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ABSTRACT

We describe features of the X-ray: Generate and Analyse (XGA) open-source software package that have been developed to
facilitate automated hydrostatic mass (Mpyqr,) measurements from XMM X-ray observations of clusters of galaxies. This includes
describing how XGA measures global, and radial, X-ray properties of galaxy clusters. We then demonstrate the reliability of
XGA by comparing simple X-ray properties, namely the X-ray temperature and gas mass, with published values presented by
the XMM Cluster Survey (XCS), the Ultimate XMM eXtragal.actic survey project (XXL), and the Local Cluster Substructure
Survey (LoCuSS). XGA measured values for temperature are, on average, within 1 per cent of the values reported in the literature
for each sample. XGA gas masses for XXL clusters are shown to be ~10 per cent lower than previous measurements (though the
difference is only significant at the ~ 1.8c level), LoCuSS R;s0p and Rsop gas mass re-measurements are 3 per cent and 7 per cent
lower, respectively (representing 1.50 and 3.5¢ differences). Like-for-like comparisons of hydrostatic mass are made to LoCuSS
results, which show that our measurements are 10£3 per cent (1947 per cent) higher for Rys00 (Rs00). The comparison between
Rsoo masses shows significant scatter. Finally, we present new Mpyq,, measurements for 104 clusters from the Sloan Digital
Sky Survey (SDSS) DR8 redMaPPer XCS sample (SDSSRM-XCS). Our SDSSRM-XCS hydrostatic mass measurements are in
good agreement with multiple literature estimates, and represent one of the largest samples of consistently measured hydrostatic
masses. We have demonstrated that XGA is a powerful tool for X-ray analysis of clusters; it will render complex-to-measure
X-ray properties accessible to non-specialists.

Key words: methods: data analysis —methods: observational —software: data analysis — galaxies: clusters: general —galaxies:
clusters: intracluster medium — X-rays: galaxies: clusters.

Bocquet et al. 2019; Mantz et al. 2022; Ghirardini et al. 2024), see

1 INTRODUCTION Clerc & Finoguenov (2023) for a review. The mass of a galaxy

Galaxy clusters are the most massive virialized structures in the
Universe. They formed through the collapse of the primordial density
field, and as such are a useful way to investigate the evolution of the
Universe through the measurement of cosmological parameters (e.g.

* E-mail: turne540@msu.edu

cluster is split into three main components (Gonzalez et al. 2007);
the dark matter halo (87 per cent), the intracluster medium (ICM,
7 per cent), and the component galaxies (3 per cent); where the ICM
is a high-temperature, low-density plasma largely made up of ionized
hydrogen. Just as the formation of clusters makes them useful for
investigating cosmology, the nature of the ICM makes them ideal
astrophysical laboratories.

© 2025 The Author(s).
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Cosmological parameters can be derived using galaxy clusters
via a variety of methods. For example, cosmological parameters
have been constrained using samples of X-ray-selected clusters
by measuring the mass function of clusters (e.g. Vikhlinin et al.
2009; Schellenberger & Reiprich 2017b). Therefore, one of the key
properties that must be measured is the cluster mass (see Pratt et al.
2019, for a review). The Dark Energy Survey (DES) used galaxy
clusters detected in the first year of DES observations (DESY1)
to constrain cosmological parameters (Abbott et al. 2020) using
a weak-lensing mass calibration (McClintock et al. 2019) and the
number density of clusters. The weak-lensing mass calibration for
the DESY1 analysis took the form of a mass—observable relation
(MOR), where the observable was the cluster richness. The richness
here, symbolized by A, is a probabilistic measure of the number of
galaxies in the cluster, estimated from the red-sequence Matched-
filter Probabilistic Percolation cluster finder (or redMaPPer, RM,
Rykoff et al. 2016). However, a drawback of the DESY1 analysis is
the use of stacked weak-lensing masses. Due to the use of a stacked
analysis, information on the intrinsic scatter is lost. To enable the next
generation of cluster cosmology, large-scale optical/near-infrared
galaxy cluster surveys will need the scatter, and normalization,
of mass-richness relations to be well calibrated. This includes the
cosmology analysis that will be performed using clusters detected
from the upcoming Vera Rubin Observatory’s Legacy Survey of
Space and Time (LSST; e.g. see fig. G2 in The LSST Dark Energy
Science Collaboration 2018).

One potential method to infer the scatter of these MORs, is
through the hydrostatic equilibrium mass (Mpydr,) method, using
X-ray data to infer the total mass of the cluster from the temperature
and gas density profiles. Of particular use to derive X-ray Mpyqro
values is the XMM—Newton telescope (hereafter XMM), whose field
of view (FoV), high effective area, and large public archive of
observations makes it the ideal for these measurements. Previous
Mhy4ro measurements using XMM include, but are not limited to,
Ettori et al. (2010, 2019), Sanderson et al. (2013), Donahue et al.
(2014), Bartalucci et al. (2018), Lovisari et al. (2020), and Poon
et al. (2023). The largest of these studies, Lovisari et al. (2020),
yielded 120 Myyaro values. For completeness, we note that hydrostatic
masses have also been measured using other (than XMM) X-ray
instruments, e.g. Markevitch et al. (1998), Sarazin et al. (1998),
Tamura et al. (2000), Vikhlinin et al. (2006), Sun et al. (2009),
Donahue et al. (2014), Giles et al. (2017), Schellenberger & Reiprich
(2017a), Logan et al. (2022), and Sanders et al. (2022). The largest
of these studies, Schellenberger & Reiprich (2017a), yielded 64
Myqro values. Furthermore, recent efforts have been made to develop
methods of estimating X-ray-based masses from clusters detected in
the eROSITA All Sky Survey (Scheck et al. 2023).

The outline of the paper is as follows. Section 2 introduces the
features of the X-ray: Generate and Analyse (XGA) software package
that have been developed to facilitate automated hydrostatic masses
(Myydro)- In Section 3, we demonstrate the reliability of the XGA
measurements by comparing with published values presented by the
XMM Cluster Survey (Romer et al. 2001, XCS hereafter), the Local
Cluster Substructure Survey' (hereafter LoCuSS), and the Ultimate
XMM eXtragalactic (hereafter XXL) survey project (Pierre et al.
2016). In Section 4, we present new Mpyqr, measurements of clusters
in SDSS DR8 RM XCS sample. Finally, in Section 5, we present our
conclusions and a discussion of the next steps of this work.

'LoCuSS Website — http://www.sr.bham.ac.uk/locuss/
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The analysis code, samples, and outputs are available in a GitHub
repository.? In Section 3, we adopt the cosmology parameters used
in each of the original analyses to which we compare, i.e. 2y = 0.3,
Qa4 = 0.7, and Hy = 70 km s~ Mpc_l for the XCS and LoCuSS
samples (Sections 3.1.1 and 3.1.3, respectively), and 2y = 0.282,
Q4 =0.719, and Hy = 69.7 km s~! Mpc~' for the XXL sample (Sec-
tion 3.1.2) (i.e. the WMAP9 values in Hinshaw et al. 2013). In Sec-
tion 4, we again use Qy = 0.3, 24 =0.7,and Hy=70km s~ Mpc~'.

2 METHODOLOGY

The overarching aim of this work is to provide an independent mass
calibration for optically selected cluster samples for the purpose of
cosmological parameter estimation. The masses are estimated using
X-ray observations from XMM under the assumptions of spherical
symmetry and hydrostatic equilibrium (see e.g. Fabricant et al. 1980,
for a derivation), following the equation

T(r) dp,(r)

T
dr +1() dr

k3r2
pe(r)pm, G

d
Mhydr0(< r)y=— ,Og(")

. (D
where r is the radius within which the mass is being measured, pg(r)
is the intracluster gas density profile, 7'(r) is the gas temperature
profile, u = 0.61 is the mean molecular weight, m, is the atomic
mass unit, G is the gravitational constant, and kp is the Boltzmann
constant. The mean molecular weight is dependant on the solar
abundance table, we use values published by Anders & Grevesse
(1989). The quantities that need to be estimated from the XMM data
are T(r) and p,(r). It is important to note that these are the 3D
quantities, rather than the projected (i.e. what is observed) values.
Additionally, equation (1) can be rewritten such that it only depends
on T'(r) and on both logarithmic 7'(r) and p,(r) gradients (e.g. see
equation 7 in Vikhlinin et al. 2006).

Many steps are needed to go from a raw XMM observation to
an estimate of Myyq,. Therefore, a secondary goal of this work
is to streamline those steps into a single, self-contained workflow.
Doing so ensures the consistency of the data products and allows
for computational speed-ups (e.g. by making use of multithreading
on multicore machines). The measurement tools for Myyqr, that we
use herein are part of the X-ray: Generate and Analyse (XGA®)
software suite. XGA is a generalized X-ray analysis tool, capable
of investigating any X-ray source that has been observed by XMM. It
was introduced in Turner et al. (2022a) and is being used in a growing
number of scientific applications (e.g. Pillay et al. 2021; Burke et al.
2022; Turner et al. 2022b). It is also listed on the Astrophysics Source
Code Library (ASCL; Turner et al. 2023). This work makes use of
XGA v0.4.2 for all analyses, and to aid readability, the technical
details about which parts of XGA are used for the different analyses
in this work are described in Appendix D.

In this section, we describe each step involved in XGA Myyqro
measurements. Section 2.1 explains the data inputs required to initiate
XGA. Image generation and masking of contaminating sources are
described in Sections 2.2 and 2.3, respectively. Manual checks of the
data are outlined in Section 2.4. Section 2.5 details the generation and
fitting of X-ray spectra. Correcting for the XMM point spread function
(PSF) is detailed in Section 2.6. The generation of emissivity, density,
temperature, and mass profiles are outlined in Sections 2.7, 2.8, 2.10,
and 2.11, respectively. To illustrate the steps, we use two example
clusters: SDSSXCS-55 and SDSSXCS-6955 (z = 0.119 and 0.223,

2Code/Samples — https://github.com/DavidT3/XCS-Mass-Paper-I- Analysis
3XGA GitHub — https://github.com/DavidT3/XGA
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Table 1. Properties of the two galaxy clusters chosen as demonstration cases for XGA, selected from the SDSSRM-XCS sample presented by Giles et al.

(2022).
Name RA Dec. ZRM ARM Ra500 Rs00 T)zf gsab T;é e fexp

[deg] [deg] [kpc] (kpc] [keV] [keV] [ks]
SDSSXCS-55 227550 33516 0.119  99.8043.74 562.3173 1237.67251 7.007919 6.707008 55.7
SDSSXCS-6955 36455  —5.894 0223 32.124+2.83 3219724 669.01529 2.897038 241103 284

Notes. Column (1) is the cluster name used by Giles et al. (2022), with the number corresponding to the RM ID (Rykoff et al. 2014); the coordinates (2)
and (3) are the XCS XAPA defined value for the UDC?; (4) the photometric redshift defined by RM; (5) the RM defined richness; (6) and (7) XCS3P (see
Section 3.1.1 and Giles et al. 2022) measured Rsoo and Rsgo values, with uncertainties; (8) and (9) XCS3P measured temperatures within Rs509 and Rsoo
apertures; and (10) combined effective exposure time at the central coordinate, as an indicator of observation quality.

respectively). Both clusters were part of the Giles et al. (2022) study
(see Section 3.1.1), but have significantly different signal-to-noise
ratios and off-axis locations in their respective XMM observations.
Their properties are summarized in Table 1.

2.1 Initiating XGA

Throughout this work, we use public XMM data from the XMM
Science Archive* that has been pre-processed to produce cleaned
event files and region lists. The region lists encode information
about the source centroid, size, and shape. All pre-processing used
herein relies on the the XCS methodology that is fully described
in Lloyd-Davies et al. (2011) and Giles et al. (2022). In brief, the
initial European Photon Imaging Camera (EPIC) Metal Oxide Semi-
conductor (MOS) and PN data were processed with v14.0.0 of the
XMM Science Analysis Software (SAS;> Gabriel et al. 2004), using
EMCHAIN and EPCHAIN functions to generate event lists. Following
this, the event lists were screened for periods of high background.
Light curves in 50 s time bins in both the soft (0.1-1.0 keV) and
hard (1215 keV) bands were generated, and an iterative 3o clipping
process was performed on the light curves; with time bins falling out-
side this range were excluded. Following this, individual (PN, MOS1,
and MOS2) and merged (PN+MOS1 + MOS2) EPIC images (and
corresponding exposure maps) were generated. All images/maps
have a pixel size of 4.35 arcsec, chosen because it is smaller than
the PSF, at all detector locations and photon energies. Next, X-ray
source detection is performed using a custom version of WAVDETECT
(Freeman et al. 2002) called XAPA (for XCS Automated Pipeline
Algorithm). Once sources in an image have been located, XAPA
classifies them as either point-like or extended sources. From these
detected sources, region lists are created for each XMM observation
(note that a given source can appear in multiple region lists if they
are detected in overlapping observations). Once all the observations
have been processed, a master source list (MSL), with duplicates
removed, is generated. Sources are classed as duplicates if they are
within 5 arcsec for point source pairs and 30 arcsec for extended
source pairs. The source with the highest number of counts is retained
in the MSL. As of 2022 February 26, 12 582 observations have been
processed by XCS, covering 1068 non-overlapping square degrees
of sky, and yielding 400 225 X-ray source detections (extended and
point) in the 0.5-2.0 keV band. This energy range is optimized for the
detection of thermal X-ray emission from galaxy clusters, and is gen-
erally well suited to detecting most X-ray sources. Certain sources,
such as active galactic nucleus, with a predominately hard X-ray
spectrum may not be identified by searching in this energy range, but

4XSA - http:/nxsa.esac.esa.int/nxsa-web/
3SAS — https://www.cosmos.esa.int/web/xmm-newton/sas
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we address this through manual inspection of images in Section 2.4.
We intend to perform source detection on other bands in the future.

In addition to the XCS supplied cleaned event files and region
lists (see above), the following information is required to initiate the
XGA analysis of a cluster: a coordinate for the cluster centre, the
redshift, at least one radius to define the analysis region, and a set
of values for the cosmological parameters €2,;, Q2,, and Hy. With
regard to the cluster centre, this depends on the selection method
(e.g. it could be defined by the brightest galaxy, rather than a feature
in an X-ray image) and on the analysis method (e.g. it could be
defined by the peak of the X-ray surface brightness (SB) or by the
weighted centroid). Given this ambiguity, we henceforth refer to the
user-defined coordinate (or UDC®), rather than to the ‘cluster centre’.

With regard to the analysis region radius, this user-defined input,
can be an overdensity radius,’ e.g. Rspo, or a proper radius with no
associated physical significance (e.g. 300 kpc). Note the units can be
specified in either arcminutes or kpc.

For our example clusters, SDSSXCS-55 and SDSSXCS-6955 (and
for the analysis presented in Section 4), the UDCS, the redshift, and
the analysis region radii (Rps0p and Rsgp) were taken from the data
tables in Giles et al. (2022). Giles et al. (2022) analysed these clusters
using the XCS Post Processing Pipeline (XCS3P). As per Giles et al.
(2022), the cosmological parameters were set to 2y = 0.3, Q24 =0.7,
and Hy =70 km s~! Mpc~!.

To ensure all relevant data sets are used during the analysis
of a given cluster, XGA explores the full set of XCS processed
data to retrieve any XMM observations meeting these criteria; an
aimpoint within 30 arcmin of the input UDC®, and >70 per cent of
the chosen analysis region falling on active regions of the detectors.
Observations are selected irrespective of exposure time (though it
is possible to impose such a requirement), but all data are inspected
and rejected as needed (see Section 2.4). Two observations each were
retrieved for our example clusters (Table 1), SDSSXCS-55 (XMM
ObsIDs 0149880101 and 0303930101) and SDSSXCS-6955 (XMM
ObsIDs 0404965201 and 0677600131).

2.2 Generating image and exposure maps

Once the relevant XMM data have been retrieved, see Section 2.1,
XGA generates images, exposure maps, and rate maps.® For this, XGA
interfaces with the SAS evselect and eexpmap tools. These
images and maps are essential to the derivation of Mpyar as they

The User Defined Centroid (UDC) is a coordinate input by the user, rather
than a peak or centroid measured by XGA itself.

"Radius at which the average density of the enclosed cluster is equal to
Apc(z), where A is the overdensity factor and p.(z) is the critical density of
the Universe at the cluster redshift.

8The combined image divided by the combined exposure map.
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SDSSXCS-6955

Figure1 XMM 0.5-2.0 keV combined rate maps of SDSSXCS-55 (left) and SDSSXCS-6955 (right), which have been selected to demonstrate our methodology.
Point sources are highlighted by circles and extended sources by ellipses. The white cross-hair indicates the cluster centroid, and the solid inner and outer while
circles indicate the Ryso0 and Rsgp radii, respectively (see Table 1 for input values).

are used to generate of SB profiles, which in turn are used to
estimate p, (r) (see Section 2.7). Images are also useful for inspection
throughout the analysis process e.g. to check masked regions (see
Section 2.4).

We note that, in principle, the images already existing in the XCS
archive (those on which XAPA was run) could have been used by XGA
for the analyses herein. However, in practice, generation of fresh
images is worthwhile because it simplifies the process of merging
multiple observations, and gives additional freedom in the current
analysis (e.g. selecting an energy range; XCS only stores images in
the 0.5-2.0 and 2.0-10.0 keV ranges).

In Fig. 1, we show the XGA generated XMM images of our example
clusters, SDSSXCS-55 and SDSSXCS-6955; these are the stacked
images of every EPIC instrument for every usable observation of
the clusters. The XAPA (Section 2.1) defined source regions are
overlaid; with red (point source), green (extended source), or magenta
(extended source similar in size to the PSF) outlines. The UDC? is
shown with a white cross. The analysis regions (R;s00 and Rsgo) are
shown with white solid outlines. Note that, in these examples, two
observations have been stacked into a composite image. As each
observation has its own source region list, multiple source outlines
can sometimes be seen in the overlap regions.

2.3 Automated source masking

As described above (Section 2.1), every XCS processed image has
an associated list of detected source regions. Most of these will not
be associated with the cluster of interest and need to be masked
from both the image files (Section 2.2), used during SB fitting
(Section 2.7), and from the cleaned event lists (Section 2.1), used
during spectral analysis (Section 2.5). In almost all cases, the only
source region not masked by default is the one associated with the
cluster of interest (see below for two exceptions). This source is
identified as the one containing the location of the UDC®. For the
analysis herein, we apply an additional filter: the source must also
have been classed as extended by the XAPA pipeline. The black areas
in Fig. 2 (left) show the region automatically masked for SDSSXCS-
55. This figure is a zoom into the 3 Rspp X 3 Rso region of Fig. 1 (left).

Below are two exceptions to the masking process detailed above:

(1) The treatment of XAPA point-like sources detected within
0.15R;pa1ysis of the cluster centroid. These sources are generally
not masked because XAPA occasionally misidentifies cool cores of
clusters as point sources — this behaviour can be turned off on a
cluster-by-cluster basis however.

(ii) The treatment of overlapping XAPA extended source regions. If
the cluster of interest was observed in two or more XMM pointings,
then the associated XAPA extended sources may not fully overlap.
This is more likely if the observations are offset from each other
and/or that have differing exposure times. Therefore, if the respective
source centres are within a projected distance of < Rs of the input
cluster centroid, then none of those source regions are masked.

2.4 Manual data checks

Once the images have been generated (Section 2.2) and the default
masks applied (Section 2.3), the next step involves manual inter-
vention via eyeball checks to (i) identify observations that were
not suitable for further analysis, (ii) increase the size of masked
regions if the default mask was not large enough, and (iii) add masked
regions for sources missed by XAPA. With regard to (i), this process
is similar to that described in section 2.3 of Giles et al. (2022). It is
used to remove from further analysis observations with abnormally
high background levels (e.g. fig. Ala of Giles et al. 2022), and
those corrupted by a very bright point source (such sources produce
artefacts in the XMM images including readout streaks and ghost
images of the telescope support structure; e.g. fig. Alb of Giles et al.
2022). Of the 457 XMM observations identified as being relevant to
the clusters in this paper, 43 were rejected entirely, and 4 had data
from one or more (of the 3 EPIC) instruments rejected.

With regard to (ii), occasionally the XAPA defined region is not
large enough to encapsulate all the emission from a bright point
source, or from a neighbouring (but physically distinct) extended
source. This can impact subsequent analysis if the source falls in
either within Rsgy of the cluster UDC® or within the background
annulus. For the Giles et al. (2022) analysis, this extra masking step
was cumbersome and time-consuming. So, in XGA, a graphical user

MNRAS 537, 1404-1429 (2025)
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Figure 2 An XMM 0.5-2.0 keV stacked rate map of SDSSXCS-55. The white cross-hairs indicate the UDCP. Left: the solid inner and outer circles indicate the
location of Rps00 and Rsp, respectively. The dashed annulus indicate 1.05-1.5Rso (the background region used in the global spectral analysis, see Section 2.5).
An automated mask, to remove contaminating sources identified by XAPA has been applied (black areas, see Section 2.3). Right: the default mask has been
adjusted by hand to remove more emission from the bright point source in the top left (see Section 2.4). The solid (dashed) circles indicate the source (background)
annuli used during the radial spectral fitting used to measure projected temperature profiles (see Sections 2.5 and 2.10).

interface (GUI) was developed that makes it simple to interact with,
and modify existing regions. With regard to (iii), there is a rare XAPA
failure mode whereby it fails to detect some of the sources in a
given observation. Using the GUI, it is easy to add new regions if
a source or artefact (visible by eye in the image) has been missed
by XAPA. We use standard images for this process, rather than PSF-
corrected images (see Section 2.6) as the regions (and masks) need
to be applicable to event data (where event positions are not able to
be PSF corrected) for the generation of spectra.

Combined images (all observations and instruments that passed
our flare checks) for each of the galaxy clusters in this work were
examined, and adjustments to regions were made. We altered or
added regions for 60 (40 per cent) of the SDSSRM-XCS sample, 44
(44 per cent) of the XXL-100-GC sample, and 26 (56 per cent) of
the LoCuSS high-Lx sample. Fig. 2 (right) shows part of the XMM
observation containing SDSSXCS-55. This figure highlights where
a source mask has been expanded from its default (XAPA) size.

2.5 Generating and fitting X-ray spectra

Spectral analysis is essential to the estimation of hydrostatic masses,
both for the derivation of pg(r) and T'(r). In the case of p,(r), only
a global (cluster wide) spectral analysis is needed, whereas for T'(r),
spectral analysis in radial bins is required.

For the global spectral analysis of our example clusters, the
analysis region (radius and UDC®) is defined by the user as an
initiation input to XGA (Section 2.1). A background region also
needs to be defined. In the implementation of XGA used herein,
the background region is an annulus. For our example clusters,
SDSSXCS-55 and SDSSXCS-6955 (and for the analysis presented
in Section 4), the inner and outer radii of the annulus are set at
1.05Rs00 and 1.5Rsq, respectively; for Rysoo measurements they are

MNRAS 537, 1404-1429 (2025)

set at 2R,s500 and 3 Rps09, and for 300 kpc measurements (for the
XXL-100-GC sample, Section 3.1.2) they are set to 3.33 R3qg kpc and
5 R300 kpe-

For the radial spectral analysis, XGA uses a series of N circular
source apertures with increasing radii, out to a user-defined outer
radius, Rouwer and centered on the UDC®. While XGA does not
currently support the creation of azimuthal angle profiles, this will
be a feature in a future release (see Section 5.2.4). The innermost
aperture is a full circle, the others are annuli. The user defines a
minimum annulus width (also the inner circle radius) in arcseconds,
ABin. The minimum value used in this work is set to account for the
PSF of the instrument. For all the cluster analyses herein, we set this
to be Aby,;, = 20 arcsec (roughly twice the FWHM (full width at half-
maximum) of the XMM EPIC-PN on-axis PSF, see Section 2.6). This
value can be set by the user if desired. If the specified Ry value for
a given cluster, when converted to units of arcseconds (Goyeer), iS NOt
an integer multiple of A6y, it is adjusted (outwards) accordingly, to
become 6, ... A background region is then defined and used for all
the bins. For the radial analysis of our example clusters, SDSSXCS-
55 and SDSSXCS-6955 (and the analysis presented in Section 4), it
was set to be an annulus of 1.05-1.5 6.

The widths of the bins used in the spectral analysis are set through
an iterative process. This starts with determining whether 6, .. is
at least 4 x A6uy,. If not, then the process stops (because it is not
realistic to generate a 7' (r) profile from less than 4 bins). If it is
exactly 4 X A6Ouyin, then 4 bins (each of O, in width) are used in
the analysis. If it is 5 X A6, then some bins may be expanded (to
2 X ABmin, 3 X ABpin, €tc.) to improve the signal-to-noise ratio. The
width of a given bin expands (inwards) until either (i) the user-defined
minimum number of background subtracted counts is reached, or (ii)
the number of bins drops to 4. The number of bins defined in this
way will depend on the quality of the detection and on the Ry (and
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hence projected size) of the cluster. We note that XGA also includes
a method to define the annuli based on a minimum signal-to-noise
ratio, which may have some advantages (Rossetti et al. 2024, showed
that low source-to-background ratios can systematically temperature
measurements), though we do not use this functionality in this work.

The way that the annular spectra are radially binned can have a
significant effect on the temperature profiles that are created from
them, and different criteria may be used to decide on the binning
(see e.g. Chen et al. 2024). The goal is to make the extraction region
large enough that sufficient X-ray counts are present to constrain
spectral properties (e.g. temperature), whilst maintaining a good
spatial resolution.

Achieving a minimum number of counts per spectral annulus
is not always sufficient to guarantee a ‘good’ temperature profile.
In an effort to mitigate potential issues, we generate two sets of
temperature profiles, with different targeted minimum counts per bin
(1500 and 3000 counts). As 1500 counts should be sufficient for a
well constrained 7x value (see fig. 16 in Lloyd-Davies et al. 2011),
preference is given to profiles measured from those spectra. However,
if there is a problem with the 1500 count-binned temperature profile,
we instead use the 3000 count-binned profile. Such problems include:

(i) The spectral fitting process failing to converge for some annuli.
Even if only one annulus failed in this manner, the entire temperature
profile is unusable.

(i) Annular temperature values have very poorly constrained
uncertainties, this can make the deprojection process quite unstable,
and cause problems when fitting a temperature profile model to the
final 3D temperature profile.

(iii) Model fits to the deprojected, 3D, temperature profile result-
ing in unphysical mass profiles, where the hydrostatic mass radial
profile is not monotonically increasing. An unreliable density profile
could also be responsible, but the annular spectra measurements
require a higher base data quality, so they are thought more likely to
be the cause.

For the clusters analysed herein, the number of annular bins varied
from N =4 (the defined minimum) to N = 22. For our example
clusters, it was N = 17 and 4 for SDSSXCS-55 and SDSSXCS-
6955, respectively.

Once the source and background regions have been defined,
spectra are generated for every camera-plus-observation combination
(and in each bin for the radial analysis) of the respective galaxy
cluster.

For our example clusters, SDSSXCS-55 and SDSSXCS-6955, this
corresponds to 6 (132) and 6 (24) spectra, respectively, for the global
(radial) analyses; the annular spectra for this example were generated
with a minimum of 1500 counts. XGA uses the SAS evselect tool
to create the initial spectra, selecting events with a FLAG value of
0, and a PATTERN of <4 for PN and <12 for MOS data. The SAS
specgroup tool is used to re-bin each spectrum so that there is
minimum number of counts per channel (in the analysis herein, we
set that to be 5, though it can be configured by the user).

The spectral analysis requires response curves (known as ancillary
response files; ARFs) to proceed. These are calculated for each
spectrum individually. For this, we use a detector map generated
with x and y bin sizes set to 200 detector coordinate pixels, and with
the same event selection criteria as the spectrum. We preferentially
select an image from another instrument, if available, e.g. a PN image
for an MOS detector map, and vice versa. This helps to mitigate the
effects of chip gaps.

XCS: Automating cluster hydrostatic masses 1409
. Projected Temperature Profiles
8
<= || 1 ~++
E - _____'—’I‘Tl__ L e B + |55 S, fusl IS
= T»]«Hﬂ. 1 J[
25
% ---- SDSSXCS-55 Tx 500
gs SDSSXCS-6955 T, 500
£ 4 SDSSXCS-55 -H-
e SDSSXCS-6955 “H“
3
83
g
o
2
1

0.1
Radius [Rsop]

Figure 3 Projected temperature profile measurements for the demonstration
clusters, SDSSXCS-55 (upper points) and SDSSXCS-6955 (lower points).
Temperatures are plotted against the central radii of the annuli they were
measured within. The global temperature values measured by XGA within
Rsop for each cluster is indicated by horizontal lines, with the shaded region
representing 1o uncertainty.

XGA uses XSPEC (Arnaud 1996) to fit emission models to the
spectra. For the analyses herein,” we use an absorbed plasma emis-
sion model (constant xtbabsxapec; Wilms et al. 2000; Smith
et al. 2001). The multiplicative factor represented by constant
helps to account for the difference in normalization between spectra
being fitted simultaneously. The ny values required by tbabs are
retrieved using the HEASOFT nh command.!® The starting metal
abundance value (Z) is defined by the user. For the analysis herein,
Z = 0.3Z; was used. The redshift is always fixed at the input value
during XGA fitting. The ny and Z value can be fixed or left free
depending on the use case. For our example clusters, SDSSXCS-55
and SDSSXCS-6955, and the analysis in Section 4, they were fixed.

The fits are performed using the c-statistic (Cash 1979), and the
methodology is described in detail in (Giles et al. 2022, section 3).
There are several quality checks in the Giles et al. (2022) method
that have been replicated in XGA. The main quality checks ensure
that a spectrum has more than 10 usable (or ‘noticed’) channels, that
a model fit to that individual spectrum produced parameter values
within specified acceptable bounds (for instance, a temperature must
be less than 20 keV), and that the parameter uncertainties are within
specified acceptable values. If a given spectrum fails one of those
checks, then it is removed from the final simultaneous fit. If all
spectra related to a given analysis region are removed in this way,
then no spectral parameter fits will be reported by XGA. Note that not
all spectra will yield fitted parameters.

Spectral fitting results for our two example clusters are shown
in Fig. 3. We note that the outer temperature bins can have smaller
absolute uncertainties than the inner bins — there are several potential
causes; (i) XMM is more sensitive at lower energies (peaking at ~1
keV), allowing better constraints on lower temperatures; (ii) some
galaxy clusters (such as SDSSXCS-6955) are off-axis, meaning that
their outer regions could coincide with the maximum sensitivity
region near the centre of the pointing; and (iii) the line of sight
of the outer bins will intersect with gas that has fewer temperature

9XGA can use a range of other emission models if the user prefers.
10H14PI Collaboration (2016) data are used by the nh tool.
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Figure 4 A demonstration of the image PSF correction capabilities of XGA. The white cross-hair indicates the UDC® of SDSSXCS-55. The white circle
indicates the Rsgp aperture centred on the UDC®. Both images show the 2Rsgg x 2Rsoo region. Left: the combined rate map before PSF correction. Right: after
PSF correction. Note, individual camera images were corrected separately, and then stacked.

components than the inner bins, allowing smaller uncertainties when
fitting with a single-temperature-component model. Validation tests
of the XGA spectral fitting process can be found in Section 3.

2.6 Correcting images for PSF distortion

The XMM EPIC-PN on-axis PSF has an FWHM of ~12.5 arcsec
(XMM-Newton SOC et al. 2022), and the EPIC-MOS1 and MOS2
camera on-axis PSFs have an FWHM of ~4.3 arcsec. The PSF of
all three EPIC cameras changes size and shape depending on the
position on the detector, with the PSF causing stretching of bright
sources along the azimuthal direction (e.g. Read et al. 2011; XMM-
Newton SOC et al. 2022). The XMM PSFs also have a non-zero
effect on observations of extended sources, especially brighter ones.
Previous analyses (e.g. Croston et al. 2006; Eckert et al. 2016) have
accounted for this by constructing a mixing matrix that describes the
shifting of photons between different radial bins by a 1D model of
the PSE.

We have taken a different, generalized, approach to correcting for
PSF effects. Rather than apply PSF corrections in 1D after the SB
profile has been created, we opt to correct the image itself, from which
a profile will then be generated. These corrections are important to
our goal of estimating Mpyq4, because the p(r) profiles rely on SB
maps (see Section 2.7).

Different characterizations of the XMM PSF exist (XMM-Newton
SOC et al. 2022), with one simple treatment being a King model
(with the same functional form as the second entry in Table A1). The
most sophisticated is ELLBETA (Read et al. 2011), which includes
components for the general shape of the PSF envelopes, the spokes,
variation with radial/azimuthal position, and energy.

The PSF correction system in XGA uses the Richardson—Lucy
algorithm (Richardson 1972; Lucy 1974); which iteratively decon-
volves the known PSF with the data, in order to recover the original
unblurred image. This methodology has been used to correct X-ray
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telescope images in previous work (Hwang & Gotthelf 1997; Prato
et al. 2012; Sakai et al. 2023). Our implementation accounts for
the spatial variation of the PSF by deconvolving local realizations
of the PSF with different parts of the image. The first step is to
decide which modelling of the PSF to use — we make use of the
XMM-SAS psfgen tool to generate realizations of the PSF, so XGA
supports any model which it supports. This work exclusively uses
ELLBETA, which is the default choice in XGA. At this point, the
coordinates at which to generate PSF realisations is defined — we
bin the XMM FoV into a 10-by-10 grid (the number of bins is user
configurable). A PSF instance at the centre of each bin is generated
for instrument-observation combination (as PSF shapes vary between
instruments they must be treated individually). The XMM PSF shape
is not strongly energy dependant (XMM-Newton SOC et al. 2022),
so we assume an energy of 1 keV.

Once the requisite PSF realizations have been produced for a
observation-instrument combination, they are each used to decon-
volve a copy of the whole image (though each PSF is only valid for a
small part of the image). This process iterates 15 times (the number
of iterations is user configurable), with the output of each iteration
acting as the input for the next. We are then left with one whole
‘corrected image’ per PSF central coordinate, though only the area
of each image bounded by the spatial bin the PSF was defined for is
valid. These regions are cut out and stitched together to form the final
spatially varying PSF-corrected image. At this stage, the corrected
images are treated like any other image in XGA, and can be retrieved
by the user, paired with an exposure map to form a PSF-corrected
count-rate map, or combined with other PSF-corrected images of the
same galaxy cluster to create a stacked PSF-corrected image. Fig. 4
shows a comparison of the pre- and post-PSF correction combined
count-rate maps for our two example clusters.

We consider the choice of spatial binning and iterations to be
tunable hyper-parameters in this analysis, but have found that the
choices used here are a good balance between compute time and
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Figure 5 SB profiles (constructed from images in the 0.5-2.0 keV band)
generated by XGA for SDSSXCS-55 (upper points) and SDSSXCS-6955
(lower points), with the spatial binning set to one pixel (4.35 arcsec). Residuals
to the fit to a Beta model are shown in the bottom panel.

performance. Using a finer spatial grid for PSF generation intuitively
makes the overall correction more valid, as the generated PSF
realizations are each representative of a smaller part of the detector,
but the time taken to both generate and apply the corrections increases
dramatically. We have found that different numbers of PSF bins
can have small effects on the shape of the SB profiles, and thus
the gas density profiles; with final gas mass results varying in the
~1 — 5 per cent range. Our tests have also shown that 15 iterations is
generally sufficient to reach convergence. We will undertake further
exploration of the impacts of the parameter choices in the future.

2.7 Generating surface brightness and emissivity profiles

XGA can be used to construct radial SB profiles from combined
(Section 2.2) PSF-corrected (Section 2.6) rate maps. In this work,
profiles are centred on the UDC?, and the outer radial bound can be
specified as either Ryspo/ Rsoo (provided by the user as an initiation
input to XGA; see Section 2.1) or a custom radius. Currently, XGA
profiles must be generated in concentric circular bins; setting limits
on the azimuthal angle is not supported (we aim to add this feature
in the future; see Section 5.2.4).

A background region also needs to be defined. In XGA, the back-
ground region is an annulus. For our example clusters, SDSSXCS-55
and SDSSXCS-6955 (and for the analysis presented in Section 4), the
inner and outer radii were set at 1.05Rsop and 1.5 Rsqp, respectively.
Other sources in the respective XMM combined rate maps were
removed prior to profile generation using the automated and XGA
generated masks (see Sections 2.3 and 2.4). For the analyses herein
(unless otherwise stated), we used the default XGA settings radial
bins of width 1 pixel (4.35arcsec) and an energy range of 0.5—
2.0 keV. The uncertainties on the background-subtracted SB profile
are calculated by assuming Poisson errors on the counts in each
annulus. Fig. 5 shows cluster SB profiles for SDSSXCS-55 and
SDSSXCS-6955.

The SB profiles are projected quantities and are in instrument
specific units (i.e. detected photons per second per unit area). The
next step toward our goal of measuring a p(r) profile is to deproject
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them and to infer a 3D profile (i.e. emitted photons per second per
volume). As the true 3D distribution of ICM electrons is unknown,
we have to rely on a model for the deprojection. Fitting to radial
profiles using XGA is described in Appendix A. We use the Beta
model throughout this work, but other models are available in XGA.
This model takes the form:

R A2\ S
Sx(R) = So (1 + (R7) > , (2)

where S, is a normalization factor, R, is the radius of the core
region, and B is the slope outside the core region. Parameter priors
used during this work can be found in Table A1. An advantage of the
Beta model is that there is an analytical solution for the inverse-Abel
transform which is used to deproject it from a 2D to a 3D profile,
making the assumption of spherical symmetry. This results in a 3D
radial volume emissivity profile €(R).

2.8 Generating density profiles

With the emissivity profiles in hand, the next task is to convert them
to gas density profiles. For this, we use of the definition of the APEC
emission model normalization,

1014
A7 (DA(1 + 2))2 /"“"”dv’ )

where Naprc is the normalization of the APEC plasma emission model
(in units of cm™>), D 4 is the angular diameter distance to the cluster
(in units of cm), z is the redshift of the cluster, and n, and n, are the
electron and proton number densities (in units of cm ™).

To make use of equation (), we need to calculate a conversion
factor, Ky, between Napgc and XMM count-rate (C, ), where Nppgc =
KnC,. To calculate Ky, we implement an XGA interface to the
XSPEC tool FakeIt, which can be used to simulate spectra given an
emission model and an instrument response. This is used to generate
simulated spectra for every camera-plus-observation combination
(using ARFs and RMFs extracted at the UDC® during the generation
of spectra, see Section 2.5). The simulations are performed using
an APEC model absorbed with tbabs. The ny value for tbabs
is set to the HI4PI Collaboration (2016) value for that cluster. The
spectra are simulated with a normalisation fixed at 1, a fixed global
temperature measured for that cluster (within Rsgo for LoCuSS high-
Lx/SDSSRM-XCS, within 300 kpc for XXL-100-GC), a metallicity
of 0.3 Z, and the input redshift of the cluster. The simulated spectra
are all ‘observed’ for a set exposure time of 10 ks, and are used
to measure count-rates in the 0.5-2.0 keV band, which corresponds
to the energy range of the rate maps used to generate SB profiles.
The count-rates for each instrument of each observation are then
weighted by the average effective area between 0.5-2.0 keV (drawn
from the corresponding ARF) and combined into a single conversion
factor K. This conversion factor is suitable for use with emissivity
profiles generated from combined rate maps.

This conversion factor, K, allows equation (3) to be written in
terms of the spherical shell 3D emissivity €(R) = C,(R)V~!, and
the product of the electron and proton number densities n.n, (which
we can use to calculate the total gas density),

Napec =

Ar Kn(Da(1 + 2))%€(R)
10-14 :

At this point, we assume the ratio of electrons to protons in the
ICM, given by n, = R,, x n,, which substituted into equation (4),

ne(Ryn,(R) = “
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Figure 6 Gas density models generated by XGA for SDSSXCS-55 (line with
the highest density in the core) and SDSSXCS-6955 (line with the lowest
density in the core). These are determined from the model fits to SB profiles
shown in Fig. 5.

gives an expression for n, of

&)

Ar Kn(Da(1 + 2))%€(R)
np(R):\/ . R:,]O_lf

We choose to use the solar abundances presented in Anders &
Grevesse (1989) to calculate this ratio, R., = 1.199. The total gas
number density, ng =n, +n, = (1 + R,,)n,, is thus calculated
using the expression for n,, from equation (5).

At this point, the mean molecular weight © = 0.61 and the atomic
mass unit are used to convert number density to mass density. Thus,
we calculate gas density from emissivity with quantities that we can
measure, or already know;

4r Kye(R)(D4(1 2
pgas<R>=umu<1+Rep)\/ TR DAt ©
ep

Once the radial gas density profile is measured using equation
(6), we use the fitting functionality discussed in Appendix A to fit
a parametric model to the resulting data points. Density profiles for
SDSSXCS-55 and SDSSXCS-6955 are shown in Fig. 6.

2.9 Measuring gas masses

Once a gas density profile (equation 6) has been derived, we can use
it to measure total gas masses within given radii. This is achieved
through a spherical volume integral,

Ra
Myu(< Rs) = 41 / Pes(RIRYR, %)
0

and can be used to measure both total gas masses within particular
radii (e.g. Rsqp), or to create cumulative gas mass profiles.

It is desirable to account for all significant sources of uncertainty
in the calculation of gas masses. One source of uncertainty is
that on the overdensity radii within which gas mass is measured,
which is not accounted for in our measurement of the density
profile. Therefore, we have added an optional mechanism to account
for uncertainty in the physical radius (e.g. Rso) when calculating
gas mass. For this, we assume a Gaussian posterior distribution
for the radius, with the mean being the published value and the
standard deviation being the published error. This radius distribution
is sampled along with the profile model posterior distributions to
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create a gas mass measurement distribution, with the sampled radius
for each combination of sampled model parameters acting as the
outer radius within which the integral is evaluated. We have applied
this method in Section 3.2.2 where we compare XGA and Eckert
et al. (2016) gas mass estimates for the XXL-100-GC sample. This
is due to the fact that the gas masses measured in Eckert et al. (2016)
also account for overdensity radius uncertainty in their analysis. We
also use it in Section 4 when generating new Mpyar, estimates for
SDSSRM-XCS clusters.

To demonstrate the effect of including the uncertainty on the
input radius, the measured gas mass for SDSSXCS-6955 within
Rspo (669.075%9 kpe; see Table 1) is My, = 1.15570.057 102 Mg,
excluding the uncertainty on Rso, and M5 = 1.153f8;8§2 102 Mg
including the Rsyp uncertainty. We can see that the gas mass
uncertainties, when we account for radius uncertainty, are ~3 times
larger than when we donot.

2.10 Generating 3D temperature profiles

The second property we must measure to calculate a cluster’s hydro-
static mass is the 3D temperature profile. The radial spectral analysis
described in Section 2.5 results in a set of projected temperature
measurements (one for each of the N radial bins). Each projected
temperature is a weighted combination of the temperatures in the 3D
shells of the cluster that the annulus intersects with. To recover the
3D distribution, 7'(r), we opt to use the ‘onion-peeling’ method (see
descriptions in e.g. Ettori et al. 2002; Ghirardini et al. 2018). First, the
volume intersections between the analysis annuli (projected back into
the sky) and the spherical shells which we separate each cluster into
(defined as having the same radii as the annuli) must be calculated.
The volume intersections can be calculated (see appendix A of
McLaughlin 1999) as,

4 2 243 2 243
Vine = 3 [maX{O, (R, — R, ))?} — max{0, (R, — R, )2}

+max(0, (R% — R2)?) — max{0, (RS — RDH)],  @®)

where R, is the matrix of shell outer radii, R,, is the matrix of
annulus outer radii, R is the matrix of shell inner radii, and R
is the matrix of annulus inner radii. The V;, matrix is a 2D matrix
describing volume intersections between all combinations of annuli
and 3D shells.

Second, an emission measure profile is calculated using the APEC
normalization 1D profile produced during the spectral fitting of
the set of annular spectra. This calculation uses equation (3) and
rearranges to solve for the integral. As the projected temperature
measured within a given annulus is a weighted combination of the
shell temperatures intersected by that annulus, we can infer the
temperature of a shell (for past usage see Ghirardini et al. 2018) with

(VT )_1 X TannulusEM

nt

(Vi)' x EM

T shell = (9)

T hen is the matrix of spherical shell temperatures that we aim to
calculate, V', is the matrix of volume intersections between all com-
binations of annuli and shells (see equation §), EM is the emission
measure matrix, and 7 ,ynuus 1S the projected temperature matrix;
X represents the matrix product. We propagate the uncertainties
from the projected temperature and emission measure profiles by
generating 10000 realizations of each profile, assuming Gaussian
errors on each data point. We then use the profile realizations to
calculate 10000 instances of the deprojected temperature profile.
These distributions are used to measure 90 per cent confidence limits
on each deprojected temperature data point.
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Figure 7 3D temperature profiles, deprojected from the temperature profiles
shown in Fig. 3, for SDSSXCS-55 (upper points) and SDSSXCS-6955 (lower
points). Fits to the temperature profiles using the simplified Vikhlinin model
in equation (10), using the process outlined in Appendix A, are given by the
blue (SDSSXCS-55) and orange (SDSSXCS-55) solid lines. For each fit, the
shaded regions, bounded by the dashed lines, represent the 1o uncertainty.
Residuals to the fit are shown in the bottom panel.

Once 3D, deprojected, gas temperature profiles have been mea-
sured, we use the methods discussed in Appendix A to model the
profiles with a simplified version of the Vikhlinin et al. (2006)
temperature model as detailed in Ghirardini et al. (2018). The use of
the simplified model allows for the modelling of temperature profiles
with fewer temperature bins (due to the use of less free parameters).
This temperature profile takes the form:

Tip(r) = Ty (("c:u]) + TTL(;") (% N 1)7% )

- Acool ’
+1
Tcool

where Tj is a normalization factor, 7 ,;, is the minimum temperature,
Tcool 18 the radius of the cool central region, a0l 1S the slope of the cool
region out to a radius r.., and c is the slope at large radii occurring
at a transition radius r,. Parameter priors can be found in Table Al.
Fig. 7 shows 3D temperature profiles for clusters SDSSXCS-55 and
SDSSXCS-6955, along with the corresponding 1o uncertainty (given
by the shaded regions).

2.11 Generating hydrostatic mass profiles

Once we have measured a 3D radial gas density profile (details
in Section 2.8) and a 3D radial temperature profile (details in
Section 2.10), we can use equation (1) to measure hydrostatic masses.
As such, XGA creates hydrostatic mass profiles as a function of radius
(e.g. Fig. 8). The hydrostatic mass equation not only involves the
temperature and density profile values at each radius for which a
enclosed mass is measured, but also the derivatives of those profiles
with respect to radius. The king profile and temperature profiles both
have analytical first derivatives, and as such these are used to calculate
the slope at a given radius, rather than a numerical approximation.
XGA models can return posterior distributions of the value of
the model (or model slope) at a given radius, rather than a single
value. This is based on drawing randomly from the parameter
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Figure 8 Example hydrostatic mass profiles generated for SDSSXCS-55
(upper line) and SDSSXCS-6955 (lower line). This profile was generated
using the model fits to the density profile shown in Fig. 6, and the temperature
profile shown in Fig. 7.

posterior distributions found from the fitting process described in
Appendix A. When calculating a hydrostatic mass at a specified
radius, the temperature and density parametric models generate
10000 realizations of themselves; these realizations are then used

to retrieve absolute values of T3p and p, at the specified radius, as
well as dg% and dd% values. As such a distribution of hydrostatic
mass measurements is created for the given radius, and 90 per cent
confidence limits are calculated.

We also implement an optional method of propagating errors on
the chosen radius, to help account for uncertainties on the overdensity
radii which masses are commonly calculated within. This is akin to
the optional step implemented for the calculation of XGA gas masses
at the end of Section 2.9. When an uncertainty is provided along
with a radius, we assume a Gaussian distribution and draw 10 000
random radii. Then, when the profile realizations are generated and a
distribution of hydrostatic masses are measured, the randomly drawn
radii are used rather than a fixed value. Distributions are generated
for absolute values and derivatives can all take radius uncertainties
into account. This is not used in our comparisons to LoCuSS
My4ro measurements in Section 3.2.3, as radius uncertainties were
not published by Martino et al. (2014). We do include radius
uncertainties in our calculation of SDSSRM-XCS cluster masses
presented in Section 4. Mass profiles for the clusters SDSSXCS-55
and SDSSXCS-6955, along with the corresponding 1o uncertainty
(given by the shaded regions), are shown in Fig. 8.

3 VALIDATION TESTS

We have tested the validity of the XGA approach described in Section 2
by comparing the XGA outputs to those presented in the literature.
For this. we have used three different cluster samples. The samples
used for validation are described in Section 3.1. In Sections 3.2.1,
3.2.2,and 3.2.3, we compare the XGA measurements of Tx, M, and
Mhyaro, respectively, to literature values.

3.1 Validation samples

The validation samples are SDSSRM-XCS (Giles et al. 2022), XXL-
100-GC (Pacaud et al. 2016), and LoCuSS high-Lx (Martino et al.
2014). The properties of the validation samples are summarized in
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Table 2. Summaries of the literature galaxy cluster samples used in this work (see Section 3) to validate the XGA methodology.

Sample name New, z

Brief description

SDSSRM-XCS 150, 0.1<z<0.35

SDSS redMaPPer clusters (Rykoff et al. 2014) with available XMM observations. Section 3

presents a comparison to results presented in Giles et al. (2022).

XXL-100-GC 99,0.05 <z <09

Drawn from a sample of the 100 X-ray brightest clusters in the XXL survey regions (Pacaud

et al. 2016; Pierre et al. 2016). Section 3 presents a comparison to results presented in Giles
et al. (2016) and Eckert et al. (2016).

LoCusSS high-Lx (a) 33,015 <z<03

Drawn from clusters detected in the the ROSAT All Sky Survey (Ebeling et al. 2000). The

sample contains 50 clusters satisfying the following conditions; ng < 7 x 10?9 cm?,

—25° < 8 < 65°, and Lx[0.1 —2.4keV]E(z) 27 > 4.2 x 10* erg s—!. All clusters have
subsequent observations by XMM or Chandra. Section 3 presents a comparison to 33 clusters
with XMM-derived results presented in Martino et al. (2014).

LoCuSS high-Lx (b) 32,0.15<z<03

As above, but for clusters satisfying Lx[0.1 —2.4keV]E(z)~! > 4.4 x 10* erg s~! between

0.15 < z < 0.24, and Lx[0.1 — 2.4 keV]E(z)~' > 7.0 x 10* erg s~! between
0.24 < z < 0.3. Resulting in a sample of 41 clusters. Section 3 presents a comparison to 32
clusters with XMM-derived results presented in Mulroy et al. (2019).

Table 2. We note that although both XMM- and Chandra-based
measurements are presented in Martino et al. (2014), we only
make comparisons here with XMM, given the known discrepancy
between XMM- and Chandra-derived temperature estimates (e.g.
Schellenberger et al. 2015). Excluding duplicates, a total of 268
clusters have been used in the validation tests presented below.
Duplicate clusters were identified by cross-matching the samples; to
be considered a match, two sources needed to be within a projected
distance of 500 kpc (at the cluster redshift) and with |Az| < 0.05.
For each test, we adjusted the XGA initiation values (Section 2.1)
to follow those used in the published works as closely as possible
(see Sections 3.1.1-3.1.3). A companion GitHub repository (see
Appendix B for a summary of the structure and contents) contains
the exact sample files used in this section.

3.1.1 SDSSRM-XCS

‘We have used XGA to re-analyse a sample of 150 clusters presented
in Giles et al. (2022, hereafter G22). These clusters are referred
to as the SDSSRM-XCSTx ., subsample in G22 (see Table 2,
therein), but hereafter will be referred to as SDSSRM-XCS for
simplicity. The SDSSRM-XCS clusters in the sample were originally
selected from SDSS photometry using the RM algorithm (Rykoff
et al. 2014). The 150 SDSSRM-XCS clusters represent the subset
of the original ~66 000 SDSSRM cluster catalogue that meet the
following criteria: they lie within the footprint of the the XMM
archive, were successfully processed by the XCS imaging and
spectroscopic pipelines (ATx < 25 per cent), and have redshifts in
the range 0.1 < z < 0.35.

The following elements are in common between G22 and our
analysis of the SDSSRM-XCS clusters:

(1) The cosmological model; flat lambda-cold dark matter
(ACDM), assuming Qy = 0.3, Q4 = 0.7, and Hy = 70 km s~!
Mpc~!.

(i) The XMM data reduction, image generation, and source
detection (Section 2.1). This was performed outside of XGA,
exactly following the G22 approach. This meant that the auto-
matically masked regions (Section 2.3) were the same in both
analyses.

(iii) The UDCs®, redshifts, Rsqy, and Rysgo values. Therefore, the
source apertures, and the background annuli (either 1.05-1.5Rs
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or 2-3Rys09) were the same (i.e. size, shape, and location) during
the global spectral fits (Section 2.5), and construction of SB profiles
(Section 2.7).

(iv) The model used during the XSPEC fits. Both analyses used an
absorbed APEC plasma model with the column density, redshift, and
metal abundance fixed during the fit.

Differences include:

(1) The choice of manually adjusted source masks and excluded
XMM observations (Section 2.4).

(i1) Different versions of certain software packages; G22 used SAS
v14.0.0 and XSPEC v12.10.1f, whereas this work uses SAS v18.0.0
and XSPEC v12.11.0.

(iii) The pipeline used for the global spectral analysis (there was
no radial spectral analysis G22). Herein we use XGA, whereas
G22 used XCS3P. One important difference between the two
pipelines is the treatment of XMM subexposures. Some XMM
observations contain multiple subexposures by the same instru-
ments. The analyses performed by XGA only make use of the
longest individual subexposure for a particular instrument of a
particular observation, whereas XCS3P makes use of all of the
subexposures.

3.1.2 XXL-100-GC

We used XGA to re-analyse 99 of the 100 clusters first described
in Pacaud et al. (2016). The cluster XLSSC-504 was excluded to
be consistent with the Giles et al. (2016) study. A further two
clusters were excluded as they did not successfully pass XGA data
quality checks: backscale errors were encountered during spectral
generation for XLSSC-11, and, for XLSSC-527, no observation
fulfills the XGA criterion that the 300 kpc coverage (Section 2.1)
fraction should be > 70 per cent. We compare the XGA derived global
temperature measurements of the remaining 97 to those presented in
Giles et al. (2016),'! and the XGA derived gas mass measurements to
those presented in Eckert et al. (2016).1

http://vizier.u-strasbg fr/viz-bin/VizieR-3?-source = IX/49/xx1100gc
12The uncertainties on Rsgg values used in Section 3.2.2 are retrieved directly
from Eckert et al. (2016).
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Our analysis of the XXL-100-GC clusters included these elements
in common with the published works:

(i) The cosmological model: 2y = 0.28, 2, = 0.72, and
Hy =70 km s~! Mpc~', the WMAP9 results (Hinshaw et al. 2013).

(ii) The UDCs®, redshifts, and analysis regions (r = 300 kpc) of
the clusters. Therefore, the source apertures were the same (i.e. size,
shape, and location) during the global spectral fits (Section 2.5), and
construction of SB profiles (Section 2.7) of both analyses.

(i) The model used during the XSPEC fits was the same. Both
analyses used an absorbed APEC plasma model with the column
density, redshift, and metal abundance fixed at 0.3 Zy (using
Anders & Grevesse 1989, abundance tables; angr in XSPEC) during
the fit.

(iv) XSPEC fitting within an energy range of 0.4-7.0 keV.

(v) SB profiles were derived from images generated in the 0.5—
2.0keV energy band.

(vi) SB profiles are generated out to 1.2 Rsq.

(vii) The global temperature value from Giles etal. (2016, Ty ™)
was used for the conversion from SB to emission measure (see
Section 2.7).

(viii) Mg, values, and errors, were estimated within Rsoy taken
from Eckert et al. (2016). Additionally, M,,, uncertainties include
the error on Rsyg as performed in Eckert et al. (2016), see Section 2.9.

Differences include:

(i) The input XMM observations. Our analysis includes some
XMM observations that entered the archive after the publication of
Giles et al. (2016).

(i) The approach to background subtraction for the global spectral
analyses. We used a local, in field, subtraction technique with an
annulus of width 1.05 — 1.5Rs00 (or 2 — 3Ry5090 depending on the
aperture; the background annulus is entirely controllable by the user)
centred on the UDC®. By comparison, Giles et al. (2016), used either:
(1) an annulus centred on the aimpoint of the XMM observation,
with a width determined by the diameter of the analysis region of
the galaxy cluster (see fig. 1 of Giles et al. 2016); or (2) an annulus
centred on the cluster centroid with an inner radius equal to the
extent of the cluster emission and an outer radius a factor 2x the
inner radius.

(iii) The approach to background subtraction used during the
generation of SB (and thus emission measure) profiles. Whereas
we used a simple technique (see above), Eckert et al. (2016), used a
model for the non-X-ray background and a spatial fit for the X-ray
background (see sections 2.2 and 2.3 in Eckert et al. 2016, for more
detail).

(iv) The choice of manually adjusted source masks and excluded
XMM observations (Section 2.4).

(v) Different versions of certain software packages. Pacaud et al.
(2016) used sAS v10.0.2, whereas we use SAS v18.0.0. Giles et al.
(2016) used XSPEC v12.8.1i, whereas we use v12.11.0.

(vi) The pipelines used to generate the various analysis products
required to obtain Tx and Mg, (< r) estimates. Herein, we use XGA
(Section 2), which differs in several ways to those used in Pacaud
et al. (2016), Giles et al. (2016), and/or Eckert et al. (2016).

3.1.3 LoCuSS high-Lx (a)

We have used XGA to analyse the 33 LoCuSS clusters presented in
Martino et al. (2014), for which their gas and hydrostatic masses
are determined using only XMM observations. These clusters form
the first LoCuSS validation sample, referred to as LoCuSS high-Lx

XCS: Automating cluster hydrostatic masses
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(a). The full sample definition is given in Table 2. We note that
we do not measure any results for ‘RXCJ1212.3—1816’, as its sole
XMM observation (0652010201) was excluded during the inspection
detailed in Section 2.4 due to residual flaring. Our analysis of the
LoCusSS high-Lx clusters included these elements in common with
the published works:

(i) The cosmological model: flat ACDM, assuming 2y = 0.3,
Qx =0.7,and Hy =70 km s~! Mpc~.

(ii) The UDCs® (i.e. choice of cluster centroid locations) and
redshifts values were taken from Martino et al. (2014). To compare
gas and hydrostatic masses, we used the Rsoy values given in Martino
et al. (2014). Therefore, the source apertures were the same (i.e.
size, shape, and location) in the relevant aspects (global spectral fits,
Section 2.5) of both analyses.

(iii) The model used during the XSPEC fits was the same. The
LoCuSS high-Lx (a) analyses used an absorbed APEC plasma model
with the column density and redshift fixed during the fit. The
metallicity is left free to vary. One small difference is that Martino
et al. (2014) uses the wabs model (rather than tbabs) to account
for absorption.

(iv) We perform XSPEC fits within an energy range of 0.7-10.0 keV.

(v) SB profiles were derived from images generated in the 0.5—
2.5 keV energy band.

(vi) Temperature profiles were constructed with a minimum num-
ber of background subtracted counts per annulus of 3000.

(vii) Global temperature values were measured from core-excised
(0.15-1R50p) spectra.

(viii) Errors on the gas masses do not include overdensity radius
uncertainties (see Section 2.9) as Martino et al. (2014) did not use
this approach in their analysis.

Differences include:

(i) The input XMM observations. Our analysis includes XMM
observations that entered the archive after the publication of Martino
et al. (2014).

(ii) The choice of manually adjusted source masks and excluded
XMM observations (Section 2.4).

(iii) The approach to background subtraction. Whereas we used
a simple, in field, subtraction technique with an annulus of width
1.05 — 1.5Rs0p (1.05-1.5 6/,,.,) centred on the UDC®, for the global
spectral and SB (radial spectral) analyses, Martino et al. (2014),
used a spectral modelling approach (see sections 3.3.1 and 3.3.3 in
Martino et al. 2014, for more detail).

(iv) Different versions of certain software packages; the Martino
et al. (2014) work uses SAS v11.0.0, we use SAS v18.0.0. It is not
stated which version of XSPEC was used by Martino et al. (2014), but
it will be a considerably older version than we use (v12.11.0).

(v) The pipelines used to generate the various analysis products
required to obtain Mg,s(< r) and Myyq40(< r) estimates. Herein, we
use XGA (Section 2), which differs in several ways to those used in
Martino et al. (2014).

(vi) The equations to model the density and 3D temperature
profiles differ between those used in this work (equations A2 and
A3 for density and temperature, respectively) and the form used in
Martino et al. (2014, see their equations 4 and 5 for density and
temperature, respectively).

3.1.4 LoCuSS high-Lx (b)

A modified version of the LoCuSS sample selection is given in
Mulroy et al. (2019), for which 32 clusters were analysed using only
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XMM observations'? to provide global temperature measurements.
These clusters form the second LoCuSS validation sample, referred
to as LoCuSS high-Lx (b). The full sample definition is given in
Table 2. As the Mulroy et al. (2019) is based largely upon the
same analysis as Martino et al. (2014), many of the similarities and
differences are the same as those given in Section 3.1.3. However,
those specific to LoCuSS high-Lx (b) are given below. The elements
in common include:

(1) To compare global temperatures, we used the same Rsy value
as that used in Mulroy et al. (2019). The Rsgo 14 yalues were estimated
from the weak-lensing analysis outlined in Okabe & Smith (2016).

Differences include:

(1) Specific information regarding the background subtraction
methods used to derive the global Tx values provided in Mulroy
etal. (2019) is not given, but we assume the same (spectral modelling)
approach was used as that detailed in Martino et al. (2014).

3.2 Validation of derived properties

The validation of the derived properties takes the form of one-to-
one (1:1) comparisons to the validation sample described above, and
are quantified by fitting a power law with the slope fixed at unity.
The fits were performed in log space using the R package Llnear
Regression in Astronomy (LIRA,'> Sereno 2016a), fully described
in Sereno (2016b). The validations are visualized via 1:1 plots for
each property compared, and in each case the best fit is given by
a light-blue solid line and the 68 per cent confidence interval by the
light-blue shaded region. The 1o, 20, and 30 intrinsic scatter is given
by the grey shaded regions. A summary of fit results can be found
in Table 3. In the following sections, we discuss the comparisons
of each property for each sample in more detail. The results can be
reproduced using public Jupyter notebooks.

3.2.1 Validation of xGa derived global Tx values

SDSSRM-XCS. The temperature comparison is shown in Fig. 9
for both the Ryso0 (a) and Rspo (b) apertures. The best-fitting
normalizations are 0.99£0.00 and 1.00£0.01 for 7% and 72",
respectively. This highlights that the XGA and G22 values are in
excellent agreement. This is expected, given the similarities in the
input data and the methodology. There is some small amount of
scatter around the 1:1 relation, which can be attributed to the small
differences in the method (see Section 3.1.1).

XXL-100-GC. The XGA analysis yielded T;OOkpC values for 97 of
the 99 clusters in the input sample. The temperature comparison is
shown in Fig. 10. The best-fitting normalization of 0.99+0.01 shows
that the XGA and Giles et al. (2016) values are in excellent agreement,
despite the large number of differences between the two approaches
(see Section 3.1.2).

LoCusSS high-Lx. The XGA analysis yielded global, core-excised,
temperatures values for all 32 of the input sample with XMM results
in Mulroy et al. (2019). The temperature comparison is shown in
Fig. 11. The best-fitting normalization is 1.0140.01, showing that
the XGA and Mulroy et al. (2019) values are in excellent agreement,

13The data tables in Mulroy et al. (2019) did not specific which values were
derived from XMM and which from Chandra. This information was provided
by Smith (private communication).

14These values were provided by Smith (private communication).

15LInear Regression in Astronomy
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Table 3. Best-fitting parameters of fixed-slope power-law models fit to
comparisons between original published properties of the validation samples
(see Section 3.1), and XGA-derived properties.

Property Sample Norm Scatter Figure
A Oint

72500 SDSSRM-XCS 0.99£0.01  0.02+£0.01  9(a)
T30 SDSSRM-XCS 1.00£0.01  0.04+0.01  9(b)
T XXL-100-GC 0.9940.01  0.04+£0.01 10
700 LoCuSS high-Lx(b)  1.01£0.01  0.04=0.01 11
MY XXL-100-GC 0.89+£0.06  0.5940.05 12
Mt XXL-100-GCvc ~ 1.0240.05  030+0.05  N/A
MBRY LoCuSS high-Lx(a)  0.97+£0.02  0.08+0.01  13(a)
M3 LoCuSS high-Lx(a) ~ 0.93£0.02  0.13£0.02  13(b)
MR LoCuSS high-Lx(a) ~ 1.10£0.03  0.08+£0.03  14(b)
My’ LoCuSS high-Lx(a) ~ 1.19£0.07  0.24£0.05  14(b)

Notes. T We perform a second comparison of XXL gas masses, excluding
clusters with an original or XGA value M3 < 5x10*Mg. The first
column indicates the property compared, the second the particular sample
(either SDSSRM-XCS, XXL, or LoCuSS high-Lx(a) and (b)), the third and
forth columns give the best-fitting normalization and intrinsic scatter (with
uncertainties) respectively, and the last column links to the relevant figure.

despite the large number of differences between the two approaches
(see Section 3.1.3).

3.2.2 Validation of xGa derived M, values

XXL-100-GC. The XGA analysis yielded Mggg values for 91 (of the
99) clusters contained in the XXL-100-GC sample. Fig. 12 shows
the comparison between XGA measured and gas mass estimates
published in Eckert et al. (2016). While the best-fitting normalization
of 0.89+0.06 highlights the XGA values are ~10 per cent lower than
those measured by Eckert et al. (2016), the difference is < 2o.
Therefore, there is broad agreement between the two analyses. This
is encouraging considering the significant differences in density
measurement between the two samples (see Section 3.1.2). We do
measure a potentially significant scatter between the original XXL
values and those produced by XGA (see Table 3). XXL data are
generally low signal-to-noise ratio (compared to the SDSSRM-XCS
and LoCuSS samples), which we believe is the likely origin of this
scatter measurement. Inspecting Fig. 12, it is evident that the lower-
gas-mass systems (which are likely to be lower signal-to-noise ratio
in the relatively uniform exposures of XXL) are the most scattered.
Indeed, it seems that they might be the main driver of the high scatter
measurement, as when we perform a comparison fit with clusters that
have both an XXL and XGA gas mass of greater than 5x10'> Mg,
we find a significantly reduced scatter (see Table 3). This gas-
mass-limited comparison produces a comparison fit normalization
consistent with unity within lo.

LoCuSS high-Lx. The XGA analysis yielded M3? values for 32 (of
33) LoCuSS high-Lx clusters. Note that the one cluster missing
(RXCJ1212) was excluded from this analysis during the visual
inspection process due to residual flaring. Comparisons of the gas
masses calculated within Rys0o (M, é;()o) and Rsgg (M ggg ) are presented
in Figs 13(a) and (b), respectively. The normalizations of the fits
are 0.97+0.02 and 0.93+0.02 for Mg and MY, respectively.
This highlights that the Mngsoo values are consistent, however, the
XGA measured M3 values are on average 7 per cent lower than the

gas

LoCuSS values (significant at the 3.50 level).
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Figure 9 The XGA APEC temperatures versus the XCS3P APEC temperatures within Rsgg (a) and Rps00 (b) for the SDSSRM-XCS sample (as taken from Giles
et al. 2022). The dashed line represents the 1:1 relation (note however, the dashed line may be hidden as the best-fitting line is overplotted).
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Figure 10 A comparison of global X-ray temperature values measured by
XGA and XXL analyses (as taken from Giles et al. 2016), for the XXL-100-
GC sample (see Section 3.2.1 for details). The 1:1 relation is highlighted by
the dashed line.

3.2.3 Validation of xGa derived Myyqro values

LoCuSS high-Lx. Fig. 14 shows a comparison between the XGA
and LoCuSS hydrostatic masses for M” (a) and My (b). We
successfully measure masses for 29 galaxy clusters (of 33) in the
LoCusSS high-Lx sample, 24 of which have XMM hydrostatic masses
measured by LoCuSS (which are compared in Fig. 14). When

10 1
L
—_
> A
Q
X
N
(0]
S
B x
= 5-
<
O
X
3- A
3 5 10

LoCuSS T3°*° (keV)

Figure 11 A comparison of global, core-excised, X-ray Rsgo temperatures
measured by XGA and LoCuSS analyses, for a subset of the LoCuSS high-Lx
sample. The temperatures are measured within core excluded weak-lensing
Rs00 values (within [0.15—-1]R50), presented in Mulroy et al. (2019).

compared to the LoCuSS masses (specifically those measured by
XMM), we find XGA measured masses 10 percent and 19 per cent

higher than LoCuSS for Mp>% and Mp°, respectively. While the
difference is significant at the 3.3¢ level for ley5°0, the difference is

< 30 for M*.
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Figure 12 A one-to-one comparison of gas masses measured for the XXL-
100-GC cluster sample, within Rsq, by Eckert et al. (2016) and an xGA
re-analysis. Sp profiles were fitted with Beta models, density profiles with
King models. Contains measurements for 91 of 96 XXL-100-GC clusters
analysed with XGA.

3.3 Discussion

From the tests presented above, we can conclude that the XGA
(almost'®) automated batch approaches to extracting estimates of T,
My, and Myyqr, are robust (see Figs 9-14 and Table 3). In only 2
(out of 9) of the tests was the normalization more than 3¢ from unity.
We have also effectively demonstrated the flexibility of our tools by
matching as closely as possible the original analysis methodologies
of three different samples; our use of the LoCuSS high-Lx and
XXL-100-GC samples in particular also show that XGA can adapt
to high and low signal-to-noise observations. All this illustrates that
XGA can be used to easily derive properties for large sets of galaxy
clusters. Uniquely, we have made XGA open and available for entire
community to use, and we also make every effort to encourage its
use by supplying extensive documentation and examples.

Where there are offsets, these are likely explained by the dif-
fering approaches taken during the analyses. The hydrostatic mass
comparison (as per equation 1) is sensitive to differences in the
normalization and slope of the temperature and density profiles. We
consider it most likely that any difference in masses are driven by
the temperature profiles, rather than the density profiles. For one
thing, temperature profiles require much higher data quality than
density profiles, though we have demonstrated that our temperature
measurement methodology produces values in excellent agreement
with literature. We expect that the main culprit is likely to be
the deprojection process for temperature profiles — it can be quite
sensitive to small differences, and the original LoCuSS (Martino
et al. 2014) analysis used a ‘forward modelling’ method (Meneghetti
et al. 2010), which is fundamentally different. We also note that
we have derived temperature profiles for all galaxy clusters for
which a hydrostatic mass has been measured, whereas some previous
work (e.g. Martino et al. 2014) assumes a temperature profile in

16The data checks described in Section 2.4 require human intervention.
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cases where there are low total counts. The XGA methodology for
measuring hydrostatic masses will not remain static, and we plan to
make multiple additions to the software in order to better constrain
them (see Section 5.2).

4 MASS ANALYSIS OF THE SDSSRM-XCS
SAMPLE

Here, we present hydrostatic masses for a subset of galaxy clusters
in the SDSSRM-XCS sample presented by Giles et al. (2022).

4.1 Masses for a subset of the SDSSRM-XCS sample

We attempt to measure masses for all 150 galaxy clusters in the
SDSSRM-XCS sample. Measurements presented in this section are
performed using XGA, within the Rsopp and Rpsop values measured
by G22. In Section 3.2.1, we demonstrated that the global XGA Tx
measurements are consistent with the original G22 analysis when
measured within identical apertures (see Fig. 9).

Temperature and density profiles were generated out to Rsgy (from
G22), with the hydrostatic masses estimated from these profiles at
Rso0 and Rssp0. Density profiles were generated as described in
Section 2.8, and temperature profiles were generated and selected
as described in Section 2.10 from annular spectra (described in
Section 2.5).

We are able to successfully measure hydrostatic masses for 104
of the 150 galaxy clusters in the SDSSRM-XCS sample. The
temperature profiles used for these measurements have between 4
(the minimum number allowed, see Section 2.5) and 26 annuli. This
set of hydrostatic masses adds significant value to the SDSSRM-XCS
sample, as well as representing one of the largest samples of cluster
hydrostatic masses available. As each mass is measured individually,
rather than derived through the stacking of different clusters (as is
usually the case for weak-lensing cluster masses), there are many
possible uses for the sample. Also, as SDSSRM-XCS clusters were
selected from optical/NIR via the SDSS RM catalogue (Rykoff et al.
2014), this sample allows for powerful multiwavelength studies of
how cluster mass is related to optical properties.

4.2 Comparison of SDSSRM-XCS masses with the literature

Here, we place the masses measured for the SDSSRM-XCS sample in
Section 4.1 in context with hydrostatic masses taken from literature.

First, a direct comparison for a subset of the clusters in the
SDSSRM-XCS system is performed. We compare the Mﬁgo values
to those given in Martino et al. (2014), Lovisari et al. (2020), and
Poon et al. (2023). The Martino et al. (2014) masses are from the
LoCuSS sample as discussed in Section 3.1. The Lovisari et al. (2020)
sample contains 120 XMM derived hydrostatic masses from Planck
detected clusters (spanning a redshift range of 0.059 < z < 0.546).
Finally, Poon et al. (2023) estimate hydrostatic masses using XMM
for 19 clusters contained in the Meta-Catalog of X-Ray Detected
Clusters of Galaxies (Piffaretti et al. 2011) within the Hyper Suprime-
Cam Subaru Strategic Programme field (Aihara et al. 2018). The
104 SDSSRM-XCS clusters with M values are matched to the
samples of clusters used in the works listed, resulting in 21, 16,
and 9 clusters matched to Martino et al. (2014), Lovisari et al.
(2020), and Poon et al. (2023) respectively. The comparison of
the masses is plotted in Fig. 15(a). This provides another general
check of our measured hydrostatic masses, with the black line
representing the 1:1 relation, from which we see broad consistency
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Figure 13 A one-to-one comparison of gas masses measured for the LoCuSS high-Lx cluster sample, within LoCuSS measured Rs09 (2) and Rsq (b) values,
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Figure 14 A one-to-one comparison of hydrostatic masses measured for the LoCuSS high-Lx cluster sample, within LoCuSS measured Rs00 (a) and Rsg (b)

values, by Martino et al. (2014) and an XGA re-analysis.

of the masses measured in this work and those reported in the
literature.

In Fig. 15(b), we show the number of SDSSRM-XCS clusters per
Mﬁ(y’o bin (given by the blue histogram). The Mﬁ(y’o distributions from
Martino et al. (2014) and Lovisari et al. (2020) are given by the
brown and green spline curves respectively. While the SDSSRM-

XCS sample clearly contains more masses than the Martino et al.
(2014) sample, clusters in Martino et al. (2014) are selected by
imposing a luminosity limit on clusters detected in the ROSAT All-
Sky Survey (RASS), reducing the number of available clusters for
study. The Lovisari et al. (2020) sample contains a larger number
of masses overall, the SDSSRM-XCS sample provides many more
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Figure 15 (a) A one-to-one comparison of hydrostatic masses measured for the SDSSRM-XCS cluster sample using XGA, compared to Martino et al.
(2014, brown diamonds), Lovisari et al. (2020, green triangles), and Poon et al. (2023, cyan crosses). (b) Mass distribution of the 102 SDSSRM-XCS
clusters with Mﬁgo values (light-blue histogram). Mass distributions from Martino et al. (2014, brown line peaking at ~ 6.5 x 10'* M, using only the XMM-

based masses), Lovisari et al. (2020, green line peaking at ~ 5.5 x 10'* M) and Poon et al. (2023, cyan line peaking at ~ 3.5 x 10'* M) are given for

comparison.

low-mass cluster estimates. However, we note that this is due
to the Planck selection of the clusters in Lovisari et al. (2020),
which will select higher mass clusters. Additionally, Lovisari et al.
(2020) provide masses for 17 clusters for which their masses were
estimated using <4 temperature profile bins. For the analysis of
the SDSSXCS-RM sample, we required a minimum of four bins
in the temperature profile for a mass determination. Some basic
differences in cluster selection are evident here, with the SDSSRM-
XCS sample containing considerably more lower mass systems
than the other samples. As the low-mass end of the cluster mass
scale is the most populated, and previous cosmology efforts have
been affected by the difficulty in constraining MORs for low-
mass systems (Abbott et al. 2020), these are particularly important.
We also see that certain features in these distributions are present
across samples, including the deficit in clusters with masses between
4-5 x 10" Mg,

5 SUMMARY AND NEXT STEPS

Finally, in this section, we present summaries of the work in this
paper, discussions of the implications and results, and goals for
related future work.

5.1 Summary

This work introduces an automated method, and tool (XGA), for
measuring hydrostatic masses (and many other X-ray properties)
of large samples of galaxy clusters. We summarize this tool, and
the approaches taken to measure the various properties that are
required to determine hydrostatic masses, in the first part of the paper.
Two demonstration clusters (SDSSXCS-55 and SDSSXCS-6955) are
used to help illustrate the different steps and data products required.
This includes the measurement of density and 3D temperature
profiles. As part of this we showcase and explain XGA’s PSF
correction feature, which takes into account the spatially varying
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nature of XMM PSFs, and is relevant to the measurement of density
profiles.

‘We then make use of three samples of galaxy clusters, SDSSRM-
XCS, XXL-100-GC, and LoCuSS high-Lx to explore the efficacy
of measurements of galaxy cluster properties produced by our new
software tool, XGA. Once we have demonstrated that XGA is reliable,
we find and present new measurements of hydrostatic mass for the
SDSSRM-XCS sample. In summary:

(1) Comparisons of Tx measurements of the SDSSRM-XCS sam-
ple from an existing XCS analysis (Giles et al. 2022) to those
measured by XGA demonstrate close agreement. This holds true for
measurements within both Rs5yy and R,s¢g, with R,50) measurements
appearing to show less scatter. Close agreement of these measure-
ments is expected because they use the same event lists and region
files, as well as very similar analysis techniques. We quantify the
comparisons by plotting XGA results against literature value and
fitting a fixed-slope power law; all normalizations are consistent
with unity.

(ii) Similar comparisons of Tx to literature values measured for
the XXL-100-GC (Giles et al. 2016) and LoCuSS high-Lx (Mulroy
et al. 2019) samples showed good agreement, and also demonstrated
XGA'’s ability to perform measurements with different energy limits,
with metallicity left free to vary, and different cosmologies. Model
fits again showed that the comparison normalizations are consistent
with unity.

(iii)) We then began to test values derived from radial profiles,
starting with gas masses. Comparisons of gas mass values measured
for the XXL-100-GC (Eckert et al. 2016) and LoCuSS high-Lx
(Martino et al. 2014) samples, and re-analyses using XGA, demon-
strated that XGA produces gas mass measurements consistent with
past work. The XXL comparison indicated an small (~10 per cent)
offset between the two analysis, however, the difference was not
significant. The LoCuSS comparison demonstrated a 1:1 relation
between gas masses measured within LoCuSS R;sgo values, but that
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Rs00 gas masses are slightly systematically larger when measured by
XGA versus the original work.

(iv) Our final comparison makes use of the hydrostatic masses
measured within Rjsop and Rsop for the LoCuSS high-Lx sample
by Martino et al. (2014). The Mgsyoo comparison lies close to the
1:1 line, with minimal scatter. The M;{O comparison is also broadly
compatible with the 1:1 line, though the scatter and uncertainties are
increased when compared to the Mgsyoo plot. From this comparison,
and the others presented in this work, we conclude that XGA
mass measurements are consistent with previous work and can be
relied on.

(v) Finally, we present new measurements of hydrostatic mass
for the SDSSRM-XCS galaxy cluster sample. In total, we measure
hydrostatic masses for 104 (out of 150) clusters, which is comparable
to the largest consistently analysed and measured X-ray-based
hydrostatic masses in the literature.

(vi) We have demonstrated that XGA is a mature tool that is capable
of measuring many key properties of galaxy clusters, and easily
replicating existing analyses, producing comparable results. Any
XGA analysis is easy to scale to any size of sample. It also allows
colleagues without specialist X-ray experience to carry out their own
cluster mass analyses.

5.2 Future work

Here, we detail some of the work that we have planned for our new
implementation of hydrostatic mass measurement, as well as for the
samples of masses we have (and will) measure.

5.2.1 Mass—observable relations

Whilst we have demonstrated the utility of XGA for measuring
hydrostatic masses for large samples of galaxy clusters, and mea-
sured masses for a significant number of clusters using archival
data, we have not yet constructed MORs. As we discussed in the
Introduction, such relations are an invaluable independent measure
of the normalization, slope, and scatter of cluster masses with other
observables. The next paper in this series will focus on constructing
such relations for a larger set of galaxy clusters, and for both X-
ray and optically derived observables; they will be extremely useful
for the next-generation of cluster cosmology being enabled by new
telescopes and missions.

5.2.2 Other samples

We will produce mass measurements and scaling relations for other
samples of galaxy clusters, selected from optical/NIR surveys such
as DES, and from the ACT-DRS cluster catalogue. This shall not only
add a significant number of cluster masses to our sample, but will
also open the possibility of constructing scaling relations between
X-ray mass and Sunyaev—Zeldovich properties.

5.2.3 Temperature profile methodology

In this initial work, we have used a relatively simple methodology to
‘deproject’ the measured temperature profiles and infer the 3D radial
temperature structure of the galaxy clusters. More sophisticated
techniques could be applied to this problem (such as deep learning
deprojection, Igbal et al. 2023), which might improve the temperature
profiles measured by XGA, and thus the hydrostatic masses. This will
be achievable through the existing framework of XGA, and future
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work with different techniques to measure 3D temperature profiles
would also provide a systematic comparison between the measured
profiles, and inferred masses. Testing of the XGA methods should
be performed using mock observations of clusters extracted from
hydrodynamic simulations (such as e.g. Cui et al. 2018; Pakmor
etal. 2023), i.e. where the ‘true’ gas and halo masses are known. This
will also allow us to estimate the systematic errors introduced from
simplifying assumptions, such as spherical symmetry and hydrostatic
equilibrium.

We will also improve the sophistication of the spectral fits used
to generate the projected temperature profiles, taking more care to
account for the effects of the XMM PSF on the photons detected
within each annulus by using cross-talk ARFs. Our discussion of the
differences in measurements between XGA and previous work (see
Section 3.3) noted that different ways of accounting for background
emission could be a contributor. We will include the option to use
a more sophisticated treatment of the XMM background, modelling
the separate components (e.g. cosmic ray induced fluorescence, solar
wind charge exchange, galactic emission, etc.), rather than extracting
local background from an annulus and subtracting.

5.2.4 Support for more targeted profile generation

As this work has made an assumption of spherical symmetry when
creating radial profiles of SB, density, and temperature, we have had
no need to generate them in anything but complete circular annuli. In
the future, we will include XGA support for more flexible profile
generation, including radial profiles between limiting azimuthal
angles, or in non-circular configurations (such as a line of rectangles,
see fig. 7 of Migkas et al. 2024, for a recent example).

More customization of the regions from which profiles are
extracted will lend itself to more complex analyses, including
investigations of cluster property dependence on azimuthal position,
differences in temperature structure due to merging or feedback
processes, and constraints on projected shape from SB profiles
measured in various azimuthal directions. It will also make XGA
more powerful for the detailed analysis of individual systems, which
often requires careful placement of profile regions in order to, for
instance, measure a temperature or density profiles across a gas
bridge (Akamatsu et al. 2017) or the temperature discontinuity across
a cold front (Kadam et al. 2024).

5.2.5 Multimission X-ray analyses

Planned additions to the XGA software package will enable support
for X-ray telescopes other than XMM; e.g. Chandra, eROSITA, and
XRISM. This will allow a user to draw on multiple archives of X-ray
observations for analysis of samples, increasing the likelihood that
samples selected from other wavelengths will have a serendipitous
X-ray observation. Multimission support will also allow us to design
joint analyses that take advantage of the unique capabilities of each
telescope. Joint analyses with all available X-ray data should become
routine, rather than requiring special effort, and XGA can provide that
capability. This will made more difficult by known cross-calibration
discrepancies between telescopes, but there is a continued effort to
improve the agreement between missions.

We will also include support for simulated telescopes to enable
preparatory work for future missions; e.g. Athena, Lynx, and AXIS. As
such we will produce catalogues of hydrostatic masses measured with
multiple current telescopes (XMM and Chandra), as well as explore
how we may exploit the capabilities of planned telescopes. Work on
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simulated clusters will also include exploration of the hydrostatic
mass bias from true mass.

5.2.6 Accounting for non-thermal pressure support

Hydrostatic masses are biased from true masses due to assumptions
made during the derivation of equation (1). The assumption of
hydrostatic equilibrium implies that all pressure support is provided
by the thermal gradient of the ICM, which is not the case. Various
processes also help to balance gravitational collapse, and together are
often referred to as non-thermal pressure (NTP) support. Methods to
measure a total mass from X-ray observations exist (e.g. Eckert et al.
2019), and we aim to apply them to large samples of clusters such
as SDSSRM-XCS. By taking NTP support into account hydrostatic
masses can become even more competitive with other direct mass
measurement methods (such as individual weak lensing).
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APPENDIX A: FITTING MODELS TO RADIAL
PROFILES IN xGaA

Various aspects of this work require models to be fitted to radial data
profiles. For this work, we make use of the EMCEE ensemble Markov
Chain Monte Carlo (MCMC) sampler which has been widely used
in the astronomy community (Foreman-Mackey et al. 2013). This
sampler runs multiple interconnected MCMC chains to explore the
parameter space. We choose to use a simple Gaussian likelihood
function and uninformative uniform priors. The priors are dependant
upon the particular profile being fitted, as well as the model choice,
and further information can be found in Table A1l.

All profile fitting performed for this work used an EMCEE sampler
instance with 20 walkers, each taking 30000 steps. We chose to
generate sets of start positions for the walkers by adapting a simple
method suggested in the EMCEE documentation. We use the SCIPY
(Virtanen et al. 2020) implementation of the non-linear least squares
(NLLS) fitting method (curve_fit) to fit the model to the profile.
The NLLS fits use starting values for model parameters as defined in
Table A1. We then find the order of magnitude of each fit parameter.
These are then perturbed by drawing an Nygker X Npor matrix of
random values from a N/(0, 1) distribution, multiplying each random
value by the order of magnitude of the respective parameter, and
then adding this perturbation to the original NLLS best-fitting value.
Before starting, the sampler checks to ensure that the start positions
all fall within the allowed boundaries of the priors, and if not then
they are redrawn until they do.

Once the sampler run is complete, we calculate integrated au-
tocorrelation times for the model parameters, if all autocorrelation
times are more than 400 times smaller than the number of steps taken
by a walker, then we find the mean autocorrelation time for all the
parameters, round it up to the nearest 100, and double it to find a good
number of steps to remove from each walker’s chains as a burn-in
period. If any of the parameters had an autocorrelation time that did
not fit this criteria, then we take a brute force approach and remove
the first 30 per cent of steps in each walker’s chains. We draw 10 000
random points from combined parameter chains from all walkers
to create the final posterior distributions. We also measure medians
of the parameter posterior distributions, as well as finding the lo
regions.

These fits are performed using a set of radial model classes that
we have implemented in XGA. They provide easy access to model
posterior distributions, visualizations, and predictions. XGA models
also have implementations of useful mathematical operations such
as differentiation, spherical volume integration, and inverse-Abel
transformation of the models (using PyAbel; Hickstein et al. 2019;
Gibson et al. 2022), making use of ASTROPY (Astropy Collaboration
2013, 2018) to provide correct units for any calculated quantities.
Model instances also provide information on model parameters,
support custom start parameters, and also custom priors.
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APPENDIX B: COMPANION GITHUB
REPOSITORY

The work in this paper is accompanied by a GitHub repository?,
containing the samples and code required to reproduce our work, as
well as tables of results and extra figures. Here, we briefly summarize
the contents of the repository and provide the context which connects
sections of the paper to the different files. The vast majority of files
containing sample information and results are ‘comma separated
variable’ files (csv), which are human-readable and can be opened in
atext editor, or more practically can be opened with software, such as
TOPCAT (Taylor 2005), or a PYTHON module such as PANDAS (McK-
inney 2010). Our companion repository contains several directories:

B1 Sample files

This part of the repository contains files of galaxy cluster properties
for the samples used in this work. The exact contents of the sample
files varies, but at minimum they contain a cluster name, a central
coordinate, a redshift measurement, and some measurements of X-
ray cluster properties that are used as validation at some point in this
work:

(i) xcs3p_sdssrm_clusters.csv — A sample file containing the prop-
erties measured for the volume complete, temperature within Rso
fractional uncertainty less than 25 per cent, SDSSRM-XCS sample
of clusters presented by Giles et al. (2022). This sample is introduced
in Section 3.1.1, and is used both for validation purposes, and
for the measurement of new hydrostatic masses. The file includes
X-ray centroid positions, redshifts, Rsopp and Rpsop values (with
uncertainties), Tx, and Lx values within the two apertures. Not all
clusters in this sample have R,sop values and associated Lx and Tx
values measured within them.

(i1) xxl_gc100.csv — A file with information relevant to the XXL-
100-GC sample of galaxy clusters, introduced in Section 3.1.2.
The information available includes positions, redshifts, and Rsgo
measurements for the clusters, as well as XXL names and quality
flags. Derived properties such as Tx and Ly, measured by Giles et al.
(2016), and gas mass values measured by Eckert et al. (2016), are
also included. All data, apart from Rsgo uncertainties, are taken from
the XXL-100-GC VizieR table; the radius uncertainties are extracted
from Eckert et al. (2016).

(iii) locuss_highlx_clusters.csv — This contains information and
properties for the clusters in the LoCuSS high-Lx sample, introduced
in Section 3.1.3. A combination of overdensity radii, gas masses,
and hydrostatic masses presented by Martino et al. (2014), as well as
positions, redshifts, 7x, and Lx measurements acquired via private
communications.

We also provide a notebook that summarizes the clusters in
the samples; see Appendix B3. This notebook generates the
final file in the this part of the companion repository, com-
bined_sample_duplicates.csv, that details which of the clusters in each
sample appear in another of the validation samples. This information
is used in Section 3.1 to state the number of unique clusters in our
combined validation samples.

B2 Data notes

A small, but important, part of this paper’s companion repository,
that includes notes made on the data used during analysis of the
clusters in this work. This is relevant to all results presented in this
paper. We include the following files:
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(i) flare_check_notes.md — We performed manual inspections of
all the observations that XGA selected for the three samples used in
this work, to check for evidence of residual flaring that could affect
our results. This file contains the observation identifiers of the data
that we decided to exclude, and in some cases provides extra context
as to the reason.

(ii) obs_blacklist.csv — This file contains the exact data we ex-
cluded from use, in a form that XGA recognizes and can use as a
‘blacklist’.

(iii) obs_info.json — Here, we detail which XMM observations are
used in the analysis of which galaxy clusters. The file is human
readable, and can be used to deduce which data are relevant to which
clusters, but can also be read as a PYTHON dictionary. The top-level
keys are XMM ObsIDs, and each is accompanied by a list of cluster
names.

B3 Notebooks

The analysis code used to measure our galaxy cluster properties
is presented in Jupyter notebooks and included in the companion
repository. The following notebooks are included (with specific XGA
classes and functions used for different parts of this work summarised
in Tables D1 and D2):

(i) sample_properties.ipynb — This includes the information avail-
able in each data set, the positions of the clusters on the sky, and
whether there any common clusters between the samples.

(i) demonstration_clusters.ipynb — Here, we select our two exam-
ple clusters, SDSSXCS-55 and SDSSXCS-6955, and generate every
figure included in Section 2. The information in Table 1 is also shown
here.

(iii) common.py — This contains variable definitions that are
common to multiple notebooks, so any change is reflected in the
entire analysis once re-run. This includes the cosmology definitions
and colour selections for our three validation samples. We also
include comparison and plotting functions common to multiple
notebooks, these are used to generate the one-to-one comparison
figures in Section 3.

(iv) visualisations_region_adjustment — This is a directory, con-
taining several notebooks related to the visualization of our clusters,
and the modification of the relevant region files.

(a) visualise_analysis_regions.ipynb — In this notebook, we
create visualizations of the XMM observations of the clusters
in the three samples. We also overlay region information, and
save the images as an output (see Appendix B4).

(b) *x_region_checks.ipynb — This represents three notebooks
(with the ‘x’ replaced by ‘sdssrm-xcs’, ‘xxI’, and ‘locuss’)
that serve the same purpose for each of our three samples
introduced in Section 3.1. Here, we used the XGA region editor
(see Table D2) to make manual adjustments to the regions used
to remove contaminating sources from the analyses of each
sample. These notebooks are relevant to Section 2.4.

(v) temp_lum_comparisons — We store notebooks relevant to the
measurement of X-ray temperatures and luminosities for our three
samples. These measurements are used for comparisons of XGA
measurements to literature values, as seen in Section 3.2.1.

(a) sdss_comparisons.ipynb — XGA measurements of tem-
perature and luminosity, within both Rsgy and Rpsp0 (Where
available), are performed here for the SDSSRM-XCS sample
(Section 3.1.1). This notebook is used to create Fig. 9. We also
measure ‘core-excised’ properties for SDSSRM-XCS.
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(b) xxl_comparisons.ipynb. — XGA measurements of temper-
ature and luminosity within a 300 kpc aperture for the XXL
sample (Section 3.1.2) are made in this notebook. We also
create Fig. 10 by comparing to the original XXL temperature
measurements (Giles et al. 2016).

(¢) locuss_comparisons.ipynb — This notebook contains XGA
measurements of temperature and luminosity for the LoCuSS
high-Lx sample (Section 3.1.3). The comparisons made to
literature values are shown in Fig. 11.

(vi) gas_mass_comparisons — A directory containing notebooks
relevant to the comparison of literature gas mass measurements to
XGA measurements, as seen in Section 3.2.2.

(a) xxl_gm_comparisons.ipynb — XGA measurements of gas
mass for the XXL-100-GC sample within published Rsgy (with
radius error propagated) are performed here. Comparisons, as
discussed in Section 3.2.2, are performed, and the notebook is
used to generate Fig. 12.

(b) locuss_gm_comparisons.ipynb — XGA measurements of
gas mass for the LoCuSS high-Lx sample within published
Rs00 and Rysop values are performed here. Comparisons, as
discussed in Section 3.2.2, are performed, and the notebook is
used to generate Fig. 13.

(vii) hydro_masses — Finally, this directory contains notebooks
relevant to the measurement of hydrostatic masses for two of the
cluster samples used in this work.

(a) locuss_hym_comparisons.ipynb — XGA measurements of
hydrostatic mass for LoCuSS high-Lx galaxy clusters are per-
formed here, within both Rsq9 and R,5( radii. In Section 3.2.3,
they are compared to the literature values measured using XMM.
This notebook is used to generate Fig. 14.

(b) sdssrm-xcs_new_masses.ipynb — In this notebook, we
measure new hydrostatic masses for the SDSSRM-XCS sample
of galaxy clusters, as presented in Section 4.

B4 Outputs

In this final part of the companion repository, we store the main
outputs of this work.

(1) cluster_visualisations — This directory contains combined
XMM images of the clusters in the three samples, with one sub-
directory for each sample. The file name used for each image is the
name of the galaxy cluster used in this work, a mask has been applied,
and contaminating source regions are overlaid.

(i) custom_regions — This contains region files which were mod-
ified during the course of Section 2.4. They are in sky (RA-Dec.)
coordinates, and in the FKS5 coordinate frame.

(iii) figures — Figures created for this paper are stored in this
directory.

(iv) results — All sets of results measured during the course of
this work are stored in here, including XGA measured properties for
the SDSSRM-XCS, XXL-100-GC, and LoCuSS high-Lx samples.
Tables C1-C4 contain a subset of the results, and define the columns.

APPENDIX C: TABLES OF PROPERTIES
C1 SDSSRM-XCS XGA properties
C2 XXL-100-GC XGA re-analysis results

C3 LoCuSS high-LxXGA re-analysis results

Table C1. Properties of the SDSSRM-XCS galaxy cluster sample. All uncertainties calculated from 68 per cent confidence limits, equivalent to 1o. For
brevity, the first entry of the table is given, with the full table available from https://github.com/DavidT3/XCS-Mass-Paper-1- Analysis/tree/master/outpu
ts/results.

() ) (3) 4) Q) (6) @) ®) ) (10) (11) (12)
RM ID RA Dec. z Rsoo  Rasoo 72500 TR M550, ME, MQSYOO M;‘go
(deg) (deg) (kpc)  (kpc) (keV) (keV) 10 Me) 10 Me) 104 M) 10 Mp)

2 25008 4671 023 1503 644 973702 1040702 059709 1.6870-00 4487026 1036113
Notes. (1) redMaPPer ID of the cluster; (2) right ascension as defined by redMaPPer; (3) declination taken from redMaPPer; (4) redshift taken from
redMaPPer; (5) Rsgp taken from Giles et al. (2022); (6) Ras500 taken from Giles et al. (2022); (7) X-ray temperature determined within Ra500; (8) X-ray
temperature determined within Rsoo; (9) gas mass determined within Rpsoo; (10) gas mass determined within Rsgo; (11) mass determined from the
hydrostatic mass analysis described throughout Section 2, within Ro500; and (12) mass determined from the hydrostatic mass analysis described throughout
Section 2, within Rs.
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Table C2. Properties of the XXL-100-GC galaxy cluster sample. All uncertainties calculated from 68 per cent confidence limits, equivalent
to lo. For brevity, the first entry of the table is given, with the full table available from https://github.com/DavidT3/XCS-Mass-Paper-1- Anal
ysis/tree/master/outputs/results.

(€] (@) 3 “ (&) (6) (@)
XLSSC RA Dec. z Rs00 T mEs
(deg) (deg) (kpc) (keV) 10" (Mo)
0.4 0.0
1 36.24 -3.82 0.614 777 3417937 0317597

Notes. (1) XLSSC ID as given in Pacaud et al. (2016); (2) right ascension as given in Pacaud et al. (2016); (3) declination as given in Pacaud
et al. (2016); (4) redshift as given in Pacaud et al. (2016); (5) R5qp as given in Eckert et al. (2016); (6) XGA measured X-ray temperature within
300 kpc; and (7) and XGA measured gas mass within Rsq.

Table C3. LoCuSS high-Lx (a) galaxy cluster properties. All uncertainties calculated from 68 per cent confidence limits, equivalent to lo. For brevity,
the first entry of the table is given, with the full table available from https://github.com/DavidT3/XCS-Mass-Paper-1- Analysis/tree/master/outputs/results.

(€8] 2) 3) ) ) (6) @) ®) (©) (10)
gas gas hy hy
Name RA Dec. z Ra500 Rs00 Mo, Mgy M;500 My
(deg) (deg) (kpc) (kpe) 10 M) 10 Me) 10" Me) 10" (Mo)
Abell 0068 9.2785 9.1566 0.255 580 1400 0.32+0:00 0.83+0:00 3791018 9.6870%8

Notes. (1) Cluster name; (2) right ascension; (3) declination; (4) redshift; (5) R,s00 overdensity radius; (6) Rsgp overdensity radius; (7) XGA measured gas
mass within Rys00; (8) XGA measured gas mass within Rsgp; (9) XGA measured hydrostatic mass within Ry500; and (10) XGA measured hydrostatic mass
within Rsgg. Values for columns (2)—(6) are taken from Martino et al. (2014).

Table C4. Properties of the LoCuSS high-Lx (b) galaxy cluster sample. APPENDIX D: RELEVANT XGA COMMANDS
All uncertainties calculated from 68 per cent confidence limits, equivalent AND CLASSES

to lo. For brevity, the first entry of the table is given, with the full table

available from https://github.com/DavidT3/XCS-Mass-Paper-1- Analysis/tre

e/master/outputs/results.

1 2 3) 4) (5) (6)

Name RA Dec. z RwL.500 T. ;ooce
(deg) (deg) (kpc) (keV)

A0068 9.2785 9.1566 0.255 1231 7.331’8:}%

Notes. (1) Cluster name; (2) right ascension; (3) declination; (4) redshift;
(5) Rspp overdensity radius determined from a weak-lensing analysis (see
Okabe & Smith 2016, values were provided by Smith private communication);
and (6) XGA measured core-excluded X-ray temperature within [0.15—
1TRwL,500-
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Table D1. The XGA product classes used in this work (with a link to their documentation), where they can be found in the hierarchy of XGA v0.4.2, a brief
summary of their purpose and capabilities, and the most relevant section of this paper that they were used in.

Link to XGA documentation XGA hierarchy Summary Section

Image products.phot Provides an XGA interface to FITS images, with easy access to the data Section 2.2
and headers (read into memory only when needed), and convenient
methods for coordinate conversion and creating visualizations.

ExpMap products.phot Identical in function to Image, but provides an interface for exposure Section 2.2
maps.
RateMap products.phot Provides an interface to count-rate maps, constructed from Image and  Section 2.2

ExpMap instances. Has all Image functionality, as well as extra
methods to calculate signal-to-noise ratio within a specified region.

products.spec products.spec Provides an XGA interface to FITS spectra, with access to data and Section 2.5
headers, as well as the ancillary files (background spectra, ARF, and
RMF). Can store model fit information, and create visualizations of the
spectra and effective area curve.

products. spec products. spec Constructed from a set of Spectrum objects which have been Section 2.5
generated in concentric annuli, this product provides similar access to
data and model fits. Visualization methods are also included, to view
spectra from multiple annuli at once or view all spectra for the same
annulus.

products.profile products.profile Contains projected temperature profile information (i.e. the Section 2.5
temperatures measured by fitting the AnnularSpectra components
with XSPEC). All XGA profiles have the ability to fit XGA models to their
data, produce visualizations, and provide easy access to their data.

products.profile products.profile Similar to the ProjectedGasTemperaturelD profile, but Section 2.5
containing APEC normalizations from the fitting of an
AnnularSpectra.

products.profile products.profile An XGA profile class for emission measure. They can be produced from  Section 2.5

APECNormalisationlD profiles.

products.profile products.profile XGA profile class for the 3D hot gas density (either number or mass Section 2.8
density). Can calculate a gas mass within a specified radius, assuming
spherical symmetry.

products.profile products.profile XGA profile class for deprojected (i.e. 3D) hot gas temperatures. Section 2.10

products.profile products.profile Represents a hydrostatic mass profile calculated from a Section 2.11
GasTemperature3D and GasDensity3D profile. Contains extra
methods to calculate a hydrostatic mass at a particular radius, as well as
visualizing the posterior distribution.

models.sb models. sb XGA model class for the simplest model of a galaxy cluster X-ray SB Section 2.7
profile. These model classes can create basic visualizations of the
current shape of the model, store parameter values and distributions,
and perform mathematical tasks like differentiation, spherical
integration, and Abel transforms.

models.density models.density XGA model class for the simplest model of a galaxy cluster 3D density Section 2.8
profile, deriving from the BetaProfilelD.
models.temperature models.temperature XGA model class for a simplified version of the Vikhlinin model for the ~ Section 2.10

3D temperature profile of the ICM.
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https://xga.readthedocs.io/en/v0.4.3/xga.products.html#xga.products.phot.RateMap
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Table D2. XGA methods and functions used in this work (with a link to their documentation), where they can be found in the hierarchy of XGA v0.4.2, a
brief summary of their purpose and capabilities, and the most relevant section of this paper that they were used in. This is not an exhaustive list of every
function called in the course of these analyses, but are the most salient to understanding what we did with XGA to achieve our results.

Link to XGA documentation XGA hierarchy Summary Section
simple_xmm_match sourcetools.match Returns ObsIDs within a specified distance from the input o Section 2.1
and § values.
products.phot.Image products.phot.Image Method of Image to show an interactive image to add and Section 2.4
modify source regions.
view products.phot.Image Make visualizations of Image, ExpMap, and RateMap, built Section 2.2
into the classes. Can be configured to add overlays and masks.
imagetools.psf imagetools.psft Applies PSF correction to images. Section 2.6
imagetools.profile imagetools.profile Constructs radial SB profiles from concentric circular annuli. ~ Section 2.7
fit products.base. A method of all XGA profile classes, which can fit models to ~ Appendix A
BaseProfile their data and store the resulting information within the profile.
sources.extended. sources.extended. Calculates count-rate to APEC normalization conversion Section 2.8
GalaxyCluster GalaxyCluster factors for use on SB profiles (both individual instrument and
combined).
sourcetools.deproj sourcetools.deproj Calculates the volume intersection matrix of a set of circular ~ Section 2.10
annuli and a set of spherical shells
xspec.fit.general xspec.fit.general A function which fits emission models to spectra (eitherina  Section 2.5

circular aperture or a single annulus) in order to measure
‘global properties’. Information on inner and outer radii is
taken as an argument, to retrieve the correct spectra or
generate them.
xspec.fit.profile xspec.fit.profile A function which fits emission models to a set of annular Section 2.5
spectra (taking information about the fit configuration, as well
as the size and number of the annuli so that it can generate
them if they do not exist). This function specifically fits
absorbed single-temperature APEC models.
sourcetools.mass sourcetools.mass Calls other XGA functions (see the next two entries) to Section 2.11
generate 3D density and temperature profiles, then combines
them into hydrostatic mass profiles.
sourcetools.temperature sourcetools.temperature  This function infers the 3D temperature profile from a Section 2.10
projected temperature profile via the onion-peeling method. If
no projected temperature profiles exist they are generated by
calling sourcetools. temperature.
sourcetools.temperature sourcetools.temperature  Uses a user-specified minimum number of counts and Section 2.10
minimum annulus width to define annular regions and
generate a projected temperature profile. This is achieved by
calling sourcetools.density, which will both ensure
that the spectra have been generated, and fit them with
emission models.
sourcetools.density sourcetools.density Generates 3D gas density profiles by the SB profile method,  Section 2.8
converting them to 3D emissivity via an inverse-Abel
transform, and from there to density by a count-rate to APEC
normalization factor.
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