
MNRAS 537, 1404–1429 (2025) https://doi.org/10.1093/mnras/staf007 
Advance Access publication 2025 January 6 

The XMM Cluster Sur v ey: automating the estimation of hydrostatic mass 

for large samples of galaxy clusters – I. Methodology, validation, and 

application to the SDSSRM-XCS sample 

D. J. Turner , 1 , 2 ‹ P. A. Giles , 2 A. K. Romer , 2 J. Pilling , 2 T. K. Lingard , 2 , 3 R. Wilkinson , 2 

M. Hilton , 4 E. W. Upsdell , 2 R. Al-Serkal, 2 T. Cheng, 2 , 5 R. Eappen, 2 P. J. Rooney, 2 S. Bhargava , 6 

C. A. Collins, 7 J. Mayers, 2 C. Miller , 8 R. C. Nichol , 9 M. Sahl ́en 

10 and P. T. P. Viana 

11 , 12 

1 Physics & Astronomy Department, Michigan State University, East Lansing, 48823, MI, USA 

2 Department of Physics and Astronomy, University of Sussex, Brighton BN1 9QH, UK 

3 Institute of Cosmology and Gravitation, University of Portsmouth, Dennis Sciama Building, Portsmouth PO1 3FX, UK 

4 School of Physics, University of the Witwatersrand Johannesburg, Private Bag 3, Johannesburg, ZA 2050, South Africa 
5 Astr ophysics Gr oup, Black ett Laboratory, Imperial Colleg e London, Prince Consort Road, London SW7 2AZ, UK 

6 Observatoire de la C ̂

 ote d’Azur, 96 Bd de l’Observatoire, F-06300 Nice, France 
7 Astrophysics Research Institute, Liverpool John Moores University, Liverpool Science Park, 146 Brownlow Hill, Liverpool L3 5RF, UK 

8 Department of Astronomy, University of Michigan, Ann Arbor, MI 48109, USA 

9 School of Maths and Physics, University of Surrey, Guildford GU2 7XH, UK 

10 Theoretical Astrophysics, Department of Physics and Astronomy, Uppsala University, Box 516, SE- 751 20 Uppsala, Sweden 
11 Instituto de Astrof ́ısica e Ci ̂ encias do Espa c ¸o, Universidade do Porto, CAUP, Rua das Estrelas, 4150-762 Porto, Portugal 
12 Departamento de F ́ısica e Astronomia, Faculdade de Ci ̂ encias, Universidade do Porto, Rua do Campo Alegre, 687, 4169-007 Porto, Portugal 

Accepted 2024 December 20. Received 2024 December 10; in original form 2024 March 12 

A B S T R A C T 

We describe features of the X-ray: Generate and Analyse ( XGA ) open-source software package that have been developed to 

facilitate automated hydrostatic mass ( M hydro ) 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 Surv e y (XCS), the Ultimate XMM eXtragaLactic surv e y project (XXL), and the Local Cluster Substructure 
Surv e y (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 . 8 σ level), LoCuSS R 2500 and R 500 gas mass re-measurements are 3 per cent and 7 per cent 
lo wer, respecti vely (representing 1.5 σ and 3.5 σ differences). Lik e-for-lik e comparisons of hydrostatic mass are made to LoCuSS 

results, which show that our measurements are 10 ±3 per cent (19 ±7 per cent ) higher for R 2500 ( R 500 ). The comparison between 

R 500 masses shows significant scatter. Finally, we present new M hydro measurements for 104 clusters from the Sloan Digital 
Sk y Surv e y (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. 
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 I N T RO D U C T I O N  

alaxy clusters are the most massive virialized structures in the
niv erse. The y formed through the collapse of the primordial density
eld, and as such are a useful way to investigate the evolution of the
niverse through the measurement of cosmological parameters (e.g.
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ocquet et al. 2019 ; Mantz et al. 2022 ; Ghirardini et al. 2024 ), see
lerc & Finoguenov ( 2023 ) for a re vie w. The mass of a galaxy
luster is split into three main components (Gonzalez et al. 2007 );
he dark matter halo (87 per cent), the intracluster medium (ICM,
 per cent), and the component galaxies (3 per cent); where the ICM
s a high-temperature, low-density plasma largely made up of ionized
ydrogen. Just as the formation of clusters makes them useful for
nvestigating cosmology, the nature of the ICM makes them ideal
strophysical laboratories. 
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Cosmological parameters can be derived using galaxy clusters 
ia a variety of methods. For example, cosmological parameters 
ave been constrained using samples of X-ray-selected clusters 
y measuring the mass function of clusters (e.g. Vikhlinin et al. 
009 ; Schellenberger & Reiprich 2017b ). Therefore, one of the key
roperties that must be measured is the cluster mass (see Pratt et al.
019 , for a re vie w). The Dark Energy Surv e y (DES) used galaxy
lusters detected in the first year of DES observations (DESY1) 
o constrain cosmological parameters (Abbott et al. 2020 ) using 
 weak-lensing mass calibration (McClintock et al. 2019 ) and the 
umber density of clusters. The weak-lensing mass calibration for 
he DESY1 analysis took the form of a mass–observable relation 
MOR), where the observable was the cluster richness. The richness 
ere, symbolized by λ, is a probabilistic measure of the number of
alaxies in the cluster, estimated from the red-sequence Matched- 
lter Probabilistic Percolation cluster finder (or redMaPPer, RM, 
ykoff et al. 2016 ). Howev er, a dra wback of the DESY1 analysis is

he use of stacked weak-lensing masses. Due to the use of a stacked
nalysis, information on the intrinsic scatter is lost. To enable the next
eneration of cluster cosmology, large-scale optical/near-infrared 
alaxy cluster surv e ys will need the scatter, and normalization, 
f mass-richness relations to be well calibrated. This includes the 
osmology analysis that will be performed using clusters detected 
rom the upcoming Vera Rubin Observatory’s Le gac y Surv e y of
pace and Time (LSST; e.g. see fig. G2 in The LSST Dark Energy
cience Collaboration 2018 ). 
One potential method to infer the scatter of these MORs, is

hrough the hydrostatic equilibrium mass ( M hydro ) method, using 
-ray data to infer the total mass of the cluster from the temperature

nd gas density profiles. Of particular use to derive X-ray M hydro 

alues is the XMM–Newton telescope (hereafter XMM ), whose field 
f view (FoV), high effective area, and large public archive of
bservations makes it the ideal for these measurements. Previous 
 hydro measurements using XMM include, but are not limited to, 

ttori et al. ( 2010 , 2019 ), Sanderson et al. ( 2013 ), Donahue et al.
 2014 ), Bartalucci et al. ( 2018 ), Lovisari et al. ( 2020 ), and Poon
t al. ( 2023 ). The largest of these studies, Lovisari et al. ( 2020 ),
ielded 120 M hydro values. For completeness, we note that hydrostatic 
asses have also been measured using other (than XMM ) X-ray 

nstruments, e.g. Markevitch et al. ( 1998 ), Sarazin et al. ( 1998 ),
amura et al. ( 2000 ), Vikhlinin et al. ( 2006 ), Sun et al. ( 2009 ),
onahue et al. ( 2014 ), Giles et al. ( 2017 ), Schellenberger & Reiprich

 2017a ), Logan et al. ( 2022 ), and Sanders et al. ( 2022 ). The largest
f these studies, Schellenberger & Reiprich ( 2017a ), yielded 64 
 hydro v alues. Furthermore, recent ef forts have been made to develop
ethods of estimating X-ray-based masses from clusters detected in 

he eROSITA All Sky Survey (Scheck et al. 2023 ). 
The outline of the paper is as follows. Section 2 introduces the

eatures of the X-ray: Generate and Analyse ( XGA ) software package
hat have been developed to facilitate automated hydrostatic masses 
 M hydro ). In Section 3 , we demonstrate the reliability of the XGA

easurements by comparing with published values presented by the 
MM Cluster Surv e y (Romer et al. 2001 , XCS hereafter), the Local
luster Substructure Surv e y 1 (hereafter LoCuSS), and the Ultimate 
MM eXtragaLactic (hereafter XXL) surv e y project (Pierre et al. 
016 ). In Section 4 , we present new M hydro measurements of clusters
n SDSS DR8 RM XCS sample. Finally, in Section 5 , we present our
onclusions and a discussion of the next steps of this work. 
 LoCuSS Website – http:// www.sr.bham.ac.uk/ locuss/ 

c  

2

3

The analysis code, samples, and outputs are available in a GitHub
epository. 2 In Section 3 , we adopt the cosmology parameters used
n each of the original analyses to which we compare, i.e. �M 

= 0.3,
� 

= 0.7, and H 0 = 70 km s −1 Mpc −1 for the XCS and LoCuSS
amples (Sections 3.1.1 and 3.1.3 , respectively), and �M 

= 0.282, 
� 

= 0.719, and H 0 = 69.7 km s −1 Mpc −1 for the XXL sample (Sec-
ion 3.1.2 ) (i.e. the WMAP 9 values in Hinshaw et al. 2013 ). In Sec-
ion 4 , we again use �M 

= 0.3, �� 

= 0.7, and H 0 = 70 km s −1 Mpc −1 .

 M E T H O D O L O G Y  

he o v erarching aim of this work is to pro vide an independent mass
alibration for optically selected cluster samples for the purpose of 
osmological parameter estimation. The masses are estimated using 
-ray observations from XMM under the assumptions of spherical 

ymmetry and hydrostatic equilibrium (see e.g. Fabricant et al. 1980 ,
or a deri v ation), follo wing the equation 

 hydro ( < r) = − k B r 
2 

ρg ( r) μm u G 

[
ρg ( r) 

d T ( r) 

d r 
+ T ( r) 

d ρg ( r) 

d r 

]
, (1) 

here r is the radius within which the mass is being measured, ρg ( r)
s the intracluster gas density profile, T ( r) is the gas temperature
rofile, μ = 0 . 61 is the mean molecular weight, m u is the atomic
ass unit, G is the gravitational constant, and k B is the Boltzmann

onstant. The mean molecular weight is dependant on the solar 
bundance table, we use values published by Anders & Grevesse 
 1989 ). The quantities that need to be estimated from the XMM data
re T ( r) and ρg ( r). It is important to note that these are the 3D
uantities, rather than the projected (i.e. what is observed) values. 
dditionally, equation (1) can be rewritten such that it only depends
n T ( r) and on both logarithmic T ( r) and ρg ( r) gradients (e.g. see
quation 7 in Vikhlinin et al. 2006 ). 

Many steps are needed to go from a raw XMM observation to
n estimate of M hydro . Therefore, a secondary goal of this work
s to streamline those steps into a single, self-contained workflow. 
oing so ensures the consistency of the data products and allows

or computational speed-ups (e.g. by making use of multithreading 
n multicore machines). The measurement tools for M hydro that we 
se herein are part of the X-ray: Generate and Analyse ( XGA 

3 )
oftware suite. XGA is a generalized X-ray analysis tool, capable 
f investigating any X-ray source that has been observed by XMM . It
as introduced in Turner et al. ( 2022a ) and is being used in a growing
umber of scientific applications (e.g. Pillay et al. 2021 ; Burke et al.
022 ; Turner et al. 2022b ). It is also listed on the Astrophysics Source
ode Library (ASCL; Turner et al. 2023 ). This work makes use of
GA v0.4.2 for all analyses, and to aid readability, the technical
etails about which parts of x GA are used for the different analyses
n this work are described in Appendix D . 

In this section, we describe each step involved in XGA M hydro 

easurements. Section 2.1 explains the data inputs required to initiate 
GA . Image generation and masking of contaminating sources are 
escribed in Sections 2.2 and 2.3 , respectively. Manual checks of the
ata are outlined in Section 2.4 . Section 2.5 details the generation and
tting of X-ray spectra. Correcting for the XMM point spread function
PSF) is detailed in Section 2.6 . The generation of emissivity , density ,
emperature, and mass profiles are outlined in Sections 2.7 , 2.8 , 2.10 ,
nd 2.11 , respectively. To illustrate the steps, we use two example
lusters: SDSSXCS-55 and SDSSXCS-6955 ( z = 0 . 119 and 0.223,
MNRAS 537, 1404–1429 (2025) 

 Code/ Samples – https:// github.com/ DavidT3/ XCS- Mass- Paper- I- Analysis 
 XGA GitHub – https:// github.com/ DavidT3/ XGA 
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M

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. z RM 

λRM 

R 2500 R 500 T XCS3P 
X , 2500 T XCS3P 

X , 500 t exp 

[deg] [deg] [kpc] [kpc] [keV] [keV] [ks] 

SDSSXCS-55 227.550 33.516 0.119 99 . 80 ±3 . 74 562 . 3 + 7 . 5 −7 . 5 1237 . 6 + 20 . 1 
−20 . 1 7 . 00 + 0 . 10 

−0 . 10 6 . 70 + 0 . 08 
−0 . 08 55.7 

SDSSXCS-6955 36.455 −5.894 0.223 32 . 12 ±2 . 83 321 . 9 + 24 . 4 
−18 . 1 669 . 0 + 62 . 0 

−47 . 9 2 . 89 + 0 . 38 
−0 . 28 2 . 41 + 0 . 39 

−0 . 29 28.4 

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 

6 ; (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 R 2500 and R 500 values, with uncertainties; (8) and (9) XCS3P measured temperatures within R 2500 and R 500 

apertures; and (10) combined ef fecti v e e xposure time at the central coordinate, as an indicator of observation quality. 
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espectively). Both clusters were part of the Giles et al. ( 2022 ) study
see Section 3.1.1 ), but have significantly different signal-to-noise
atios and off-axis locations in their respective XMM observations.
heir properties are summarized in Table 1 . 

.1 Initiating XGA 

hroughout this work, we use public XMM data from the XMM
cience Archive 4 that has been pre-processed to produce cleaned
vent files and region lists. The region lists encode information
bout the source centroid, size, and shape. All pre-processing used
erein relies on the the XCS methodology that is fully described
n Lloyd-Davies et al. ( 2011 ) and Giles et al. ( 2022 ). In brief, the
nitial European Photon Imaging Camera (EPIC) Metal Oxide Semi-
onductor (MOS) and PN data were processed with v14.0.0 of the
MM Science Analysis Software ( SAS ; 5 Gabriel et al. 2004 ), using
MCHAIN and EPCHAIN functions to generate event lists. Following

his, the event lists were screened for periods of high background.
ight curves in 50 s time bins in both the soft (0.1–1.0 keV) and
ard (12–15 keV) bands were generated, and an iterative 3 σ clipping
rocess was performed on the light curves; with time bins falling out-
ide this range were e xcluded. F ollo wing this, indi vidual (PN, MOS1,
nd MOS2) and merged (PN + MOS1 + MOS2) EPIC images (and
orresponding exposure maps) were generated. All images/maps
ave a pixel size of 4.35 arcsec, chosen because it is smaller than
he PSF, at all detector locations and photon energies. Next, X-ray
ource detection is performed using a custom version of WAVDETECT

Freeman et al. 2002 ) called XAPA (for XCS Automated Pipeline
lgorithm). Once sources in an image have been located, XAPA

lassifies them as either point-like or extended sources. From these
etected sources, region lists are created for each XMM observation
note that a given source can appear in multiple region lists if they
re detected in o v erlapping observations). Once all the observations
ave been processed, a master source list (MSL), with duplicates
emo v ed, is generated. Sources are classed as duplicates if they are
ithin 5 arcsec for point source pairs and 30 arcsec for extended

ource pairs. The source with the highest number of counts is retained
n the MSL. As of 2022 February 26, 12 582 observations have been
rocessed by XCS, co v ering 1068 non-o v erlapping square de grees
f sky, and yielding 400 225 X-ray source detections (extended and
oint) in the 0.5–2.0 keV band. This energy range is optimized for the
etection of thermal X-ray emission from galaxy clusters, and is gen-
rally well suited to detecting most X-ray sources. Certain sources,
uch as active galactic nucleus, with a predominately hard X-ray
pectrum may not be identified by searching in this energy range, but
NRAS 537, 1404–1429 (2025) 

 XSA – http:// nxsa.esac.esa.int/ nxsa-web/ 
 SAS – https:// www.cosmos.esa.int/ web/ xmm-newton/ sas 
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t
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e address this through manual inspection of images in Section 2.4 .
e intend to perform source detection on other bands in the future. 
In addition to the XCS supplied cleaned event files and region

ists (see abo v e), the following information is required to initiate the
GA analysis of a cluster: a coordinate for the cluster centre, the
edshift, at least one radius to define the analysis region, and a set
f values for the cosmological parameters �M 

, �� 

, and H 0 . With
egard to the cluster centre, this depends on the selection method
e.g. it could be defined by the brightest galaxy, rather than a feature
n an X-ray image) and on the analysis method (e.g. it could be
efined by the peak of the X-ray surface brightness (SB) or by the
eighted centroid). Given this ambiguity, we henceforth refer to the
ser-defined coordinate (or UDC 

6 ), rather than to the ‘cluster centre’.
With regard to the analysis region radius, this user-defined input,

an be an o v erdensity radius, 7 e.g. R 500 , or a proper radius with no
ssociated physical significance (e.g. 300 kpc). Note the units can be
pecified in either arcminutes or kpc. 

For our example clusters, SDSSXCS-55 and SDSSXCS-6955 (and
or the analysis presented in Section 4 ), the UDC 

6 , the redshift, and
he analysis region radii ( R 2500 and R 500 ) were taken from the data
ables in Giles et al. ( 2022 ). Giles et al. ( 2022 ) analysed these clusters
sing the XCS Post Processing Pipeline (XCS3P). As per Giles et al.
 2022 ), the cosmological parameters were set to �M 

= 0.3, �� 

= 0.7,
nd H 0 = 70 km s −1 Mpc −1 . 

To ensure all rele v ant data sets are used during the analysis
f a given cluster, XGA explores the full set of XCS processed
ata to retrieve any XMM observations meeting these criteria; an
impoint within 30 arcmin of the input UDC 

6 , and > 70 per cent of
he chosen analysis region falling on active regions of the detectors.
bservations are selected irrespective of exposure time (though it

s possible to impose such a requirement), but all data are inspected
nd rejected as needed (see Section 2.4 ). Two observations each were
etrieved for our example clusters (Table 1 ), SDSSXCS-55 ( XMM
bsIDs 0149880101 and 0303930101) and SDSSXCS-6955 ( XMM
bsIDs 0404965201 and 0677600131). 

.2 Generating image and exposure maps 

nce the rele v ant XMM data have been retrie ved, see Section 2.1 ,
GA generates images, exposure maps, and rate maps. 8 For this, XGA

nterfaces with the SAS evselect and eexpmap tools. These
mages and maps are essential to the deri v ation of M hydro as they
han a peak or centroid measured by XGA itself. 
 Radius at which the average density of the enclosed cluster is equal to 
ρc ( z), where � is the o v erdensity factor and ρc ( z) is the critical density of 

he Universe at the cluster redshift. 
 The combined image divided by the combined exposure map. 

http://nxsa.esac.esa.int/nxsa-web/
https://www.cosmos.esa.int/web/xmm-newton/sas
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Figure 1 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 R 2500 and R 500 radii, respectively (see Table 1 for input values). 
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re used to generate of SB profiles, which in turn are used to
stimate ρg ( r) (see Section 2.7 ). Images are also useful for inspection
hroughout the analysis process e.g. to check masked regions (see 
ection 2.4 ). 
We note that, in principle, the images already existing in the XCS

rchive (those on which XAPA was run) could have been used by XGA

or the analyses herein. Ho we ver, in practice, generation of fresh
mages is worthwhile because it simplifies the process of merging 

ultiple observations, and gives additional freedom in the current 
nalysis (e.g. selecting an energy range; XCS only stores images in 
he 0.5–2.0 and 2.0–10.0 keV ranges). 

In Fig. 1 , we show the XGA generated XMM images of our example
lusters, SDSSXCS-55 and SDSSXCS-6955; these are the stacked 
mages of every EPIC instrument for every usable observation of 
he clusters. The XAPA (Section 2.1 ) defined source regions are 
 v erlaid; with red (point source), green (extended source), or magenta 
extended source similar in size to the PSF) outlines. The UDC 

6 is
hown with a white cross. The analysis regions ( R 2500 and R 500 ) are
hown with white solid outlines. Note that, in these examples, two 
bservations have been stacked into a composite image. As each 
bservation has its own source region list, multiple source outlines 
an sometimes be seen in the o v erlap re gions. 

.3 Automated source masking 

s described abo v e (Section 2.1 ), ev ery XCS processed image has
n associated list of detected source regions. Most of these will not
e associated with the cluster of interest and need to be masked
rom both the image files (Section 2.2 ), used during SB fitting
Section 2.7 ), and from the cleaned event lists (Section 2.1 ), used
uring spectral analysis (Section 2.5 ). In almost all cases, the only
ource region not masked by default is the one associated with the
luster of interest (see below for two exceptions). This source is
dentified as the one containing the location of the UDC 

6 . For the
nalysis herein, we apply an additional filter: the source must also 
ave been classed as extended by the XAPA pipeline. The black areas
n Fig. 2 (left) show the region automatically masked for SDSSXCS-
5. This figure is a zoom into the 3 R 500 × 3 R 500 region of Fig. 1 (left).
Below are two exceptions to the masking process detailed above: 

(i) The treatment of XAPA point-like sources detected within 
.15 R analysis of the cluster centroid. These sources are generally 
ot masked because XAPA occasionally misidentifies cool cores of 
lusters as point sources – this behaviour can be turned off on a
luster-by-cluster basis ho we ver. 

(ii) The treatment of o v erlapping XAPA extended source regions. If
he cluster of interest was observed in two or more XMM pointings,
hen the associated XAPA extended sources may not fully o v erlap.
his is more likely if the observations are offset from each other
nd/or that have differing exposure times. Therefore, if the respective 
ource centres are within a projected distance of < R 500 of the input
luster centroid, then none of those source regions are masked. 

.4 Manual data checks 

nce the images have been generated (Section 2.2 ) and the default
asks applied (Section 2.3 ), the next step involves manual inter-

ention via eyeball checks to (i) identify observations that were 
ot suitable for further analysis, (ii) increase the size of masked
egions if the default mask was not large enough, and (iii) add masked
egions for sources missed by XAPA . With regard to (i), this process
s similar to that described in section 2.3 of Giles et al. ( 2022 ). It is
sed to remo v e from further analysis observations with abnormally
igh background levels (e.g. fig. A1a of Giles et al. 2022 ), and
hose corrupted by a very bright point source (such sources produce
rtefacts in the XMM images including readout streaks and ghost 
mages of the telescope support structure; e.g. fig. A1b of Giles et al.
022 ). Of the 457 XMM observations identified as being rele v ant to
he clusters in this paper, 43 were rejected entirely, and 4 had data
rom one or more (of the 3 EPIC) instruments rejected. 

With regard to (ii), occasionally the XAPA defined region is not
arge enough to encapsulate all the emission from a bright point
ource, or from a neighbouring (but physically distinct) extended 
ource. This can impact subsequent analysis if the source falls in
ither within R 500 of the cluster UDC 

6 or within the background
nnulus. For the Giles et al. ( 2022 ) analysis, this extra masking step
as 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 k eV stack ed rate map of SDSSXCS-55. The white cross-hairs indicate the UDC 

6 . Left: the solid inner and outer circles indicate the 
location of R 2500 and R 500 , respectively. The dashed annulus indicate 1.05–1.5 R 500 (the background region used in the global spectral analysis, see Section 2.5 ). 
An automated mask, to remo v e contaminating sources identified by XAPA has been applied (black areas, see Section 2.3 ). Right: the default mask has been 
adjusted by hand to remo v e 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 ). 
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nterface (GUI) was developed that makes it simple to interact with,
nd modify existing regions. With regard to (iii), there is a rare XAPA

ailure mode whereby it fails to detect some of the sources in a
i ven observ ation. Using the GUI, it is easy to add ne w regions if
 source or artefact (visible by eye in the image) has been missed
y XAPA . We use standard images for this process, rather than PSF-
orrected images (see Section 2.6 ) as the regions (and masks) need
o be applicable to event data (where event positions are not able to
e PSF corrected) for the generation of spectra. 
Combined images (all observations and instruments that passed

ur flare checks) for each of the galaxy clusters in this work were
xamined, and adjustments to regions were made. We altered or
dded 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
he LoCuSS high- L X sample. Fig. 2 (right) shows part of the XMM
bservation containing SDSSXCS-55. This figure highlights where
 source mask has been expanded from its default ( XAPA ) size. 

.5 Generating and fitting X-ray spectra 

pectral analysis is essential to the estimation of hydrostatic masses,
oth for the deri v ation of ρg ( r) and T ( r). In the case of ρg ( r), only
 global (cluster wide) spectral analysis is needed, whereas for T ( r),
pectral analysis in radial bins is required. 

For the global spectral analysis of our example clusters, the
nalysis region (radius and UDC 

6 ) is defined by the user as an
nitiation input to XGA (Section 2.1 ). A background region also
eeds to be defined. In the implementation of XGA used herein,
he background region is an annulus. For our example clusters,
DSSXCS-55 and SDSSXCS-6955 (and for the analysis presented

n Section 4 ), the inner and outer radii of the annulus are set at
.05 R 500 and 1.5 R 500 , respectively; for R 2500 measurements they are
NRAS 537, 1404–1429 (2025) 
et at 2 R 2500 and 3 R 2500 , and for 300 kpc measurements (for the
XL-100-GC sample, Section 3.1.2 ) they are set to 3.33 R 300 kpc and
 R 300 kpc . 
For the radial spectral analysis, XGA uses a series of N circular

ource apertures with increasing radii, out to a user-defined outer
adius, R outer and centered on the UDC 

6 . While XGA does not
urrently support the creation of azimuthal angle profiles, this will
e a feature in a future release (see Section 5.2.4 ). The innermost
perture is a full circle, the others are annuli. The user defines a
inimum annulus width (also the inner circle radius) in arcseconds,
θmin . The minimum value used in this work is set to account for the
SF of the instrument. For all the cluster analyses herein, we set this

o be �θmin = 20 arcsec (roughly twice the FWHM (full width at half-
aximum) of the XMM EPIC-PN on-axis PSF, see Section 2.6 ). This

alue can be set by the user if desired. If the specified R outer value for
 given cluster, when converted to units of arcseconds ( θouter ), is not
n integer multiple of �θmin , it is adjusted (outwards) accordingly, to
ecome θ ′ 

outer . A background region is then defined and used for all
he bins. For the radial analysis of our example clusters, SDSSXCS-
5 and SDSSXCS-6955 (and the analysis presented in Section 4 ), it
as set to be an annulus of 1.05–1.5 θ ′ 

outer . 
The widths of the bins used in the spectral analysis are set through

n iterative process. This starts with determining whether θ ′ 
outer is

t least 4 × �θmin . If not, then the process stops (because it is not
ealistic to generate a T ( r) profile from less than 4 bins). If it is
xactly 4 × �θmin , then 4 bins (each of θmin in width) are used in
he analysis. If it is 5 × �θmin , then some bins may be expanded (to
 × �θmin , 3 × �θmin , etc.) to impro v e the signal-to-noise ratio. The
idth of a given bin expands (inwards) until either (i) the user-defined
inimum number of background subtracted counts is reached, or (ii)

he number of bins drops to 4. The number of bins defined in this
ay will depend on the quality of the detection and on the R outer (and
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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 
R 500 for each cluster is indicated by horizontal lines, with the shaded region 
representing 1 σ uncertainty. 
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9 XGA can use a range of other emission models if the user prefers. 
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ence projected size) of the cluster. We note that XGA also includes
 method to define the annuli based on a minimum signal-to-noise
atio, which may have some advantages (Rossetti et al. 2024 , showed
hat low source-to-background ratios can systematically temperature 

easurements), though we do not use this functionality in this work. 
The way that the annular spectra are radially binned can have a

ignificant effect on the temperature profiles that are created from 

hem, 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
arge enough that sufficient X-ray counts are present to constrain 
pectral properties (e.g. temperature), whilst maintaining a good 
patial resolution. 

Achieving a minimum number of counts per spectral annulus 
s not al w ays sufficient to guarantee a ‘good’ temperature profile.
n an effort to mitigate potential issues, we generate two sets of
emperature profiles, with different targeted minimum counts per bin 
1500 and 3000 counts). As 1500 counts should be sufficient for a
ell constrained T X value (see fig. 16 in Lloyd-Davies et al. 2011 ),
reference is given to profiles measured from those spectra. Ho we ver, 
f there is a problem with the 1500 count-binned temperature profile, 
e instead use the 3000 count-binned profile. Such problems include: 

(i) The spectral fitting process failing to converge for some annuli. 
ven if only one annulus failed in this manner, the entire temperature
rofile is unusable. 
(ii) Annular temperature values have very poorly constrained 

ncertainties, this can make the deprojection process quite unstable, 
nd cause problems when fitting a temperature profile model to the 
nal 3D temperature profile. 
(iii) Model fits to the deprojected, 3D, temperature profile result- 

ng in unphysical mass profiles, where the hydrostatic mass radial 
rofile is not monotonically increasing. An unreliable density profile 
ould also be responsible, but the annular spectra measurements 
equire a higher base data quality, so they are thought more likely to
e the cause. 

For the clusters analysed herein, the number of annular bins varied 
rom N = 4 (the defined minimum) to N = 22. For our example
lusters, it was N = 17 and 4 for SDSSXCS-55 and SDSSXCS-
955, respectively. 
Once the source and background regions have been defined, 

pectra are generated for every camera-plus-observation combination 
and in each bin for the radial analysis) of the respective galaxy
luster. 

F or our e xample clusters, SDSSXCS-55 and SDSSXCS-6955, this 
orresponds to 6 (132) and 6 (24) spectra, respectively, for the global
radial) analyses; the annular spectra for this example were generated 
ith a minimum of 1500 counts. XGA uses the SAS evselect tool

o create the initial spectra, selecting events with a FLAG value of
, and a PATTERN of ≤4 for PN and ≤12 for MOS data. The SAS

pecgroup tool is used to re-bin each spectrum so that there is
inimum number of counts per channel (in the analysis herein, we 

et that to be 5, though it can be configured by the user). 
The spectral analysis requires response curves (known as ancillary 

esponse files; ARFs) to proceed. These are calculated for each 
pectrum individually. For this, we use a detector map generated 
ith x and y bin sizes set to 200 detector coordinate pixels, and with

he same event selection criteria as the spectrum. We preferentially 
elect an image from another instrument, if available, e.g. a PN image
or an MOS detector map, and vice versa. This helps to mitigate the
ffects of chip gaps. 
XGA uses XSPEC (Arnaud 1996 ) to fit emission models to the
pectra. For the analyses herein, 9 we use an absorbed plasma emis-
ion model ( constant ×tbabs ×apec; Wilms et al. 2000 ; Smith
t al. 2001 ). The multiplicative factor represented by constant
elps to account for the difference in normalization between spectra 
eing fitted simultaneously. The n H values required by tbabs are 
etrieved using the HEASOFT nh command. 10 The starting metal 
bundance value ( Z) is defined by the user. For the analysis herein,
 = 0 . 3 Z � was used. The redshift is al w ays fixed at the input value
uring XGA fitting. The n H and Z value can be fixed or left free
epending on the use case. For our example clusters, SDSSXCS-55 
nd SDSSXCS-6955, and the analysis in Section 4 , they were fixed.

The fits are performed using the c-statistic (Cash 1979 ), and the
ethodology is described in detail in (Giles et al. 2022 , section 3).
here are several quality checks in the Giles et al. ( 2022 ) method

hat have been replicated in XGA . The main quality checks ensure
hat a spectrum has more than 10 usable (or ‘noticed’) channels, that
 model fit to that individual spectrum produced parameter values 
ithin specified acceptable bounds (for instance, a temperature must 
e less than 20 keV), and that the parameter uncertainties are within
pecified acceptable values. If a given spectrum fails one of those
hecks, then it is remo v ed from the final simultaneous fit. If all
pectra related to a given analysis region are remo v ed in this way,
hen no spectral parameter fits will be reported by XGA . Note that not
ll spectra will yield fitted parameters. 

Spectral fitting results for our two example clusters are shown 
n Fig. 3 . We note that the outer temperature bins can have smaller
bsolute uncertainties than the inner bins – there are several potential 
auses; (i) XMM is more sensitive at lower energies (peaking at ∼1
eV), allowing better constraints on lower temperatures; (ii) some 
alaxy clusters (such as SDSSXCS-6955) are off-axis, meaning that 
heir outer regions could coincide with the maximum sensitivity 
egion near the centre of the pointing; and (iii) the line of sight
f the outer bins will intersect with gas that has fewer temperature
MNRAS 537, 1404–1429 (2025) 
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Figure 4 A demonstration of the image PSF correction capabilities of XGA . The white cross-hair indicates the UDC 

6 of SDSSXCS-55. The white circle 
indicates the R 500 aperture centred on the UDC 

6 . Both images show the 2 R 500 × 2 R 500 region. Left: the combined rate map before PSF correction. Right: after 
PSF correction. Note, individual camera images were corrected separately, and then stacked. 
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omponents than the inner bins, allowing smaller uncertainties when
tting with a single-temperature-component model. Validation tests
f the XGA spectral fitting process can be found in Section 3 . 

.6 Correcting images for PSF distortion 

he 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
amera on-axis PSFs have an FWHM of ∼4 . 3 arcsec . The PSF of
ll three EPIC cameras changes size and shape depending on the
osition on the detector, with the PSF causing stretching of bright
ources along the azimuthal direction (e.g. Read et al. 2011 ; XMM-
ewton SOC et al. 2022 ). The XMM PSFs also have a non-zero

ffect on observations of extended sources, especially brighter ones.
revious analyses (e.g. Croston et al. 2006 ; Eckert et al. 2016 ) have
ccounted for this by constructing a mixing matrix that describes the
hifting of photons between different radial bins by a 1D model of
he PSF. 

We have taken a different, generalized, approach to correcting for
SF effects. Rather than apply PSF corrections in 1D after the SB
rofile has been created, we opt to correct the image itself, from which
 profile will then be generated. These corrections are important to
ur goal of estimating M hydro because the ρ( r) profiles rely on SB
aps (see Section 2.7 ). 
Different characterizations of the XMM PSF exist (XMM-Newton

OC et al. 2022 ), with one simple treatment being a King model
with the same functional form as the second entry in Table A1 ). The
ost sophisticated is ELLBETA (Read et al. 2011 ), which includes

omponents for the general shape of the PSF envelopes, the spokes,
ariation with radial/azimuthal position, and energy. 

The PSF correction system in XGA uses the Richardson–Lucy
lgorithm (Richardson 1972 ; Lucy 1974 ); which iteratively decon-
olves the known PSF with the data, in order to reco v er the original
nblurred image. This methodology has been used to correct X-ray
NRAS 537, 1404–1429 (2025) 
elescope images in previous work (Hwang & Gotthelf 1997 ; Prato
t al. 2012 ; Sakai et al. 2023 ). Our implementation accounts for
he spatial variation of the PSF by deconvolving local realizations
f the PSF with different parts of the image. The first step is to
ecide which modelling of the PSF to use – we make use of the
MM - SAS psfgen tool to generate realizations of the PSF, so XGA

upports any model which it supports. This work e xclusiv ely uses
LLBETA , which is the default choice in XGA . At this point, the
oordinates at which to generate PSF realisations is defined – we
in the XMM FoV into a 10-by-10 grid (the number of bins is user
onfigurable). A PSF instance at the centre of each bin is generated
or instrument-observation combination (as PSF shapes vary between
nstruments they must be treated individually). The XMM PSF shape
s not strongly energy dependant (XMM-Newton SOC et al. 2022 ),
o we assume an energy of 1 keV. 

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

We consider the choice of spatial binning and iterations to be
unable hyper-parameters in this analysis, but have found that the
hoices 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. 
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erformance. Using a finer spatial grid for PSF generation intuitively 
akes the o v erall correction more valid, as the generated PSF

ealizations are each representative of a smaller part of the detector, 
ut the time taken to both generate and apply the corrections increases 
ramatically. We have found that different numbers of PSF bins 
an have small effects on the shape of the SB profiles, and thus
he 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
enerally sufficient to reach convergence. We will undertake further 
xploration of the impacts of the parameter choices in the future. 

.7 Generating surface brightness and emissivity profiles 

GA can be used to construct radial SB profiles from combined 
Section 2.2 ) PSF-corrected (Section 2.6 ) rate maps. In this work,
rofiles are centred on the UDC 

6 , and the outer radial bound can be
pecified as either R 2500 / R 500 (provided by the user as an initiation
nput to XGA ; see Section 2.1 ) or a custom radius. Currently, XGA

rofiles must be generated in concentric circular bins; setting limits 
n the azimuthal angle is not supported (we aim to add this feature
n the future; see Section 5.2.4 ). 

A background region also needs to be defined. In XGA , the back-
round region is an annulus. For our example clusters, SDSSXCS-55 
nd SDSSXCS-6955 (and for the analysis presented in Section 4 ), the
nner and outer radii were set at 1.05 R 500 and 1.5 R 500 , respectively.
ther sources in the respective XMM combined rate maps were 

emo v ed prior to profile generation using the automated and XGA

enerated masks (see Sections 2.3 and 2.4 ). For the analyses herein
unless otherwise stated), we used the default XGA settings radial 
ins of width 1 pixel (4.35 arcsec) and an energy range of 0.5–
.0 keV. The uncertainties on the background-subtracted SB profile 
re calculated by assuming Poisson errors on the counts in each 
nnulus. Fig. 5 shows cluster SB profiles for SDSSXCS-55 and 
DSSXCS-6955. 
The SB profiles are projected quantities and are in instrument 

pecific units (i.e. detected photons per second per unit area). The 
ext step toward our goal of measuring a ρ( r) profile is to deproject
hem and to infer a 3D profile (i.e. emitted photons per second per
olume). As the true 3D distribution of ICM electrons is unknown,
e have to rely on a model for the deprojection. Fitting to radial
rofiles using XGA is described in Appendix A . We use the Beta
odel throughout this work, but other models are available in XGA .
his model takes the form: 

 X ( R) = S 0 

( 

1 + 

(
R 

R c 

)2 
) −3 β+ 0 . 5 

, (2) 

here S 0 is a normalization factor, R c is the radius of the core
egion, and β is the slope outside the core region. Parameter priors
sed during this work can be found in Table A1 . An advantage of the
eta model is that there is an analytical solution for the inverse-Abel

ransform which is used to deproject it from a 2D to a 3D profile,
aking the assumption of spherical symmetry. This results in a 3D

adial volume emissivity profile ε( R). 

.8 Generating density profiles 

ith the emissivity profiles in hand, the next task is to convert them
o gas density profiles. For this, we use of the definition of the APEC

mission model normalization, 

 APEC = 

10 −14 

4 π ( D A (1 + z)) 2 

∫ 

n e n p d V , (3) 

here N APEC is the normalization of the APEC plasma emission model
in units of cm 

−5 ), D A is the angular diameter distance to the cluster
in units of cm), z is the redshift of the cluster, and n e and n p are the
lectron and proton number densities (in units of cm 

−3 ). 
To make use of equation (), we need to calculate a conversion

actor, K N , between N APEC and XMM count-rate ( C r ), where N APEC =
 N C r . To calculate K N , we implement an XGA interface to the

SPEC tool FakeIt , which can be used to simulate spectra given an
mission model and an instrument response. This is used to generate
imulated spectra for e very camera-plus-observ ation combination 
using ARFs and RMFs extracted at the UDC 

6 during the generation
f spectra, see Section 2.5 ). The simulations are performed using
n APEC model absorbed with tbabs . The n H value for tbabs
s set to the HI4PI Collaboration ( 2016 ) value for that cluster. The
pectra are simulated with a normalisation fixed at 1, a fixed global
emperature measured for that cluster (within R 500 for LoCuSS high- 
 X /SDSSRM-XCS, within 300 kpc for XXL-100-GC), a metallicity 
f 0.3 Z �, and the input redshift of the cluster. The simulated spectra
re all ‘observed’ for a set exposure time of 10 ks, and are used
o measure count-rates in the 0.5–2.0 keV band, which corresponds 
o the energy range of the rate maps used to generate SB profiles.
he count-rates for each instrument of each observation are then 
eighted by the average ef fecti ve area between 0.5–2.0 keV (drawn

rom the corresponding ARF) and combined into a single conversion 
actor K N . This conversion factor is suitable for use with emissivity
rofiles generated from combined rate maps. 
This con version factor , K N , allows equation (3) to be written in

erms of the spherical shell 3D emissivity ε( R) = C r ( R) V 

−1 , and
he product of the electron and proton number densities n e n p (which
e can use to calculate the total gas density), 

 e ( R ) n p ( R ) = 

4 πK N ( D A (1 + z)) 2 ε( R) 

10 −14 
. (4) 

At this point, we assume the ratio of electrons to protons in the
CM, given by n e = R ep × n p , which substituted into equation ( 4 ),
MNRAS 537, 1404–1429 (2025) 
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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 . 
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ives an expression for n p of 

 p ( R) = 

√ 

4 πK N ( D A (1 + z)) 2 ε( R) 

R ep 10 −14 
. (5) 

e choose to use the solar abundances presented in Anders &
revesse ( 1989 ) to calculate this ratio, R ep = 1 . 199. The total gas
umber density, n g = n e + n p = (1 + R ep ) n p , is thus calculated
sing the expression for n p from equation ( 5 ). 
At this point, the mean molecular weight μ = 0 . 61 and the atomic
ass unit are used to convert number density to mass density. Thus,
e calculate gas density from emissivity with quantities that we can
easure, or already know; 

gas ( R) = μm u (1 + R ep ) 

√ 

4 πK N ε( R)( D A (1 + z)) 2 

R ep 10 −14 
. (6) 

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

.9 Measuring gas masses 

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

 gas ( < R � 

) = 4 π
∫ R � 

0 
ρgas ( R ) R 

2 d R , (7) 

nd can be used to measure both total gas masses within particular
adii (e.g. R 500 ), or to create cumulative gas mass profiles. 

It is desirable to account for all significant sources of uncertainty
n the calculation of gas masses. One source of uncertainty is
hat on the o v erdensity radii within which gas mass is measured,
hich is not accounted for in our measurement of the density
rofile. Therefore, we have added an optional mechanism to account
or uncertainty in the physical radius (e.g. R 500 ) when calculating
as mass. For this, we assume a Gaussian posterior distribution
or the radius, with the mean being the published value and the
tandard deviation being the published error. This radius distribution
s sampled along with the profile model posterior distributions to
NRAS 537, 1404–1429 (2025) 
reate a gas mass measurement distribution, with the sampled radius
or each combination of sampled model parameters acting as the
uter radius within which the integral is e v aluated. We have applied
his method in Section 3.2.2 where we compare XGA and Eckert
t al. ( 2016 ) gas mass estimates for the XXL-100-GC sample. This
s due to the fact that the gas masses measured in Eckert et al. ( 2016 )
lso account for o v erdensity radius uncertainty in their analysis. We
lso use it in Section 4 when generating new M hydro estimates for
DSSRM-XCS clusters. 
To demonstrate the effect of including the uncertainty on the

nput radius, the measured gas mass for SDSSXCS-6955 within
 500 (669 . 0 + 62 . 0 

−47 . 9 kpc; see Table 1 ) is M 

gas 
500 = 1 . 155 + 0 . 027 

−0 . 027 10 12 M �
xcluding the uncertainty on R 500 , and M 

gas 
500 = 1 . 153 + 0 . 089 

−0 . 095 10 12 M �
ncluding the R 500 uncertainty. We can see that the gas mass
ncertainties, when we account for radius uncertainty, are ∼3 times
arger than when we donot. 

.10 Generating 3D temperature profiles 

he second property we must measure to calculate a cluster’s hydro-
tatic mass is the 3D temperature profile. The radial spectral analysis
escribed in Section 2.5 results in a set of projected temperature
easurements (one for each of the N radial bins). Each projected

emperature is a weighted combination of the temperatures in the 3D
hells of the cluster that the annulus intersects with. To reco v er the
D distribution, T ( r), we opt to use the ‘onion-peeling’ method (see
escriptions in e.g. Ettori et al. 2002 ; Ghirardini et al. 2018 ). First, the
olume intersections between the analysis annuli (projected back into
he sky) and the spherical shells which we separate each cluster into
defined as having the same radii as the annuli) must be calculated.
he volume intersections can be calculated (see appendix A of
cLaughlin 1999 ) as, 

V int = 

4 π

3 

[
max { 0 , ( R 

2 
so − R 

2 
ao ) 

3 
2 } − max { 0 , ( R 

2 
so − R 

2 
ao ) 

3 
2 } 

+ max { 0 , ( R 

2 
si − R 

2 
ao ) 

3 
2 } − max { 0 , ( R 

2 
si − R 

2 
ai ) 

3 
2 } ], (8) 

here R so is the matrix of shell outer radii, R ao is the matrix of
nnulus outer radii, R si is the matrix of shell inner radii, and R ai 

s the matrix of annulus inner radii. The V int matrix is a 2D matrix
escribing volume intersections between all combinations of annuli
nd 3D shells. 

Second, an emission measure profile is calculated using the APEC

ormalization 1D profile produced during the spectral fitting of
he set of annular spectra. This calculation uses equation (3) and
earranges to solve for the integral. As the projected temperature
easured within a given annulus is a weighted combination of the

hell temperatures intersected by that annulus, we can infer the
emperature of a shell (for past usage see Ghirardini et al. 2018 ) with 

T shell = 

( V 

T 
int ) 

−1 × T annulus EM 

( V 

T 
int ) −1 × EM 

. (9) 

T shell is the matrix of spherical shell temperatures that we aim to
alculate, V int is the matrix of volume intersections between all com-
inations of annuli and shells (see equation 8 ), EM is the emission
easure matrix, and T annulus is the projected temperature matrix;
represents the matrix product. We propagate the uncertainties

rom the projected temperature and emission measure profiles by
enerating 10 000 realizations of each profile, assuming Gaussian
rrors on each data point. We then use the profile realizations to
alculate 10 000 instances of the deprojected temperature profile.
hese distributions are used to measure 90 per cent confidence limits
n 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 1 σ uncertainty. 
Residuals to the fit are shown in the bottom panel. 
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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 . 
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Once 3D, deprojected, gas temperature profiles have been mea- 
ured, we use the methods discussed in Appendix A to model the
rofiles with a simplified version of the Vikhlinin et al. ( 2006 )
emperature model as detailed in Ghirardini et al. ( 2018 ). The use of
he simplified model allows for the modelling of temperature profiles 
ith fewer temperature bins (due to the use of less free parameters).
his temperature profile takes the form: 

 3D ( r) = 

T 0 

((
r 

r cool 

)
+ 

T min 
T 0 

)(
r 2 

r 2 t 

+ 1 
)− c 

2 

(
r 

r cool 

)a cool + 1 
, (10) 

here T 0 is a normalization factor, T min is the minimum temperature, 
 cool is the radius of the cool central region, a cool is the slope of the cool
egion out to a radius r cool , and c is the slope at large radii occurring
t a transition radius r t . Parameter priors can be found in Table A1 .
ig. 7 shows 3D temperature profiles for clusters SDSSXCS-55 and 
DSSXCS-6955, along with the corresponding 1 σ uncertainty (given 
y the shaded regions). 

.11 Generating hydrostatic mass profiles 

nce we have measured a 3D radial gas density profile (details 
n Section 2.8 ) and a 3D radial temperature profile (details in
ection 2.10 ), we can use equation (1) to measure hydrostatic masses. 
s such, XGA creates hydrostatic mass profiles as a function of radius

e.g. Fig. 8 ). The hydrostatic mass equation not only involves the
emperature and density profile values at each radius for which a 
nclosed mass is measured, but also the deri v ati ves of those profiles
ith respect to radius. The king profile and temperature profiles both 
ave analytical first deri v ati ves, and as such these are used to calculate
he slope at a given radius, rather than a numerical approximation. 

XGA models can return posterior distributions of the value of 
he model (or model slope) at a given radius, rather than a single
alue. This is based on drawing randomly from the parameter 
osterior distributions found from the fitting process described in 
ppendix A . When calculating a hydrostatic mass at a specified

adius, the temperature and density parametric models generate 
0 000 realizations of themselves; these realizations are then used 
o retrieve absolute values of T 3D and ρg at the specified radius, as

ell as d T 3D 
d r and d ρg 

d r values. As such a distribution of hydrostatic 
ass measurements is created for the given radius, and 90 per cent

onfidence limits are calculated. 
We also implement an optional method of propagating errors on 

he chosen radius, to help account for uncertainties on the o v erdensity
adii which masses are commonly calculated within. This is akin to
he optional step implemented for the calculation of XGA gas masses
t the end of Section 2.9 . When an uncertainty is provided along
ith a radius, we assume a Gaussian distribution and draw 10 000

andom radii. Then, when the profile realizations are generated and a
istribution of hydrostatic masses are measured, the randomly drawn 
adii are used rather than a fixed value. Distributions are generated
or absolute values and derivatives can all take radius uncertainties 
nto account. This is not used in our comparisons to LoCuSS
 hydro measurements in Section 3.2.3 , as radius uncertainties were 

ot published by Martino et al. ( 2014 ). We do include radius
ncertainties in our calculation of SDSSRM-XCS cluster masses 
resented in Section 4 . Mass profiles for the clusters SDSSXCS-55
nd SDSSXCS-6955, along with the corresponding 1 σ uncertainty 
given by the shaded regions), are shown in Fig. 8 . 

 VA LI DATI ON  TESTS  

e have tested the validity of the XGA approach described in Section 2
y comparing the XGA outputs to those presented in the literature.
or this. we have used three different cluster samples. The samples
sed for validation are described in Section 3.1 . In Sections 3.2.1 ,
.2.2 , and 3.2.3 , we compare the XGA measurements of T X , M gas , and
 hydro , respectively, to literature values. 

.1 Validation samples 

he validation samples are SDSSRM-XCS (Giles et al. 2022 ), XXL-
00-GC (Pacaud et al. 2016 ), and LoCuSS high- L X (Martino et al.
014 ). The properties of the validation samples are summarized in
MNRAS 537, 1404–1429 (2025) 
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M

Table 2. Summaries of the literature galaxy cluster samples used in this work (see Section 3 ) to validate the XGA methodology. 

Sample name N CL , 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 < 0 . 9 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 ). 

LoCuSS high- L X (a) 33, 0 . 15 < z < 0 . 3 Drawn from clusters detected in the the ROSAT All Sky Survey (Ebeling et al. 2000 ). The 
sample contains 50 clusters satisfying the following conditions; n H < 7 × 10 20 cm 

2 , 
−25 ◦ < δ < 65 ◦, and L X [0 . 1 − 2 . 4 keV ] E( z) −2 . 7 ≥ 4 . 2 × 10 44 erg s −1 . 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- L X (b) 32, 0 . 15 < z < 0 . 3 As abo v e, but for clusters satisfying L X [0 . 1 − 2 . 4 keV ] E( z) −1 ≥ 4 . 4 × 10 44 erg s −1 between 
0 . 15 < z < 0 . 24, and L X [0 . 1 − 2 . 4 keV ] E( z) −1 ≥ 7 . 0 × 10 44 erg s −1 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 ). 
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 able 2 . W e note that although both XMM - and Chandra -based
easurements are presented in Martino et al. ( 2014 ), we only
ake comparisons here with XMM , given the known discrepancy

etween XMM- and Chandr a -deriv ed temperature estimates (e.g.
chellenberger et al. 2015 ). Excluding duplicates, a total of 268
lusters have been used in the validation tests presented below.
uplicate clusters were identified by cross-matching the samples; to
e considered a match, two sources needed to be within a projected
istance of 500 kpc (at the cluster redshift) and with | �z| ≤ 0 . 05.
or each test, we adjusted the XGA initiation values (Section 2.1 )

o follow those used in the published works as closely as possible
see Sections 3.1.1 –3.1.3 ). A companion GitHub repository (see
ppendix B for a summary of the structure and contents) contains

he exact sample files used in this section. 

.1.1 SDSSRM-XCS 

e have used XGA to re-analyse a sample of 150 clusters presented
n Giles et al. ( 2022 , hereafter G22). These clusters are referred
o as the SDSSRM-XCS T X , vol subsample in G22 (see Table 2 ,
herein), but hereafter will be referred to as SDSSRM-XCS for
implicity. The SDSSRM-XCS clusters in the sample were originally
elected from SDSS photometry using the RM algorithm (Rykoff
t al. 2014 ). The 150 SDSSRM-XCS clusters represent the subset
f the original � 66 000 SDSSRM cluster catalogue that meet the
ollowing criteria: they lie within the footprint of the the XMM
rchive, were successfully processed by the XCS imaging and
pectroscopic pipelines ( �T X < 25 per cent ), and have redshifts in
he range 0 . 1 < z < 0 . 35. 

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

(i) The cosmological model; flat lambda-cold dark matter
 � CDM), assuming �M 

= 0.3, �� 

= 0.7, and H 0 = 70 km s −1 

pc −1 . 
(ii) The XMM data reduction, image generation, and source

etection (Section 2.1 ). This was performed outside of XGA ,
xactly following the G22 approach. This meant that the auto-
atically masked regions (Section 2.3 ) were the same in both

nalyses. 
(iii) The UDCs 6 , redshifts, R 500 , and R 2500 values. Therefore, the

ource apertures, and the background annuli (either 1.05–1.5 R 500 
NRAS 537, 1404–1429 (2025) 
r 2–3 R 2500 ) were the same (i.e. size, shape, and location) during
he 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
bsorbed APEC plasma model with the column density, redshift, and
etal abundance fixed during the fit. 

Differences include: 

(i) The choice of manually adjusted source masks and excluded
MM observations (Section 2.4 ). 
(ii) Different versions of certain software packages; G22 used SAS

14.0.0 and XSPEC v12.10.1f, whereas this work uses SAS v18.0.0
nd XSPEC v12.11.0. 

(iii) The pipeline used for the global spectral analysis (there was
o radial spectral analysis G22). Herein we use XGA , whereas
22 used XCS3P. One important difference between the two
ipelines is the treatment of XMM subexposures. Some XMM
bservations contain multiple subexposures by the same instru-
ents. The analyses performed by XGA only make use of the

ongest individual subexposure for a particular instrument of a
articular observation, whereas XCS3P makes use of all of the
ubexposures. 

.1.2 XXL-100-GC 

e used XGA to re-analyse 99 of the 100 clusters first described
n Pacaud et al. ( 2016 ). The cluster XLSSC-504 was excluded to
e consistent with the Giles et al. ( 2016 ) study. A further two
lusters were excluded as they did not successfully pass XGA data
uality checks: backscale errors were encountered during spectral
eneration for XLSSC-11, and, for XLSSC-527, no observation
ulfills the XGA criterion that the 300 kpc co v erage (Section 2.1 )
raction should be > 70 per cent . We compare the XGA derived global
emperature measurements of the remaining 97 to those presented in
iles et al. ( 2016 ), 11 and the XGA derived gas mass measurements to

hose presented in Eckert et al. ( 2016 ). 12 

http://vizier.u-strasbg.fr/viz-bin/VizieR-3?-source=IX/49/xxl100gc
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Our analysis of the XXL-100-GC clusters included these elements 
n common with the published works: 

(i) The cosmological model: �M 

= 0.28, �� 

= 0.72, and 
 0 = 70 km s −1 Mpc −1 , the WMAP 9 results (Hinshaw et al. 2013 ). 
(ii) The UDCs 6 , redshifts, and analysis regions ( r = 300 kpc) of

he clusters. Therefore, the source apertures were the same (i.e. size, 
hape, and location) during the global spectral fits (Section 2.5 ), and
onstruction of SB profiles (Section 2.7 ) of both analyses. 

(iii) The model used during the XSPEC fits was the same. Both
nalyses used an absorbed APEC plasma model with the column 
ensity, redshift, and metal abundance fixed at 0.3 Z � (using 
nders & Grevesse 1989 , abundance tables; angr in XSPEC ) during

he 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–

.0keV energy band. 
(vi) SB profiles are generated out to 1 . 2 R 500 . 
(vii) The global temperature value from Giles et al. ( 2016 , T 300 kpc 

X )
as used for the conversion from SB to emission measure (see 
ection 2.7 ). 
(viii) M gas values, and errors, were estimated within R 500 taken 

rom Eckert et al. ( 2016 ). Additionally, M gas uncertainties include 
he error on R 500 as performed in Eckert et al. ( 2016 ), see Section 2.9 .

Differences include: 

(i) The input XMM observations. Our analysis includes some 
MM observations that entered the archive after the publication of 
iles et al. ( 2016 ). 
(ii) The approach to background subtraction for the global spectral 

nalyses. We used a local, in field, subtraction technique with an 
nnulus of width 1 . 05 − 1 . 5 R 500 (or 2 − 3 R 2500 depending on the
perture; the background annulus is entirely controllable by the user) 
entred on the UDC 

6 . By comparison, Giles et al. ( 2016 ), used either:
1) an annulus centred on the aimpoint of the XMM observation, 
ith a width determined by the diameter of the analysis region of

he galaxy cluster (see fig. 1 of Giles et al. 2016 ); or (2) an annulus
entred on the cluster centroid with an inner radius equal to the
xtent of the cluster emission and an outer radius a factor 2 × the
nner radius. 

(iii) The approach to background subtraction used during the 
eneration of SB (and thus emission measure) profiles. Whereas 
e used a simple technique (see abo v e), Eckert et al. ( 2016 ), used a
odel for the non-X-ray background and a spatial fit for the X-ray

ackground (see sections 2.2 and 2.3 in Eckert et al. 2016 , for more
etail). 
(iv) The choice of manually adjusted source masks and excluded 

MM 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 
equired to obtain T X and M gas ( < r) estimates. Herein, we use XGA

Section 2 ), which differs in several ways to those used in Pacaud
t al. ( 2016 ), Giles et al. ( 2016 ), and/or Eckert et al. ( 2016 ). 

.1.3 LoCuSS high- L X (a) 

e have used XGA to analyse the 33 LoCuSS clusters presented in
artino et al. ( 2014 ), for which their gas and hydrostatic masses

re determined using only XMM observations. These clusters form 

he first LoCuSS validation sample, referred to as LoCuSS high- L X 
a). The full sample definition is given in T able 2 . W e note that
e do not measure any results for ‘RXCJ1212.3 −1816’, as its sole
MM observation (0652010201) was excluded during the inspection 
etailed in Section 2.4 due to residual flaring. Our analysis of the
oCuSS high- L X clusters included these elements in common with 

he published works: 

(i) The cosmological model: flat � CDM, assuming �M 

= 0.3, 
� 

= 0.7, and H 0 = 70 km s −1 Mpc −1 . 
(ii) The UDCs 6 (i.e. choice of cluster centroid locations) and 

edshifts values were taken from Martino et al. ( 2014 ). To compare
 as and h ydrostatic masses, we used the R 500 v alues gi ven in Martino
t al. ( 2014 ). Therefore, the source apertures were the same (i.e.
ize, shape, and location) in the rele v ant aspects (global spectral fits,
ection 2.5 ) of both analyses. 
(iii) The model used during the XSPEC fits was the same. The

oCuSS high- L X (a) analyses used an absorbed APEC plasma model
ith the column density and redshift fixed during the fit. The
etallicity is left free to vary. One small difference is that Martino

t al. ( 2014 ) uses the wabs model (rather than tbabs ) to account
or 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–

.5 keV energy band. 
(vi) Temperature profiles were constructed with a minimum num- 

er of background subtracted counts per annulus of 3000. 
(vii) Global temperature values were measured from core-excised 

0.15–1 R 500 ) spectra. 
(viii) Errors on the gas masses do not include o v erdensity radius

ncertainties (see Section 2.9 ) as Martino et al. ( 2014 ) did not use
his approach in their analysis. 

Differences include: 

(i) The input XMM observations. Our analysis includes XMM 

bservations that entered the archive after the publication of Martino 
t al. ( 2014 ). 

(ii) The choice of manually adjusted source masks and excluded 
MM observations (Section 2.4 ). 
(iii) The approach to background subtraction. Whereas we used 

 simple, in field, subtraction technique with an annulus of width
 . 05 − 1 . 5 R 500 (1.05-1.5 θ ′ 

outer ) centred on the UDC 

6 , for the global
pectral and SB (radial spectral) analyses, Martino et al. ( 2014 ),
sed a spectral modelling approach (see sections 3.3.1 and 3.3.3 in
artino et al. 2014 , for more detail). 
(iv) Different versions of certain software packages; the Martino 

t al. ( 2014 ) work uses SAS v11.0.0, we use SAS v18.0.0. It is not
tated which version of XSPEC was used by Martino et al. ( 2014 ), but
t will be a considerably older version than we use (v12.11.0). 

(v) The pipelines used to generate the various analysis products 
equired to obtain M gas ( < r) and M hydro ( < r) estimates. Herein, we
se XGA (Section 2 ), which differs in several ways to those used in
artino et al. ( 2014 ). 
(vi) The equations to model the density and 3D temperature 

rofiles differ between those used in this work (equations A2 and
3 for density and temperature, respectively) and the form used in
artino et al. ( 2014 , see their equations 4 and 5 for density and

emperature, respectively). 

.1.4 LoCuSS high- L X (b) 

 modified version of the LoCuSS sample selection is given in
ulroy et al. ( 2019 ), for which 32 clusters were analysed using only
MNRAS 537, 1404–1429 (2025) 
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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 σint 

T 2500 
X SDSSRM-XCS 0.99 ±0.01 0.02 ±0.01 9 (a) 

T 500 
X SDSSRM-XCS 1.00 ±0.01 0.04 ±0.01 9 (b) 

T 
300kpc 

X XXL-100-GC 0.99 ±0.01 0.04 ±0.01 10 

T 500ce 
X LoCuSS high- L X (b) 1.01 ±0.01 0.04 ±0.01 11 

M 

500 
gas XXL-100-GC 0.89 ±0.06 0.59 ±0.05 12 

M 

500 † 
gas XXL-100-GC MC 1.02 ±0.05 0.30 ±0.05 N/A 

M 

2500 
gas LoCuSS high- L X (a) 0.97 ±0.02 0.08 ±0.01 13 (a) 

M 

500 
gas LoCuSS high- L X (a) 0.93 ±0.02 0.13 ±0.02 13 (b) 

M 

2500 
hy LoCuSS high- L X (a) 1.10 ±0.03 0.08 ±0.03 14 (b) 

M 

500 
hy LoCuSS high- L X (a) 1.19 ±0.07 0.24 ±0.05 14 (b) 

Note s. † We perform a second comparison of XXL gas masses, excluding 
clusters with an original or XGA value M 

500 
gas < 5 ×10 12 M �. The first 

column indicates the property compared, the second the particular sample 
(either SDSSRM-XCS, XXL, or LoCuSS high- L x (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. 
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MM observations 13 to provide global temperature measurements.
hese clusters form the second LoCuSS validation sample, referred

o as LoCuSS high- L X (b). The full sample definition is given in
able 2 . As the Mulroy et al. ( 2019 ) is based largely upon the
ame analysis as Martino et al. ( 2014 ), many of the similarities and
ifferences are the same as those given in Section 3.1.3 . Ho we ver,
hose specific to LoCuSS high- L X (b) are gi ven belo w. The elements
n common include: 

(i) To compare global temperatures, we used the same R 500 value
s that used in Mulroy et al. ( 2019 ). The R 500 

14 values were estimated
rom the weak-lensing analysis outlined in Okabe & Smith ( 2016 ). 

Differences include: 

(i) Specific information regarding the background subtraction
ethods used to derive the global T X values provided in Mulroy

t al. ( 2019 ) is not given, but we assume the same (spectral modelling)
pproach was used as that detailed in Martino et al. ( 2014 ). 

.2 Validation of deri v ed properties 

he validation of the derived properties takes the form of one-to-
ne (1:1) comparisons to the validation sample described abo v e, and
re quantified by fitting a power law with the slope fixed at unity.
he fits were performed in log space using the R package LInear
egression in Astronomy ( LIRA , 15 Sereno 2016a ), fully described

n Sereno ( 2016b ). The validations are visualized via 1:1 plots for
ach property compared, and in each case the best fit is given by
 light-blue solid line and the 68 per cent confidence interval by the
ight-blue shaded region. The 1 σ , 2 σ , and 3 σ intrinsic scatter is given
y the grey shaded regions. A summary of fit results can be found
n Table 3 . In the following sections, we discuss the comparisons
f each property for each sample in more detail. The results can be
eproduced using public Jupyter notebooks . 

.2.1 Validation of XGA derived global T X values 

DSSRM-XCS . The temperature comparison is shown in Fig. 9
or both the R 2500 (a) and R 500 (b) apertures. The best-fitting
ormalizations are 0.99 ±0.00 and 1.00 ±0.01 for T 500 

X and T 2500 
X ,

espectively. This highlights that the XGA and G22 values are in
xcellent agreement. This is expected, given the similarities in the
nput data and the methodology. There is some small amount of
catter around the 1:1 relation, which can be attributed to the small
ifferences in the method (see Section 3.1.1 ). 
XXL-100-GC. The XGA analysis yielded T 

300kpc 
X values for 97 of

he 99 clusters in the input sample. The temperature comparison is
hown in Fig. 10 . The best-fitting normalization of 0.99 ±0.01 shows
hat the XGA and Giles et al. ( 2016 ) values are in excellent agreement,
espite the large number of differences between the two approaches
see Section 3.1.2 ). 

LoCuSS high - L X . The XGA analysis yielded global, core-excised,
emperatures values for all 32 of the input sample with XMM results
n Mulroy et al. ( 2019 ). The temperature comparison is shown in
ig. 11 . The best-fitting normalization is 1.01 ±0.01, showing that

he XGA and Mulroy et al. ( 2019 ) values are in excellent agreement,
NRAS 537, 1404–1429 (2025) 

3 The data tables in Mulroy et al. ( 2019 ) did not specific which values were 
erived from XMM and which from Chandra . This information was provided 
y Smith (pri v ate communication). 
4 These values were provided by Smith (private communication). 
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espite the large number of differences between the two approaches
see Section 3.1.3 ). 

.2.2 Validation of XGA derived M gas values 

XL-100-GC . The XGA analysis yielded M 

500 
gas values for 91 (of the

9) clusters contained in the XXL-100-GC sample. Fig. 12 shows
he comparison between XGA measured and gas mass estimates
ublished in Eckert et al. ( 2016 ). While the best-fitting normalization
f 0.89 ±0.06 highlights the XGA values are ∼10 per cent lower than
hose measured by Eckert et al. ( 2016 ), the difference is < 2 σ .
herefore, there is broad agreement between the two analyses. This

s encouraging considering the significant differences in density
easurement between the two samples (see Section 3.1.2 ). We do
easure a potentially significant scatter between the original XXL

alues and those produced by XGA (see Table 3 ). XXL data are
enerally low signal-to-noise ratio (compared to the SDSSRM-XCS
nd LoCuSS samples), which we believe is the likely origin of this
catter measurement. Inspecting Fig. 12 , it is evident that the lower-
as-mass systems (which are likely to be lower signal-to-noise ratio
n the relatively uniform exposures of XXL) are the most scattered.
ndeed, it seems that they might be the main driver of the high scatter
easurement, as when we perform a comparison fit with clusters that

ave both an XXL and XGA gas mass of greater than 5 ×10 12 M �,
e find a significantly reduced scatter (see Table 3 ). This gas-
ass-limited comparison produces a comparison fit normalization

onsistent with unity within 1 σ . 
LoCuSS high - L X . The XGA analysis yielded M 

500 
gas values for 32 (of

3) LoCuSS high- L X clusters. Note that the one cluster missing
RXCJ1212) was excluded from this analysis during the visual
nspection process due to residual flaring. Comparisons of the gas

asses calculated within R 2500 ( M 

2500 
gas ) and R 500 ( M 

500 
gas ) are presented

n Figs 13 (a) and (b), respectively. The normalizations of the fits
re 0.97 ±0.02 and 0.93 ±0.02 for M 

2500 
gas and M 

500 
gas , respectively.

his highlights that the M 

2500 
gas values are consistent, however, the

GA measured M 

500 
gas values are on average 7 per cent lower than the

oCuSS values (significant at the 3.5 σ level). 

https://github.com/DavidT3/XCS-Mass-Paper-I-Analysis/blob/fe7c5ef9163d530a4f2d4e2124a01e2048f25999/notebooks/temp_lum_comparisons/sdss_comparisons.ipynb
https://cran.r-project.org/web/packages/lira/index.html
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(a) (b)

Figure 9 The XGA APEC temperatures versus the XCS3P APEC temperatures within R 500 (a) and R 2500 (b) for the SDSSRM-XCS sample (as taken from Giles 
et al. 2022 ). The dashed line represents the 1:1 relation (note ho we ver, the dashed line may be hidden as the best-fitting line is overplotted). 

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. 
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Figure 11 A comparison of global, core-excised, X-ray R 500 temperatures 
measured by XGA and LoCuSS analyses, for a subset of the LoCuSS high- L X 

sample. The temperatures are measured within core excluded weak-lensing 
R 500 values (within [0.15–1] R 500 ), presented in Mulroy et al. ( 2019 ). 
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.2.3 Validation of XGA derived M hydro values 

oCuSS high - L X . Fig. 14 shows a comparison between the XGA

nd LoCuSS hydrostatic masses for M 

2500 
hy (a) and M 

500 
hy (b). We 

uccessfully measure masses for 29 galaxy clusters (of 33) in the 
oCuSS high- L X sample, 24 of which have XMM hydrostatic masses
easured by LoCuSS (which are compared in Fig. 14 ). When 
ompared to the LoCuSS masses (specifically those measured by 
MM ), we find XGA measured masses 10 per cent and 19 per cent
igher than LoCuSS for M 

2500 
hy and M 

500 
hy , respectively. While the

ifference is significant at the 3.3 σ level for M 

2500 
hy , the difference is

 3 σ for M 

500 
hy . 
MNRAS 537, 1404–1429 (2025) 
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M

Figure 12 A one-to-one comparison of gas masses measured for the XXL- 
100-GC cluster sample, within R 500 , by Eckert et al. ( 2016 ) and an x GA 

re-analysis. S B 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

F  

(  

M  

(  

W  

m  

o  

X  

t  

X  

c  

c  

u
 

f  

c  

n  

c  

t  

t  

d  

m  

w  

t  

s  

e  

e  

w  

w  

w  

1

c  

m  

m  

t

4
S

H  

i

4

W  

S  

p  

b
m  

m
 

G  

R  

S  

a  

S
 

o  

t  

(  

s  

s  

h  

r  

u  

p  

s  

2  

h

4

H  

S  

 

S  

t  

P  

L  

s  

d  

F  

f  

C  

C  

1  

s  

a  

(  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/537/2/1404/7943694 by U
niversity of W

itw
atersrand user on 21 August 2025
.3 Discussion 

rom the tests presented abo v e, we can conclude that the XGA

almost 16 ) automated batch approaches to extracting estimates of T X ,
 gas , and M hydro are robust (see Figs 9 –14 and Table 3 ). In only 2

out of 9) of the tests was the normalization more than 3 σ from unity.
e have also ef fecti vely demonstrated the flexibility of our tools by
atching as closely as possible the original analysis methodologies

f three different samples; our use of the LoCuSS high- L X and
XL-100-GC samples in particular also show that XGA can adapt

o high and low signal-to-noise observations. All this illustrates that
GA can be used to easily derive properties for large sets of galaxy
lusters. Uniquely, we have made XGA open and available for entire
ommunity to use, and we also make every effort to encourage its
se by supplying e xtensiv e documentation and examples. 
Where there are offsets, these are likely explained by the dif-

ering approaches taken during the analyses. The hydrostatic mass
omparison (as per equation 1) is sensitive to differences in the
ormalization and slope of the temperature and density profiles. We
onsider it most likely that any difference in masses are driven by
he temperature profiles, rather than the density profiles. For one
hing, temperature profiles require much higher data quality than
ensity profiles, though we have demonstrated that our temperature
easurement methodology produces values in excellent agreement
ith literature. We expect that the main culprit is likely to be

he deprojection process for temperature profiles – it can be quite
ensitive to small differences, and the original LoCuSS (Martino
t al. 2014 ) analysis used a ‘forward modelling’ method (Meneghetti
t al. 2010 ), which is fundamentally different. We also note that
e hav e deriv ed temperature profiles for all galaxy clusters for
hich a hydrostatic mass has been measured, whereas some previous
ork (e.g. Martino et al. 2014 ) assumes a temperature profile in
NRAS 537, 1404–1429 (2025) 

6 The data checks described in Section 2.4 require human intervention. 

t  

c  

r  
ases where there are low total counts. The XGA methodology for
easuring hydrostatic masses will not remain static, and we plan to
ake multiple additions to the software in order to better constrain

hem (see Section 5.2 ). 

 MASS  ANALYSI S  O F  T H E  SDSSRM-XCS  

AMPLE  

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

.1 Masses for a subset of the SDSSRM-XCS sample 

e attempt to measure masses for all 150 galaxy clusters in the
DSSRM-XCS sample. Measurements presented in this section are
erformed using XGA , within the R 500 and R 2500 values measured
y G22. In Section 3.2.1 , we demonstrated that the global XGA T X 
easurements are consistent with the original G22 analysis when
easured within identical apertures (see Fig. 9 ). 
Temperature and density profiles were generated out to R 500 (from

22), with the hydrostatic masses estimated from these profiles at
 500 and R 2500 . Density profiles were generated as described in
ection 2.8 , and temperature profiles were generated and selected
s described in Section 2.10 from annular spectra (described in
ection 2.5 ). 
We are able to successfully measure hydrostatic masses for 104

f the 150 galaxy clusters in the SDSSRM-XCS sample. The
emperature profiles used for these measurements have between 4
the minimum number allowed, see Section 2.5 ) and 26 annuli. This
et of hydrostatic masses adds significant value to the SDSSRM-XCS
ample, as well as representing one of the largest samples of cluster
ydrostatic masses available. As each mass is measured individually,
ather than derived through the stacking of different clusters (as is
sually the case for weak-lensing cluster masses), there are many
ossible uses for the sample. Also, as SDSSRM-XCS clusters were
elected from optical/NIR via the SDSS RM catalogue (Rykoff et al.
014 ), this sample allows for powerful multiwavelength studies of
ow cluster mass is related to optical properties. 

.2 Comparison of SDSSRM-XCS masses with the literature 

ere, we place the masses measured for the SDSSRM-XCS sample in
ection 4.1 in context with hydrostatic masses taken from literature.
First, a direct comparison for a subset of the clusters in the

DSSRM-XCS system is performed. We compare the M 

500 
hy values

o those given in Martino et al. ( 2014 ), Lovisari et al. ( 2020 ), and
oon et al. ( 2023 ). The Martino et al. ( 2014 ) masses are from the
oCuSS sample as discussed in Section 3.1 . The Lovisari et al. ( 2020 )
ample contains 120 XMM derived hydrostatic masses from Planck
etected clusters (spanning a redshift range of 0 . 059 < z < 0 . 546).
inally, Poon et al. ( 2023 ) estimate hydrostatic masses using XMM
or 19 clusters contained in the Meta-Catalog of X-Ray Detected
lusters of Galaxies (Piffaretti et al. 2011 ) within the Hyper Suprime-
am Subaru Strategic Programme field (Aihara et al. 2018 ). The
04 SDSSRM-XCS clusters with M 

500 
hy values are matched to the

amples of clusters used in the works listed, resulting in 21, 16,
nd 9 clusters matched to Martino et al. ( 2014 ), Lovisari et al.
 2020 ), and Poon et al. ( 2023 ) respectively. The comparison of
he masses is plotted in Fig. 15 (a). This provides another general
heck of our measured hydrostatic masses, with the black line
epresenting the 1:1 relation, from which we see broad consistency
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(a) (b)

Figure 13 A one-to-one comparison of gas masses measured for the LoCuSS high- L X cluster sample, within LoCuSS measured R 2500 (a) and R 500 (b) values, 
by Martino et al. ( 2014 ) and an XGA re-analysis. 

(a) (b)

Figure 14 A one-to-one comparison of hydrostatic masses measured for the LoCuSS high- L X cluster sample, within LoCuSS measured R 2500 (a) and R 500 (b) 
values, by Martino et al. ( 2014 ) and an XGA re-analysis. 
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f the masses measured in this work and those reported in the
iterature. 

In Fig. 15 (b), we show the number of SDSSRM-XCS clusters per
 

500 
hy bin (given by the blue histogram). The M 

500 
hy distributions from

artino et al. ( 2014 ) and Lovisari et al. ( 2020 ) are given by the
rown and green spline curves respectively. While the SDSSRM- 
CS sample clearly contains more masses than the Martino et al.
 2014 ) sample, clusters in Martino et al. ( 2014 ) are selected by
mposing a luminosity limit on clusters detected in the ROSAT All-
k y Surv e y (RASS), reducing the number of available clusters for
tudy. The Lovisari et al. ( 2020 ) sample contains a larger number
f masses o v erall, the SDSSRM-XCS sample pro vides man y more
MNRAS 537, 1404–1429 (2025) 
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M

(a) (b)

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 M 

500 
hy values (light-blue histogram). Mass distributions from Martino et al. ( 2014 , brown line peaking at ∼ 6 . 5 × 10 14 M �, using only the XMM - 

based masses), Lovisari et al. ( 2020 , green line peaking at ∼ 5 . 5 × 10 14 M �) and Poon et al. ( 2023 , cyan line peaking at ∼ 3 . 5 × 10 14 M �) are given for 
comparison. 
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ow-mass cluster estimates. However, we note that this is due
o the Planck selection of the clusters in Lovisari et al. ( 2020 ),
hich will select higher mass clusters. Additionally, Lovisari et al.

 2020 ) provide masses for 17 clusters for which their masses were
stimated using < 4 temperature profile bins. For the analysis of
he SDSSXCS-RM sample, we required a minimum of four bins
n the temperature profile for a mass determination. Some basic
ifferences in cluster selection are evident here, with the SDSSRM-
CS sample containing considerably more lower mass systems

han the other samples. As the low-mass end of the cluster mass
cale is the most populated, and previous cosmology efforts have
een affected by the difficulty in constraining MORs for low-
ass systems (Abbott et al. 2020 ), these are particularly important.
e also see that certain features in these distributions are present

cross samples, including the deficit in clusters with masses between
 −5 × 10 14 M �. 

 SUMMARY  A N D  N E X T  STEPS  

inally, in this section, we present summaries of the work in this
aper, discussions of the implications and results, and goals for
elated future work. 

.1 Summary 

his work introduces an automated method, and tool ( XGA ), for
easuring hydrostatic masses (and many other X-ray properties)

f large samples of galaxy clusters. We summarize this tool, and
he approaches taken to measure the various properties that are
equired to determine hydrostatic masses, in the first part of the paper.
wo demonstration clusters (SDSSXCS-55 and SDSSXCS-6955) are
sed to help illustrate the different steps and data products required.
his includes the measurement of density and 3D temperature
rofiles. As part of this we showcase and explain XGA ’s PSF
orrection feature, which takes into account the spatially varying
NRAS 537, 1404–1429 (2025) 
ature of XMM PSFs, and is rele v ant to the measurement of density
rofiles. 
We then make use of three samples of galaxy clusters, SDSSRM-

CS, XXL-100-GC, and LoCuSS high- L X to explore the efficacy
f measurements of galaxy cluster properties produced by our new
oftware tool, XGA . Once we have demonstrated that XGA is reliable,
e find and present new measurements of hydrostatic mass for the
DSSRM-XCS sample. In summary: 

(i) Comparisons of T X measurements of the SDSSRM-XCS sam-
le from an existing XCS analysis (Giles et al. 2022 ) to those
easured by XGA demonstrate close agreement. This holds true for
easurements within both R 500 and R 2500 , with R 2500 measurements

ppearing to show less scatter. Close agreement of these measure-
ents is expected because they use the same event lists and region
les, as well as very similar analysis techniques. We quantify the
omparisons by plotting XGA results against literature value and
tting a fixed-slope power law; all normalizations are consistent
ith unity. 
(ii) Similar comparisons of T X to literature values measured for

he XXL-100-GC (Giles et al. 2016 ) and LoCuSS high- L X (Mulroy
t al. 2019 ) samples showed good agreement, and also demonstrated
GA ’s ability to perform measurements with different energy limits,
ith metallicity left free to vary, and different cosmologies. Model
ts again showed that the comparison normalizations are consistent
ith unity. 
(iii) We then began to test values derived from radial profiles,

tarting with gas masses. Comparisons of gas mass values measured
or the XXL-100-GC (Eckert et al. 2016 ) and LoCuSS high- L X 

Martino et al. 2014 ) samples, and re-analyses using XGA , demon-
trated that XGA produces gas mass measurements consistent with
ast work. The XXL comparison indicated an small ( ∼10 per cent)
ffset between the two analysis, however, the difference was not
ignificant. The LoCuSS comparison demonstrated a 1:1 relation
etween gas masses measured within LoCuSS R 2500 values, but that
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 500 gas masses are slightly systematically larger when measured by 
GA versus the original work. 
(iv) Our final comparison makes use of the hydrostatic masses 
easured within R 2500 and R 500 for the LoCuSS high- L X sample 

y Martino et al. ( 2014 ). The M 

hy 
2500 comparison lies close to the

:1 line, with minimal scatter. The M 

hy 
500 comparison is also broadly 

ompatible with the 1:1 line, though the scatter and uncertainties are 
ncreased when compared to the M 

hy 
2500 plot. From this comparison, 

nd the others presented in this work, we conclude that XGA 

ass measurements are consistent with previous work and can be 
elied on. 

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

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

.2 Future work 

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

.2.1 Mass–observable relations 

hilst we have demonstrated the utility of XGA for measuring 
ydrostatic masses for large samples of galaxy clusters, and mea- 
ured masses for a significant number of clusters using archi v al
ata, we have not yet constructed MORs. As we discussed in the
ntroduction, such relations are an invaluable independent measure 
f the normalization, slope, and scatter of cluster masses with other 
bservables. The next paper in this series will focus on constructing 
uch relations for a larger set of galaxy clusters, and for both X-
ay and optically deri ved observ ables; the y will be e xtremely useful
or the next-generation of cluster cosmology being enabled by new 

elescopes and missions. 

.2.2 Other samples 

e will produce mass measurements and scaling relations for other 
amples of galaxy clusters, selected from optical/NIR surv e ys such 
s DES, and from the ACT-DR5 cluster catalogue. This shall not only
dd a significant number of cluster masses to our sample, but will
lso open the possibility of constructing scaling relations between 
-ray mass and Sun yaev–Zeldo vich properties. 

.2.3 Temperature profile methodology 

n this initial work, we have used a relatively simple methodology to
deproject’ the measured temperature profiles and infer the 3D radial 
emperature structure of the galaxy clusters. More sophisticated 
echniques could be applied to this problem (such as deep learning 
eprojection, Iqbal et al. 2023 ), which might impro v e the temperature
rofiles measured by XGA , and thus the hydrostatic masses. This will
e achie v able through the existing frame work of XGA , and future
ork with different techniques to measure 3D temperature profiles 
ould also provide a systematic comparison between the measured 
rofiles, and inferred masses. Testing of the XGA methods should 
e performed using mock observations of clusters extracted from 

ydrodynamic simulations (such as e.g. Cui et al. 2018 ; Pakmor
t al. 2023 ), i.e. where the ‘true’ gas and halo masses are known. This
ill also allow us to estimate the systematic errors introduced from

implifying assumptions, such as spherical symmetry and hydrostatic 
quilibrium. 

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

ocal background from an annulus and subtracting. 

.2.4 Support for more targeted profile generation 

s this work has made an assumption of spherical symmetry when
reating radial profiles of SB, density, and temperature, we have had
o need to generate them in anything but complete circular annuli. In
he future, we will include XGA support for more flexible profile
eneration, including radial profiles between limiting azimuthal 
ngles, or in non-circular configurations (such as a line of rectangles,
ee fig. 7 of Migkas et al. 2024 , for a recent example). 

More customization of the regions from which profiles are 
xtracted will lend itself to more complex analyses, including 
nvestigations of cluster property dependence on azimuthal position, 
ifferences in temperature structure due to merging or feedback 
rocesses, and constraints on projected shape from SB profiles 
easured in various azimuthal directions. It will also make XGA 

ore powerful for the detailed analysis of individual systems, which 
ften requires careful placement of profile regions in order to, for
nstance, measure a temperature or density profiles across a gas 
ridge (Akamatsu et al. 2017 ) or the temperature discontinuity across
 cold front (Kadam et al. 2024 ). 

.2.5 Multimission X-ray analyses 

lanned additions to the XGA software package will enable support 
or X-ray telescopes other than XMM ; e.g. Chandra , eROSITA , and
RISM . This will allow a user to draw on multiple archives of X-ray
bservations for analysis of samples, increasing the likelihood that 
amples selected from other wavelengths will have a serendipitous 
-ray observation. Multimission support will also allow us to design 

oint analyses that take advantage of the unique capabilities of each
elescope. Joint analyses with all available X-ray data should become 
outine, rather than requiring special effort, and XGA can provide that
apability. This will made more difficult by known cross-calibration 
iscrepancies between telescopes, but there is a continued effort to 
mpro v e the agreement between missions. 

We will also include support for simulated telescopes to enable 
reparatory work for future missions; e.g. Athena , Lynx , and AXIS . As
uch we will produce catalogues of hydrostatic masses measured with 
ultiple current telescopes ( XMM and Chandra ), as well as explore

ow we may exploit the capabilities of planned telescopes. Work on
MNRAS 537, 1404–1429 (2025) 
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imulated clusters will also include exploration of the hydrostatic
ass bias from true mass. 

.2.6 Accounting for non-thermal pr essur e support 

ydrostatic masses are biased from true masses due to assumptions
ade during the deri v ation of equation (1). The assumption of

ydrostatic equilibrium implies that all pressure support is provided
y the thermal gradient of the ICM, which is not the case. Various
rocesses also help to balance gravitational collapse, and together are
ften referred to as non-thermal pressure (NTP) support. Methods to
easure a total mass from X-ray observations exist (e.g. Eckert et al.

019 ), and we aim to apply them to large samples of clusters such
s SDSSRM-XCS. By taking NTP support into account hydrostatic
asses can become even more competitive with other direct mass
easurement methods (such as individual weak lensing). 

C K N OW L E D G E M E N T S  

e made use of TOPCAT (Taylor 2005 ) in various parts of this
roject. The X-ray analysis module developed by XCS ( XGA ) makes
ignificant use of ASTROPY (Astropy Collaboration 2013 , 2018 ),
UMPY (Harris et al. 2020 ), MATPLOTLIB (Hunter 2007 ), and PANDAS

McKinney 2010 ; The pandas development team 2020 ). XGA also
ses GetDist (Lewis 2019 ) to produce corner plots. 
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PPENDI X  A :  FITTING  M O D E L S  TO  R A D I A L  

ROFILES  IN  X G A 

arious aspects of this work require models to be fitted to radial data
rofiles. For this work, we make use of the EMCEE ensemble Markov
hain Monte Carlo (MCMC) sampler which has been widely used 

n the astronomy community (F oreman-Macke y et al. 2013 ). This
ampler runs multiple interconnected MCMC chains to explore the 
arameter space. We choose to use a simple Gaussian likelihood 
unction and uninformative uniform priors. The priors are dependant 
pon the particular profile being fitted, as well as the model choice,
nd further information can be found in Table A1 . 

All profile fitting performed for this work used an EMCEE sampler
nstance with 20 w alk ers, each taking 30 000 steps. We chose to
enerate sets of start positions for the w alk ers by adapting a simple
ethod 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.
he NLLS fits use starting values for model parameters as defined in
 able A1 . W e then find the order of magnitude of each fit parameter.
hese are then perturbed by drawing an N w alk er × N par matrix of

andom values from a N (0 , 1) distribution, multiplying each random
alue by the order of magnitude of the respective parameter, and
hen adding this perturbation to the original NLLS best-fitting value. 
efore starting, the sampler checks to ensure that the start positions
ll fall within the allowed boundaries of the priors, and if not then
hey are redrawn until they do. 

Once the sampler run is complete, we calculate integrated au- 
ocorrelation times for the model parameters, if all autocorrelation 
imes are more than 400 times smaller than the number of steps taken
y a w alk er, then we find the mean autocorrelation time for all the
arameters, round it up to the nearest 100, and double it to find a good
umber of steps to remo v e from each w alk er’s chains as a burn-in
eriod. If any of the parameters had an autocorrelation time that did
ot fit this criteria, then we take a brute force approach and remo v e
he first 30 per cent of steps in each w alk er’s chains. We draw 10 000
andom points from combined parameter chains from all w alk ers
o create the final posterior distributions. We also measure medians 
f the parameter posterior distributions, as well as finding the 1 σ
egions. 

These fits are performed using a set of radial model classes that
e have implemented in XGA . They provide easy access to model
osterior distributions, visualizations, and predictions. XGA models 
lso have implementations of useful mathematical operations such 
s differentiation, spherical volume integration, and inverse-Abel 
ransformation of the models (using PyAbel; Hickstein et al. 2019 ;
ibson et al. 2022 ), making use of ASTROPY (Astropy Collaboration
013 , 2018 ) to provide correct units for any calculated quantities.
odel instances also provide information on model parameters, 

upport custom start parameters, and also custom priors. 
MNRAS 537, 1404–1429 (2025) 

http://dx.doi.org/10.1051/0004-6361/201526766
http://dx.doi.org/10.1051/0004-6361/201015377
http://dx.doi.org/10.3390/galaxies9040097
http://dx.doi.org/10.1093/mnras/stad514
http://dx.doi.org/10.1051/0004-6361/201118681
http://dx.doi.org/10.1007/s11214-019-0591-0
http://dx.doi.org/10.1051/0004-6361/201117525
http://dx.doi.org/10.1364/JOSA.62.000055
http://dx.doi.org/10.1086/318382
http://dx.doi.org/10.1051/0004-6361/202348853
http://dx.doi.org/10.1088/0004-637X/785/2/104
http://dx.doi.org/10.3847/0067-0049/224/1/1
http://dx.doi.org/10.3847/1538-4357/acd9b3
http://dx.doi.org/10.1051/0004-6361/202141501
http://dx.doi.org/10.1093/mnras/sts586
http://dx.doi.org/10.1086/305578
http://dx.doi.org/10.1051/0004-6361/202244582
http://dx.doi.org/10.1093/mnras/stx1022
http://dx.doi.org/10.1093/mnras/stx1583
http://dx.doi.org/10.1051/0004-6361/201424085
http://dx.doi.org/10.1093/mnras/stv2374
http://dx.doi.org/10.1086/322992
http://dx.doi.org/10.1088/0004-637X/693/2/1142
http://dx.doi.org/10.1086/308882
http://arxiv.org/abs/1809.01669
http://dx.doi.org/10.5281/zenodo.3509134
https://zenodo.org/records/13819579
http://arxiv.org/abs/2202.01236
http://dx.doi.org/10.1093/mnras/stac2463
http://dx.doi.org/10.1086/500288
http://dx.doi.org/10.1088/0004-637X/692/2/1060
http://dx.doi.org/10.1038/s41592-019-0686-2
http://dx.doi.org/10.1086/317016


1424 D. J. Turner et al. 

MNRAS 537, 1404–1429 (2025) 

Ta
bl

e 
A

1.
 

Su
m

m
ar

ie
s 

of
 
th

e 
X

G
A
 
1D

 
ra

di
al
 
m

od
el

s 
us

ed
 
in
 
th

is
 
w

or
k 

(t
ho

ug
h 

ot
he

rs
 
ar

e 
im

pl
em

en
te

d 
an

d 
av

ai
la

bl
e)

. M
od

el
 
na

m
es
 
an

d 
de

sc
ri

pt
io

ns
 
of
 
th

ei
r 

us
e 

ar
e 

in
cl

ud
ed

. T
he

 
un

its
 
of
 
m

od
el
 
pa

ra
m

et
er

s 
ar

e 
gi

ve
n,
 
as
 
w

el
l a

s 
th

e 
st

ar
t p

ar
am

et
er

s 
us

ed
 
fo

r 
in

iti
al
 
fit

s.
 
Fi

na
lly

 
de

ta
ils

 
of
 
th

e 
pa

ra
m

et
er
 
pr

io
rs
 
us

ed
 
fo

r 
th

e 
fu

ll 
M

C
M

C
 
fit
 
ar

e 
gi

ve
n,
 
w

he
re
 
U

[A
, B

] 
in

di
ca

te
s 

a 
un

if
or

m
 
di

st
ri

bu
tio

n 
w

ith
 
lim

its
 
A
 
an

d 
B

. 

M
od

el
 
na

m
e 

E
qu

at
io

n 
B

ri
ef
 
de

sc
ri

pt
io

n 
Pa

ra
m

et
er

s 
St

ar
t v

al
ue

s 
Pr

io
rs
 

B
et

a 
S
 X
 

( R
) 
= 

S
 0 

( 1 
+ 

( R
 

R
 c
 

) 2 ) −3
 β
+ 0

 . 5
 

Si
m

pl
e 

m
od

el
 
fo

r 
th

e 
S
 0 

[ c
t s
 −1

 

ar
cm

in
 −2

 

] 
1 

U
[0

, 3
] 

SB
 
pr

ofi
le

, 
R
 co

re
 

[k
pc

] 
10

0 
U

[1
, 2

00
0]
 

(A
1)
 

C
av

al
ie

re
 
&
 
Fu

sc
o-

Fe
m

ia
no

 
( 1

97
6 )

. 
β

1 
U

[0
, 3

] 

K
in

g 
ρ

g
 

( R
) 
= 

ρ
0 

( 1 
+ 

( R
 

R
 c
 

) 2 ) −3
 β

A
 
ve

ry
 
si

m
pl

e 
m

od
el
 
fo

r 
th

e 
ρ

0 
[ M

 �
M

pc
 −3

 

] 
1 

U
[1

, 1
00

00
] ×

10
 12
 

de
ns

ity
 
pr

ofi
le

; a
n 

in
ve

rs
e-

A
be

l 
R
 co

re
 

[k
pc

] 
10

0 
U

[0
, 2

00
0]
 

(A
2)
 

tr
an

sf
or

m
 
of
 
th

e 
be

ta
 
pr

ofi
le

. 
β

1 
U

[0
, 3

] 

Si
m

pl
ifi

ed
 

V
ik

hl
in

in
 

te
m

pe
ra

tu
re
 

T
 
( R

) 
= 

T
 0 

((
R
 

R
 c
 

) +  
T
 m

in
 

T
 0 

)(
R
 

2 

R
 

2 T
 

+ 
1 ) −

c 2 

( R
 

R
 c
 

) a c 
+ 

1 

R
 c 

[k
pc

] 
50

 
U

[1
0,
 
50

0]
 

Si
m

pl
ifi

ed
 
V

ik
hl

in
in
 
et
 
al

. (
 20

06
 ) 

a
 c 

1 
U

[0
, 5

] 
te

m
pe

ra
tu

re
 
pr

ofi
le
 
as
 
us

ed
 
by

 
T
 m

in
 

[k
eV

] 
3 

U
[0

.1
, 6

] 
(A

3)
 

G
hi

ra
rd

in
i e

t a
l. 

( 2
01

9 )
. 

T
 0 

[k
eV

] 
6 

U
[0

.5
, 1

5]
 

R
 T
 

[k
pc

] 
20

0 
U

[1
00

, 5
00

] 
c 

1 
U

[0
, 5

] 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/537/2/1404/7943694 by U
niversity of W

itw
atersrand user on 21 August 2025



XCS: Automating cluster hydrostatic masses 1425 

A
R

T  

c  

w  

t
s  

c
v
a  

T  

i

B

T
f  

fi  

c
r  

w

 

e
f
o  

i  

f
X
u  

c
v

 

1
T
m
fl  

(  

a  

t
f

p
i  

a  

p  

c

t
fi
b
s
i  

c

B

A
t  

c  

p

a  

t  

o  

t  

a
 

c  

‘
 

u  

r  

c  

k  

n

B

T
i
r
c
i

a  

w

p
fi  

h

c  

e
a
i
n
fi

t
a

 

 

 

 

 

 

m
s
m

 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/537/2/1404/7943694 by U
niversity of W

itw
atersrand user on 21 August 2025
PPEN D IX  B:  C O M PA N I O N  G I T H U B  

EPOSITO RY  

he work in this paper is accompanied by a GitHub repository 2 ,
ontaining the samples and code required to reproduce our work, as
ell as tables of results and extra figures. Here, we briefly summarize

he contents of the repository and provide the context which connects 
ections of the paper to the different files. The vast majority of files
ontaining sample information and results are ‘comma separated 
ariable’ files (csv), which are human-readable and can be opened in 
 text editor, or more practically can be opened with software, such as
OPCAT (Taylor 2005 ), or a PYTHON module such as PANDAS (McK-
nney 2010 ). Our companion repository contains several directories: 

1 Sample files 

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

(i) xcs3p sdssrm clusters . csv – A sample file containing the prop-
rties measured for the volume complete, temperature within R 500 

ractional uncertainty less than 25 per cent, SDSSRM-XCS sample 
f clusters presented by Giles et al. ( 2022 ). This sample is introduced
n Section 3.1.1 , and is used both for validation purposes, and
or the measurement of new hydrostatic masses. The file includes 
-ray centroid positions, redshifts, R 500 and R 2500 values (with 
ncertainties), T X , and L X values within the two apertures. Not all
lusters in this sample have R 2500 values and associated L X and T X 
alues measured within them. 

(ii) xxl gc100 . csv – A file with information rele v ant to the XXL-
00-GC sample of galaxy clusters, introduced in Section 3.1.2 . 
he information available includes positions, redshifts, and R 500 

easurements for the clusters, as well as XXL names and quality 
ags. Derived properties such as T X and L X , measured by Giles et al.
 2016 ), and gas mass values measured by Eckert et al. ( 2016 ), are
lso included. All data, apart from R 500 uncertainties, are taken from
he XXL-100-GC VizieR table; the radius uncertainties are extracted 
rom Eckert et al. ( 2016 ). 

(iii) locuss highlx clusters . csv – This contains information and 
roperties for the clusters in the LoCuSS high- L X sample, introduced 
n Section 3.1.3 . A combination of o v erdensity radii, gas masses,
nd hydrostatic masses presented by Martino et al. ( 2014 ), as well as
ositions, redshifts, T X , and L X measurements acquired via pri v ate
ommunications. 

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

2 Data notes 

 small, but important, part of this paper’s companion repository, 
hat includes notes made on the data used during analysis of the
lusters in this work. This is rele v ant to all results presented in this
aper. We include the following files: 
(i) flare check notes . md – We performed manual inspections of 
ll the observations that XGA selected for the three samples used in
his work, to check for evidence of residual flaring that could affect
ur results. This file contains the observation identifiers of the data
hat we decided to exclude, and in some cases pro vides e xtra conte xt
s to the reason. 

(ii) obs blacklist . csv – This file contains the exact data we ex-
luded 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
sed in the analysis of which galaxy clusters. The file is human
eadable, and can be used to deduce which data are rele v ant to which
lusters, but can also be read as a PYTHON dictionary. The top-level
eys are XMM ObsIDs, and each is accompanied by a list of cluster
ames. 

3 Notebooks 

he analysis code used to measure our galaxy cluster properties 
s presented in Jupyter notebooks and included in the companion 
epository. The following notebooks are included (with specific XGA 

lasses and functions used for different parts of this work summarised 
n Tables D1 and D2 ): 

(i) sample properties . ipynb – This includes the information avail- 
ble in each data set, the positions of the clusters on the sky, and
hether there any common clusters between the samples. 
(ii) demonstration clusters . ipynb – Here, we select our two exam- 

le clusters, SDSSXCS-55 and SDSSXCS-6955, and generate every 
gure included in Section 2 . The information in Table 1 is also shown
ere. 
(iii) common . py – This contains variable definitions that are 

ommon to multiple notebooks, so any change is reflected in the
ntire analysis once re-run. This includes the cosmology definitions 
nd colour selections for our three validation samples. We also 
nclude comparison and plotting functions common to multiple 
otebooks, these are used to generate the one-to-one comparison 
gures in Section 3 . 
(iv) visualisations region adjustment – This is a directory, con- 

aining several notebooks related to the visualization of our clusters, 
nd the modification of the rele v ant 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 o v erlay re gion information, and
save the images as an output (see Appendix B4 ). 

(b) ∗ region checks . ipynb – This represents three notebooks 
(with the ‘ ∗’ replaced by ‘sdssrm-xcs’, ‘xxl’, 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 remo v e contaminating sources from the analyses of each
sample. These notebooks are rele v ant to Section 2.4 . 

(v) temp lum comparisons – We store notebooks rele v ant to the
easurement of X-ray temperatures and luminosities for our three 

amples. These measurements are used for comparisons of XGA 

easurements to literature values, as seen in Section 3.2.1 . 

(a) sdss comparisons . ipynb – XGA measurements of tem- 
perature and luminosity, within both R 500 and R 2500 (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. 
MNRAS 537, 1404–1429 (2025) 
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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 ). 

(c) locuss comparisons . ipynb – This notebook contains XGA

measurements of temperature and luminosity for the LoCuSS
high- L X sample (Section 3.1.3 ). The comparisons made to
literature values are shown in Fig. 11 . 

(vi) gas mass comparisons – A directory containing notebooks
ele v ant to the comparison of literature gas mass measurements to
GA 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 R 500 (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- L X sample within published
R 5 00 and R 2500 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
ele v ant to the measurement of hydrostatic masses for two of the
luster samples used in this work. 

(a) locuss hym comparisons . ipynb – XGA measurements of
hydrostatic mass for LoCuSS high- L X galaxy clusters are per-
formed here, within both R 500 and R 2500 radii. In Section 3.2.3 ,
they are compared to the literature values measured using XMM .
This notebook is used to generate Fig. 14 . 
NRAS 537, 1404–1429 (2025) 

Table C1. Properties of the SDSSRM-XCS galaxy cluster sample. All uncertai
brevity, the first entry of the table is given, with the full table available from htt
ts/results . 

(1) (2) (3) (4) (5) (6) (7) 

RM ID RA Dec. z R 500 R 2500 T 2500 
X 

(deg) (deg) (kpc) (kpc) (keV) 

2 250.08 46.71 0.23 1503 644 9.73 + 0 . 20 
−0 . 20 10

Notes . (1) redMaPPer ID of the cluster; (2) right ascension as defined by redM
redMaPPer; (5) R 500 taken from Giles et al. ( 2022 ); (6) R 2500 taken from Giles
temperature determined within R 500 ; (9) gas mass determined within R 2500 ; 
hydrostatic mass analysis described throughout Section 2 , within R 2500 ; and (12)
Section 2 , within R 500 . 
(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 . 

4 Outputs 

n this final part of the companion repository, we store the main
utputs of this work. 

(i) cluster visualisations – This directory contains combined
MM images of the clusters in the three samples, with one sub-
irectory for each sample. The file name used for each image is the
ame of the galaxy cluster used in this work, a mask has been applied,
nd contaminating source regions are overlaid. 

(ii) custom regions – This contains region files which were mod-
fied during the course of Section 2.4 . They are in sky (RA–Dec.)
oordinates, and in the FK5 coordinate frame. 

(iii) figures – Figures created for this paper are stored in this
irectory. 
(iv) results – All sets of results measured during the course of

his work are stored in here, including XGA measured properties for
he SDSSRM-XCS, XXL-100-GC, and LoCuSS high- L X samples.
ables C1 –C4 contain a subset of the results, and define the columns.

PPENDI X  C :  TA BLES  O F  PROPERTIES  

1 SDSSRM-XCS XGA properties 

2 XXL-100-GC XGA re-analysis results 

3 LoCuSS high- L X XGA re-analysis results 
nties calculated from 68 per cent confidence limits, equi v alent to 1 σ . For 
ps://github.com/DavidT3/XCS- Mass- Paper- I- Analysis/t ree/mast er/out pu 

(8) (9) (10) (11) (12) 

T 500 
X M 

gas 
2500 M 

gas 
500 M 

hy 
2500 M 

hy 
500 

(keV) 10 14 (M �) 10 14 (M �) 10 14 (M �) 10 14 (M �) 

.40 + 0 . 24 
−0 . 22 0.59 + 0 . 00 

−0 . 00 1.68 + 0 . 00 
−0 . 00 4.48 + 0 . 26 

−0 . 26 10.36 + 1 . 31 
−1 . 34 

aPPer; (3) declination taken from redMaPPer; (4) redshift taken from 

 et al. ( 2022 ); (7) X-ray temperature determined within R 2500 ; (8) X-ray 
(10) gas mass determined within R 500 ; (11) mass determined from the 
 mass determined from the hydrostatic mass analysis described throughout 

1 August 2025

https://github.com/DavidT3/XCS-Mass-Paper-I-Analysis/tree/master/outputs/results
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Table C2. Properties of the XXL-100-GC galaxy cluster sample. All uncertainties calculated from 68 per cent confidence limits, equi v alent 
to 1 σ . For brevity, the first entry of the table is given, with the full table available from https://github.com/DavidT3/XCS- Mass- Paper- I- Anal 
ysis/t ree/mast er/out puts/results . 

(1) (2) (3) (4) (5) (6) (7) 

XLSSC RA Dec. z R 500 T 
300kpc 

X M 

gas 
500 

(deg) (deg) (kpc) (keV) 10 14 (M �) 

1 36.24 −3.82 0.614 777 3.41 + 0 . 47 
−0 . 38 0.31 + 0 . 07 

−0 . 07 

Notes . (1) XLSSC ID as giv en in P acaud et al. ( 2016 ); (2) right ascension as giv en in P acaud et al. ( 2016 ); (3) declination as given in Pacaud 
et al. ( 2016 ); (4) redshift as given in Pacaud et al. ( 2016 ); (5) R 500 as given in Eckert et al. ( 2016 ); (6) XGA measured X-ray temperature within 
300 kpc; and (7) and XGA measured gas mass within R 500 . 

Table C3. LoCuSS high- L X (a) galaxy cluster properties. All uncertainties calculated from 68 per cent confidence limits, equi v alent to 1 σ . For brevity, 
the first entry of the table is given, with the full table available from https://github.com/DavidT3/XCS- Mass- Paper- I- Analysis/t ree/mast er/out puts/results . 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

Name RA Dec. z R 2500 R 500 M 

gas 
2500 M 

gas 
500 M 

hy 
2500 M 

hy 
500 

(deg) (deg) (kpc) (kpc) 10 14 (M �) 10 14 (M �) 10 14 (M �) 10 14 (M �) 

Abell 0068 9.2785 9.1566 0.255 580 1400 0.32 + 0 . 00 
−0 . 00 0.83 + 0 . 00 

−0 . 00 3.79 + 0 . 18 
−0 . 18 9.68 + 0 . 99 

−0 . 97 

Notes . (1) Cluster name; (2) right ascension; (3) declination; (4) redshift; (5) R 2500 o v erdensity radius; (6) R 500 o v erdensity radius; (7) XGA measured gas 
mass within R 2500 ; (8) XGA measured gas mass within R 500 ; (9) XGA measured hydrostatic mass within R 2500 ; and (10) XGA measured hydrostatic mass 
within R 500 . Values for columns (2)–(6) are taken from Martino et al. ( 2014 ). 

Table C4. Properties of the LoCuSS high- L X (b) galaxy cluster sample. 
All uncertainties calculated from 68 per cent confidence limits, equi v alent 
to 1 σ . For brevity, the first entry of the table is given, with the full table 
available from https://github.com/DavidT3/XCS- Mass- Paper- I- Analysis/tre 
e/mast er/out puts/results . 

(1) (2) (3) (4) (5) (6) 
Name RA Dec. z R WL , 500 T 500ce 

X 
(deg) (deg) (kpc) (keV) 

A0068 9.2785 9.1566 0.255 1231 7.33 + 0 . 12 
−0 . 12 

Notes . (1) Cluster name; (2) right ascension; (3) declination; (4) redshift; 
(5) R 500 o v erdensity radius determined from a weak-lensing analysis (see 
Okabe & Smith 2016 , values were provided by Smith pri v ate communication); 
and (6) XGA measured core-excluded X-ray temperature within [0.15–
1] R WL , 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 rele v ant 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 
and headers (read into memory only when needed), and convenient 
methods for coordinate conversion and creating visualizations. 

Section 2.2 

ExpMap products.phot Identical in function to Image , but provides an interface for exposure 
maps. 

Section 2.2 

RateMap products.phot Provides an interface to count-rate maps, constructed from Image and 
ExpMap instances. Has all Image functionality, as well as extra 
methods to calculate signal-to-noise ratio within a specified region. 

Section 2.2 

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

Section 2.5 

products.spec products.spec Constructed from a set of Spectrum objects which have been 
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. 

Section 2.5 

products.profile products.profile Contains projected temperature profile information (i.e. the 
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. 

Section 2.5 

products.profile products.profile Similar to the ProjectedGasTemperature1D profile, but 
containing APEC normalizations from the fitting of an 
AnnularSpectra . 

Section 2.5 

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

APECNormalisation1D profiles. 
Section 2.5 

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

Section 2.8 

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 
GasTemperature3D and GasDensity3D profile. Contains extra 
methods to calculate a hydrostatic mass at a particular radius, as well as 
visualizing the posterior distribution. 

Section 2.11 

models.sb models.sb XGA model class for the simplest model of a galaxy cluster X-ray SB 

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. 

Section 2.7 

models.density models.density XGA model class for the simplest model of a galaxy cluster 3D density 
profile, deriving from the BetaProfile1D . 

Section 2.8 

models.temperature models.temperature XGA model class for a simplified version of the Vikhlinin model for the 
3D temperature profile of the ICM. 

Section 2.10 
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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 rele v ant section of this paper that they were used in. This is not an e xhaustiv e 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 α
and δ values. 

Section 2.1 

products.phot.Image products.phot.Image Method of Image to show an interactive image to add and 
modify source regions. 

Section 2.4 

view products.phot.Image Make visualizations of Image , ExpMap , and RateMap , built 
into the classes. Can be configured to add o v erlays and masks. 

Section 2.2 

imagetools.psf imagetools.psf 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. 

BaseProfile 
A method of all XGA profile classes, which can fit models to 
their data and store the resulting information within the profile. 

Appendix A 

sources.extended. 
GalaxyCluster 

sources.extended. 
GalaxyCluster 

Calculates count-rate to APEC normalization conversion 
factors for use on SB profiles (both individual instrument and 
combined). 

Section 2.8 

sourcetools.deproj sourcetools.deproj Calculates the volume intersection matrix of a set of circular 
annuli and a set of spherical shells 

Section 2.10 

xspec.fit.general xspec.fit.general A function which fits emission models to spectra (either in a 
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. 

Section 2.5 

xspec.fit.profile xspec.fit.profile A function which fits emission models to a set of annular 
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. 

Section 2.5 

sourcetools.mass sourcetools.mass Calls other XGA functions (see the next two entries) to 
generate 3D density and temperature profiles, then combines 
them into hydrostatic mass profiles. 

Section 2.11 

sourcetools.temperature sourcetools.temperature This function infers the 3D temperature profile from a 
projected temperature profile via the onion-peeling method. If 
no projected temperature profiles exist they are generated by 
calling sourcetools.temperature . 

Section 2.10 

sourcetools.temperature sourcetools.temperature Uses a user-specified minimum number of counts and 
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. 

Section 2.10 

sourcetools.density sourcetools.density Generates 3D gas density profiles by the SB profile method, 
converting them to 3D emissivity via an inverse-Abel 
transform, and from there to density by a count-rate to APEC 

normalization factor. 

Section 2.8 
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