac-
tor is modest, and unlikely to bias measurements of the ICM density,
or cosmological measurements using the ICM density significantly.

Secondly, we calculate the one-component turbulent velocity
under the assumption that all the fluctuations that we observe are
sourced by turbulent motions. In that case, we use equations (3) and
(5), using the standard deviation of the cluster log-normal model
as representative fluctuations. Additionally, the turbulent spectrum
depends on the sound speed, which is given by

kT
e =4/, (14)
122493

where y = 5/3 is the adiabatic index, k is the Boltzmann constant, 7'
is the plasma temperature, ;1 = 0.61 is the mean particle weight, and
my, is the proton mass. We extracted radial temperature profiles in

various sectors, as described in Appendix A. The resulting turbulent
velocities are shown in Fig. 6.

Contrary to the density bias which represents a weighted sum of
contributions over different scales, the turbulent velocity represents
the velocity of the plasma at a particular length scale. Thus, the
interpretation of what scale our measured velocities correspond to
becomes more complex. Given that the measured velocity represents
some type of summation of the velocities over the length-scale range,
we can state that the turbulent velocities that we measure represent
an upper limit for length scales around 1 arcmin.

The full results for o, the density bias and the turbulent velocity
are shown in Table 4. For each shell, we list o and the two derived
quantities vp (equation 5) and JC (equation 4).

5 DISCUSSION

5.1 Constraints on the presence of a high-density tail

As discussed in Section 3.2, while basic theoretical arguments would
suggest that the spectrum of density and, therefore, X-ray surface
brightness fluctuations in the ICM is likely to be approximately
log-normal in shape, hydrodynamical simulations have commonly
predicted the presence of a high-density tail to this distribution,
associated with the presence of cool, high surface brightness ‘clumps’
(e.g. Zhuravleva et al. 2013). Whether these clumps are physically
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Table 4. Full results of the MCMC analysis. Listed are the 68.3 percent
HPDI of oy, with the mode of each distribution as the central value, the
plasma temperature used for computing the soundspeed (see Appendix A),
and the derived quantities v p and density bias (+/C). The *Comb’ sector
represents the fitted average for the NE, E, S, SW, W, and N sectors. See text
for details.

Sector Shell of kT ([keV) vgip (km ) JC
0.02 42 0.01
NE 1 0217005 6.9 532732 1.08% 00,
+0.02 +58 +0.02
2 0.24+0:02 74 631138 L1+
+0.06 +157 0.03
3 0.0910:08 7.2 22873 1017093
+0.16 +409 0.41
4 044010 7.2 1029750 1.33%)5L
+0.01 +22 +0.0
E 1 0.11+0:01 6.4 271722 1.02+0:9
+0.01 +32 +0.01
2 0.18+0:0! 59 418432 1067001
+0.04 +90 +0.02
3 0.16+0:04 6.5 3900 1.0570%2
4 0.29759 6.7 7034247 1157512
+0.01 +29 +0.01
S 1 0.160:0) 7.7 41612 104001
2 0.17503 7.2 259187 1027001
+0.05 +139 0.02
3 0.119:53 72 2491139 1.02+092
4 0.187512 7.2 4641300 1067501
SW 1 0.13+00) 7.7 33115 103901
2 0.01004 7.2 12+ 10759
+0.05 117 0.03
3 0.14757 7.2 3657335 1.047003
+0.11 +277 +0.16
4 0.28+0-11 7.2 721727 11518
+0.01 +34 +0.0
w 1 0.06+0:0! 7.7 16934 101409
2 0.05901 6.9 131738 10759
3 0.1875:02 5.8 401+33 1057592
4 0.0275:83 6.6 483! 1050
—+0.01 +33 +0.01
NW 1 0.120:01 8.4 320133 1.02+09
—+0.01 +35 +0.01
2 0.09+0:01 6.6 23243 1.02+0:9
3 0.27759% 5.9 6307371 11470,
NWD 1 0.16%0:02 5.6 371192, 105759
N 1 0.08501 7.6 219%22 101759
2 0.2375:03 8.0 615189 1.0975:93
30 024t 76 a0t Ly
4 0.25759% 7.4 6411242 Lo
Comb. 1 0.1375:%2 73 325169 1027591
0.04 107 0.03
2 0.13700, 7.1 33206 1.03700;
3 0.1475:03 6.9 352173 103752
+0.06 +158 +0.07
4 0.22+0:0¢ 7.0 5491138 1084007

present or an artefact of the prescriptions used to model sub-grid
physics, such as cooling, star formation, and AGN feedback, has
been a topic of debate.

Our analysis allows us to place firm constraints on the presence
of such bright, dense clumps in the Perseus Cluster. Fig. B1 shows
that the lognormal model provides, by eye, an impressively good
description of the Chandra data. In order to place quantitative con-
straints on the presence of high density tails to the distributions, we
included a high-density tail in the cluster emission model component.
Because the shape of such a high-density tail in real data is unknown,
we defined both two tail models: the “Z13° model is based on the
probability density function presented in fig. 2 of Zhuravleva et al.
(2013). The height of the Z13 tail model was taken to be 0.25 per cent
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Figure 7. Histogram of residual surface brightness predicted by 3000 sets
of Monte Carlo realizations of both tail models for the 5 shells in the 0.8—
1.2 ra500 radial range in the NE, E, S, SW, and N sectors. For comparison,
the combined residual data of the 0.8—1.2 rps09 shells in those sectors are
also plotted. The residuals were obtained by subtracting the mode of the
distribution at each band in logspace. The dashed line indicates the threshold
In SB > 1.5 brighter than the mode of the distribution, where we quantitatively
compare the data and predictions.

of the peak of the cluster log-normal component. At this tail height,
the intersection of the log-normal and tail components should occur
at ~ 3.462 0. The extent of the tail was then set at an order of
magnitude in density beyond this intersection, which by equation (3)
equates to two orders of magnitude for surface brightness. The ‘weak’
tail model is set at the same height and thus intersects the log-
normal component at the same point, but only extends half an order
of magnitude in density (thus one order of magnitude in surface
brightness).

Using these models, we generated 3000 sets of surface brightness
Monte Carlo realizations in several shells in the same manner as
the realizations shown in Fig. 4. For efficiency, we used the MCMC
parameter samples obtained from the non-tail model to describe
the log normal cluster emission components.> We obtained residual
surface brightness distributions by subtracting the mode of the
distribution in each band, and then combined all bins from the 5
sectors that use the same radial ranges (NE, E, S, SW, and N sectors)
into a single distribution. Fig. 7 shows the combined predicted
residual distributions for both tail models compared with the data
for the 5 shells at 0.8—1.2 r»500.

We computed the binomial probability for the number of bins in
the data at surface brightness In SB > 1.5 brighter than the mode of
the distribution (i.e. unambiguously in the tail) with the predictions
of both tail models. Table 5 shows the probabilities of the tail models
producing the observed number of bins in this region, which is zero
bins in all cases. Because there is stochasticity to the predictions (as a
result of the Monte Carlo method), we report the highest probability
after a minimum of 1500 realizations of the data set as the most
conservative estimate. For the Z13 tail model, the probability at all
radial ranges is smaller than 7.1 x 1078, which argues strongly
against the presence of a tail such as the one seen in Zhuravleva
et al. (2013). For the weak tail model, the probability remain below
6.6 x 1073 for the inner three radial ranges. For the 1.6-2.2 rys09
shells, the background is strong enough that the weak tail model

3Since the tail is a relatively small perturbation to the log-normal component,
re-running the full MCMC analysis including the tail should change the
posterior distributions for the ICM model parameters by a negligible amount.
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Table 5. Binomial test for the surface brightness data assuming two forms
of a cluster emission model with a high-density tail. f,; is defined as the
fraction of Monte Carlo samples that are In SB > 1.5 brighter than the mode
of the distribution. P (bins) is the probability that the tail model produces the
number of tail bins seen in the data.

Gas homogeneity and turbulence in Perseus

2500 range Nbins Tail bins Model Srail P (bins)
0.3-0.8 681 0 713 0.0239 7.1 x 1078
weak 0.0073 6.6 x 1073
0.8-1.2 1070 0 713 0.0360 93 x 10718
weak 0.0100 2.0x 1074
1.2-1.6 1441 0 Z13 0.0343 1.5 x 10722
weak 0.0059 1.7 x 1074
1.6-2.2 1413 0 713 0.0173 22 x 1071
weak 0.0018 0.075

barely extends beyond the cutoff. As a result, we are not able to
completely rule out the presence of a weak tail model at this radius.
The binomial probability with the predictions of the non-tailed model
is > 95 per cent at all radial ranges.

The tails observed in Zhuravleva et al. (2013) were seen at radii
>rs00, approximately corresponding to the outer edge of our analysis.
Although our analysis strongly rules out these tails in the Perseus
cluster at 0.3-2.2 r500, it is possible that such tails still might exist
in real data at larger radii.

We note that clumps dense and small enough to be resolved by
Chandra would have been identified as point sources and excluded
from the analysis. However, the excellent agreement in Fig. 3
between the modelled and observed number of AGN indicates that
the number of bright surface brightness clumps misidentified in such
manner is likely to be negligible.

5.2 Comparison to power spectra

As briefly mentioned in Section 4, we have conducted a comparison
with power spectra for a small subset of shells in which the number
of counts were sufficient to get meaningful measurements at relevant
scales. The power spectrum analysis aids interpretation of our results
in two key ways. First, our measurement represents a weighted sum
of contributions over a range of scales between the size of the spatial
bin (1 by 1 arcmin) and the size of the shell (of the order 15 arcmin).
At the same time, fluctuations along the line of sight will also
contribute to the measurement. Because of the positive correlation
between fluctuation amplitude and scale, larger scales are expected
to dominate the overall measurement. By comparing with the power
spectrum and identifying the scale where the power spectrum analysis
matches our measurement, we can thus infer an ‘effective scale’
that our measurements correspond to. Secondly, because the power
spectrum method includes a deprojection analysis, it allows us to
estimate the amplitude of the 3D fluctuations from the measured 2D
fluctuations. These projection effects were not directly accounted for
in our forward-model, primarily because estimating the contribution
to the amplitude of fluctuations of projected emission at larger
radius would require making a a priori assumptions about the scale-
dependent nature of those fluctuations. In general, projection has the
effect of suppressing the observed amplitude of the fluctuations, as
the contribution of random fluctuations will be averaged over the
line of sight. For smaller-scale fluctuations, this suppression will be
stronger as the projected line of sight through the cluster will extend
across a larger number of fluctuations.

We have followed the power spectrum method as described in
Zhuravleva et al. (2015), and the deprojection method laid out in

2965

10+
w
e
T -
5.10 b
£
<
1072 H
1072
k, kpc~?!

Figure 8. Power spectrum for the inner shell in the S sector. The blue curve
shows the amplitude of 2D surface brightness fluctuations Ajp, the red curve
shows the amplitude of 3D density fluctuations Asp. The dashed vertical line
indicates the effective scale at which Ayp corresponds to our measurement
for this shell. The dashed diagonal line indicates the slope of a Kolmogorov
turbulent spectrum.

Churazov et al. (2012), and generated power spectra in the 0.3—
0.8 2500 shells of the NE, E, and S sectors. We also attempted
to generate a power spectrum of the 0.3-0.8 7509 shell in the
N sector, but this sector did not contain sufficient counts and
yielded a very noisy spectrum. For the deprojection procedure, we
assumed a spherically symmetric 8-model for each shell (by using a
separate -model for each individual shell). In principle, large-scale
perturbations can be included in the S-model, which would result
in a shallower power spectrum because the large-scale perturbations
are divided out, rather than being included in the power spectrum.
Because it is difficult to know which perturbations are sourced by
turbulence, and which perturbations are caused by other processes,
such as large-scale disturbances of the gravitational potential (as
might be the case along the E-W axis, which is not dynamically
relaxed), we have chosen to use the spherically symmetric 8-model as
the most conservative option, essentially including all perturbations
in the data in our estimates for the clumping factor and the turbulent
velocity. This means that the inferred turbulent velocities should be
seen as upper limits, under the assumption that all perturbations are
sourced by turbulence.

The power spectrum for the inner shell of the S sector can be seen in
Fig. 8, showing both the surface brightness power spectrum in terms
of the amplitude A,p, and the density power spectrum in terms of A;p.
For the 3 shells we have investigated, we find that the wave number
at which the A;p amplitude equals the value of o' in our analysis is k
A 0.005 kpc~! in all 3 shells, corresponding to an effective scale of
9.2 arcmin. This is consistent with the idea that the largest coherent
scales spanned by our measurements (approximately 12 arcmin for
the shells considered here) dominate the overall measurements.

At the approximate effective wave number k = 0.005 kpc™!, we
determine the ratio between the amplitude of the 2D and 3D spectra
to estimate how much projection effects suppress the measurements.
We find that at the effective scale, the ratio Asp/A;p equals 2.3,
1.6, and 1.7 for the inner shells in the NE, E, and S sectors,
respectively. We use the average of these 3 values (1.87) to convert our
measurements to the amplitude of density fluctuations in Section 4.
Because of strong Poisson noise, we could only generate power
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Figure 9. The ratio of the inferred turbulent velocity to the sound speed as a
function of radius, for the combined results.

spectra for shells at the smallest radii. We make the assumption
that this ratio between 2D and 3D fluctuations holds for shells at
larger radii as well. Although the projected line of sight through
the cluster becomes smaller as one moves to larger radii, the 3D
emission regions contributing the most to the observed surface
brightness along a given line of sight are the regions that are of
similar brightness. Therefore, the effective length of the line of sight,
i.e. the length of the region that most of the photons come from,
should not vary dramatically as one move to larger radii. Based on
the ratios observed in the 3 sectors (2.3, 1.6, and 1.7), we estimate
that there is a systematic uncertainty of the order of 25 per cent in
the calculated amplitude of the density fluctuations. As noted above,
these values and the associated systematic uncertainty are only valid
for the spherically symmetric f-model. For f-models that include
large-scale perturbations, the ratio A;p/Ap at the effective scale
would decrease, and the resulting clumping factors and turbulent
velocities would be lower.

5.3 Turbulence in cluster simulations

We have used the calculated turbulent velocities and compared them
with the results of numerical simulations of the ICM. Of particular
interest is the ratio of turbulent velocity to the sound speed, vp/c;, as
this gives an indication of the level of non-thermal pressure support
that is caused by subsonic motions. The ratio of the energy density
in turbulence to the thermal energy can be written as

3y (vip ’

fmh=—( _ ) : (15)
2 Cy

In the simulations described in Lau, Kravtsov & Nagai (2009),
the ratio vip/cs is shown to range from ~0.125 to 0.3 for radii
between 0.2 and 1.0r5q in relaxed clusters, which will contribute ~
5-15 per cent to the total pressure support. Fig. 9 shows this fraction
for our inferred turbulent velocities, for the combined sectors from
the results in Table 4. Although, we also computed the results for
the combined quiescent arms (NE, S, SW, NWD, and N sectors)
and the combined E-W axis arms (E, W, and NW sectors), we did
not find any statistically significant differences between these two
and therefore did not include them in the figure. Overall, we find
marginal evidence for vp/c, increasing with radius: a power-law
fit of the combined turbulent velocity profile results in a power-law
index of 0.18 £ 0.17.

MNRAS 518, 2954-2970 (2023)

Our measured fraction is slightly higher than the predictions of
Lau et al. (2009). This is unsurprising, given our assumption that the
observed X-ray surface brightness fluctuations are entirely sourced
by turbulent motions. We also note that on top of the statistical
errors shown in Fig. 9, there is a 25 per cent systematic uncertainty
introduced by the conversion from surface brightness to density
fluctuations (Section 5.2). Thus, we can conclude that our results
on the amplitude of turbulent velocities are broadly consistent with
the predictions from hydrodynamical simulations.

5.4 Current and future observations

Although the current work has focused exclusively on Chandra data,
we note that Perseus has also been observed extensively with the
XMM-Newton telescope (see e.g. Simionescu et al. 2012; Sanders
et al. 2020), with good coverage of the cluster up to 1.5 rys00.
Although an analysis of those data is beyond the scope of this work,
we note that the higher effective area of XMM and the comparatively
longer exposure times in certain regions at larger radii could in
principle improve the uncertainties on our measurements. On the
other hand, the CCD detectors of XMM have some disadvantages as
well, such as the fact that the particle background is more prominent
and more variable, and and the larger PSF, which makes the removal
and modelling of residual point sources more challenging. One area
in which we envision XMM data could be useful for future work
is in providing more >3.5 keV photons, which we could use for a
comparison between the soft (0.6-3.5keV) and hard (3.5-7.0 keV)
X-ray bands, such that we could infer more about the thermodynamic
processes that source the observed fluctuations (Zhuravleva et al.
2015).

In terms of future missions, both the upcoming XRISM mission
(planned launch February 2023) as well as ATHENA in the next
decade will shed more light on dynamical processes in galaxy
clusters. Both of these missions will carry X-ray calorimeter in-
struments, allowing for eV-scale energy resolution and accurate
radial velocity measurements of gas motions. With the sensitivity
of XRISM, radial velocity measurements should be possible out
to radii of at least 0.4rp500 in the Perseus Cluster (in small 3
x 3 arcmin® regions) (XRISM Science Team 2020). The 2016
Hitomi mission made such a measurement in the core of Perseus,
and found a line-of-sight turbulent velocity of (164 & 10)kms~! at
radii of 30-60 kpc (& 0.05-0.1 rys09) (Hitomi Collaboration 2016).
The turbulent velocity up to 100kpc away from the central AGN
was measured to be constant at ~100 km s~! (Hitomi Collaboration
2018).

Given that XRISM will measure the gas velocity from spectral
lines, it should not suffer the same suppression due to projection
that occurs in our data. Patches of cluster gas along the line of sight
will all contribute to Doppler-broadening of the total spectral line in
the projected 2D region — which is fundamentally different from our
method, where the scalar property of emissivity is averaged along the
line of sight. The gas velocities observed with XRISM in the Perseus
Cluster, if only for a few small 3 x 3 arcmin? regions, will thus still
provide an important cross-check on our results presented in Table 4.

A less straightforward question is the effective scale at which
XRISM will measure the turbulent velocity. Although the beam-size
of XRISM is of the order of 1 arcmin, to some extent scales along
the line of sight through the cluster might increase the effective scale
at which velocities are measured. Assuming that the effective scale
observed by XRISM is 1 arcmin, and taking the effective scale of 9.2
arcmin from our data, and assuming and the power spectrum follows
a Kolmogorov slope, we would expect that the velocities measured
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by XRISM would be lower by a factor of (9.2/1)'* & 2 compared to
what we measure.

6 CONCLUSIONS

Using a large set of Chandra observations of the Perseus Cluster,
we have conducted a rigorous study of projected gas fluctuations
in between radii of 0.3 and 2.2 r,s50 along eight different sectors.
Our findings show that the density bias +/C averages to around
3J_r% percent between radii of 0.3—1.6r2500. In the range of 1.6—
2.2 500, the density bias marginally increases to 81’1 per cent.
Because of the uncertainty in estimating 3D density fluctuations
from 2D surface brightness fluctuations, our measurements contain
an additional ~25 per cent systematic error in the amplitude of o,
which for +/C translates to an additional uncertainty of ~1-2 per cent
at 0.3-1.6r2500, and &5-6 percent at 1.6-2.2ry50. Overall, our
findings show that the density bias will have a small effect on the
measured gas mass in a cluster.

At the radii 0.3—1.6 3509, we find an average turbulent velocity of
340f§8 kms~', while the average turbulent velocity at 1.6-2.2 5500
is measured to be 5497132 km s~. Just as for /C, our measurements
carry an additional ~25 per cent systematic uncertainty. Importantly,
the turbulent velocity is calculated under the assumption that all the
observed fluctuations are sourced by turbulence. This may not hold
true in shells where large-scale fluctuations are caused by disturbance
of the gravitational potential. As such, our measurements of the
turbulent velocity might be seen as an upper limit.

The modelling done in this paper provides a blueprint for the
analysis of gas fluctuations that can be extended and improved
in a number of ways. By combining Chandra and XMM—-Newton
observations of the same system, the spatial resolution of the
former can be used together with the higher sensitivity of the
latter. Additionally, the joint analysis of a soft and hard energy
band could reveal more about the nature of the gas fluctuations.
Finally, it would be valuable to apply this analysis to other clusters in
order to investigate the validity of these results for similar quiescent
clusters.
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APPENDIX A: TEMPERATURE PROFILES

Fig. A1 shows projected temperature profiles for in eight sectors from
the Chandra data, obtained using the spectral analysis methodology
described in Mantz et al. (2014, 2022). In particular, the spatial varia-
tion of the Galactic equivalent absorbing column density measured by
the LAB H1 survey was accounted for, and its overall normalization
was simultaneously fitted to the data for each sector along with the
temperature as a function of radius. Unlike the results for Perseus
used by Mantz et al. (2022), here we are neither modelling the total
mass profile nor constraining deprojected profiles of temperature
and density, but more simply fitting for the projected brightness
and temperature in partial annuli, while accounting for the complex
absorption across the cluster image. Metallicities were included as
free parameters in the fit, though linked between adjacent radial bins

for an overall-courser resolution than the temperature profiles shown.

The sectors used in this analysis are those identified by Mantz et al.
(2022), which differ somewhat from those adopted in this work.

To obtain a temperature to compute the sound speed appropriate
for a given region in Section 4, we created linear interpolations
of the temperature profiles for each sector shown in Fig. A1l. We
then evaluated each interpolated function at the appropriate radius,
identified the overlap between the sectors in this work and those in
Mantz et al. (2022), and took the weighted average based on overlap
in azimuths. The radii of a few shells extend beyond the final data
point of the temperature profiles by ~5 arcmin, yet were still within
the total range covered by that data point. In those cases, we simply
took the temperature of the last data point as the temperature for the
shell. Although this method is somewhat simplistic, we note that the
sound speed depends only the square root of the temperature and the
temperature varies by only ~4 keV in the radial range of interest.
Therefore, the uncertainties from the MCMC samples of the cluster
surface brightness log-normal standard deviation o dominate the
error in the computed turbulent velocity.

APPENDIX B: MODEL VISUALIZATIONS FOR
ALL SHELLS

Figs B1 shows the model visualizations for all 28 shells in the Perseus
field.
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Figure Al. Projected temperature profiles in eight different sectors of Perseus.
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Figure B1. Forward-simulated model histograms resulting from the MCMC-sampled posterior distributions, and compared with the observed 0.6-3
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surface brightness data in all 28 shells in the Perseus Cluster. The model error envelopes were created by repeating the forward simulation process 10 000 times,
and taking the 14th and 86th percentiles at each histogram bin as the lower and upper model boundaries. We note that the residual plots below each panel are

purely meant as a visual aid, as the errors are

correlated.
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Figure B1. (Continued.)
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