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Abstract

The thesis investigates hot X-ray-emitting atmospheres in massive early-type galaxies and galaxy clus-
ters, with a focus on radio-mechanical AGN feedback and chemical enrichment. Using X-ray spec-
troscopy, X-ray and radio imaging, and machine-learning methods, the work examines how hot atmo-
spheres feed central black holes, how measurements of jet powers from X-ray cavities can be automated,
and how AGN feedback, ram-pressure stripping, and multiphase structure shape the observed distribu-
tion of metals.

The first part of the thesis studies the relation between accretion and jet production in nearby early-
type galaxies. A strong correlation is found between supermassive black hole mass and mechanical jet
power in galaxies with thermally unstable atmospheres, indicating that the thermodynamic state of the
hot gas plays an important role in regulating AGN feedback. To further support such studies, a new
machine-learning pipeline, CADET, has been developed for the detection and size estimation of X-ray
cavities. This tool provides a more systematic and reproducible approach to identifying X-ray cavities
and has the potential to automate and improve cavity-based measurements of jet energetics across large
samples of galaxies and clusters.

The second part focuses on the chemical composition of hot atmospheres. In the infalling elliptical
galaxy M89, the hot gas is found to have super-Solar abundance ratios relative to iron, suggesting that
AGN activity and ram-pressure stripping may have helped remove the original atmosphere and replace
it with fresh stellar mass-loss material. In the Centaurus cluster, the classical deep central Fe abundance
drop is shown to be strongly reduced when the core is modelled with deprojected multi-temperature
plasma models and current atomic data, although a weaker residual drop remains. Overall, the thesis
shows that AGN feedback, thermal instability, ram-pressure stripping, and metal transport are closely
linked processes, and that their interpretation requires both physically motivated models and careful
treatment of observational biases.
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Introduction

Massive elliptical galaxies, galaxy groups, and galaxy clusters span a wide range in mass and physical
size, yet they share an important common feature — they are embedded in extended atmospheres of hot,
diffuse gas. With characteristic temperatures of about ten million Kelvin, this plasma represents a major
baryonic component of massive haloes and provides the medium in which many of the key processes
shaping these systems take place, including radiative cooling, accretion onto the central supermassive
black hole, AGN feedback, and chemical enrichment (Werner and Mernier, 2020). Although galaxies,
groups, and clusters are often studied separately, their hot atmospheres are governed by the same basic
interplay between gravity, gas cooling, and energy injection from the central galaxy, specifically its active
galactic nucleus (AGN). For this reason, hot atmospheres provide a natural framework for studying the
evolution of massive haloes from galaxy to cluster scales.

Hot atmospheres are not static, but continuously lose energy through X-ray radiation. In the central
regions of many massive systems, where the gas density is highest, the radiative cooling time becomes
sufficiently short (~ 107 yrs), and the gas is expected to cool out of the X-ray phase, giving rise to the
classical cooling-flow picture (Fabian, 1994). Without a sufficient heat source to balance it, this cooling
would lead to substantial accumulations of cold gas and, eventually, to relatively high star formation
rates. Nonetheless, the measured star formation rates in giant ellipticals are rather low, and their stellar
populations are predominantly composed of old stellar populations — these systems are often described
as ‘red and dead’. High-resolution grating X-ray spectra obtained with XMM-Newton/RGS later showed
that the amount of gas cooling out of the X-ray phase is also much smaller than predicted by simple
cooling-flow models, establishing what is now commonly referred to as the cooling-flow problem (Pe-
terson and Fabian, 2006).

The currently favoured solution to the cooling-flow problem is heating by AGN feedback. In massive
elliptical galaxies and in the central galaxies of groups and clusters, the dominant AGN mode is typically
radio-mechanical rather than radiative. In this mode, relativistic jets inflate radio lobes and displace
the surrounding X-ray-emitting gas, producing cavities, shocks, and other disturbances in the hot atmo-
sphere (McNamara and Nulsen, 2007; Fabian, 2012). Owing to its high spatial resolution, Chandra has
been crucial for identifying these structures and for estimating the mechanical power of AGN outbursts
from the properties of X-ray cavities (e.g., Birzan et al.,, 2004). Such estimates show that the enthalpy
of the cavities is often sufficient to offset the radiative cooling losses. However, the exact channels by
which this energy is dissipated and distributed through the atmosphere are still not fully understood.
Candidate processes include shocks, sound waves, and turbulence driven by the inflation and buoyant
rise of cavities. More recently, XRISM has begun providing the first direct measurements of gas motions
in hot atmospheres (Xrism Collaboration, 2025; Zhang et al., 2026), opening a new way to study how
AGN-injected energy is redistributed throughout the surrounding medium.

Another key question is how the central supermassive black holes in these systems are fuelled. Pro-
posed fuelling channels range from hot-mode accretion from the ambient atmosphere to accretion of
cooler gas produced by thermally unstable cooling and multiphase condensation (Bondi, 1952; Allen
et al., 2006; McNamara and Nulsen, 2012). In many central galaxies, cooler gas phases traced by Ha
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2 Introduction

emission and by molecular gas detected in CO are closely associated with AGN activity, and recent work
suggests that these tracers may be more directly linked to SMBH fuelling than the mere presence of
cooling X-ray gas (Lakhchaura et al., 2018; Ubertosi et al., 2025). The picture gets even more compli-
cated, since the inflation and buoyant uplift of X-ray cavities can not only offset cooling of the hot at-
mosphere but can also further influence this cycle by uplifting low-entropy gas from the centre to larger
radii, where it may cool more efficiently and condense into colder phases (Churazov et al., 2001; McNa-
mara and Nulsen, 2007; Fabian, 2012). The relation between cooling, condensation, uplift, and accretion
is therefore an important part of the AGN feedback cycle in hot atmospheres.

Besides their thermodynamic structure, hot atmospheres also carry information about their chem-
ical history and that of their hosts. The heavy elements observed in the hot gas were produced by stel-
lar evolution and supernova explosions, primarily by core-collapse and Type Ia supernovae, and were
subsequently released and well mixed into the surrounding medium (Mernier and Biffi, 2022). Measure-
ments of elemental abundances and abundance ratios provide an important way to constrain the origin
of the gas and the relative contributions of different enrichment channels. Over the past two decades,
X-ray observations have shown that the hot atmospheres of ellipticals, groups, and clusters are enriched
to a significant level, and that many abundance ratios are remarkably close to Solar (Mernier et al., 2016;
de Plaa et al., 2017; Simionescu et al., 2019). The chemical composition of the hot gas is thus not only
a record of stellar nucleosynthesis, but also of the processes that mixed, transported, and redistributed
the metals throughout the atmosphere.

This redistribution is reflected in the radial metallicity profiles of hot atmospheres. In ellipticals,
groups, and clusters, these profiles often show centrally peaked metal distributions, indicating that en-
richment is closely linked to the central galaxy and to the subsequent transport of metals through the
surrounding gas (Mernier et al., 2017). In a significant fraction of systems, however, the metallicity does
not continue to rise to the centre, but instead shows an apparent central drop (Panagoulia et al., 2015;
Mernier et al., 2017). Such features are particularly interesting because they suggest that the observed
metal distribution is shaped not only by the sites of enrichment, but also by the complex interplay of gas
dynamics and observational or modelling effects. Processes such as AGN uplift, mixing, sloshing, strip-
ping, dust depletion, and resonance scattering have all been proposed as possible contributors. Spatially
resolved abundance measurements with Chandra and XMM-Newton therefore provide an important
tool for understanding how metals are redistributed within hot atmospheres and how these processes
connect to the broader feedback cycle.

This thesis studies the physics of hot galactic atmospheres from multiple perspectives. In the follow-
ing sections of this introductory chapter, I first summarise the basic properties of the gas and the main
observational diagnostics used to study its thermodynamic and chemical structure. I then introduce
the physical processes central to this thesis: radiative cooling, AGN feedback, the fuelling of the central
supermassive black hole, and the enrichment and redistribution of heavy elements in hot atmospheres.
The main body of the thesis is composed of individual publications that focus on radio-mechanical AGN
feedback in nearby systems (Annex 1), X-ray cavities and their automated detection (Annex 2), and the
chemical enrichment of the hot atmosphere of galaxy M89 (Annex 3), including radial metallicity struc-
ture and central abundance drop in the Centaurus cluster (Annex 4).

Hot atmospheres of galaxies and clusters

The hot gas associated with massive haloes is referred to by different names depending on the scale of
the system. In massive elliptical galaxies, it is usually described as the hot interstellar medium (ISM) or
circumgalactic medium (CGM), in galaxy groups as the intragroup medium (IGrM), and in galaxy clusters
as the intracluster medium (ICM). Despite this difference in terminology, the underlying physical picture
is the same: these systems are embedded in extended atmospheres of hot diffuse plasma whose thermal,
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Figure 1: Composite images of a galaxy group NGC 5813 (left) and nearby galaxy cluster Abell 2261 (right)
showing the extent of thermal X-ray emission (purple) overlaid on the optical image showing individ-
ual group/cluster galaxies (NGC 5813 credit: X-ray: NASA/CXC/SAO/Randall et al., 2015, optical: SDSS;
Abell 2261 credit: X-ray: NASA/CXC/Univ of Michigan/Giiltekin et al., 2021; Optical: NASA/STScI and
NAOJ/Subaru).

dynamical, and chemical properties are shaped by the depth of the gravitational potential and by the
balance between cooling and heating processes (Mathews and Brighenti, 2003; Werner and Mernier,
2020). In the following sections, I will use the term hot atmosphere as a generic description for this hot
diffuse gas across all three environments.

The characteristic temperature of this plasma ranges from about 10° K in massive galaxies to about
10 K in the most massive clusters, with more massive haloes generally hosting hotter atmospheres, as
expected from the increasing depth of the gravitational potential well (Sarazin, 1986; Voit, 2005). The at-
mosphere generally extends far beyond the stellar body of the central galaxy (see Figure 1) and, particu-
larly in groups and clusters, contains a large fraction of the baryons associated with the halo (Mulchaey,
2000; Bohringer and Werner, 2010). Because of its large scale and long dynamical time-scales, the gas
can often be treated, to first approximation, as a quasi-hydrostatic medium. In sufficiently relaxed sys-
tems, the atmosphere is close to hydrostatic equilibrium, and its radial structure provides a record of
how the gas has settled within the halo and how it has subsequently been modified by radiative losses,
AGN activity, mergers, and gas motions. In many systems, however, this approximate equilibrium is per-
turbed by processes such as mergers, sloshing, turbulence, and AGN-driven disturbances (Markevitch
and Vikhlinin, 2007; Ettori et al., 2013).

The physical state of the gas is described primarily by its density, temperature, and pressure, linked
by the ideal gas law P = nkT. In relatively relaxed systems, these quantities vary smoothly with radius,
with the density generally decreasing outwards and the temperature structure depending on both halo
mass and the thermodynamic history of the gas. Although density and temperature are the most directly
measured quantities, it is often more useful to interpret hot atmospheres in terms of derived quanti-
ties, such as pseudo-entropy and cooling time, which more directly trace the plasma’s thermodynamic
evolution.



4 Introduction

X-ray diagnostics of hot atmospheres

The existence of extended hot atmospheres was first established through the discovery of diffuse X-ray
emission associated with massive haloes (e.g. Gursky et al., 1971; Kellogg et al., 1971). A decisive step
came with the detection of the Fe K-shell emission line in cluster spectra by Mitchell et al. (1976) and
Serlemitsos et al. (1977), which firmly established that the emission arises in hot thermal plasma and
that the gas contains heavy elements. Subsequent observations demonstrated that similar atmospheres
are present not only in galaxy clusters, but also in galaxy groups and massive ellipticals (Mulchaey, 2000;
Mathews and Brighenti, 2003). These early results established the basic observational picture that still
underpins the field today: the X-ray spectrum of the gas reveals its physical and chemical state, while its
spatial distribution traces the structure and dynamics of the atmosphere.

In practice, the most direct physical information comes from X-ray spectroscopy. The spectrum
of a hot atmosphere consists of thermal continuum emission together with a large number of emis-
sion lines from highly ionised elements. These spectra are usually interpreted with models of an opti-
cally thin plasma in collisional ionisation equilibrium (CIE). In current X-ray analysis, widely used im-
plementations of such models include apec from AtomDB (Smith et al., 2001; Foster et al., 2012) and
cie from SPEX (Kaastra et al., 1996). Spectral modelling then allows constraining the gas temperature,
emission measure, and elemental abundances, while more sophisticated models can account for multi-
temperature structure (gadem, wdem), or projection effects (projct, clus).

X-ray imaging provides a complementary spatial view of the atmosphere. Since the emissivity of
hot optically thin plasma depends strongly on density, surface-brightness maps are especially sensitive
to the projected gas distribution. In relatively relaxed systems, azimuthally averaged profiles are often
described with simple empirical models, most commonly the f-model, in which the electron density is

written as
)2
1+ (—)
I'c

where ny is the central density and r. is a core radius (Cavaliere and Fusco-Femiano, 1976). Although
such models are only approximations, they provide a useful reference for identifying deviations from a
smooth atmosphere, including asymmetries, cold fronts, stripped tails, shocks, and cavities.

Different X-ray observatories provide complementary diagnostics of hot atmospheres. Chandra,
with its sub-arcsecond imaging capabilities, has been particularly important for resolving small-scale
structures in nearby systems, such as rims, shocks, and X-ray cavities (Weisskopf et al., 2002). XMM-
Newton complements this with its large effective area and, through the Reflection Grating Spectrometer
(RGS), high-resolution soft X-ray spectroscopy that is especially useful for abundance measurements and
studies of cooling gas (Jansen et al., 2001; den Herder et al., 2001). More recently, XRISM has opened a
new window on hot atmospheres by combining imaging with high-resolution calorimeter spectroscopy,
allowing direct measurements of gas kinematics in systems where such motions were previously inferred
only indirectly (Xrism Collaboration, 2025; Zhang et al., 2026).

Taken together, these approaches make X-ray observations uniquely powerful for the study of hot
atmospheres. Spectroscopy constrains the gas’s thermal and chemical state, while imaging reveals its
spatial structure and deviations from simple equilibrium models. The same observations using tele-
scopes such as Chandra or XMM-Newton can therefore be used to investigate both the thermodynamic
evolution of the atmosphere and the physical processes that disturb it.

-3p/2
, (1

ne(r) =ng

Cooling and cool-cores

Having outlined the main observational diagnostics, I now turn to the thermodynamic state of hot atmo-
spheres. A fundamental property of this gas is that it continuously loses energy through radiation, and
because the emissivity of an optically thin plasma depends strongly on density, cooling is most effective
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in the dense central regions of massive haloes. For this reason, the thermodynamic structure of the at-
mosphere is often described in terms of the cooling time and entropy, which are more directly related to
the gas’s thermal history than density or temperature alone. The cooling time is commonly written as

3(ne+n)kT

P — (2)
2nem AT, 2)

Tcool =
where 7ne and n; are the electron and ion number densities, T is the gas temperature, and A(7, Z) is the
cooling function (Sarazin, 1986). Systems with short central cooling times and low central entropies are
commonly classified as cool-core systems (Hudson et al., 2010), while entropy itself is usually charac-
terised through the proxy K = kTn;?/3 (Ponman et al., 2003; Voit, 2005). In this form, entropy provides a
convenient measure of how strongly the gas has been affected by gravitational collapse, radiative losses,
and feedback.

In the classical cooling-flow picture, gas in the centre radiates away energy, loses pressure support,
and is gradually replaced by gas flowing in from larger radii (Fabian, 1994). In its simplest isobaric form,
the corresponding mass cooling rate can be approximated as

2umyp Ly

5kT ' ©)

Mcool ~
where Ly is the X-ray luminosity of the cooling gas (Fabian, 1994). Later observations, however, indicated
that this simple picture is incomplete. High-resolution grating spectra obtained with XMM-Newton/RGS
showed that the emission expected from large amounts of gas cooling below about 1-2 keV is much
weaker than predicted (Peterson et al., 2001; Peterson and Fabian, 2006). The amount of gas cooling out
of the X-ray phase, therefore, appears to be substantially smaller than in the original cooling-flow model,
which is the essence of the cooling-flow problem.

A more widely adopted view is that hot atmospheres can remain globally hot while still being locally
susceptible to cooling. In this framework, thermally unstable perturbations in low-entropy gas may con-
dense out of the hot phase without requiring a steady cooling flow over a wide temperature range. The
tendency of the gas to condense is often discussed in terms of the ratio of the cooling time to the free-fall
time, f.ool/ trr, Which has been argued to approach a threshold value of order ten in systems prone to
multiphase condensation (Voit and Donahue, 2015). Thermal instability, therefore, provides a more nat-
ural framework for understanding how cooler gas can form within an atmosphere that, on average, is still
hot. This immediately leads to the question of how such a multiphase structure appears observationally.

Multiphase gas

The multiphase character of cool cores is apparent already within the X-ray-emitting plasma itself. Part
of the observed temperature spread is expected from projection, because spectra extracted in annuli
inevitably mix emission from different radii along the line of sight. However, deprojected analyses and
high-resolution X-ray spectra have shown that, in many systems, the gas in the core is better described
by intrinsically multi-temperature models than by a single-temperature plasma. Such descriptions in-
clude simple two-temperature models as well as differential emission measure distributions, for exam-
ple, Gaussian or power-law forms implemented as gdem or wdem models (Kaastra et al., 2004; de Plaa
et al., 2010; Sanders et al., 2010). In this sense, cool cores are often multiphase already within the X-ray-
bright phase itself.

At lower temperatures, the multiphase nature of the gas becomes even more evident. Many massive
systems host warm ionised gas traced by Ha+[N 11] emission (see Figure 2) and cold molecular gas traced
by CO. These phases are not distributed randomly, but are closely linked to the thermodynamic state of
the surrounding hot atmosphere. In nearby giant ellipticals, line-emitting systems tend to have higher
central densities, lower entropies, shorter cooling times, and more disturbed X-ray morphologies than
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Figure 2: Mutli-wavelength composite images of galaxy group NGC 5044 (left) and Persues galaxy cluster
(right) showing X-ray emission of the hot atmosphere (blue) as well as warm filaments (red) visible in
Ha+[N11] (NGC 5044 credit: NASA Chandra/Digitised Sky Survey/Southern Observatory for Astrophysi-
cal Research/Very Large Array; Perseus cluster credit: NASA, ESA, NRAO and STScI).

systems without detected optical line emission (Lakhchaura et al., 2018). The presence of warm and cold
gas is therefore widely interpreted as evidence that cooling, although strongly suppressed relative to the
classical picture, still proceeds in a residual and spatially inhomogeneous form.

Radio-mechanical AGN feedback

Among the processes capable of influencing the thermal state of hot atmospheres, AGN feedback ap-
pears to be the most important in nearby giant ellipticals and in the central galaxies of groups and clus-
ters. In these systems, the dominant form of activity is usually radio-mechanical rather than radiative
(McNamara and Nulsen, 2007; Fabian, 2012; McNamara and Nulsen, 2012). A significant fraction of the
energy released by accretion onto the central supermassive black hole is channelled into jets and rela-
tivistic outflows, which interact with the surrounding gas on scales far larger than the accretion flow it-
self. Radio-mechanical feedback is therefore not confined to the nucleus but affects the thermodynamic
evolution of the hot atmosphere as a whole.

In the current picture, cooling of the hot atmosphere, fuelling of the central black hole, and the sub-
sequent release of mechanical energy are closely linked. Gas that cools or condenses in the central re-
gions may trigger AGN activity, while the resulting outburst injects energy back into the atmosphere and
suppresses further cooling (McNamara and Nulsen, 2012; Gaspari et al., 2012). The main observational
signatures of this interaction are radio lobes, X-ray cavities, shocks, sound waves, and gas motions. Taken
together, these features indicate that heating, cooling, and accretion are not independent processes, but
different aspects of the same feedback cycle.

This cycle is likely to evolve over time rather than remain in a steady state. When feedback is weak
or temporarily absent, radiative cooling can lower the central atmosphere’s entropy and promote the
formation of cooler gas phases. As the central black hole is fuelled, a new AGN outburst can inflate
radio lobes and X-ray cavities, drive shocks and gas motions, and heat or redistribute the surrounding
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plasma. The atmosphere may then remain in a more weakly cooling or temporarily heated state until
cooling again becomes sufficiently important to restart the cycle. In this sense, radio-mechanical AGN
feedback is often understood as a sequence of alternating cooling and heating phases, whose details can
be studied observationally through the structures it imprints on the hot gas.

Feeding the SMBH

An important part of the feedback cycle is the fuelling of the central supermassive black hole. In the
simplest picture, hot gas from the surrounding atmosphere is accreted in a roughly spherical manner, as
described by the Bondi model (Bondi, 1952). Although this approximation is highly idealised, it provides
a useful first-order estimate, and Bondi accretion rates inferred from X-ray data have been shown to
correlate with jet power in samples of nearby X-ray-bright ellipticals (Allen et al., 2006). At the same time,
many systems also contain substantial multiphase gas in their central regions, which suggests that hot
accretion alone is unlikely to provide a complete description of SMBH fuelling in all hot atmospheres.

Observations increasingly suggest that cooler gas phases are closely connected to SMBH fuelling. In
many central galaxies, Ha emission and molecular gas traced by CO are more closely associated with
AGN activity than the mere presence of cooling X-ray gas (Lakhchaura et al., 2018; Ubertosi et al., 2025).
This indicates that the fuelling of the black hole is linked not only to the global cooling state of the at-
mosphere, but also to the formation, distribution, and dynamics of condensed gas within the core. The
situation is further complicated by the fact that AGN feedback can itself influence where and how this
gas forms: rising X-ray cavities can uplift low-entropy gas from the centre to larger radii, where it may
cool more efficiently and condense into colder phases (Churazov et al., 2001; McNamara and Nulsen,
2007; Fabian, 2012). Cooling, condensation, uplift, and accretion are therefore likely to be coupled parts
of the same feedback loop, which naturally leads to the discussion of radio lobes and X-ray cavities in
the next subsection.

Radio lobes and X-ray cavities

Radio lobes are among the most direct manifestations of radio-mechanical AGN feedback. Radio obser-
vations with facilities such as the VLA, GMRT, and LOFAR reveal extended lobes of synchrotron-emitting
plasma inflated by AGN jets (Birzan et al., 2008; Giacintucci et al., 2011; Birzan et al., 2020). In many
systems, X-ray images show surface-brightness depressions at the same locations, indicating that these
lobes have displaced the surrounding thermal gas (Fabian et al., 2002; Birzan et al., 2004). Radio lobes
and X-ray cavities, therefore, represent two complementary views of the same outburst (see Figure 3):
the radio data trace the relativistic plasma injected by the AGN, while the X-ray data show how that
plasma reshapes the hot atmosphere. Together, they provide one of the clearest observational signatures
of radio-mechanical feedback.

X-ray cavities appear as surface-brightness depressions in the hot atmosphere and are often accom-
panied by bright rims, weak shocks, ghost cavities, and multiple generations of bubbles produced in
successive AGN outbursts (Fabian et al., 2002; Panagoulia et al., 2014; Shin et al., 2016). Because they
trace the displacement of the thermal gas by AGN-inflated relativistic plasma, they provide one of the
clearest observational signatures of jet feedback in massive galaxies, groups, and clusters. The energy
associated with a cavity is commonly estimated from its enthalpy, which for relativistic plasma is usually
approximated as

Ecav=4pV, 4)

where p is the pressure of the surrounding gas and V is the cavity volume (Birzan et al., 2004). Dividing
this energy by a characteristic cavity age, estimated for example from buoyancy, sound-crossing, or refill
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Galaxy Cluster MS 0735.6+7421 CXO= HST= VLA

X-ray
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NASA, ESA, CXC/NRAO/STScl, B. McNamara (University of Waterloo and Ohio University) STScl-PRC06-51

Figure 3: Composite image of galaxy cluster MS 0735.6+7421 consisting of optical image (yellow) display-
ing individual cluster galaxies, X-ray image (blue) showing the hot atmosphere rippled by X-ray cavities,
and radio image (red) with radio lobes, emission of relativistic plasma filling cavities (Hubble and Chan-
dra Credit: NASA, ESA, CXC, STScI, and B. McNamara, Very Large Array Telescope Image Credit: NRAO,
and L. Birzan).

time-scales, gives the cavity power,

E
Peay = C:V ’ 5)

which is often interpreted as a measure of the AGN outburst’s mean mechanical power.

Estimates based on cavity enthalpy show that AGN outbursts frequently carry enough energy to offset
a large fraction of the radiative cooling losses, at least on average (Birzan et al., 2004; Rafferty et al., 2006).
What remains less certain is how this injected energy is actually distributed through the hot atmosphere
and converted into heat. Candidate channels include shocks, sound waves, turbulent dissipation, and
mixing induced by the inflation and buoyant rise of cavities (McNamara and Nulsen, 2007; Fabian, 2012).
More recently, XRISM has begun providing direct constraints on gas motions in hot atmospheres, open-
ing the possibility of linking cavity energetics to the actual kinematics of the surrounding plasma (Xrism
Collaboration, 2025; Zhang et al., 2026). This makes X-ray cavities not only a tracer of AGN power, but
also an important starting point for understanding how mechanical feedback heats hot atmospheres.
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Detection of X-ray cavities

Although X-ray cavities are among the clearest signatures of radio-mechanical AGN feedback, identify-
ing them in practice is not always straightforward. Cavities can be subtle, especially in data of limited
exposure depth, and their appearance is strongly affected by noise, projection effects, and departures
of the atmosphere from smooth symmetry (e.g., sloshing). These effects influence not only whether a
cavity can be detected at all, but also its apparent size and contrast, and therefore the inferred energet-
ics. In most studies, cavities are identified as depressions in the X-ray surface brightness relative to a
smooth underlying gas distribution, often with the help of residual images, unsharp masking, or simple
empirical models such as the f-model (Dong et al., 2010; Shin et al., 2016; Panagoulia et al., 2014).

Once identified, cavities are usually approximated as ellipsoids (Birzan et al., 2004; Dong et al., 2010;
Shin et al., 2016). The accuracy of the inferred cavity power, therefore, depends not only on the adopted
age estimate but also on how reliably the cavity boundaries are determined. This becomes particularly
important when comparing jet powers across samples or relating them to cooling losses and other prop-
erties of the host system. The limitations of manual identification and simple geometric assumptions
motivate the use of more systematic and reproducible approaches to cavity detection and measurement,
which will be discussed later in this thesis (Chapter 2).

Chemical enrichment

The chemical composition of hot atmospheres no longer reflects their original primordial state, but in-
stead records the cumulative effects of enrichment and mixing over cosmic time. The heavy elements
observed in the hot gas were synthesised by stellar evolution and supernova explosions, primarily by
core-collapse supernovae and Type Ia supernovae, and were subsequently released into the surrounding
medium (Mernier and Biffi, 2022). Their abundances and abundance ratios therefore provide a way to
connect the present-day hot atmosphere to the past star-formation and enrichment history of the host
system. In this sense, the hot gas offers a complementary view of chemical evolution to that obtained
from stars alone, because it traces the cumulative products of enrichment after they have been expelled,
mixed, and redistributed throughout the halo.

Over the past decades, X-ray observations have shown that the hot atmospheres of ellipticals, groups,
and clusters are enriched to a significant level, and that many abundance ratios are remarkably close to
Solar (Mernier et al., 2016; de Plaa et al., 2017; Simionescu et al., 2019). In galaxy clusters, the mean
metal abundance shows little evolution with redshift (Mushotzky and Loewenstein, 1997; Finoguenov
et al., 2000), while the outskirts are enriched to a relatively uniform level of about 0.2-0.3 Solar out to
large radii (Fujita et al., 2008; Urban et al., 2017; Mernier et al., 2018a) (see Figure 4). These results are
commonly interpreted as evidence that a large fraction of the enrichment took place early and that the
metals were mixed efficiently through the gas before or during cluster assembly. At the same time, the
observed chemical composition reflects not only nucleosynthesis, but also the subsequent transport and
redistribution of metals by processes such as uplift, mixing, sloshing, and ram-pressure stripping. For
this reason, understanding chemical enrichment in hot atmospheres requires both accurate abundance
measurements and spatially resolved studies of metallicity structure.

Abundance measurements and uncertainties

The heavy elements present in hot atmospheres are measured through their X-ray emission lines, mak-
ing X-ray spectroscopy the primary tool for chemical studies of the hot gas. In practice, abundance mea-
surements are often expressed either as elemental abundances relative to Solar or as abundance ratios
such as O/Fe, Ne/Fe, Mg/Fe, Si/Fe, and S/Fe, which are especially useful for constraining the relative con-
tributions of core-collapse and Type Ia supernovae (Mernier and Biffi, 2022). Different instruments pro-
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Figure 4: Comparison of the average iron metallicity profiles of the CHEERS cluster sample with those
of nearby cool-core clusters (e.g. Virgo, Perseus), extending to large radii and, in some cases, out to or
beyond 599 (Mernier et al., 2018a)

vide complementary information. CCD detectors are well suited to measuring the broad thermal struc-
ture and the strongest elemental features, while high-resolution grating spectra from XMM-Newton/RGS
are especially valuable for the lighter elements and for detecting weak line complexes in the soft X-ray
band (de Plaa et al., 2017; Mernier et al., 2016). The interpretation of these spectra, however, depends
sensitively on the adopted spectral model.

A major challenge in abundance work is that the gas in cool atmospheres is often not well described
by a single-temperature component. If intrinsically multi-temperature plasma is fitted with an overly
simple single-temperature model, the derived Fe abundance can be significantly underestimated, an
effect commonly referred to as the Fe bias (Buote, 2000; Wu et al., 2000). Projection effects can further
complicate the interpretation by superposing gas with different temperatures and abundances along
the line of sight, which is why spatially resolved analyses often rely on direct deprojection methods such
as dsdeproj (Sanders and Fabian, 2007; Russell et al., 2008) or forward-modelling approaches such as
projct. Additional uncertainties arise from the choice of plasma code and atomic database, as well as
from calibration differences between instruments. Resonance scattering and intrinsic absorption can
also affect the observed line fluxes in dense cool cores, thereby biasing abundance measurements if they
are not properly accounted for (Gilfanov et al., 1987; Werner et al., 2009; Ogorzalek et al., 2017; Fabian
et al,, 2024). Accurate abundance work, therefore, requires not only high-quality data but also careful
modelling of the source and of the line-of-sight structure.

Metal redistribution

The chemical enrichment of hot atmospheres is reflected not only in integrated abundance measure-
ments but also in their radial metallicity profiles. In ellipticals, groups, and clusters, these profiles often
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show centrally peaked metal distributions, indicating that enrichment is closely linked to the central
galaxy and to the release of metals into the surrounding atmosphere over long time-scales (Fukazawa
et al.,, 1994; De Grandi and Molendi, 2001; Mernier et al., 2017). At the same time, the radial distribution
of metals is shaped not only by where they are produced, but also by how they are transported. Processes
such as AGN uplift, mixing, sloshing, and stripping can all redistribute metal-rich gas and modify the ob-
served metallicity structure (Panagoulia et al., 2015; Liu et al., 2019). In this way, metallicity profiles trace
both chemical evolution and gas dynamics.

In a significant fraction of systems, the metallicity does not continue to rise to the centre, but in-
stead shows an apparent central drop (Panagoulia et al., 2015; Mernier et al., 2017; Liu et al., 2019). Such
central abundance drops have now been reported in giant ellipticals, galaxy groups, and clusters, sug-
gesting that they are not restricted to a single mass scale. They are particularly interesting because they
likely reflect a combination of physical redistribution and observational or modelling effects. Proposed
explanations include AGN uplift of metal-rich gas to larger radii, depletion of reactive elements into dust
grains embedded in cold filaments, resonance scattering, projection effects, and biases introduced by
fitting intrinsically multiphase gas with overly simple models (Panagoulia et al., 2015; Liu et al., 2019).
Spatially resolved abundance measurements with Chandra and XMM-Newton are therefore essential for
disentangling these possibilities and for understanding how metal transport connects to the broader
feedback cycle.
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Abstract: We use Chandra X-ray data and Very Large Array radio observations for a sample of 20 nearby,
massive, X-ray bright, early-type galaxies to investigate the relation between the Bondi accretion rates
and the mechanical jet powers. We find a strong correlation (p = 0.96f8:8§; BFp > 100) between the
Bondi accretion power, Pgongi, and the mechanical jet power, Pjet, for a subsample of 14 galaxies, which
also host cool Ha+[NI1] line emitting gas and thus likely have thermally unstable atmospheres. The

relation between the Bondi accretion power and the mechanical jet power for this subsample is well de-
scribed by a power-law model log %;g;_l =a+ fBlog %ﬁésm where @ =1.10+£0.25and $=1.10£0.24
with an intrinsic scatter o = 0.08f8:(1)é dex. The results indicate that in all galaxies with thermally unstable
atmospheres the cooling atmospheric gas feeds the central black holes at a similar jet-to-Bondi power
ratio. For the full sample of 20 galaxies, the correlation is weaker and in a subset of galaxies with no signs
of Ha+[N11] emission, we see a hint for a systematically lower jet-to-Bondi power ratio. We also investi-
gate the dependence of jet power on individual quantities in the Bondi formula such as the supermassive
black hole mass (M.) and the specific entropy of the gas (K) at the Bondi radius. For the subsample of
Ha+[N11] emitting galaxies, we find a very tight correlation of Pje¢ with M. (p = 0.911“8:(1)‘13 ; BF19 > 100) and,
although poorly constrained, a hint of an anti-correlation for Pje; and K (p = —0.470-%9; BF; = 1.1).

Key words: accretion, accretion discs — galaxies: active — galaxies: jets — galaxies: nuclei - radio contin-
uum: galaxies — X-ray: galaxies
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1.1 Introduction

All massive early-type galaxies harbour supermassive black holes (SMBH) in their centre and are perme-
ated by extended, hot, X-ray emitting atmospheres. Although the central black holes represent a small
fraction in terms of total mass and size compared to the proportions of the host galaxy, they are often
outperforming its energetic output and thus playing a substantial role in the energetics of the whole
galactic atmosphere.

As the supermassive black holes accrete the surrounding material, a big part of its rest mass (up to 40
% for fast rotating black holes) may be turned into energy. Part of the energy is then expelled in the form
of electromagnetic radiation or outflows of relativistic particles (jets), typically depending on the type
and rate of the accretion flow. However, the vast majority of low-redshift active galactic nuclei (AGNs)
in early-type galaxies operate in the radio-mechanical (kinetic) mode, which is observed in the form of
radio lobes and X-ray cavities (e.g. Fabian, 2012; Shin et al., 2016; Grossové et al., 2022).

A detailed description of the accretion of supermassive black holes is nontrivial. Assuming a matter-
to-radiation conversion efficiency of € = 10 per cent, a spherical Bondi accretion (Bondi, 1952) from the
hot atmospheres of early-type galaxies would result in luminosities that are several orders of magnitude
above the observed values. However, it is likely that most of the accretion power in early-type galaxies
is converted into jets and the estimates of mechanical jet powers from the observed X-ray cavities are
within an order of magnitude comparable to powers predicted from the Bondi formula (Bohringer et al.,
2002; Churazov et al., 2002; Di Matteo et al., 2003; Allen et al., 2006).

Allen et al. (2006) studied the relation between Bondi accretion powers and mechanical jet powers in
nine nearby giant ellipticals using a combination of Chandra X-ray and VLA radio observations finding
a tight power-law correlation. Their result indicates that 2.23:2 per cent of the rest mass energy of the
accreted material is converted into jet power. A relation with a much larger scatter has been observed by
Russell et al. (2013); however, these authors derived their estimates of jet powers using X-ray data only.

Detailed studies of the gas distribution within the Bondi radii were performed using very deep Chan-
dra observations of NGC 3115 (Wong et al., 2011, 2014) and M87 (Di Matteo et al., 2003; Russell et al.,
2015, 2018). These observations reveal shallow density profiles, which are consistent with the presence
of significant outflows and multi-phase gas at the Bondi radii of central black holes. The clumpy cool gas
within the hot multi-phase flow could reach the core episodically, triggering larger outbursts than the
continuous activity driven by a more steady hot inflow (Werner et al., 2019).

Here, we study how the presence of thermal instabilities and multi-phase gas affects the relation-
ship between the Bondi accretion power and the mechanical jet power in 20 nearby early-type galaxies.
Ten galaxies in our sample harbour extended Ha+[N11] nebulae, four systems display nuclear optical line
emission, and six galaxies show no indications for the presence of cool gas. The Bondi accretion rates are
calculated from density and temperature profiles of the hot atmospheric gas in the centre of the galax-
ies determined using Chandra data and using black hole mass measurements from the literature (see
Sect. 1.1.1). The jet powers are estimated from the energies and time scales needed to inflate cavities in
the X-ray emitting gas, where the cavity volumes are estimated based on the extent of the most recent
generation of radio lobes. The relation between Bondi accretion powers and jet powers is studied for
both the full sample and separately for galaxies which also show nebular line emission and their atmo-
spheres are thus presumably prone to thermally unstable cooling (e.g. Lakhchaura et al., 2018). We also
investigate the correlations of the jet power, separately, with the mass of the central SMBH and with the
gas entropy within the Bondi accretion radius and examine whether the estimated jet power offsets the
radiative cooling within radii where the cooling time is shorter than 1 Gyr.
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1.1.1 Sample selection

We selected a sample of galaxies with high-quality archival Chandra observations that allow us to de-
termine the properties of their X-ray emitting atmospheres within an order of magnitude of the Bondi
radii of their central supermassive black holes (SMBH). Importantly, all of the selected galaxies host radio
lobes, which appear to have been inflated recently or still undergoing inflation. The sample galaxies and
their basic parameters are listed in Table 1.1. SMBH masses were taken either from direct measurements
reported by Kormendy and Ho (2013) and Saglia et al. (2016) or derived from the M. — o, scaling relation
(see Table 1.1)

M.
log(logM®)=a+ﬁlog( (1.1)

oy )
200km/s/’
where a =8.49+0.05 and = 4.38 +£0.29 (Kormendy and Ho, 2013) and velocity dispersions were taken
from the HyperLeda' database (Makarov et al., 2014). Galactic redshifts were taken from Nasa Extragalac-
tic Database (NED). The distances were derived from measurements of Surface Brightness Fluctuations
(Blakeslee et al., 2001; Jensen et al., 2003; Cantiello et al., 2005; Blakeslee et al., 2009) except for NGC507
and NGC6166 (Fundamental Plane method; Tully et al., 2013), and NGC 1600 and NGC4778 (Tully-Fisher
relation; Theureau et al., 2007).

1.2 Datareduction and analysis

The parameters of Bondi accretion were determined using observations from the Chandra X-ray Obser-
vatory. The mechanical powers of relativistic jets emanating from AGNs were approximated by the work
performed by the jet to inflate the radio lobes, where the volumes were estimated from the extended
radio emission observed by the Karl G. Jansky Very Large Array (VLA) telescope and the pressure was
inferred from Chandra data. The exact positions of SMBHs were either determined as the centre of hard
X-ray emission (3 — 7 keV) observed with the Chandra X-ray Observatory or small scale radio emission
observed with Very-long-baseline interferometry (VLBI), or they were taken from Atacama Large Mil-
limeter Array (ALMA) measurements (NGC4636, NGC5846; Temi et al., 2018) (see Table 1.1).

1.2.1 Chandradata

Throughout this analysis, we used archival Chandra observations of 20 nearby early-type galaxies. The
Chandra data were reprocessed using standard CIAO 4.14 procedures (Fruscione et al., 2006) and current
calibration files (CALDB 4.9.6). For most objects, the observations were obtained by the ACIS-S chip in
the VFAINT mode, but for some galaxies (NGC507, NGC4636, NGC5846 and NGC6166) we also included
ACIS-I observations (see Table A.1.2).

Point sources, as well as regions of strong nonthermal emission emanating from relativistic jets (e.g.
NGC4261, NGC4486), were found using the wavdetect procedure both in the hard (3 -7 keV) and broad
(0.5 -7 keV) band, visually inspected and excluded from further analysis. The light curves, extracted in
the 0.5—-7.0keV band, were deflared using the 1c_clean algorithm within the deflare routine and good
time intervals were obtained.

For objects with multiple observations, the individual OBSIDs were reprojected onto one of the ob-
servations via the reproject_obs script. For background subtraction, we used blanksky background
files, which were reprojected onto the observations, filtered for VFAINT events, and scaled to match the
particle background of observations in the 9 — 12 keV band.

Thttp://leda.univ-lyon1.fr/


http://leda.univ-lyon1.fr/

16 Annex 1. The relation between accretion rate and jet power

Table 1.1: Initial parameters for the sample of galaxies: right ascension and declination coordinates of the
SMBH position, morphology of cool gas tracer Ha+[N11] emission (adopted from Lakhchaura et al., 2018;
extended emission extends beyond central 2 kpc), total ACIS exposure time, VLA configuration used
for radio lobe size-estimation, distance d, redshift z (Nasa Extragalactic Database), hydrogen column
density ny (HI4PI Collaboration et al., 2016), velocity dispersion o, (HyperLeda database; Makarov et al.,
2014), supermassive black hole masses M, and their references.

Gal RAG DECA Ha+[N11] Exptime VLA d ny oy M.° Ref
Z .
ay morphology (ks) conf.? (Mpc) (102° cm™2) (kms™1) (10° Mo)
1C4296  13N36M39.03% -3357'57.07" Extended 28.5 D 490 00125 3.96 3275 1307028 (1]
NGC507 01P23™M39.945 * 3315'21.86" * No 62.2 C 646 00165 524 292+6 2.1410°8%
NGC708 01M52M46.46° 3609'06.49"  Extended 139.4 At 628 00162  6.87 22248 0.491007F
NGC1316 03122m41.71% -3712'28.56" Extended 228.4 A 227 0.0059 211 223+3 0173003 [2]
NGC1399 03"38M29.025 -3527'01.51" No 2045  A(B) 209 0.0048  1.39 33245 1261092 [2]
NGC1407 03P40™11.795 * -1834'48.90" * No 44.5 A 254 0.0059  4.94 2665 4.657073 [2]
NGC1600 04"31™M39.855 * -0505'10.48" * No 243.6 A 637 00156  3.19 3317 17.01132 [3]
NGC4261 12P19™M23.245 0549'29.65"  Nuclear 135.3 C 324 00074 165  297+4 1677039 [4]
NGC4374 12M25M3.745  1253'13.14"  Nuclear 882.4 B 185 0.0034 285 278+2 0931030 [2]
NGC4472 12h29M46.76° 080001.71" No 367.0 A(C) 16.7 0.0033  1.56 282+3 2541038 [2]
NGC4486 12M30M49.425 1223'28.04" Extended 370.7/1354¢ A  16.7 0.0043 123 3234 65707 [5]
NGC4552 12M35M39 815 1233'22.73" Extended?  201.4 C 160 0.0011 272 250+3 0501008 [1]
NGC4636 12142M49.83% 0241'15.99"  Nuclear 197.4 A 147 00031  1.82 200+3 0.33%094%
NGC4649 12M43M39.995 113309.86" No 293.8 B 165 0.0037  2.02 330+5 4721101 2]
NGC4696 12P48™M49.285 * -4118'39.53" * Extended 711.1 A 425 0.0099 7.78 243+6 0.897018% .
NGC4778 12P53™M05.708 * -0912’14.68" *  Nuclear 167.0 B/A 662 0.0147 386  251+210.84*017% .
NGC5044 13115™M23,975 * -1623'07.78" *  Extended 563.7 A 322 00093  4.92 225+9 0227012 (6]
NGC5813 15M01™11.245 * 0142'07.24"*  Extended 638.2 B 322 0.0065  4.29 236+3 07110309 [1]
NGC5846 15106™29.285 * 0136'20.25" *  Extended 113.4 A 249 00057 431 237+4 1107016 11
NGC6166 16128M38.25% 3933'04.23"  Extended 158.3 A" 1250 0.0304  0.79 301+6 2111027

% Coordinates marked with * represent SMBH positions derived from the hard X-ray (3 — 7keV) central peak, for the rest of the
galaxies the positions are based on radio observations and they were either derived from VLBI data or taken from the literature
(NGC4636, NGC5846; ALMA; Temi et al., 2018).

byLa array configurations marked with T were taken from the NRAO VLA Archive Survey (NVAS). Array configurations in
parentheses represent shorter baselines capturing more extended radio emission.

¢ SMBH masses marked with ¥ were calculated from the velocity dispersion o, using the M. — ¢, scaling relation. Masses for
all other galaxies were taken from direct measurements of gas or star kinematics from within the sphere of influence of the
SMBH.

4 In the case of NGC 4552, the Ha+[N11] morphology was taken from Boselli et al. (2021).

€ The first number represents the total exposure time for 1/8th subarray observations (OBSIDs 18232-21458) and the second
number is the total exposure time for full-array observations, which are strongly affected by pile-up effects (OBSIDs 352, 2707).

References: [1] Saglia et al. (2016) [2] Kormendy and Ho (2013) [3] Thomas et al. (2016) [4] Boizelle et al. (2021) [5] Event
Horizon Telescope Collaboration (2019) [6] Schellenberger et al. (2021)
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Spectral analysis

Spectral files were produced for each observation separately using the specextract script in the 0.5 —
7.0 keV energy band®. The spectra were extracted from concentric annuli with increasing radii centred
at the SMBH positions stated in Table 1.1. The radii of individual annuli were chosen to maximize the
central spatial resolution while still obtaining a reasonable number of counts required to constrain the
electron density with a relative uncertainty smaller than 25 per cent.

In the case of the galaxy NGC 4486 (M87), the bright central AGN and jet emission leads to very strong
pile-up effects within the central few arcsec of Chandra ACIS-S observations obtained in the classical
full-array 3.2 s exptime mode. Following the analysis of Wilson and Yang (2002), Di Matteo et al. (2003)
and Russell et al. (2015), we also utilized archival observations in the 1/8th subarray 0.4 s exptime mode.
Spectral files for the short frame-time observations were extracted from circular annuli starting at 2 arc-
sec and up to 30 arcsec from the centre, whereas for observations in the full-frame 3.2 s exptime mode
the spectra were extracted in the 15 — 230 arcsec range.

For each galaxy, spectra for all annuli and OBSIDs were fitted simultaneously using PyXspec v2.0.5
(XSPEC v12.12.0; Arnaud, 1996) and ATOMDB v3.0.9 (Foster et al., 2012). The deprojection was performed
within PyXspec using the projct model, which was applied only to the thermal component (apec) that
describes the extended emission of the galactic atmosphere. For the deprojection, spherical symmetry
and constant temperatures and electron number densities within individual annuli are assumed.

To account for the single-phase collisionally ionised diffuse gas, we used a single apec model com-
ponent, which describes the state of the gas by its temperature kT, metallicity Z, redshift z and normal-
ization Y, which is directly proportional to the emission measure of the X-ray emitting gas

v 10‘14fnenidV’ 12
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where D, is the angular diameter distance and ne and n;, are electron and ion concentrations, respec-
tively, where for fully ionised medium with Solar abundances n. = 1.18 np. The redshift for all objects
was fixed to values stated in Table 1.1. Temperatures and abundances were allowed to vary during the
fitting, however, for most galaxies, these were tied for two or more neighbouring shells in order to con-
strain these parameters with a relative uncertainty smaller than 10 and 25 per cent, respectively. The
abundances were measured with respect to the proto-solar abundances reported by Lodders (2003).

For some of the galaxies, we also included an absorbed power-law component zphabs (powerlaw)
in the innermost annulus to account for the obscured emission of the active galactic nucleus. The red-
shifted absorbing hydrogen column density ny ;, as well as the photon index I', were freed during fitting.
However, for galaxies for which the fitted values were not significant, we eventually fixed the parame-
ters to ny,; = 0 and I' = 1.9 (following Russell et al., 2013), where I" = 1.9 represents a mean value of the
photon index for nearby AGNs (Gilli et al., 2007). For galaxies, for which even the normalization of the
non-thermal power-law component was insignificant, this component was eventually excluded from the
model.

For the remaining outer annuli, we added a bremsstrahlung component (bremss) with the tempera-
ture fixed to 7.3keV (Irwin et al., 2003), which should well describe the hard X-ray contribution of unre-
solved low-mass X-ray binaries, cataclysmic variables, and coronally active binaries.

The Galactic absorption was modelled using the phabs model with the bemic cross-section (Balucinska-
Church and McCammon, 1992). The hydrogen column densities nj; were fixed to the values obtained
from the HEASARC? database which uses the values reported by HI4PI Collaboration et al. (2016).

The best-fit parameters were found using the Levenberg-Marquardt minimization method and cash
statistics (Cash, 1979). The final values of parameters and their uncertainties were obtained using Markov

2For low-energy limit of 0.6 keV, consistent results were obtained.
3https:/ /heasarc.gsfc.nasa.gov/ cgi-bin/Tools/w3nh/w3nh.pl
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Chain Monte Carlo (MCMC) simulations, where we used Gaussian priors centred at the best-fit values.
Unless stated otherwise, all uncertainties are expressed in the 1o credible interval (for asymmetric dis-
tributions, this corresponds to distances of 15.9% and 84.1 % quantiles from the median value). During
the fitting, we assumed the standard ACDM cosmology with Hy = 70 kms™!Mpc™!, Ag = 0.73 and g, = 0.

In addition to the spectral analysis used for determining electron number densities, the fitting was
also performed using a cflux model component and the fluxes of thermal apec components for individual
annuli were derived. Each apec component was multiplied by a convolutional c¢flux component with an
energy range of 0.01 — 100 keV (bolometric X-ray flux). Total X-ray luminosities were calculated from the
derived fluxes and distances stated in Table 1.1.

1.2.2 VLA observations

We used VLA observations in A, B, C, or D configurations centred at around 1.4 GHz, which were cal-
ibrated and ‘imaged’ using the NRAO Common Astronomy Software Applications pipeline (CASA, Mc-
Mullin et al., 2007) version 4.7.2 and 5.6.1. Two categories of data were analysed depending on the year
of their observation including both ‘historical’ data observed before the major upgrade in 2011 (Per-
ley et al., 2009, 2011) and ‘Karl G. Jansky VLA/EVLA’ data obtained after this upgrade. Three galaxies,
NGC4552, NGC4636 and NGC4649, were observed by the upgraded Karl G. Jansky VLA and calibrated
using the automatic CASA pipeline version 1.3.11. Reduction and ‘imaging’ follows standard procedures
described in Grossova et al. (2019, 2022). The historical observations were manually calibrated using
the NRAO pre-upgrade calibration methods”. For galaxies NGC708 and NGC 6166, reduced images were
obtained from the NRAO VLA Archive Survey (NVAS)®.

The mechanical jet powers were estimated from the sizes of radio lobes that were identified using
processed VLA images. For observations showing extended radio emission, we produced radio contours
and estimated the sizes of radio lobes manually by overlaying the radio contours with ellipse regions
using the SAOImageDS9 software (Joye and Mandel, 2003). The minimum level of radio contours was set
to be 5 times the root mean square error (RMSE) of the surrounding background.

In order to probe the most recent radio-mechanical AGN activity, we used L-band (1 —2 GHz) images
with the best available angular resolution, which for the A configuration data is comparable to our Chan-
draimages. However, for some objects in our sample, no A configuration data were available or they did
not capture the extended emission fully. For these objects, we used the more compact array configura-
tions (B, C, or D), always aiming for the best possible spatial resolution (see Table 1.1). For NGC 1399 and
NGC4472 it is not entirely clear whether the smaller scale radio emission seen in the A-configuration
data, which also appears to be associated with surface brightness depressions in the Chandra residual
images, corresponds to the most recent radio lobes or to a channel feeding the more extended lobes. For
these galaxies, we show the jet power estimates and the resulting correlations based on both the more
compact and the larger scale structures.

1.2.3 VLBI observations

Observations from the VLBI were retrieved from the Astrogeo VLBI FITS image database®. All utilized ob-
servations were observed in the X-band (8 — 8.8 GHz) under the VLBI 2MASS Survey (V2M) or Wide-Field
VLBA Calibration Survey (WFCS) and were all analysed by Leonid Petrov (Condon et al., 2013; Petrov,
2021; Petrov & Kovalev in prep.). The exact positions of SMBHs were determined from the peak of the
small scale VLBI radio emission.

4https://casaguides.nrao.edu/index.php/Jupiter
Shttps://archive.nrao.edu/nvas/
Shttp://astrogeo.org/vibi_images/


https://casaguides.nrao.edu/index.php/Jupiter:_continuum_polarization_calibration
https://archive.nrao.edu/nvas/
http://astrogeo.org/vlbi_images/

Annex 1. The relation between accretion rate and jet power 19

1.3 Results

The deprojected radial profiles of temperature, kT, metallicity, Z, and electron number density, .,
were determined from spatially resolved spectral analysis of galaxies. During the spectral fitting, the
metallicities were derived using a single-temperature apec component, but due to the fact that the cen-
tral parts of early-type galaxies are often multiphase, we checked the metallicity estimates also using a
multi-temperature model. Nevertheless, fixing the central abundances to those obtained from the multi-
temperature model introduced only minor changes to the final values of thermodynamic properties and
the derived Bondi powers.

For some of the galaxies, especially those for which the temperatures and abundances of neighbour-
ing annuli were tied, we observed strong degeneracy (mostly two-peak) in the posterior distributions of
some of these parameters. However, for all galaxies with strong temperature and abundance degeneracy,
the posterior peaks were relatively nearby and the differences were maximally of the order of 0.05 keV and
0.1 Z,, respectively.

For most of the galaxies, the spatial resolution of Chandra was not sufficient to constrain the ther-
modynamic properties at the Bondi radius and, therefore, extrapolations were necessary. The central
temperature and metallicity were assumed to be constant within the innermost radial bin, but the elec-
tron number density had to be extrapolated (see Figs. A.1.1, A.1.2 and A.1.3). For the extrapolation, we
used 3 different profiles (similarly as Russell et al., 2013): a power-law model, a f-model (Cavaliere and
Fusco-Femiano, 1976) and a Sersic profile (Sérsic, 1963). The mean of these three profiles was then taken
as the final value of the electron number density and the scatter was accounted in the uncertainty’. In
the case of the power-law model, we only used the inner 3 to 4 radial bins in order to properly fit the
innermost substructure. When fitting the f-model and the Sersic profile, we included more radial bins
up to the point where the profile slope changes significantly or starts flattening again. To account for
uncertainties in both axes, the profile fitting was carried out using the Orthogonal Distance Regression
(Scipy v1.4.1; Boggs and Rogers, 1990).

The inferred temperatures and electron number densities were used to calculate the values of cen-
tral specific entropy K = kTnz?/3 and also profiles of other thermodynamic quantities such as thermal
pressure p = nkT, free fall time #, and cooling time f.,o) of the X-ray emitting gas (see Table 1.2). The
cooling time is defined as the timescale needed for a gas of certain density, temperature and metallicity
to thermally emit all of its energy via bremsstrahlung, recombination and line emission

3 nkT
Icool =
2n

M, Z)’ 4%

where 7 is the total particle density n = ne+n; and A(T, Z) is the temperature and abundance-dependent
cooling function, values of which were taken from Schure et al. (2009). The free-fall time resembles a
dynamical timescale required for a condensed clump with zero momentum to fall into the centre of the
galaxy and is given by # = 1/2r/g, where the local gravitational acceleration g was calculated from the
velocity dispersion o and the galactocentric distance r using the assumption of an isothermal sphere
g= 20211 (Binney and Tremaine, 1987).

To probe how susceptible the galactic atmospheres are to thermal instabilities, we calculated the
profiles of cooling time to free-fall time ratios. Formerly, the atmospheres of galaxies were expected both
from analytical (Nulsen, 1986) and numerical computations (McCourt et al., 2012) to become thermally
unstable when the cooling time falls below the free-fall time. However, the most up-to-date observations
(e.g. Voit and Donahue, 2015; Hogan et al., 2017) and simulations (Sharma et al., 2012; Gaspari et al.,
2012) have shown that atmospheres of realistic galaxies may become thermally unstable even when the

"We also tried extrapolating the electron number densities only by the power-law model, which resulted in systematically
higher densities. The final conclusions were, however, consistent with the results obtained by averaging.
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cooling time to free-fall time ratio falls below t.o01/ t < 10, which is often referred to as the precipitation
limit (we note that it resembles an approximate division line rather than a strict limit). The susceptibility
of galactic atmospheres to thermal instabilities was, therefore, assessed from the minimal values in the
fcool/ ti profiles (Fig. A.1.6).

Total power outputs of hot galactic atmospheres were approximated by the total X-ray luminosities
within a defined radius such as the cooling radius (cooling luminosity). The cooling radius is defined
as the radius at which the cooling time profile (Equation 1.3) reaches a certain value. Commonly used
are the values of 3 Gyr (Panagoulia et al., 2014) and 7.7 Gyr (lookback time of z = 1; Rafferty et al., 2006;
Nulsen et al., 2009). However, since most galaxies in our sample are relatively nearby, such radii would
often be outside of ACIS chip’s edges. Instead, we used the radius where the cooling time profile reaches
the value of 1 Gyr (see Fig. A.1.5). The energetic balance of galactic atmospheres was then probed by
comparing the cooling luminosities to the mechanical powers of the jets (Table 1.3).

Table 1.2: Summary of parameters derived from Chandra observations. Listed quantities: temperature
kT, electron number density n,, metallicity Z, and specific entropy K at the Bondi radius, minimum of
the cooling time over free fall time ratio #.q0] / t, sound speed csound, Bondi radius rgongi, Bondi accretion
rate rigondi, Bondi accretion power Pgodi, and mechanical jet power Pjet.

Galaxy? kT e z K min  Csound 'Bondi MBondi Pgondi Pjet
(keV) (cm™3) (Zo) (keVem™2/3) ¢ 1/t (km/s) (pc) (1073Me /yr) (1043 erg/s) (10%3 erg/s)
IC4296  0.69%002 1567038 0871013 0477097 54205 4217)3 6313 48730 272 42739
NGC507* 0.82+001 0727047 0657012 10708  87+08 46072 87730  44%7B 25*27 6.8755
NGC708 1.03+0.040.081+0.006 0.88709° 50712  6.1%03 514+11 1673 047038 0.237020  0.06*0-0%1
NGC1316 0.77£0.02 0747059 0.42+0.02 085073 6.9+03 444*% 74712 032%031 0187017 0.012+0:0%8
NGC1399*1.16+0.05 0.847092 1.07+0.06 1279 10.8+0.3 54573 37715 917152 51786 00370028 b
NGC1407 0.94+0.04 0.13+0.01 136*020  33%38  199%12 493*9 170730 3572 20717 0127008
NGC1600 0.96+0.02 0.059¥09%0 1.254£0.10 58739 18.8+0.7 498+6 590+50 190130 11075 01302
NGC4261 074002 1.17+048 0573008 0587048 59103 424*7 8049 60738 34733 1.2+08
NGC4374 0.73+£0.02 0.16+0.02 0.86*07) 22719  6.0+03 43446 42+4 2472 135709 027003
NGC4472 0.85%00% 037%005 0.81+0.02 15702 10420246971 100%15 36732 20*18  0.0510:034 0
NGC4486 0.79+0.05 0217005 064005 2178  84:03 451£13270£30 1307130 75780 1314997
+0.14 +0.34 +0.04 +0.56 +0.8 +34 +3 +3.7 +2.1 +0.07
NGC4552 1.12¥04% 2014031 0474004 0657038 73708 537738 1573 44737 25721 011%007
NGC4636 0.3+0.02 0.14+0.04 0917002 11708  49%02 278410 3745 0937073  053%031  0.01670001
NGC4649*1.46+£0.07 0437008 1217095 23729 139103 6137]3 111£19 54738 31735 0.02410:018
NGC4696 0.88+0.02 0.54+0.06 051+0.01 1279  35+01 4755 3477 55733 31730 0427029
NGC4778*0.76£0.03 0.26+0.02 099709 1772  73+06443+10 3778  29%28 L6*16  0.0711003%
+0.02 +0.03 +2.0 +6 +5.3 +0.117 +0.066 +0.011
NGC5044 0.75%0:02 0.10+£0.05 043%003 33720  47+02 440%§ 9.9%33 0.0737017 0.041+0:058 0.0167090%
NGC5813 0.8+0.01 012001 0.82+0.02 3.0%20 55+02 4542 30+4 092*078 0527021 0.06570:0%°
NGC5846 0.77+0.02 0.20+0.01 0587002 20738 7.0+03 445+6 48] 39737 2271 0147l
+0.20 +0.06 +0.12 +2.5 +39 +13 +9.5 +5.4 +0.47
NGC6166 167020 037+008 153%002 29725 115+04 64173 44*13 83733 4731 0687037

@ For galaxies marked with *, the absorbed power-law component describing the non-thermal central AGN emission was not
significant and therefore it was not included in the final fit.

b For NGC 1399 and NGC 4472, the jet power estimates based on the potentially older, larger scale lobes are 0.29f8:(1)g x 1043
ergs~! and 0.27f8€(1) x 10%3 ergs™!, respectively.
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1.3.1 Bondipower

The total power input that the supermassive black hole acquires by accreting the surrounding material
was estimated under the assumption of the spherical Bondi accretion model (Bondi, 1952). Bondi ac-
cretion assumes steady spherical accretion from the circumnuclear medium, which most likely rarely
happens in realistic galactic nuclei due to the presence of angular momentum, outflows, and magnetic
fields. However, since the precise geometry of the accretion flow is typically not known, it still provides
an order-of-magnitude estimate of the total accretion power (Churazov et al., 2002; Allen et al., 2006) and
is parameterizable only by the temperature and density of the ambient gas and the mass of the SMBH.

The radius for which the gravitational influence of the SMBH is dominant over the thermal energy
of the gas is the Bondi radius rgongi = GM.c;?, where M, is the SMBH mass and ¢s = \/ykT/umy, is the
speed of sound in the surrounding medium, where p = 0.62 is the mean atomic weight for fully ionised
gas and y = 5/3 is the adiabatic index of the X-ray emitting plasma. The accretion rate can be expressed
as a flux of matter through a spherical shell of Bondi radius

Tgondi = 4TAP(GM.)?¢5> = TAPCs T3 i (1.4)

with a numerical coefficient for adiabatic gas A = 0.25. The accreted matter is then with an efficiency n
turned into energy Pgondi = 11BondiC>, which can be expelled in the form of relativistic jets. Throughout
this analysis, we assume an efficiency of 10 per cent.

The parameters of the Bondi accretion were derived from the spectral properties of the X-ray emitting
gas surrounding the supermassive black hole (see Table 1.1 for the black hole masses). The results are
listed in Table 1.2.

1.3.2 Mechanical jet power

The mechanical power of a relativistic jet emanating from the vicinity of a supermassive black hole can
be estimated either from the size of the extended radio emission (radio lobes) or from the corresponding
X-ray cavities inflated in the ambient medium. Throughout this analysis, we estimated the jet powers
from the approximate volumes of radio lobes assuming that the same volume of thermal plasma was
displaced by the jet producing X-ray cavities.

The total kinetic energy needed to inflate a cavity of volume V into the circumgalactic medium with
pressure p is equal to its total enthalpy H, which is the sum of the internal energy of the relativistic
plasma and the work done on the ambient gas

1
H=——pV+pV, 1.5
PvEp (1.5)

where v is the adiabatic index (ratio of specific heats) of plasma filling the cavity. The value of the adi-
abatic index depends on whether the gas pressure support is caused by nonrelativistic (y = 5/3) or rela-
tivistic particles (y = 4/3). Modern observations of massive clusters of galaxies via the Sunyaev-Zeldovich
effect (Abdulla et al., 2019) have indicated that the X-ray cavities are filled mainly with relativistic gas
(y = 4/3) and the total enthalpy is therefore given by H = 4pV, which is also in a good agreement with
magnetohydrodynamical simulations (Mendygral et al., 2011; McNamara and Nulsen, 2012).

The total enthalpy was numerically integrated on a linearly scaled Cartesian 3D grid of pressure,
which was interpolated from the pressure profile using linear interpolation in log-log space (see Fig. A.1.4)
and under the assumption of spherical symmetry. In the case of IC4296, the thermal pressure of the gas
at the position of the cavity was taken from Grossova et al. (2019), which is based on XMM-Newton mea-
surements. Compared to the commonly used method based on estimating the 4pV work by using only
the exact value of the pressure in the centre of the cavity and its total volume, this approach introduces
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Figure 1.1: Correlation between Bondi accretion power and mechanical jet power. The solid line is the
LINMIX power-law fit for the subsample of galaxies containing cold gas (either extended or nuclear
Ha+[N11] emission), while the grey area represents its 1 o confidence band. For comparison, we show
also UltraNest fit (dashed line) with its confidence band (blue area). Correlation coefficients for the
Ha+[N11] emitting sub-sample and the full sample are shown in the lower right corner. The larger scale
radio lobes for NGC 1399 and NGC 4472 (blue empty squares) and the corresponding correlation coeffi-
cient (stated in parentheses) are also shown.

for most prolate cavities and galaxies with a non-smooth pressure profile relative changes of up to 25 per
cent.

The geometry of cavities was assumed to be prolate or oblate ellipsoids with rotational symmetry
along the semi-axis closer to the direction towards the centre of the galaxy. The volume of the ellipsoid
is in general given by V = 47/3 11 vy 14, where 1y, (width) is the semi-axis of the ellipsoid which is perpen-
dicular to the direction of the jet, r; (length) is the semi-axis along that direction and rq is the unknown
depth of the cavity. For the calculations, we assumed the depth of the cavity to be equal to its width.
To account for uncertainties caused by the unknown depths of cavities, by the potential irregularities of
their shapes and also by projection effects, we introduced an additional factor of 2 uncertainty for their
volumes.

The total mechanical power required for inflating a cavity with internal energy E is given by Pjet = fge,
where f,g is the age of the cavity. The ages of individual cavities were calculated from their galactocentric
distances, R, and their inflation velocities, v, as fage = R/v. The velocity of the inflation was assumed
to be equal to the average speed of sound in the hot medium, ¢, along the path of the cavity. When
integrating the surrounding pressure and estimating the age of the cavities, the galactocentric distances
of cavities were calculated based on their angular distances.
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Table 1.3: Derived quantities describing the power output of galactic atmospheres: cooling radius r¢gg]
in units of kpc and arcsec (radius at which the cooling time profile reaches the value of 1 Gyr), cooling
luminosity L¢ge) in the 0.01 — 100 keV range (luminosity of thermal emission within the cooling radius),
and the ratio of cooling luminosity to mechanical jet power Lcol/ Pjet.

T'cool T'cool Leool
Gala .
v (kpc) (arcsec) (erg S_l) cool/ Ljet
0.1, 104 0.0022
1C 4296 5.4 22.1 1.7i0'2 x 10 0‘0041i0.0017

0.08 41 0.0014
NGC507 84 268 2027098 x10%  0.003*09017
NGC708 13.0 459  1.42770013x10%  2.38%332

-0.013

NGC1316 8.7  85.4 5.3+0:1 x 100 0.43+041
NGC1399 52 512  1.24*002, 104 0.33*5-18
NGC1407 5.8 475 5.5702 x 10% 0.044*0:92
NGC1600 5.5 180  1.21670016 <10 0.09475:9
NGC4261 5.5 35.3 74703 % 10"  0.0061+0:0051
NGC4374 54  60.4  4.03570993 %10 0.019970.00%
NGC4472 6.1 755  9.72*019x10%  0.189+0101

0.01 41 0.0103
NGC4486 12.0 1487 2357901 x10 0.0178% 0072

NGC4552 63  8L7 247001 x10%  0.0213*00:2
NGC4636 9.3  131.0 1.5397092L x10%!  0.987046

NGC4649 59 735 8.5793 x 104 0.35%0:2L
NGC4696 11.7  60.4 313100 x10%2 076704
NGC4778 158 522 9.4792 x 104 1.327072
NGC5044 23.0 147.6  2.40*0%9x10%  14.43*80
NGC5813 17.6 1129 6.67570015x 104 1.04+038

NGC5846 14.2 117.6 2767002 x 10" 0.193700%
NGC6166 17.9 295  8.727012x10% 1.2970:28

The derived properties of each radio lobe, such as its volume, galactocentric distance, approximate
age, and derived mechanical jet power can be found in the Appendix (Table A.1.1), while sums of the
mechanical powers for both radio lobes are stated in Table 1.2.

1.3.3 Correlations

The relationships between mechanical jet power, Bondi accretion power, SMBH mass, and specific en-
tropy were fitted using a power-law model and the corresponding correlations between the quantity
pairs were probed. Since the fit was performed using a linearized power-law model, the uncertainties
of all the fitted quantities were recomputed either based on laws of error propagation or using random
sampling. For fitting purposes, we approximated asymmetric distributions of all quantities by a normal
distribution.
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The fitting was performed using a hierarchical Bayesian approach to linear regression included in
the LINMIX package8 (Kelly, 2007). For verification purposes, we performed the linear fit also using ML-
Friends algorithm (Buchner, 2016, 2019) within the UltraNest 3.3.2 package9 (Buchner, 2021), which en-
ables incorporating asymmetric and non-gaussian uncertainties of individual data points by randomly
sampling from a given distribution.

The correlations were probed via the LINMIX linear correlation coefficient between the latent vari-
ables (p) and the significance of the correlation was verified by the Bayes factor for the two-sided corre-
lation test BF1o(p # 0) (Savage-Dickey density ratio'?; Dickey and Lientz, 1970), where for p we assumed
a flat prior. For comparison, we also state the classical Pearson product-moment correlation coefficient
(Fisher, 1944) between the observed variables calculated without accounting for measurement errors,
and the corresponding significance test (two-tailed p-value).

During the fitting, we distinguished between galaxies that do contain signs of cool gas tracers (ex-
tended or nuclear Ha+[NI11] emission) and galaxies that do not. We, therefore, fitted the whole sample
of galaxies and the Ha+[N11] subsample separately and compared the result. Obtained linear correlation
coefficients for individual pairs of quantities and subsamples can be found in Table 1.4. For significantly
correlated quantity pairs (Ppondi — Pjet, and Pjet — M.), we also state the fitted intercept and slope pa-
rameters and we show their best-fit power-law models together with 10 confidence bands (see Fig. 1.1
and Fig. 1.2). For the full sample, we also provide the correlation coefficients when for NGC 1399 and
NGC 4472 the jet powers were determined from larger scale radio lobes.

1.4 Discussion

In our sample of 20 nearby massive early-type galaxies, we have found a correlation between the Bondi
accretion rate and mechanical jet power (Fig. 1.1). The correlation for the whole sample shows moderate
significance (p = 0.69*01%, BF1( = 13). However, a strong correlation with extreme evidence (p = 0.9670-93,
BFp > 100) is detected for galaxies with thermally unstable atmospheres containing signs of cool gas
tracers (Ha+[N11] line emission).

The obtained relation between the Bondi accretion power and the mechanical jet power is for the

Ha+[Ni1] subsample well described by a power-law model

Pgondi P jet

1043 ergs—! =a+plog 1043 ergs1’ (1.6)

where @ = 1.10 £ 0.25 and f = 1.10 + 0.24 with an intrinsic scatter o = 0.08f8:(1)‘é dex. We note that the
relation is remarkably close to linear, which yields the jet-to-Bondi power ratio to be practically constant
1 lig per cent) with increasing jet power. Assuming that the accretion is Bondi-like and accounting for
the previously presumed ten per cent efficiency, for galaxies with Ha+[N11] emission, we obtain a l.lfg:g
per cent efficiency of converting the rest mass of the accreted material into the energy of relativistic
outflows.

Although the accretion, which is also affected by angular momentum of the infalling gas, outflows
and magnetic fields, is most probably not spherical nor Bondi-like, the Bondi formula appears to provide
a useful parametrization for estimating the total accretion power.

As already discussed by Allen et al. (2006), the positive correlation between Pje and Pgongi is not

a result of the Bondi accretion rates and mechanical jet powers being a function of galactic distances.

8https://github.com/jmeyers314/linmix
9https://github.com/JohannesBuchner/UltraNest
10The Bayes factor (BFjg), as a Bayesian alternative to classical hypothesis test, expresses the ratio of marginal likelihoods of
the alternative and null hypothesis. For the alternative hypothesis, we assume that the data are correlated (p # 0), while the
null hypothesis assumes no correlation (p = 0). For equality constrained models, one can obtain the Bayes factor by directly
comparing posterior and prior probabilities evaluated at a given point (p = 0) (Savage-Dickey density ratio).
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Table 1.4: Parameters obtained by fitting the linearized power-law model (log y = a+ log x): fitted quan-
tities, fitted subsample, Pearson correlation coefficient r and the corresponding p—value; LINMIX pa-
rameters: intercept «, slope B, intrinsic scatter o, correlation coefficient p, Bayes factor BFy(p # 0);
and the UltraNest parameters: intercept a and slope . During the fitting, the Bondi and jet powers
were expressed in units of 10*3 erg s~!, black hole masses in units of 10° My, specific entropy in units of
keVcm? and cooling luminosities in units of 10%3 erg s7!. In the case of uncorrelated or non-significantly
correlated pairs of quantities the fitted slope and intercept parameters were not stated. All stated un-
certainties correspond to 68.3 per cent credible intervals and were either symmetrized or are expressed
asymmetrically.

Pearson LINMIX UltraNest
uantities ubsampie r —value a g 10 a
Quantities? Sub 1 p—val 0 BF
all 061 0004 1.17+0.29 0.80+0.28 0.467032 0.69*0)% 13 1.18+0.28 0.65+0.22
Ppondi —Pjet  all (larger) 0.67 0.0013  1.19+0.27 0.89+0.27 0.38*02% 0767012 25  1.19+0.27 0.64+0.22
Ha+[Nu] 091 <0.001 1.10£0.25 1.10+0.24 0.08702% 0967093 >100 1.08+0.23 1.05+0.20
+0.20
all 045  0.046 - - - 0477020 18 - - -
Pjet— M. all (larger) 0.48  0.030 - - - 0507018 25 - - -
Ha+[Nu]  0.88 <0.001 —0.62+0.14 1.79+0.36 0.157 31 091739 >100 -0.71£0.07 1.57£0.15
+0.57
all  -032 017 - - - —0497337 12 - -
Pjet - K all (larger) -0.36 0.12 - - - -05770%% 17 - -
+0.60
Ha+[Nu] -031  0.29 - - - —04770%9 11 - -
+0.25
all 0.07 0.76 - - - 0077023 033 - -
Pjet — Leool all (larger) 0.02  0.93 - - - 0027323 0.32 - -
Ha+[N1] 0.01 0.96 - - - 0.01*0:32 0.38 - -

Firstly, measured distances of all galaxies (except for NGC6166) are within an order of magnitude similar.
And more importantly, while the Bondi accretion rates depend on distance approximately as Pggpgi
d~%5 (without accounting for the distance dependence of the SMBH mass estimates), the mechanical jet
powers are proportional to distance as Pjet o< d 15,

Instead, based on our results, we suggest that the observed Pjet — Ppongi correlation originates mainly
from the positive correlation between the mechanical jet power and SMBH mass (Fig. 1.2). The Bondi
accretion rate is by definition proportional to the square of SMBH mass (Pgongi < M?), while, based on
our measurements, the mechanical jet power depends on SMBH mass as Pje; o ML-79%036 The Bondi
accretion rate is also proportional to thermodynamic properties of gas inside the Bondi radius (as o
K~=3/2), but the central specific entropy appears to correlate with mechanical jet power only mildly and
with a much larger scatter (see Fig. 1.3), although the data are rather uninformative (BF;o = 1.1). The
thermodynamic properties at the Bondi radius were fairly resolved (innermost radius < 2 rgopg;) only for
8 out of 20 galaxies, 4 of which contain no Ha+[N11] emission. For the rest of the galaxies, the central parts
were only poorly resolved and the extrapolations do not necessarily reflect the real thermodynamic state
of the gas at the Bondi radius. A possible strong correlation between mechanical jet power and specific
entropy could have therefore been lost in the scatter.

Similarly as for the Bondi power, a tight correlation between SMBH mass and jet power (p = 0.9179-9%;

BFp > 100) is only observed for the Ha+[N11] emitting subsample, while for the whole sample the corre-

lation is relatively weak and poorly constrained (p = 0.47 fg:gg; BFjo = 1.8). Based on our results, when the
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Figure 1.2: Mechanical jet power versus the mass of SMBH. The solid line is the LINMIX power-law fit
for the subsample of galaxies containing cold gas (either extended or nuclear Ha+[N11] emission), while
the grey area represents its 1 o confidence band. For comparison, we also show the UltraNest fit (dashed
line) with its confidence band (blue area). Correlation coefficients for the Ha+[NI11] emitting sub-sample
and for the full sample are shown in the lower right corner. The larger scale radio lobes for NGC 1399 and
NGC 4472 (blue empty squares) and the corresponding correlation coefficient (stated in parentheses) are
also shown.

galactic atmospheres are thermally unstable, the jet power will scale with the SMBH mass as described
by the power-law model

P.
Jet =a + Blog 1.7

0g ——— = _
& 1043 erg/s 109 M,

where @ = —0.62 £0.14 and § = 1.79 + 0.36 with an intrinsic scatter of o = 0.15:“8:(1)‘71, while for thermally
stable atmospheres the jet power will be unaffected by SMBH mass and remain approximately constant
(10*! —10%? ergs™!). A similar relation between SMBH mass and jet power, although with a much larger
scatter, was reported by McNamara et al. (2011) and also by McDonald et al. (2021) using data from
Russell et al. (2013).

For one of the most powerful jets ever recorded with jet power of 1 .7f8:g x10%0ergs™! (MS0735.6+7421;
Vantyghem et al., 2014), the extrapolation of our relation (Eq. 1.7) yields a SMBH mass of 8.03%1 X
10'°M,, which is actually consistent with the most up-to-date mass estimate obtained using the break
radius scaling relation (5.1 x 10'° M; Dullo et al., 2021).

1.4.1 Comparison to previous studies

The relation between Bondi accretion power and mechanical jet power has been previously studied for
9 early-type galaxies by Allen et al. (2006) and for 13 sources by Russell et al. (2013). In this work, we
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Figure 1.3: Mechanical jet power versus central specific entropy of the X-ray emitting gas. Correlation co-
efficients for the Ha+[NII] emitting sub-sample and the full sample are shown in the upper right corner.
The larger scale radio lobes for NGC 1399 and NGC 4472 (blue empty squares) and the corresponding
correlation coefficient (stated in parentheses) are also shown.

analysed data for 20 galaxies, including all sources used in these previous studies and adding 7 new
systems. Despite obtaining comparable results for most sources, in several cases order-of-magnitude
discrepancies are observed.

One of the most significant sources of potential discrepancies are the assumed black hole masses,
which have a significant influence on the Bondi accretion power estimation. In this work, for most ob-
jects, we were able to collect recent, direct SMBH mass estimates from within their sphere of influence
(Table 1.1). We only had to utilise scaling relations in 6 systems (see Section 1.1.1).

Compared to Allen et al. (2006), in this work, we estimated the jet power of NGC 4472 to be approx-
imately 16 times lower because we used a newer generation of radio lobes (with corresponding X-ray
cavities present). Nevertheless, in all our results, we also report the jet powers determined using the
older generation of radio lobes, which are comparable to Allen et al. (2006). With respect to the results
of Russell et al. (2013), most discrepant results for both Bondi power and jet power were obtained for
NGC 1316 and NGC 5044. For the jet power, we also see large discrepancies in NGC4778. Mechanical jet
powers estimated in our work are almost an order-of-magnitude lower, which is in all of these cases most
probably due to the use of younger generations of lobes and cavities. The discrepancy in Bondi power is
in both NGC 1316 and NGC 5044 caused by different electron densities at the Bondi radius. In this work,
a combination of increased spatial resolution and a different extrapolation method, based on fitting the
innermost substructure, resulted in almost an order of magnitude lower electron density estimates.

Significant differences between our measurements and the results of Allen et al. (2006) and Rus-
sell et al. (2013) were also obtained for the central densities in NGC 4374 and NGC 4486. In the case of
NGC 4374, we analysed significantly deeper Chandra observations (~ 890 ks) than in the previous stud-
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ies (~ 120 ks). In the latter case, the discrepancy can be caused by several reasons, however, we speculate
that the main cause is the use of additional short frametime observations observed in 2016, which al-
lowed us to avoid pile-up effects and thus better study the gas properties at smaller radii.

Except for the most distinct cases, modest differences in mechanical jet powers compared to the
results of Allen et al. (2006) are most probably a result of using VLA radio observations with slightly dif-
ferent S/N ratio (e.g. NGC4374). The resulting parameters of the jet-to-Bondi power correlation are,
however, consistent within uncertainties with those reported by Allen et al. (2006) (a¢ = 0.65 +0.16 and
B =0.77 £0.20). The differences between our mechanical jet powers and those of Russell et al. (2013)
are primarily due to differently defined cavity volumes, with our study using combined X-ray and radio
imaging data.

1.4.2 Feeding from thermally unstable atmospheres

The thermal stability of atmospheres was, besides the presence or absence of Ha+[N11] line emission,
also probed using the minimum value of the cooling time to free-fall time ratio. Fig. 1.4 shows that, for
galaxies with min (o0 / ) lower than or close to the precipitation limit, the jet-to-Bondi power efficiency
is approximately constant (= 10 per cent), while for higher values of min(z.,0)/ ) the efficiency appears
to decrease. Interestingly, the presence of the Ha+[N11] emission correlates well with the minimal value
of t.o01/ tg ratio, which supports the idea of galaxies with min(fcoo1/ ) < 10 hosting thermally unstable
atmospheres.

The fact that we only see a strong correlation for thermally unstable atmospheres with a lower value
of min(Z.o01/ tgr) suggests that the black holes producing the jets and lobes are fed by thermally unstable
gas from the galactic atmospheres. The ratios of jet powers and Bondi powers inferred for the given
black hole masses are within an order of magnitude similar for all these systems (of the order of 107!
of the Bondi power) and the scatter in the inferred ratio is remarkably small. It appears that once the
atmosphere becomes thermally unstable, the cooling gas feeds the black hole in the centres of all galaxies
at a similar jet-to-Bondi power ratio, possibly indicating a key universal property of black hole accretion
in early-type galaxies. The fact that all 14 thermally unstable atmospheres have similar jet powers relative
to the inferred Bondi powers, indicates that the accretion in early-type galaxies is stable and the accreted
cooling gas is relatively uniform and not particularly clumpy.

Interestingly, for 5/6 galaxies with no detected Ha+[NI1] emission and thus most likely hosting ther-
mally stable atmospheres, the jet power is of the order 10*! —10%? ergs~! and does not appear to trace the
black hole mass. All these galaxies have within the order of magnitude similar stellar populations, and
similar stellar masses. Given our interpretation, we expect that the hot atmosphere of NGC507 is ther-
mally unstable and future, more sensitive observations should detect multi-phase gas in this system.
We speculate that in these thermally stable atmospheres the stellar mass loss material provides a simi-
lar amount of fuel in all these systems (Matthews and Reid, 2007; Voit and Donahue, 2011), resulting in a
similar ‘floor’ jet power. But once the atmospheres become thermally unstable, the amount of additional
fuel that reaches the black hole and results in jet production will scale with the black hole mass.

1.4.3 Lack of ‘true AGN feedback’?

The obtained ratios of cooling luminosities to jet powers are lower than in studies, which include more
massive galaxy clusters (Rafferty et al., 2006; Panagoulia et al., 2014; Hlavacek-Larrondo et al., 2015). On
the other hand, our results are consistent with the findings of Nulsen et al. (2009), that for lower lumi-
nosity early-type galaxies the atmospheres are in general not precisely energetically balanced. The en-
ergy balance of our galactic atmospheres appears systematically inclined in favour of radio-mechanical
heating. In other words, most of the galactic atmospheres seem to acquire more energy than they emit
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Figure 1.4: Dependence of jet power to Bondi power efficiency on the susceptibility to thermal insta-
bilities expressed by the minimum of the cooling time to free-fall time ratio. The vertical dashed line
represents the precipitation limit #.40/ # = 10. The larger scale radio lobes for NGC 1399 and NGC 4472
(blue empty squares) are also shown.

(Fig. 1.5). Partially, it may be due to our choice of a lower cooling time threshold of 1 Gyr (compared to 3
or 7.7 Gyr) resulting in smaller cooling radii.

Interestingly, we observe no correlation between the cooling luminosity and the mechanical jet power
(Table 1.4, see Fig. 1.5), which is most likely a result of the relatively small range of cooling luminosities
and jet powers in our study. Similarly, for X-ray luminosities extracted from within a predefined fixed
radius (e.g. 1 or 10 kpc), we observed at most weak correlations. At first glance, these results indicate a
lack of fine-tuning between the jet power and the thermodynamic global state of hot atmospheres.

Instead, the atmospheric properties seem to provide an ‘on/off switch’ - they determine whether the
atmosphere will be thermally stable or not. The maximal possible jet power will be primarily set by the
black hole mass. For thermally unstable galaxies, the jet power will trace this maximal limit (Eq. 1.7),
while for stable atmospheres the jet power will be orders of magnitude smaller.

Heavier dark matter haloes with more massive atmospheres will also host larger black holes (e.g. see
Bogdédn and Goulding, 2015; Lakhchaura et al., 2019b; Truong et al., 2021). For galaxies with thermally
unstable atmospheres (central cooling times shorter than 1 Gyr), heavier haloes will also have more pow-
erful AGNs (Main et al., 2017). These more powerful AGNs powered by heavier black holes will provide
more jet heating, compensating for the larger cooling luminosities of more massive systems. We pro-
pose that the correlation between the Pje; and L¢oo Observed over a relatively large dynamic range from
galaxies to clusters of galaxies (e.g. see Hlavacek-Larrondo et al., 2015) is primarily due to the underlying
correlation between the black hole mass and halo mass.

Lakhchaura et al. (2019b) showed that the average atmospheric gas temperature in early-type ellip-
ticals correlates with the mass of the central black hole (see also Gaspari et al., 2019). By comparing
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Figure 1.5: Relation between mechanical jet power and bolometric X-ray luminosity of the galactic atmo-
sphere from within the cooling radius (cooling luminosity), which is the radius where the cooling time
profile reaches the value of 1 Gyr. The diagonal dashed lines represent power input-output equalities for
various values of cavity enthalpy (1pV, 4pV and 16pV). Correlation coefficients for the Ha+[NII] emitting
sub-sample and the full sample are shown in the upper right corner. The larger scale radio lobes for
NGC 1399 and NGC 4472 (blue empty squares) and the corresponding correlation coefficient (stated in
parentheses) are also shown.

observations and state-of-the-art numerical simulations (Illustris TNG), Truong et al. (2021) shows that
this is primarily due to an underlying correlation between the halo mass and the mass of the central su-
permassive black hole and jet heating will have a secondary effect. Our results show that more massive
black holes will provide more heat to galactic atmospheres (see also Martin-Navarro et al., 2020), which
could also contribute to the correlation between black hole mass and atmospheric gas temperature.

1.5 Conclusions

We have confirmed the presence of a correlation between the Bondi accretion power and the mechani-
cal jet power in early-type galaxies previously reported by Allen et al. (2006). We show that a particularly
strong correlation holds for galaxies with thermally unstable atmospheres, as indicated by the presence
of cool gas traced by Ha+[NT11] emission and with min(z.y01/ ) < 10, while for the whole sample of galax-
ies the correlation is weaker.

Interestingly, according to the power-law fit for the Ha+[Nii] subsample, the Bondi power scales
with jet power as « Pjetl'loJ—'O‘ZS with correlation coefficient of p = 0.96f8:83. We note that the exponent
is remarkably close to unity, which yields a constant jet-to-Bondi power efficiency (1 lfg per cent).

Importantly, we find a strong correlation between the mechanical jet power (Pje) and the mass of
the central supermassive black hole (M.) and, although poorly constrained, a hint of an anti-correlation



Annex 1. The relation between accretion rate and jet power 31

with the specific entropy (K) of the ambient gas inside the Bondi radius. The mechanical jet power for
the galaxies with Ha+[N11] emission scales with the supermassive black holes mass as

7 =a+plog (1.8)

where a = —0.62 £0.14 and § = 1.79 +0.36 with a correlation coefficient of p = 0.91*5-9, while for the full
sample the correlation is weaker.

The results indicate that at least for thermally unstable systems, the jet power is set primarily by the
supermassive black hole mass. Since the central black hole mass of X-ray luminous early-type galaxies
correlates with the total mass of the host halo (see Lakhchaura et al., 2019b; Truong et al., 2021), more
massive systems undergoing thermally unstable cooling will naturally have larger jet powers.
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Abstract: The study of jet-inflated X-ray cavities provides a powerful insight into the energetics of hot
galactic atmospheres and radio-mechanical AGN feedback. By estimating the volumes of X-ray cavities,
the total energy and thus also the corresponding mechanical jet power required for their inflation can be
derived. Properly estimating their total extent is, however, non-trivial, prone to biases, nearly impossible
for poor-quality data, and so far has been done manually by scientists. We present a novel machine-
learning pipeline called Cavity Detection Tool (CADET), developed as an assistive tool that detects and
estimates the sizes of X-ray cavities from raw Chandra images. The pipeline consists of a convolutional
neural network trained for producing pixel-wise cavity predictions and a DBSCAN clustering algorithm,
which decomposes the predictions into individual cavities. The convolutional network was trained us-
ing mock observations of early-type galaxies simulated to resemble real noisy Chandra-like images. The
network’s performance has been tested on simulated data obtaining an average cavity volume error of
14% at an 89% true-positive rate. For simulated images without any X-ray cavities inserted, we obtain
a 5% false-positive rate. When applied to real Chandra images, the pipeline recovered 93 out of 97 pre-
viously known X-ray cavities in nearby early-type galaxies and all 14 cavities in chosen galaxy clusters.
Besides that, the CADET pipeline discovered 7 new cavity pairs in atmospheres of early-type galaxies
(IC4765, NGC533, NGC2300, NGC3091, NGC4073, NGC 4125, NGC5129) and a number of potential
cavity candidates.
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2.1 Introduction

Studies of hot atmospheres of galaxies, groups and clusters of galaxies underwent substantial progress
at the turn of the millennium mainly due to the launch of three X-ray telescopes: ROSAT, Chandra X-
ray Observatory, and XMM-Newton. Among many other important discoveries, their observations have
revealed the existence of prominent surface brightness depressions, so-called X-ray cavities, in the hot
atmospheres of clusters, groups, and massive early-type galaxies (Boehringer et al., 1993; Huang and
Sarazin, 1998; McNamara et al., 2000a; Fabian et al., 2000; Blanton et al., 2001). Subsequent radio obser-
vations (McNamara et al., 2001; Fabian et al., 2002; Birzan et al., 2004) of these systems have shown that
the cavities are filled with nonthermal relativistic electrons producing radio emission via synchrotron
radiation. In the following two decades, several comprehensive studies of X-ray cavities and radio lobes
in the atmospheres of nearby giant ellipticals (Dunn et al., 2010), distant galaxy clusters (Hlavacek-
Larrondo et al., 2012, 2015) or both nearby and distant systems (Birzan et al., 2004; Rafferty et al., 2006;
Diehl et al., 2008; Dong et al., 2010; McNamara et al., 2011; Panagoulia et al., 2014; Shin et al., 2016) were
performed, tens of new cavities were discovered, and their underlying attributes were inferred.

The presence of extended radio emission suggests that the cavities are products of the interaction
between the relativistic jets emanating from the active galactic nucleus (AGN) and the hot intergalactic
medium (McNamara et al., 2000a). Signs of previous AGN activity can thus be observed either in the radio
band as extended radio lobes or in the X-ray band as brightness depressions (X-ray cavities). For some
of the cavities and especially for older cavity generations, however, the extended radio emission might
be significantly misaligned (Gitti et al., 2006) or it can be completely missing (‘ghost’ cavities; McNamara
etal., 2000b; Birzan et al., 2004). In such cases, X-ray cavities represent the only remnant of the previous
AGN activity. The latest radio observations at MHz frequencies (GMRT, Giacintucci et al., 2011; LOFAR,
Birzan et al., 2020; Capetti et al., 2022) have, however, revealed the existence of extended radio emission
filling some of the X-ray cavities previously classified as ‘ghost’.

The process of cavity inflation is expected to involve a significant amount of energy released by
the central supermassive black hole (SMBH) and therefore play an important role in the energetics of
the whole galactic atmosphere and the AGN feedback. For nearby radio galaxies, this type of radio-
mechanical feedback is believed to be dominant over the energy expelled by electromagnetic radiation.
Furthermore, the mechanical power of the AGN jet is, for radio-mechanical feedback, within an order
of magnitude consistent with the expected accretion power (Allen et al., 2006; Plsek et al., 2022). The
enormous amount of energy deposited in cavities and in the relativistic plasma is then on timescales of
107 — 10® years being dissipated back into the hot atmosphere through shocks, sound waves and turbu-
lent flows (Churazov et al., 2002; Werner et al., 2019). A detailed description of such processes is therefore
crucial for understanding the evolution and energetic balance of the entire galaxy.

The comparison of basic cavity parameters and their corresponding mechanical jet powers with
other underlying properties of their host galaxies has shown interesting implications. Birzan et al. (2004)
reported that mechanical jet powers derived from the X-ray cavities correlate with the radio luminosity
at 1.4 GHz and the X-ray luminosity of the host atmospheres. Similarly, Rafferty et al. (2006) found a
relation between the mechanical jet powers and luminosity of the X-ray emitting gas from within a cool-
ing radius (cooling luminosity). Allen et al. (2006) found a tight correlation between the mechanical jet
powers determined from the combination of observations of radio lobes and X-ray cavities and approx-
imate SMBH accretion powers estimated from the assumption of the spherical Bondi accretion, which
has been confirmed by Plsek et al. (2022).

2.1.1 Properties of X-ray cavities

X-ray cavities, just like radio lobes, typically come in pairs and originate in a single relativistic outflow.
Their observations show that cavities are discrete, separate bubbles rather than continuous funnel-
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like structures, and for many galactic systems, even multiple generations of cavities are observed (e.g.
NGC5813; Randall et al., 2015). However, to this day it is not clear whether the discrete nature of X-ray
cavities is a result of occasional episodic outbursts or whether they are caused by the fragmentation of
relatively continuous outflows.

Many X-ray cavities are surrounded by shell-like or arm-like features of enhanced brightness. These
bright rims correspond to regions of shocked or piled-up gas created by the inflation of cavities. Al-
though shock fronts caused by the highly supersonic motion of material were expected, no significant
temperature jumps connected with strong shocks were detected and some of the bright rims were even
observed to be cooler than the surrounding gas (Fabian et al., 2000). Instead, mostly only mildly super-
sonic weak shock fronts are observed with Mach numbers between 1.2 and 1.7 (NGC 4636, Jones et al.,
2002; NGC5813, Randall et al., 2015), which are close to being in pressure balance with the ambient
medium (McNamara and Nulsen, 2007). Nonetheless, these weak shocks, when present, can also de-
posit a significant amount of energy in the X-ray gas (e.g. NGC 5813, Randall et al., 2015).

As long as the inflation of cavities is ongoing, cavities are marked as ‘attached’ and due to the weak
nature of the surrounding shocks, they are assumed to be inflated approximately at the speed of sound
(Birzan et al., 2004). Once they detach from the central AGN, they rise buoyantly into the thinner lower-
pressure environment and they increase their volumes to maintain pressure equilibrium with the sur-
rounding medium. As a result, we can observe a correlation between cavity areas (or radii) and distances
(Diehl et al., 2008; Dong et al., 2010; Shin et al., 2016). As they rise, part of their energy is extracted and,
for an M87-like pressure profile (Bohringer et al., 2001), after reaching a 20 kpc distance, nearly half of the
original energy is lost (Churazov et al., 2002). Moreover, rising cavities can drag the central low entropy
gas, uplift it and thus dilute the hot atmospheres of host galaxies (e.g. M87, Werner et al., 2010).

Although X-ray cavities come in various shapes, they are most commonly approximated as prolate
or oblate spheroids with rotational symmetry along the semi-axis closer to the direction towards the
centre of the galaxy (see Birzan et al., 2004; Allen et al., 2006). X-ray cavities tend to have their semi-
major axis either aligned or perpendicular to the galactocentric direction (Shin et al., 2016). Furthermore,
cavities are preferentially elongated towards the centre for attached or recently detached outflows and
flattened for formerly separated cavities (Churazov et al., 2001; Guo, 2020). We note, however, that many
real cavities are far from being ideally ellipsoidal and their structure is much more complex, which is
supported also by current idealized simulations of radio-mechanical AGN feedback (Briiggen et al., 2009;
Mendygral et al., 2011, 2012; Guo, 2015).

Individual cavities vary significantly in their size and also in the amount of displaced material ranging
from 0.5 kpc and 108 M, for NGC 4636 up to hundreds of kiloparsecs and more than 10'? M, for Hydra A
(McNamara and Nulsen, 2007). The mechanical jet powers required to inflate typical X-ray cavities are of
the order of 10" —10* erg s™!, however, for the largest X-ray cavities typically found in brightest cluster
galaxies in massive clusters (Hercules A, Nulsen et al., 2005; MS0735.6+7421, Vantyghem et al., 2014) it
can be up to 10% erg s~!, which is comparable to the power output of a typical powerful quasar.

2.1.2 Motivation

The total energy deposited in X-ray cavities and the corresponding mechanical jet power required for
their inflation can be measured by estimating the volumes of X-ray cavities (e.g. Birzan et al., 2004).
The accurate identification of X-ray cavities and estimation of their total extent is, however, non-trivial,
prone to biases and nearly impossible for poor-quality data. Additionally, most of the current detec-
tion and size-estimation methods (unsharp masking, f-modelling), widely used in the previous studies
of X-ray cavities (e.g. Birzan et al., 2004; Diehl et al., 2008; Dong et al., 2010; Panagoulia et al., 2014;
Hlavacek-Larrondo et al., 2015; Shin et al., 2016), are all ultimately based on visual inspection and man-
ual estimation of cavity sizes. The total extent of thereby identified and size-estimated cavities is, also
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due to over-simplifying assumptions (ellipsoidal shape, rotational symmetry, projection effects), rather
uncertain and difficult to reproduce among different studies performed by different teams.

The utilization of machine learning techniques has registered significant progress in the field of ob-
servational astronomy and astrophysics. It has great potential in the automation of tasks that would
otherwise require human or even expert insight into the problematics. Neural networks and other ma-
chine learning techniques are already being widely used in various astronomical fields for classification
tasks: point source vs extended source classification (Alhassan et al., 2018), galaxy morphology classifi-
cation (Dieleman et al., 2015; Hausen and Robertson, 2020), radio galaxy morphology classification (Wu
etal., 2019), detection of galaxy clusters using multiwavelength observations (Kosiba et al., 2020), distin-
guishing between astrophysical gamma-ray photons and cosmic-ray induced events in satellite observa-
tions (Shilon et al., 2019; Wilkins et al., 2022) or for distinguishing between single and multi-temperature
plasma from X-ray spectra (Ichinohe and Yamada, 2019); for regression tasks: photometric redshift esti-
mation (D’Isanto and Polsterer, 2018) and pre-fitting of X-ray spectral properties (Ichinohe et al., 2018);
and also for more complex problems: predicting the cosmological structure formation (He et al., 2019)
or producing hydrodynamical simulations by learning the basic physical laws (Dai and Seljak, 2021). In
the past, there were also attempts aiming for cavity detection and size estimation using either granular
convolutional neural networks (Ma et al., 2017) or Inception-like convolutional neural networks (Fort,
2017), the latter served as an inspiration for this work.

For these reasons, we have decided to tackle the problem of searching for and estimating the sizes
of X-ray cavities on Chandra images using the power of machine learning techniques and modern com-
puter technology. Using a set of artificially generated images, we have trained a detection pipeline com-
posed of a convolutional neural network (CNN) and a clustering algorithm, which we have called the
CAvity DEtection Tool' (CADET).

The paper is organised as follows. In Section 2.2, we describe how the set of artificial training images
was generated and discuss our main assumptions. The architecture of the CADET pipeline, as well as the
process of training and subsequent testing of the pipeline, are described in Section 2.3. In Section 2.4, we
present results obtained by applying the CADET pipeline to a sample of 70 nearby early-type galaxies and
7 more distant galaxy clusters. We discuss the precision and accuracy of CADET predictions in Section
2.5 and we conclude in the last Section. In the Supplementary online material, we share the resulting
CADET predictions for the whole sample of 70 nearby early-type galaxies and 7 distant galaxy clusters.

2.2 Artificial data

The CADET pipeline was trained on artificially generated mock images processed to resemble real X-ray
images as observed by the Chandra X-ray Observatory. The real data was not used for the training for two
main reasons: the number of known galactic systems with well-defined X-ray cavities is low, and even
if the number of real images with cavities was sufficiently larger (> 10° — 10* images), all cavities would
need to be manually size-estimated, which would bring a systematical human bias into the training
process.

We, therefore, produced a large set of simplified 3D models of early-type galaxies and randomly in-
serted pairs of ellipsoidal cavities into them. The 3D models were then reprojected onto the 2D plane
by simply summing the values across one axis — we used this approximation assuming that atmospheres
of early-type galaxies are optically thin. Thereby obtained brightness maps were noised using Poisson
statistics to resemble real low-count X-ray images.

The gas distribution of the 3D galaxy models was generated based on observed surface brightness
profiles of nearby early-type galaxies. To approximate the gas distribution in both real and simulated

Ihttps://github. com/tomasplsek/CADET
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galaxies, we used either single or double f-models (Cavaliere and Fusco-Femiano, 1976):

1+ (L

To
where ry is the core radius, pg is the central density and f is the beta parameter, which describes the
logarithmic slope of the distribution at larger radii. The resulting surface brightness of the simulated
images was obtained as an emissivity of the gas e(r) = A(T) nf,(r), where np = pgas/(2.21 mp), and A(T) is
the cooling function of the X-ray emitting gas (see Schure et al., 2009).

We note that the gas distribution in real galaxies is often not ideally smooth and symmetric but is dis-
rupted by sloshing effects and cold fronts due to past mergers (NGC 1275, Fabian et al., 2006; NGC 4696,
Sanders et al., 2016), ram pressure striping (NGC 1404, Machacek et al., 2005; NGC4552, Kraft et al.,
2017), shock fronts (NGC 4552, Machacek et al., 2006; NGC 5813, Randall et al., 2015), and also by a low
entropy gas uplifted by the inflation of X-ray cavities (e.g. NGC 4486, NGC 4696; see also Churazov et al.,
2001; Simionescu et al., 2008; Werner et al., 2010). However, realistically simulating such inner struc-
ture is beyond the scope of this work and it would be reachable only using detailed hydrodynamical
simulations of radio-mechanical feedback in early-type galaxies. Instead, we tried to reproduce these
irregularities by generating simple geometrical features tailored to resemble real observed structures on
a purely empirical basis.

To imitate the non-spherical perturbation of gas distribution brought on by gas sloshing, we gener-
ated a 2D grid with an anti-symmetric spiral-like pattern and, before applying Poisson noise, we multi-
plied the surface brightness maps with this grid. Basic parameters of the spiral pattern (e.g. periodicity
and depth) were generated according to real galaxies with prominent sloshing patterns (e.g. NGC507,
NGC 1275, NGC4696, NGC 7618) and are based on basic assumptions further discussed in Section 2.2.2.

Real images of galaxies also contain bright point sources such as background AGNs, distant galaxies,
and stellar sources located in the host galaxy: Low Mass X-ray Binaries (LMXB), Coronally Active Binaries
(CAB) or Cataclysmic Variables (CV) (Irwin et al., 2003). Besides that, the central parts of many galaxies
are often dominated by point-like non-thermal emission of their AGNs, and some of them might even
contain prominent jets (e.g. NGC315, NGC383, NGC4261, NGC4486). However, we did not take the
point sources and jets into account while generating the artificial dataset. Instead, before applying the
CADET pipeline to real Chandra images, we detected all point sources except for the central one and
replaced them with their average surrounding background (see Section 2.2.1).

To account for X-ray cavities, we randomly generated pairs of ellipsoidal masks and cut off the cor-
responding regions from our 3D models. The gas inside cavity regions has been removed completely
assuming that they are filled purely with relativistic plasma not producing any X-ray emission (McNa-
mara and Nulsen, 2012), which is supported also by Sunyaev-Zeldovich observations (e.g. MS0735, Ab-
dulla et al., 2019, Orlowski-Scherer et al., 2022). X-ray cavities were generated at various galactocentric
distances, radii and shapes (ellipticities) — their parameters were sampled from distributions based on
measurements of real X-ray cavities (Section 2.2.2). When generating the cavities, we tried to both en-
tirely remove the gas from the corresponding regions as well as displace part of it to the edges of cavities
to resemble bright rims caused by shocks. The rims were generated as ellipsoidal shells of the same
ellipticity as the corresponding cavities (see Section 2.2.2).

24,—-36/2
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2.2.1 Data analysis

When generating 3D -models of artificial galaxies, their parameters were sampled from distributions
derived from B-modelling analysis of real X-ray observations. For this purpose, we fitted a sample of 70
nearby early-type galaxies with a single or double f-model and determined the parameters and uncer-
tainties describing the best-fitting models.
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Observations of all galaxies were processed using standard CIAO 4.14 procedures (Fruscione et al.,
2006) and current calibration files (CALDB 4.9.8). For galaxies with multiple Chandra observations, in-
dividual OBSIDs were reprojected and merged. All observations were deflared using the 1c_clean algo-
rithm within the deflare routine. Most objects were observed using the ACIS-S chip, however, for some
galaxies, we included also ACIS-I observations. All the OBSIDs are listed in Table A.2.3.

The images were generated from reprojected and cleaned observations using the f1ux_obs proce-
dure with a bin size of 1 pixel (0.492 arcsec) in the broad energy band (0.5 — 7.0 keV). Point sources were
found using the wavdetect tool and filled with an average surrounding background using the dmfilth
procedure. Before applying the dmfilth script, the exposure-corrected flux images were converted back
to units of counts (scaled by the lowest non-zero pixel value) to enable the use of Poisson statistics.

Individual processed and source-filled images were, based on the scale of interest of each galaxy,
cropped to the size of an integer multiple of 128 Chandra pixels, mostly to 512 pixels or 640 pixels. For
galaxies with prominent cavities, the scale of interest was chosen to encompass the outer edge of cavities
(oldest cavities if more were present). For galaxies without any visible cavities, the scale of interest was
visually chosen to enclose most of the galactic emission or set to the edge of the chip for very extended
sources (e.g. NGC 4406).

The resulting cropped images were fitted with a 2D representation of a single or double S-model
— for the purpose of modelling the surface brightness distribution of X-ray images, a classical 3D S-
model (Cavaliere and Fusco-Femiano, 1976) has been projected onto a 2D plane under the assumption
of isothermality and thus constant emissivity (Ettori, 2000):
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where ny is the central particle concentration, A(T)? is the cooling function, B is the beta function, ry is
the core radius and g is the beta parameter of the f-model. When using composite -models, individual
B-components were simply summed together. For all galaxies, we also added a constant background
model (cp).

The fitting was performed in the SHERPA 4.14 package (Freeman et al., 2001) using Cash statistics
(Cash, 1979) and Levenberg-Marquardt optimization method (Levenberg, 1944). Within the SHERPA 4.14
package, each f-model is described by a set of 7 parameters: centre coordinates xp and y, amplitude A,
core radius ry, power-law slope a, ellipticity e and rotational angle ¢; and following equations®:
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For simplifying the fitting process, an interactive Python tool* based on Jupyter Ipywidgets was de-
veloped. Using this tool, the galaxies were first fitted using a single f-model and for galaxies for which
it introduced a significant improvement in the fit statistics, we included an additional beta component.
For double B-models, both ellipticities and, for most objects, also the central coordinates of individ-
ual components were linked together during the fitting. In several cases (mainly for images with a low

2For simplicity, the temperature and thus also the cooling function was assumed to be the same for all the analyzed as well
as generated galaxies and the cooling function was therefore omitted from further calculations. We instead accounted for a
scatter of 0.3 dex in the distribution of the f-model amplitudes, which corresponds to the difference of cooling functions at 0.5
and 2.5 keV at solar abundance.

3For simplicity, rotations of the XY grid by the angle ¢ were omitted.

4https://github.com/tomasplsek/Beta-modelling
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number of counts but a complex radial profile), we even tied the § parameters of individual beta com-
ponents in order to reduce the number of free parameters. After finding the best-fitting f-models, me-
dian values and uncertainties of individual parameters were derived from their posterior distributions
obtained from Markov-Chain-Monte-Carlo (MCMC) simulations (pyBLoCXS algorithm; Siemiginowska
et al., 2011). The fitted parameters with their uncertainties are listed in Table A.2.2. Plots with distribu-
tions of parameters for the whole sample of galaxies and correlations between them can also be found
in Figures A.2.4, A.2.5.

The best-fitting f-models were subtracted from the original images and smoothed versions of thus
obtained residual images were used to visually detect X-ray cavities. Individual detected cavities were
size-estimated by manually overlaying ellipses using the SAOImageDS9 software (Joye and Mandel, 2003).
Significances of estimated cavities were probed using azimuthal surface brightness profiles (see Hlavacek-
Larrondo et al., 2015; Ubertosi et al., 2021) and we only chose cavities with depth lower than or equal to
30 below the surrounding background. Combining this method with known cavities from the literature
(see Table A.2.1 and references therein), we detected in total 97 cavities in 34 galaxies.

To describe a pair of X-ray cavities, we introduced 10 parameters (see Figure 2.1) — parameters de-
scribing the first cavity: distance from the galactic centre d, positional angle ¢y, semi-major axis R,
ellipticity ecay, rotational angle ¢y, and parameters describing the second cavity with respect to the
first one: relative change in distance r4_, , difference in positional angle d¢cay, relative change in semi-
major axis rg_, , relative change in ellipticity r,__, and difference in rotational angle d¢.ay. Properties of
all significant cavities were derived and are stated in Table A.2.3 (see also Figures A.2.6, A.2.7).

2.2.2 Parameter distributions

Some of the parameters describing f-models and X-ray cavities can occur according to certain distri-
butions and may even correlate with others (e.g. cavity sizes and distances), while others are naturally
totally random (e.g. rotational angle of f-model). In order to properly reproduce real observations, we,
therefore, derived the distributions from our f-modelling and cavity analyses and we sampled the pa-
rameters of simulated data from approximations of those distributions® (further described in Section
2.2.3).

Although most of the parameters were uncorrelated and therefore could have been generated purely
from their measured marginal distributions, some of them seem to correlate strongly with others. We
tried to uncover these relations and take them into account while generating the artificial dataset. Linear
correlations were identified using the Pearson product-moment correlation coefficient (r) (Fisher, 1944).
We also investigated monotonous but nonlinear correlations using Kendall’s Tau coefficient (t) (Kendall,
1938). Corresponding correlation coefficients are stated above plots of individual quantity pairs in Fig-
ures A.2.4,A.2.5,A.2.6,and A.2.7.

Correlations were found between individual parameters of the primary f-component as well as be-
tween primary and secondary S-components. Parameters of secondary 8-components were therefore
generated with respect to the primary component. Among other key correlations, we found the correla-
tion between f parameters, core radii and amplitudes of the primary f-component especially important
because these parameters define the total number of counts of the resulting images (see Figure 2.2). It
is, therefore, necessary to simulate these parameters according to the correlated distributions, because
populating uniformly the whole parameter space would result in generating a big number of images with
either an extremely low (< 10%) or unrealistically high (> 107) number of counts, both of which are not
suitable for training the network.

SWe note that the measured distributions may suffer from systematic effects and biases and are representative only of the
given sample of galaxies. For the purpose of this work, however, we sampled the parameters of simulated galaxies directly from
measured distributions and thus we ‘optimized’ the CADET pipeline for the given sample of 70 early-type galaxies.
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Figure 2.1: Parametric model of a pair of X-ray cavities — each cavity is described by a set of 6 parameters:
distance from the galactic centre d, semi-major axis Rcay, ellipticity ecay, positional angle ¢4y, positional
angle with respect to the line-of-sight 8.4y, and rotational angle ¢¢,y. Due to the parameters of both cav-
ities being closely correlated, parameters of the secondary cavity (da, az, b2, @2, 02, ¢p2) were expressed
with respect to the primary cavity using relative (rq_,,, 'R, Te.,) and differential factors (d¢cay, dOcay,
dcay.) Positional angles with respect to the line-of-sight direction were for simplicity omitted from the
scheme.
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Figure 2.2: Colour-coded number of counts in 512 x 512 images for a sample of 70 nearby early-type
galaxies as a function of the core radius and amplitude of the primary f-model. The plot shows that the
number of counts is, with certain scatter given by different values of  parameter and level of background
(co), proportional to the product of core radius and amplitude of their best-fitting f-model.

Parameters of individual cavities within the cavity pair were expected to be correlated from the be-
ginning of the analysis and parameters of secondary cavities were therefore expressed directly via relative
and differential coefficients with respect to primary cavities (see Figure 2.1). Among other correlated pri-
mary cavity parameters, a very strong correlation (r = 0.94) is observed between galactocentric distances
of cavities and their radii®. One of the consequences of sampling from these correlated distributions is
that simulated cavities will not have bigger radii than their separation from the centre and therefore they
will not intersect each other or the galactic centre. Sampling from such a correlated distribution will also
not produce hardly detectable, very small cavities located far from the centre.

2.2.3 Dataset generation

For generating artificial images, we used single and double f-models. Their relative frequencies were
estimated from our f-modelling analysis described in Section 2.2.1 to be nearly 50 % and 50 % for single
and double B-models, respectively. Into each galaxy model, we inserted either one or zero cavity pairs
in order for the network to learn the possibility that there can also be no cavities present in the image.
Other features (bright cavity rims, sloshing effects) were generated based on their probabilities stated in
Table 2.1 and randomly combined.

Central coordinates of f-models were set to be equal to the centre of the image with random Gaus-
sian variation in both axes with a 1-pixel standard deviation. For double -models, the central coordi-
nates of individual components were not linked together but generated independently from the same
distribution. Positions of X-ray cavities were generated with respect to the coordinates of the centre of
the f-model (the most compact one for multiple beta components).

Except for ellipticities, which are for most galaxies clustered at zero and follow an approximately ex-
ponential distribution, and rotational angles, which by nature should be distributed uniformly randomly

6The existence of this correlation is probably a combination of physical (cavities grow as they rise into decreasing pressure)
and selection effects (detectability of small cavities drastically decreases with their distance).
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Table 2.1: Parameter ranges and distributions used for sampling parameters of training and testing data.
For positional angles of f-models (¢, ¢2) and X-ray cavities (¢cav), @ uniform distribution between 0 and
360 degrees was used since both should emerge at random orientations. Distributions of parameters
describing bright rims and sloshing effect were generated uniformly randomly and are based on basic
assumptions further discussed in Section 2.2.2. The rest of the parameters that could have been deter-
mined from observed properties of real galaxies (from data) were derived from B-modelling or cavity
analyses.

Parameter Distribution Range

primary beta model (100 %)

dxy from data +1 pixels
dyo from data +1 pixels
To from data 0.1 —20 pixels
a from data 0.45-1.40
A from data 1-1000
e from data 0-0.3
17 uniform 0° -360°
Co from data 0.001-5
secondary beta model (50 %)
el Te from data 5-55
Ayl A from data 0.005-1
ala from data 1-6
©2 uniform 0° —360°
primary cavity parameters (50, 90 or 100 %)
dcav from data 5— 60 pixels
Reav from data 5 — 30 pixels
ecav from data 0-0.65
Pcav uniform 0° —360°
Peav from data +90°
Ocav normal +25°

secondary cavity parameters

T deay from data 04-1
T Reay from data 05-1
Tecay from data 0-1
Ad@cay from data +65°
ddcay from data +90°
dOcay normal +10°
cavity rims (20 % of cavities)
width uniform 0.05-0.6
height uniform 0-0.25
type binary {L, I}
sloshing effect (33 %)
periodicity uniform 05-25
depth uniform 0-0.15
angle uniform 0° -360°

direction binary {-1, +1}
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between 0 and 360 degrees, marginal distributions of all other parameters were close to normal (Gaus-
sian). All other parameters of single f-models were therefore randomly sampled from approximations of
their measured distributions. For double f-models, parameters (ry, f and A) of secondary components
were generated with respect to the parameters of the primary component. Rotational angles of individ-
ual beta components were generated independently and their ellipticities were all tied with respect to
the primary component.

Similarly, as for f-models, plane-of-the-sky positional angles of primary cavities were expected to be
uniformly random in the range from 0 to 360 degrees. All other cavity parameters were generated based
on their measured distributions. Among all the distributions, strong deviations from normality are ob-
served only in the distribution of rotational angles (angle between cavity semi-major axis and galacto-
centric direction) — cavities tend to have their semi-major axis either aligned (¢cay = 0°; prolate shape)
or perpendicular (¢¢ay = 90°; oblate shape) to the galactocentric direction, which is in a good agreement
with results of Shin et al. (2016). Although positional angles along the line-of-sight should also be natu-
rally random, it is not possible to estimate them from X-ray observations and usually X-ray cavities are
assumed to lie directly in the plane of the sky. As discussed later (see Section 2.5.2), this assumption
is good enough for most cavities, since their detectability decreases steeply at higher launching angles.
When generating artificial images we have, however, varied the line-of-sight positional angles by draw-
ing them from a normal distribution with zero mean and standard deviation of 20 degrees’. Rotational
angles along the line of sight were for simplicity omitted.

Since the CADET pipeline can only input 128 x 128 images, real images will usually be probed on
multiple scales by binning variously cropped images into 128 x 128 pixels (see Section 2.4). For most
of the galaxies, images will maximally be cropped to 512 pixels (4 binning) and minimally to 64 pixels
(0.5 binning). When simulating artificial galaxy models, core radii of f-models are, however, generated
in units of arcsec based on the measured distribution of core radii in real images (later transformed to
Chandra pixels; 1 pixel = 0.4928 arcsec). In order to sufficiently adapt the training data for the possibility
of probing images on different scales, before generating 3D models of galaxies, we rescaled core radii®
by a random factor in the range from 1 (512 pixels) to 8 (64 pixels). Radii and distances of X-ray cavities
have also been rescaled to always be located within the simulated 128 x 128 image.

When sampling parameters of simulated f-models and X-ray cavities, the parameters were drawn
from an approximation of measured distributions (see Figures A.2.4, A.2.5, A.2.6, and A.2.7). For approx-
imating the measured distributions, we used a Gaussian kernel density estimation (KDE) truncated at
data margins’ taking into account also multidimensional correlations. For a single f-model with a pair
of cavities, the parameters were therefore drawn from a 19-dimensional correlated parameter space (7
for the f-model, 12 for a pair of cavities) and additional 7 parameters describing bright rims and gas
sloshing were generated uniformly randomly.

The bright rims around cavities representing shocked or entrained regions were produced for ap-
proximately one-fifth of generated cavities. The rims were generated as ellipsoidal shells of the same
ellipticity as corresponding cavities and they can be in general described by many various parameters.
For simplicity, we linked the parameters of individual rims within a cavity pair together and assumed
only 3 basic parameters: width, height and type of the rim. Values of the width of the rim were drawn
from a uniform distribution ranging from 0.05 to 0.6 times the radius of the cavity. For the height of the
rim, we assumed a uniform distribution from 0 to 0.25 times the local surface brightness at the position
of the rim. The actual height of the rim was set to be linearly decreasing from its maximal value (height)
at the inner side of the rim to zero at the outer side, so a sharp boundary of the rim is only produced at its

“In the preliminary training phase, we also tried other standard deviations (0°, 10°, 30°, 40°), however, the best performance
was obtained using the standard deviation of 20 degrees.

8Based on Eq. 2.2, we also rescaled amplitudes of S-models accordingly.

9Distributions of all parameters were not truncated directly at data margins, but instead, we used a 10 per cent overlay where
possible in order to properly populate the parameter space even around extreme values.
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Figure 2.3: Number-of-counts distributions for real Chandraimages (blue) and simulated data (orange).
The distribution of a number of counts for simulated images was obtained by simulating 14000 images,
the parameters of which were sampled from identical distributions as used for training of the network.

inner edge. Bright rims were produced in two different realizations (Figure A.2.8) — type I: the height of
the rim decreases with angular distance from the minor axis, and type II: the height of the rim decreases
with the physical distance from the centre of the cavity. The relative frequency of each rim type is 50 %.

The effects of gas sloshing were simulated for approximately one-third of galaxies by multiplying the
original surface brightness map with a grid of spiral-like pattern (see Figure A.2.8). The values in the
grid are axially anti-symmetric with a mean value of 1, and the whole pattern can be described by four
parameters: periodicity describing the number of angular periods within the image, depth which repre-
sents a maximal / minimal value of the whole pattern, starting angle of the ‘overdensity / under-density’
boundary, and direction that sets if the pattern is clockwise or anti-clockwise. The possible values of the
periodicity were taken from a uniform distribution from 0.5 to 2.5, the depth of the ‘overdensity / under-
density’ field was drawn from a uniform distribution between 0 and 0.15, the starting angle of the spiral
pattern was generated uniformly randomly (0 to 360 degrees) and the direction was either clockwise (+1)
or anti-clockwise (-1).

Before the training process, a large number (= 105) of simulated parameters was generated and saved
into a CSV file. By comparing generated parameters to their measured distributions, we can see a good
agreement between the distributions. We also tested an agreement for numbers of counts (Figure 2.3)
between simulated and real images by simulating a set of 14000 mock images which later served as vali-
dation and testing images.

2.3 Cavity Detection Tool

The CAvity DEtection Tool (CADET) consists of a convolutional neural network (CNN) composed of a
series of Inception-like convolutional blocks (Szegedy et al., 2015) and a density-based spatial clustering
algorithm (DBSCAN; Ester et al., 1996). The CNN part of the pipeline is trained for finding pairs of ellip-
tical surface brightness depressions (X-ray cavities) on noisy Chandra-like images of early-type galaxies
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Figure 2.4: The architecture of the CADET pipeline consisting of a convolutional neural network (com-
posed of five Inception-like convolutional blocks) producing a pixel-wise cavity prediction and a cluster-
ing algorithm DBSCAN, which decomposes the prediction into individual cavities. The number of individ-
ual filters within the Inception layers and subsequent dimensionality-reducing layers is stated alongside
individual blocks. The scheme is inspired by Fig. 3 in Fort (2017).

and for producing pixel-wise predictions of their position and total extent. The clustering algorithm is
used for the decomposition of thereby obtained predictions into individual cavities (Figure 2.4). The cre-
ation of the pipeline was inspired by the work of Fort (2017) and Secké (2018), although we made several
changes in the network and mainly also in the process of generating the artificial dataset.

The convolutional neural network (CNN) was implemented using a high-level Python Keras library
(Chollet et al., 2015) with Tensorflow back-end (Abadi et al., 2015). The CNN was written using a func-
tional Keras API which enables saving and loading the model into the Hierarchical Data Format (HDF5)
without the need to re-define the model when loading. For the clustering task, we used the DBSCAN
implementation in the Scikit-Learn library (Pedregosa et al., 2011). For monitoring learning curves,
comparing final test statistics and selecting optimal hyper-parameters, we used the Tensorboard dash-
boarding tool (Abadi et al., 2015). The final model as well as training and data generating scripts can be
found on CADET Github page'°.

Elliptical f-models and ellipsoidal cavities were generated with the use of the JAX library'! (version
0.2.26; Bradbury et al., 2018). Thanks to the Graphical Processing Unit (GPU) support of the JAX library,
training images were generated ‘on the fly’ in a vectorized way using the same GPU as was used for
training of the network. This dramatically improved the data generation time compared to generating
the data using a CPU and also enabled additional tweaking of the parameters of training images between
individual training runs (e.g. the fraction of images containing X-ray cavities). To enable the comparison
of CADET performance for various values of network hyper-parameters, a fixed set of testing images with
X-ray cavities (10* images), testing images without X-ray cavities (2000 images) and validation images
(2000 images) were generated before the entire training process.

2.3.1 Network architecture

On the input of the CNN, there is a single channel 128 x 128 image. Since radial profiles of f-models
in both real and simulated images are rather exponential, we transform the input images by a decimal

Ohttps://github. com/tomasplsek/CADET
Uhttps://github.com/google/jax
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logarithm!'? (the value of each pixel was raised by one to avoid calculating the logarithm of zero). Before
the images are processed by the first Inception-like convolutional block, they are further normalized in
mini-batches by a batch-normalization layer within the convolutional neural network.

The architecture of the convolutional neural network is similar to that developed by Fort (2017) and
is composed of a series of 5 convolutional blocks (Figure 2.4). Each block resembles an Inception-like
layer (Szegedy et al., 2015) as it applies a set of multiple parallel 2D convolutional layers with various
kernel sizes and concatenates their outputs (Figure A.2.9). Inception layers within the first 4 blocks con-
sist of convolutional layers with 32 of 1 x 1 filters, 32 of 3 x 3 filters, 16 of 5 x 5 filters, 8 of 7 x 7 filters, 4
of 9 x 9 filters, 2 of 11 x 11 filters, and one 13 x 13 filter. The output of each convolutional layer within
the Inception-like layer is activated by Rectified Linear Unit (ReLU; Fukushima, 1975) activation func-
tion, and then normalized by batch normalization (Ioffe and Szegedy, 2015). As opposed to the original
Inception block (Szegedy et al., 2015), we omitted the max-pooling layer because it did not bring any
performance improvement. Each Inception layer is then followed by a 2D convolutional layer with 32
or 64 of 1 x 1 filters, which is introduced mainly due to dimensionality reduction. The output of this
convolutional layer is also activated using the ReLU activation function and batch-normalized. The 1 x 1
convolutional layers are, in order to prevent overfitting, followed by a dropout layer, where the dropout
rate was varied as a hyper-parameter.

The convolutional neural network is ended by a final block, which is also composed as an Inception-
like layer but differs from the previous blocks by the numbers and sizes of individual 2D convolutional
filters (8 of 8 x 8 filters, 4 of 16 x 16 filters, 2 of 32 x 32 filters, and one 64 x 64 filter) and also by the
activation function of the last 1 x 1 convolutional filter. Since the output of the network is intended to be
a prediction of whether a corresponding pixel belongs to a cavity (value 1) or not (value 0), the activation
function of the final layer was set to be the sigmoid function, which outputs real numbers in the range
between 0 and 1.

Initial weights of individual 2D convolutional layers were generated using He initialization (He et al.,
2015) and biases were initialized with low but non-zero values (0.01). In total, the network has 563 146
trainable parameters and the size of the model, when saved in the HDF5 format, is 7.4 MB.

On the output of the CNN, there is a pixel-wise prediction of the same shape as the input image with
a value in each pixel ranging from 0 to 1, which expresses whether that pixel corresponds to a cavity or
not. The pixel-wise prediction is then decomposed into individual cavities using the DBSCAN clustering
algorithm. Before the decomposition, a pair of discrimination thresholds are applied for the pixel-wise
prediction excluding low-significance regions and keeping only solid cavity predictions while properly
estimating their areas and volumes (see Appendix A.2.2).

2.3.2 Training

During the training, the convolutional neural network was given a set of 128 x 128 training images on
the input, and as ground truth images on the output, we used cavity masks projected into 128 x 128
images and binned to contain either ones (inside the cavity) or zeros (outside of it)!3. For galaxies with
no inserted cavities, the ground truth output image was represented by a zero matrix.

The loss function of the network was calculated as the binary cross-entropy of the pixel-wise predic-
tion with respect to the ground truth image:

1 N
£ = _N Z,Vtrue,i 'logJ/pred,i + (1 = Ytrue,i) -log(1— J’pred,i); (2.5)
i

12\We tested various approaches to input image normalization including widely used techniques incorporated in Scikit-Learn
or Keras libraries (e.g. zero mean, unit variance), however, the best results were obtained for the above-stated approach.

13We also tried not binning label masks to express depths of cavities (with MSE as loss function and ReLU as last layer activa-
tion function). However, this drastically worsened the performance of the network.
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Table 2.2: Hyper-parameters and test statistics for individual training runs: fraction of cavities in training
data, learning rate, dropout, test loss function, average absolute volume error, false-positive (FP) rate,
true-positive (TP) rate, real data performance. The loss function, average cavity volume error and true-
positive rate were calculated using the set of testing images with X-ray cavities (10000 images), while the
false-positive rate correspond to the dataset of images without any X-ray cavities (2000 images). Optimal
hyper-parameters are marked in boldface.

Cavities (%) Learningrate Dropout Lossfunction Average error (%) TPrate FPrate Real data performance

50 0.0005 0.0 0.056 1431 0.78  0.03 6/6
50 0.0005 0.2 0.057 15433 0.79  0.02 4/6
90 0.0005 0.0 0.051 14*13 0.81  0.04 2/6
90 0.0005 0.2 0.049 14144 0.83  0.07 2/6
100 0.0005 0.0 0.041 1674° 0.87  0.08 5/6
100 0.0005 0.2 0.042 1433 0.89  0.05 6/6
50 0.001 0.0 0.052 14*12 0.80  0.01 2/6
50 0.001 0.2 0.057 14*12 0.76  0.02 3/6
90 0.001 0.0 0.044 15742 0.84  0.04 5/6
90 0.001 0.2 0.048 1542 0.84  0.07 4/6
100 0.001 0.0 0.051 16134 0.86 0.19 1/6
100 0.001 0.2 0.040 15443 0.86  0.07 2/6
50 0.002 0.0 0.061 15431 0.75  0.02 216
50 0.002 0.2 0.063 1675° 0.78  0.08 3/6
90 0.002 0.0 0.052 1532 0.82  0.07 1/6
90 0.002 0.2 0.073 1918 0.80  0.11 3/6
100 0.002 0.0 0.044 15743 0.86  0.12 1/6
100 0.002 0.2 0.042 1542 0.86  0.07 1/6

where yiue,i is the value in the i-th pixel of the binary cavity mask (ground truth), ypreq,; is the value
in the i-th pixel of the pixel-wise prediction, and N is the total number of pixels in each image. The
minimization of the loss function was realized using the Adaptive Moment Estimation (ADAM) optimizer
(Kingma and Ba, 2014). The learning rate of the ADAM optimizer was varied as a hyper-parameter and
the decay of the learning rate was for all runs set to zero.

During the training, we examined various sets of hyper-parameters describing the data and also
the network itself: the fraction of images containing X-ray cavities (50 %, 90 % or 100 %), learning rate
(0.0005, 0.001, 0.002), and dropout rate (0.0, 0.2). The batch size was not varied as a hyper-parameter,
and for all networks, it was set to 24 images per mini-batch, which corresponds to the maximal possible
batch size due to large GPU memory consumption caused by on-the-fly data generation. We tested all
combinations of hyper-parameters and produced 18 trained networks in total (see Table 2.2).

All networks were first trained for 32 epochs, wherein each epoch the network was given 12288 im-
ages. Nevertheless, instead of using the same images every epoch, we continuously generated new data
by sampling their parameters from identical distributions. During the training, the network was there-
fore given 393 216 different images in total. After every epoch, the performance of the network was val-
idated using a fixed set of 2000 validation images. For controlling the learning rate, in order for the
network to prevent overfitting, we utilized the ReduceLROnPLateau Tensorflow callback, which reduces
the learning rate when the validation loss (loss function calculated for the validation dataset) stops im-
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proving in a given number of epochs. The training of all networks including on-the-fly data generation
was performed on NVIDIA GPU type GeForce RTX 3080 (10 GiB) and lasted approximately 8 hours per
single network. The network with the best performance was trained for additional 32 epochs and further
tested using the testing dataset.

2.3.3 Testing

To compare the performance of individual networks, we calculated the cross-entropy loss function for
the whole testing dataset, true-positive (TP) rate for testing images with X-ray cavities (104 images) and
false-positive (FP) rate for testing images without X-ray cavities (2000 images). For correctly recovered
X-ray cavities (true-positives), we also compared inferred cavity volumes to their real values known from
the simulations and calculated their average differences. We note, however, that the accuracy of CADET
predictions depends strongly on the total number of counts of the given images (further discussed in
Section 2.5.1). For this reason, individual testing statistics were also computed as a function of the num-
ber of counts and corresponding dependencies were logged and compared using Tensorboard callback.

For qualitative comparison, we picked 3 real images with well-defined and obvious cavities (NGC 4649,
NGC4778 and NGC5813), and 3 images with hardly detectable cavities due to more complex features
(NGC 1600, NGC 4552, NGC6166) and we visually compared CADET predictions with presumed cavity
extent estimated manually. Real-data performance was based upon visual inspection of CADET pre-
dictions for individual galaxies evaluated as sufficient (1 point) or insufficient (0 points). Each network
could therefore get between 0 and 6 data points for real-data performance.

For the final testing (see Section 2.5) and application of the network, we chose the combination of
hyper-parameters with the best possible test score (lowest possible loss function), lowest FP rate, highest
TP rate, best volume prediction accuracy, and best real-data performance. Hyper-parameters of the
best-performing network are: 100 % of training images containing cavities, a learning rate of 0.0005 and
a dropout of 0.2. The architecture and saved weights of the best-performing network can be found on
the CADET GitHub page'* (CADET . hdf5).

2.4 Application on real data

The CADET network with the best testing score was further applied to real Chandra images of early-type
galaxies, groups and clusters of galaxies. Firstly, we applied the CADET pipeline to images of 70 nearby
early-type galaxies, the parameters of which were used to generate the training dataset. For galaxies
known to contain X-ray cavities (34 systems with confirmed cavities and 4 systems with candidate cavi-
ties), we tested whether the CADET pipeline is able to recover all previously detected X-ray cavities and
for the rest of the galaxies (32 sources with non-detections or no mention in the literature), we looked for
new cavity candidates. To test the performance on out-of-distribution sources, the CADET pipeline was
also applied to a sample of 7 more distant galaxy clusters with known X-ray cavities.

Due to the fact that the underlying presence or absence of cavities identified by CADET is unknown,
we were not able to adopt similar metrics as for simulated images and thus express true positive and
false positive rates for real data. Instead, we report positive detections of previously known X-ray cavities
and, for the previously unknown detections, we distinguish between new cavities, new candidates, and
rather spurious detections based on visual assessment of the residual images and using azimuthal and
radial photon count statistics (see Appendix A.2.3).

Before being processed by the CADET pipeline, real Chandraimages were cropped on various differ-
ent scales (multiples of 128 pixels) and binned to 128 x 128 pixels. For most galaxies, we used 6 different

Yhttps://github. com/tomasplsek/CADET


https://github.com/tomasplsek/CADET

Annex 2. CAvity DEtection Tool (CADET) 49

10*] o this work e
] Dong et al. 2010 ) e
e Shinetal. 2016 ° od
ope° 3
Y Lo
~ 10°1 s
Na ] ... ,,/(, ®
< °
E ’l
[a)] o6
< oo °
<§Z) og6®
102 - ° .,:'0
] cos’,
[ J "
Y
/’, ®
s e
s @
h | i L | i L |
102 103 104

Avisual (kpcz)

Figure 2.5: Areas of CADET predictions compared with manually derived cavity sizes for the sample of
33 early-type galaxies with known X-ray cavities estimated in our work and for 12 sources estimated by
Dong et al. (2010) and 16 sources by Shin et al. (2016).

scales: 64 x 64 pixels (0.5 binninng), 128 x 128 pixels (no binning), 196 x 196 pixels (1.5 binning), 256 x 256
pixels (2 binning), 384 x 384 pixels (3 binning), 512 x 512 pixels (4 binning). For very extended or nearby
sources, also larger scales were used (e.g. 640, 728 pixels). The binning of images was performed using
the dmregrid routine within the C1A0 pipeline.

To partly mitigate possible systematical uncertainties due to different positional angles of X-ray cav-
ities, in the final version of the CADET pipeline, the resulting prediction is averaged over predictions
produced for 4 different rotation angles (0°, 90°, 180°, 270°). To suppress systematic effects connected
with improper centring of the input image, CADET predictions are additionally averaged for 25 possible
shifts of the central pixel (maximally by +2 pixels in both coordinates). Both of these approaches are
combined, so the final prediction represents an average of 100 possible combinations.

2.4.1 Recovering known X-ray cavities

The CADET pipeline was applied on 34 systems previously known to harbour X-ray cavities in their hot
atmospheres and 4 cavity candidates (see Table D1 and references therein). The resulting CADET pre-
dictions were examined and cavities of interest that were spatially co-aligned (visually verified) with pre-
viously known X-ray cavities were selected and their estimated areas were compared (Figure 2.5)'°.

The CADET pipeline was able to detect 93 out of 97 X-ray cavities in 34 galaxies that are known to have
experienced single or multiple outbursts that produced these cavities. Besides that, CADET detected

15For 0.5 binning, we used Chandra sub-pixel resolution images.

18Estimates from other comprehensive studies focusing on radio lobes (Dunn et al., 2010; Giacintucci et al., 2011; Birzan
et al., 2020) were not used for comparison because a discrepancy between sizes of X-ray cavities and radio lobe sizes has been
observed, which will be thoroughly studied in a forthcoming publication (Plsek et al. in prep.).
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a number of potential cavity candidates (Section 2.4.2) as well as rather spurious detections (further
discussed in Section 2.5).

A comparison between predictions produced by the CADET pipeline and human-made predictions
shows a good agreement (see Figure 2.5) of estimated cavity areas with an average difference of —0.09i8€g
dex, —0.08"0-1¢ dex, and —0.16%335 dex for this work, Dong et al. (2010), and Shin et al. (2016), respec-
tively. The differences between areas of individual cavities estimated manually in this study and by Dong
etal. (2010) and Shin et al. (2016) are maximally within a factor of 2 and are most probably resulting from
uncertainties and biases associated with estimating the sizes of X-ray cavities by eye from smoothed
original or residual images.

For systems with previously reported cavity candidates, the CADET pipeline was able to recover
both inner (Panagoulia et al., 2014) and outer (Kim et al., 2019) cavities in NGC 499, and one cavity in
NGC 1407 (Dong et al.,, 2010). For the rest of the systems (NGC 2300, NGC 6868), cavity candidates re-

ported in the literature were not detected by CADET.

2.4.2 New cavity candidates

In addition, we applied the CADET pipeline to all the images of early-type galaxies, both with and with-
out previously detected X-ray cavities, and searched for new cavity candidates. For this purpose, we
increased the discrimination threshold (~ 0.8) to reduce the possibility of obtaining a false positive de-
tection and to only obtain high-significance brightness drops. Moreover, the predictions were only taken
as valid if present on at least two different size scales (verified visually). For subsequent significance test-
ing, we usually used the smaller size scale with better spatial resolution.

Based on the combination of CADET predictions, visual inspection of analyzed images, radial and
azimuthal photon count statistics, and simulated images with similar properties (see Appendix A.2.3),
we claim the discovery of several new pairs of X-ray cavities (Table 2.3) in the following systems: IC 4765,
NGC533, NGC 2300, NGC 3091, NGC 4073, NGC 4125, NGC 5129 (see Figure 2.6). For the following galax-
ies, we report the detection of new cavity candidates for which further confirmation is needed: IC 1860,
NGC1521, NGC 1700, NGC3091, NGC3923, NGC 4526, NGC 6482 (see Figure 2.7). For the rest of the
galaxies, CADET positive predictions are most likely spurious false positive detections — mainly for the
below-discussed reasons (see Section 2.5).

2.4.3 Cavities in distant clusters

Besides the sample of 70 nearby early-type galaxies for which the CADET pipeline was optimized, we
also aimed to test CADET predictions for sources whose parameters lie outside the distributions used
to generate our training images. We, therefore, applied CADET to a sample of well-probed but more
distant (z > 0.05) galaxy clusters. X-ray cavities in distant galaxy clusters are generally harder to detect
compared to nearby early-type galaxies and galaxy groups because observations of galaxy clusters are
characterised by lower S/N ratio, higher background contribution, and they often have substantial and
complicated sloshing patterns and cold fronts due to more frequent merger activity.

For the testing, we selected 7 clusters of galaxies known to harbour X-ray cavities in their hot atmo-
spheres: Abell 2597 (McNamara et al., 2001), Abell 3017 (Parekh et al., 2017; Pandge et al., 2021), Hydra A
(Kirkpatrick et al., 2009), RBS 797 (Cavagnolo et al., 2011; Ubertosi et al., 2021), MS0735.6+7421 (McNa-
mara et al., 2005), SPT-CLJ0509-5342 (Hlavacek-Larrondo et al., 2015), and SPT-CLJ0616-5227 (Hlavacek-
Larrondo et al., 2015). Despite being trained mostly based on parameters of nearby giant elliptical galax-
ies, for all of the selected galaxy clusters, CADET was able to detect all 14 cavities from the previously
known cavity pairs (see Figure 2 in the Supplementary material). For galaxy cluster Abell 3017, we dis-
covered a possible additional outer pair of X-ray cavities. In the central parts of MS0735.6+7421, CADET
detected also low-significance inner cavities previously proposed by Biava et al. (2022).
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Table 2.3: Significances of newly detected X-ray cavities (upper part) and potential cavity candidates
(lower part): galaxy name, cavity side and generation, maximal azimuthal significance, maximal radial
significance, false positive rate (fraction of non-cavity images with positive cavity prediction with simi-
lar properties as given cavities), true positive rate (fraction of images with properly recovered cavities),
volume error (relative cavity volume error estimated for true positive cases). For cavities with TP rates

smaller than 25%, average volume errors were omitted.

Azimuthal Radial
Galaxy Cavity

FP TP Volume error

(o) (o) rate rate (%)
IC4765  S1 6.7 4.1 0.02 0.72 2*13
IC4765 N1 5 56 01 094  —4*19
NGC533  SE2 6.8 8  0.02 0.96 PARF
NGC533 W2 7.4 9.8  0.04 0.97 15*21
NGC2300 SE1 5.9 3.8 001 099 -10*33
NGC2300 NW1 5.3 59 001 0.68 —14*]8
NGC3091 W2 3.4 57 003 093  -0*$
NGC3091 NE2 7.3 4.7 0.02 092  -2'3
NGC4073 SW1 6.4 46 001 091  —0*8
NGC4073  SE1 2 3 001 087 -17%)
NGC4125  SI 9.6 8.9 0.06 0.97 9+?
NGC4125 NI 5.1 6.3 0.08 0.87  25%7
NGC5129 SE1 3.1 45 001 076  —0*3
NGC5129 NW1 4.1 52 001 096  —6'13
IC1860 W1 3.9 46 01 012 -
IC1860  NEI1 0 2.3 0.06 0.17 -
NGC1521 SE1 5.2 8.5 0.08 0.71 66757
NGC1521 NW1 6 33 0.11 045 18*82
NGC1700 SE1 3.4 43 026 045 523
NGC1700 N1 3 24 024 046 5077
NGC3091 SW1 3.6 41 01 074 2773
NGC3091 N1 2.7 24 0.2 025 -
NGC3923 E1l 3.7 3.8 0.1 0.03 -
NGC3923 W1 2.1 4.5 0.08 0.01 -
NGC4526 SW1 8.1 9.9 0.02 062  —22%39
NGC4526 N1 8 13 0.02 069 2278
NGC6482  SI 3.6 26 0 003 -
NGC6482 N1 2.9 41 0 022 -
NGC6482 SW2 2.8 39 0 069 9+18
NGC6482 NE2 1.8 3.7 001 0.88  25%%3

-18
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Figure 2.6: Newly detected and confirmed X-ray cavities: 1C4765, NGC533, NGC2300, NGC3091,
NGC4073, NGC4125, NGC5129. Left subplots: original X-ray images with filled point sources overlaid
by CADET prediction contours, right subplots: smoothed residual images, obtained by subtracting the
best-fit f-model from the original image, overlaid by the CADET prediction contours.
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Figure 2.7: Newly detected X-ray cavity candidates: IC 1860, NGC 1521, NGC 1700, NGC 3091, NGC 3923,
NGC 4526, NGC6482. Left subplots: original X-ray images with filled point sources overlaid by CADET
prediction contours, right subplots: smoothed residual images, obtained by subtracting the best-fit -
model from the original image, overlaid by the CADET prediction contours.
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2.5 Discussion

We have shown that the utilization of machine learning techniques (convolutional neural networks) for
the detection and size estimation of X-ray cavities on noisy Chandraimages provides satisfactory results.
Despite being trained on idealised simulated data, the convolutional neural network performed well
when applied to real Chandra images of early-type galaxies. Although the simulated X-ray cavities only
had elliptical shapes, the network is able to produce cavity predictions of any shape. This property can
be utilized in a more accurate determination of their total volume and therefore also the corresponding
energy required for their inflation (4pV). Furthermore, even though we only generated images with zero
or one pair of cavities for the training dataset, the network is able to find an arbitrary number (also a non-
even number) of surface brightness depressions. The advantage of this behaviour is that, for multi-cavity
systems, all cavities can be recorded at once and larger cavities are not prioritized over smaller ones.
On the other hand, for many systems, in addition to true high-significance cavities, low-significance
brightness drops and possibly spurious predictions can be obtained. In the current state, the output of
the network requires further visual analysis and the cavities of interest need to be selected by the user
(see Appendix A.2.3).

We note that the CADET pipeline has problems with detecting cavities in galaxies with more complex
spiral-like structures (IC 1262, NGC 1553, NGC4636) as well as very bright rims around X-ray cavities or
shocks (NGC 4374, NGC5813). The network is also unable to properly handle X-ray jets or similar elon-
gated structures and tends to predict cavities to be located on either one or both sides of such structures
(e.g. NGC 315, NGC 383, NGC4261). Another type of hardly analyzable images are, as expected, very faint
sources with an extremely low number of counts (e.g. NGC57, NGC 777, NGC2305) and due to spaces
between the chips also galaxies observed only by the ACIS-I chip (NGC 1387, NGC 2563). Proper detec-
tion and estimation of cavity extent are nearly impossible also for galaxies that are currently undergoing
a noticeable merging event (e.g. NGC507, NGC741, NGC 1132, NGC4406, NGC7618) or ram pressure
stripping (NGC 1404, NGC 4342, NGC 4552).

2.5.1 Reliability of CADET predictions

The convolutional part of the CADET pipeline produces pixel-wise prediction maps (128x128 pixels)
with values in each pixel ranging from 0 to 1. The values are typically highest (close to 1) in cavity centres
and decrease towards their edges. By discarding pixels with values lower than a given threshold (discrim-
ination threshold), cavity predictions can be trimmed to obtain only the most ‘significant’ central parts.
By setting a pair of discrimination thresholds (see Section A.2.2), the CADET pipeline can be simultane-
ously calibrated to produce not overestimated nor underestimated cavity predictions while maintaining
areasonable level of true-positive and false-positive rates (Figure A.2.2).

We note, however, that although such a pair of discrimination thresholds optimises the errors, TP and
FP rates averaged out over the whole range of possible -model and cavity parameters, it may still lead
to overestimating some of the cavities while underestimating others. For each galaxy, a well-calibrated
prediction is, therefore, reached using a slightly different value of the discrimination threshold. In or-
der to investigate how the value of the optimal discrimination threshold depends on the parameters of
given images, we binned the testing images into groups with a distinct number of counts, parameters
of f-models (core radius ry, slope parameter f8), or parameters of inserted cavities (cavity sizes rcay; see
Figure 2.8).

Considerably strong dependence was, however, found only for the number of counts of the given
images (Figure 2.9). We have therefore binned testing images by the number of counts into 2 bins and
estimated optimal discrimination thresholds for both bins separately: for images with the number of
counts lower than 50000 the optimal thresholds are 0.4 and 0.6, and for images with more than 50000
counts 0.45 and 0.3, respectively. Since for images with more than 50000 counts, the discrimination
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Figure 2.8: Predicted vs true cavity volumes for a sample of 10* testing images with X-ray cavities ob-
tained for the optimized discrimination thresholds. The black dashed line represents the perfect recov-
ery, the colour indicates the total number of points inside the corresponding bin.

threshold optimizing TP and FP rates is lower than the threshold optimizing cavity volumes, we only
apply the double-threshold approach for images less than 50000 counts.

2.5.2 Angular dependence

Although jets and X-ray cavities are expected to emerge at random orientations with respect to the ob-
server, when estimating their properties, it is usually assumed that all cavities are located in the plane
of the sky. We note, however, that this simplification leads, for many systems, to the underestimation
of cavity distances and ages, and when calculating total cavity energy also to the overestimation of sur-
rounding pressures.

Nevertheless, for X-ray cavities launched at higher angles with respect to the plane of the sky, their
contrast decreases rapidly with increasing distance from the galactic centre. According to En@lin and
Heinz (2002), for a spherical cavity launched at the angle of 0 degrees with respect to the plane of the sky,
the detectability declines with distance as d~%3, at 45 degrees as d~!, and at the angle of 90 degrees as
d~3. For the detected cavities, there is therefore a much higher chance that they are located closer to the
plane of the sky. This idea is supported also by the observed correlation and small scatter between cavity
sizes and their distances from the galactic centre (see Figure A.2.6).

Using simulated images, we tested the angular dependence of cavity detectability for the CADET
pipeline (see Figure 2.10). We generated images with parameter distributions identical to testing images
and we varied the plane-of-the-sky positional angle 8 of the primary cavity in a uniform range from
0 to 90 degrees'’. Up to an angle of ~ 45 degrees, the detectability (TP rate) and prediction accuracy
(cavity volume error) only weakly depend on the plane-of-the-sky positional angle of X-ray cavities. For
higher launching angles (45—90 degrees), the detectability steeply decreases and reconstructed volumes

17The secondary cavity was launched in an opposite angle —8 with random gaussian variation (¢ = 0, o = 10°).
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Figure 2.9: Relative volume error (blue), true-positive (TP) rate (green), and false-positive (FP) rate (red)

of CADET predictions as a function of the number of counts in the input images. Volume errors and
true-positive rates were estimated for a sample of 10* testing images each containing a single pair of
X-ray cavities and false-positive rates were derived from a sample of 2000 testing images without any
X-ray cavities. Parameter distributions used to generate testing images are identical to the parameter
distributions of training images. The vertical dashed line corresponds to the division line between low-
count images (less than 50000 counts) and high-count images.

of true-positive X-ray cavities launched are heavily underestimated. For the angle of 90 degrees, the TP
rate only reaches 25 %. However, we note that this behaviour is also affected by the fact that most of the
cavities in the training data were generated close to the plane of the sky.

Cumulatively, the CADET pipeline was able to detect 66 % of X-ray cavities compared to 89 % for test-
ing images with most X-ray cavities close to the plane of the sky. Assuming that the vast majority of
early-type galaxies harbour X-ray cavities, with current data quality and methods they can only be de-
tected for approximately 2 out of 3 galaxies. We note that this is consistent with the fraction of previously
known X-ray cavities (34 sources) combined with confirmed cavity candidates (2 unique sources), new
CADET detections (6 unique sources), and new CADET candidates (6 unique sources)!® for our sample
of 70 nearby early-type galaxies (48/70 = 68.5 %).

2.5.3 New detections and candidates
1C 1860

For the galaxy IC 1860, the CADET pipeline detected a pair of rather low-significance central X-ray cavi-
ties, which was marked as a cavity candidate. While Grossové et al. (2022) detected only a central point
source in the radio band, VLA observations of Dunn et al. (2010) show extended radio emission that is
spatially co-aligned with the cavities detected by the CADET pipeline.

18Eor newly detected cavities and candidates, some sources were already known to contain cavities, and the cavities detected
by the CADET pipeline correspond to older generations detected on top of the younger ones.
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Figure 2.10: Average reconstructed cavity volume errors and TP rates as a function of cavity launching
angle. Parameters of the images were generated from the identical distribution as used to generate the
testing images.

IC4765

X-ray cavities in the atmosphere of IC4765 have not been previously detected, and the galaxy has not
been reported to contain point-like or extended radio emission indicating the presence of radio-mechanical
AGN feedback. The CADET pipeline has detected several cavities, two of which have been marked as sig-
nificant brightness drops.

NGC499

For the galaxy NGC499, the CADET pipeline detected two pairs of X-ray cavities. The inner pair of cavi-
ties was previously detected by Panagoulia et al. (2014) and marked as a possible cavity candidate. The
inner cavity pair did not meet our significance criteria and therefore it cannot be declared a confirmed
cavity candidate. On the other hand, the outer pair of X-ray cavities previously reported by Kim et al.
(2019) as a possible ‘ghost’ cavity candidate represent significant brightness drops with respect to the
surrounding background and they are also well visible in the residual and even the original Chandra
image. The outer cavities were therefore marked as a confirmed cavity candidate. All the publications
studying this galaxy in the radio band (Dunn et al., 2010; Birzan et al., 2020; Grossova et al., 2022) have
reported only a point-like radio emission.

NGC533

The inner pair of X-ray cavities in NGC 533, which was detected by Dong et al. (2010) and Shin et al.
(2016) while Panagoulia et al. (2014) reported a non-detection, has been successfully recovered by the
CADET pipeline. According to Grossova et al. (2022), there is also a co-aligned radio emission in the GHz
energy range (L-band A-conf VLA). In addition, the CADET pipeline detected a previously unreported
outer pair of X-ray cavities (W2, SE2), which lacks a co-aligned extended radio emission, but due to its
significance and visibility in the residual image (Figure 2.6) we have marked it as a newly detected cavity
pair.
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NGC 1407

For the galaxy NGC 1407, Dong et al. (2010) reported a possible cavity candidate that is spatially co-
aligned with the extended radio emission detected by Giacintucci et al. (2011) and Grossova et al. (2022).
The cavity has also been successfully detected by the CADET pipeline and was therefore marked as a
confirmed cavity candidate.

NGC1521

No X-ray cavities or extended radio emission have been reported in the literature for NGC 1521. However,
the CADET pipeline has detected a pair of low-significance X-ray cavities in the centre of the galaxy,
which has been marked as a new cavity candidate.

NGC1700

Similarly, the galaxy NGC 1700 has not been previously reported to contain X-ray cavities or extended
radio emission in the form of radio lobes. The CADET pipeline detected a pair of X-ray cavities, which
were marked as cavity candidates due to their low significance.

NGC2300

For the galaxy NGC 2300, the X-ray cavities detected by CADET do not correspond to the cavity candidate
reported by Dong et al. (2010), which was not even detected by our pipeline. In addition, both Birzan
et al. (2020) and Grossové et al. (2022) found only point-like radio emission comparable to the beam size
of the telescope (~ 5— 10 arcsec). The cavity pair detected by the CADET pipeline has passed all of our
significance tests and the cavities are therefore reported as newly discovered.

NGC3091

Dong et al. (2010) reported a non-detection of X-ray cavities in NGC 3091 while Grossova et al. (2022)
detected only a point-like radio emission. The CADET pipeline has detected two pairs of X-ray cavities in
this galaxy. The inner detected cavities are rather low-significance cavity candidates, while the outer ones
are high-significance brightness drops, which are also well visible in the original and residual images
(Figure 2.6).

NGC3923

For the galaxy NGC 3923, the presence of X-ray cavities has not been previously reported in the literature
and VLA observations (Grossova et al., 2022) only show a point-like radio emission consistent with the
beam size of the observation. The CADET pipeline was able to detect a single pair of low-significance
X-ray cavities, which was marked as a new cavity candidate.

NGC4073

X-ray cavities in NGC 4073 discovered by the CADET pipeline were previously not detected by Dong et al.
(2010), Panagoulia et al. (2014), and Shin et al. (2016). Furthermore, Grossova et al. (2022) only reported
a radio emission in the form of a central point source. X-ray cavities detected by the CADET pipeline
have passed all significance tests and are therefore marked as newly detected cavities.
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NGC4125

For the galaxy NGC 4125, (Donget al., 2010) reported a non-detection of X-ray cavities and Grossova et al.
(2022) found no extended emission co-aligned with the X-ray cavities detected by the CADET pipeline.
The detected X-ray cavities are, however, significant brightness drops and are also visually apparent in
both the original and residual image (Figure 2.6).

NGC 4526

Although the galaxy NGC 4526 has not been previously reported to contain X-ray cavities or extended
radio emission, the CADET pipeline has detected a possible pair of X-ray cavities in the centre of the
galaxy. The detected cavities are not significant brightness drops and thus they were marked as a new
cavity candidate.

NGC5129

The X-ray cavities detected by the CADET pipeline in NGC 5129 were previously unreported. Dong et al.
(2010) actually reported a non-detection in their analysis of Chandra X-ray data. On the other hand, at
a smaller size scale than the detected cavities (~5 arcsec), Grossova et al. (2022) observed an extended
radio emission at 1.5 GHz (L-band A-conf VLA), and the direction of the radio jets agrees with the position
of the X-ray cavities detected by CADET.

NGC 6482

X-ray cavities in the atmosphere of NGC 6482 have not been detected by several X-ray studies (Panagou-
lia et al., 2014; Shin et al., 2016). In the radio bands (610 MHz and 1.4 GHz), Miraghaei et al. (2014)
detected a rather featureless extended radio emission peaking at the position of the galaxy. However, the
CADET pipeline detected two pairs of X-ray cavities, both of which are marked as low-significance cavity
candidates, but are quite visible in the residual image. We speculate that the non-detection of Panagou-
lia et al. (2014) and Shin et al. (2016) may be caused by the rather short exposure time (~ 20 ks) compared
to our analysis, which includes also the latest observations with a total exposure time of ~ 215 ks.

2.6 Conclusions

We have developed a machine learning pipeline called the Cavity Detection Tool (CADET), which we have
trained for detecting and estimating sizes of surface brightness depressions (X-ray cavities) on Chandra
images of early-type galaxies and galaxy clusters. We have shown that the brute force of modern com-
puting, combined with the state-of-the-art algorithms represented by convolutional neural networks, is
capable of handling more complex astronomical tasks, such as detecting elliptical brightness drops in
noisy X-ray data.

The CADET network was trained on a large set (=~ 10%) of artificial images generated to imitate real
X-ray data of early-type galaxies as observed by the Chandra X-ray Observatory. The gas density distri-
bution of the simulated galaxies was approximated by an ellipsoidal 3D f-model (single or double) from
which we cut out a pair of ellipsoidal cavities. Parameters of both simulated galaxy models and inserted
cavities were generated based on an analysis of 70 nearby early-type galaxies, 34 of which contained one
or more pairs of X-ray cavities (97 cavities in total).

By varying the hyper-parameters of the network (fraction of cavities in training images, learning rate,
dropout rate) and training all networks for 32 epochs, we found the optimal combination of parameters
with the best performance on the testing dataset of mock and real images. For the best-performing net-
work, we further tested the accuracy of its predictions as well as true-positive (TP) and false-positive (FP)
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rates on simulated images. Moreover, the best-performing network was calibrated (see Appendix A.2.2)
not to produce overestimated or underestimated predictions (discrimination threshold = 0.4) while main-
taining a plausible level of FP and TP rates (discrimination threshold = 0.6). After the calibration, we ob-
tain the resulting average absolute volume reconstruction error of 14:133 per cent and true-positive rate
of 89 per cent for the testing dataset of 10* simulated images with X-ray cavities, and a false positive rate
of 5 per cent for the testing dataset of 2000 images without any X-ray cavities.

For the sample of 34 real images of galaxies known to harbour one or more pairs of X-ray cavities,
the CADET pipeline recovered 93 out of 97 cavities. The comparison between predictions produced by
the CADET pipeline and human-made predictions shows a good agreement (see Figure 2.5) between
estimated cavity volumes with an average difference of —0.09%343 dex, —0.08*010 dex, and —0.167)35
dex for this work, Dong et al. (2010), and Shin et al. (2016), respectively. For previously known cavity
candidates, the CADET pipeline confirmed X-ray cavities in two systems (NGC 499, NGC 1407), and the
same number of candidate cavity pairs was not recovered (NGC 2300, NGC 6868).

Furthermore, the CADET network led to the discovery of 7 new pairs of X-ray cavities in nearby early-
type galaxies (IC4765, NGC533, NGC 2300, NGC 3091, NGC4073, NGC4125, NGC5129), that were fur-
ther confirmed using azimuthal and radial photon count statistics as well as by simulating mock images
with similar properties. The CADET pipeline also discovered another 8 potential cavity pair candidates
in 7 sources (IC 1860, NGC 1521, NGC 1700, NGC 3091, NGC 3923, NGC 4526, NGC 6482), that need fur-
ther confirmation in the form of deeper X-ray observations or detection of co-aligned extended radio
emission. When applied to images of 7 galaxy clusters harbouring X-ray cavities, the CADET pipeline
was able to recover all known X-ray cavities, confirm a possible cavity pair candidate (MS 0735.6+7421;
Biava et al., 2022), and detect a new cavity candidate (Abell 3017).
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Abstract: The chemical enrichment of X-ray-emitting hot atmospheres has hitherto been primarily stud-
ied in galaxy clusters. These studies revealed relative abundances of heavy elements that are remarkably
similar to Solar. Here, we present measurements of the metal content of M89 (NGC4552), an elliptical
galaxy infalling into the Virgo cluster with a ~10 kpc ram-pressure stripped X-ray tail. We take advantage
of deep Chandra and XMM-Newton observations, and with particular attention to carefully modelling
the spectra, we measure the O/Fe, Ne/Fe, Mg/Fe, Si/Fe and S/Fe ratios. Contrary to previous measure-
ments in galaxy clusters, our results for the hot atmosphere of M89 suggest super-Solar abundance ratios
with respect to iron (i.e. a/Fe > 1), similar to its stellar components. Our analysis of the active galactic
nucleus (AGN) activity in this system indicates that the AGN-induced outflow could have facilitated the
stripping of the original galactic atmosphere, which has been replaced with fresh stellar mass loss mate-
rial with super-Solar a/Fe abundance ratios. Additionally, we report a new fitting bias in the RGS data of
low-temperature plasma. The measured O/Fe ratios are >10 lower in multi-temperature models than a
single temperature fit, leading to discrepancies in the calculations of supernova fractions derived from
the metal abundances.
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3.1 Introduction

Massive galaxies, galaxy groups and galaxy clusters are pervaded by hot, X-ray-emitting diffuse gas,
which contains 80% of the total baryonic matter of the Universe (for a recent review, see e.g. Werner
and Mernier, 2020). Since the ~7 keV K-shell Fe emission lines were discovered in intracluster medium
(ICM) X-ray spectra in the late 1970s (Mitchell et al., 1976; Serlemitsos et al., 1977), the hot plasma per-
vading the Universe is known to be enriched with heavy elements.

Through decades, it has been debated if the main enrichment mechanisms of the hot atmospheres
in such systems are internal (e.g. stellar winds at galactic scale) or external (gas inflows from the in-
tergalactic medium). Measurements of heavy elements play a crucial role in answering this question.
The observations show that the spatial metal distribution does not follow the galaxy distribution, and
the metal distribution in cluster outskirts is remarkably uniform (Werner et al., 2013; Urban et al., 2017),
indicating significantly homogeneous gas formation. Furthermore, there is no apparent dependency of
metal abundances on the mass of the galaxy cluster (de Plaa et al., 2017; Mernier et al., 2018b; Truong
etal., 2019). In line with the observations, simulations indicate (Biffi et al., 2017) that the enrichment of
the ICM was completed at z ~ 2 —3 (10 — 12 billion years ago), which is the epoch of peak star formation
and active galactic nuclei (AGN) activity (Madau and Dickinson, 2014; Hickox and Alexander, 2018).

The chemical enrichment of the Universe on the largest scales occurred at early times when energetic
AGN feedback outflows expelled the metals to the intergalactic medium. Later, the enriched and mixed
atmosphere gas was externally accreted and heated by clusters, galaxy groups, and galaxies to form the
present atmospheres (for a recent review, see e.g. Mernier and Biffi, 2022).

Measurements of abundance ratios of light a elements (e.g. O, Ne, Mg, Si, and S), mostly produced
by core-collapse supernovae (SNcc), and heavy Fe-peak elements (e.g. Ca, Cr, Mn, Fe and, Ni), mainly
produced by Type Ia supernovae (SNIa), can be used to understand the chemical enrichment histories
of different systems. Mernier et al. (2016) analysed central chemical composition of 44 systems using
XMM-Newton EPIC and RGS observations. They found the chemical composition in their samples to be
very similar to our Solar system (i.e. a/Fe ratio is ~1 Solar). Similarly, by utilising the high-resolution
Hitomi SXS and XMM-Newton RGS observations, Simionescu et al. (2019) found Solar abundance ratios
in the Perseus cluster. These and other studies (e.g. Hitomi Collaboration, 2017; de Grandi and Molendi,
2009) indicate that the relative abundances of supernova products have Solar ratios from cores to the
outskirts. These remarkable discoveries strongly suggest that the hot plasma pervading our Universe has
become chemically well-mixed, achieving Solar composition through continuous inflows and outflows.

In cluster galaxies, the chemical composition of hot atmospheres and the stellar population are con-
sidered to be decoupled. The externally accreted hot gas has Solar abundance ratios (i.e. a/Fe = 1),
while the stars have super-Solar abundance ratios (i.e. @/Fe > 1) (Conroy et al., 2013). The origin of the
decoupling is that the elliptical (i.e. early-type) galaxies are considered to have had rapid and intense star
formation very early in cosmic history, with a star formation peak around z ~ 3 (Thomas et al., 2010). As
aresult, considering SNcc products formed earlier in the cosmic time, SNcc products have been locked
in stars before the star-forming gas in such a galaxy has been polluted by SNIa products that are domi-
nantly produced later in the cosmic time.

Although the hot galaxy atmospheres consist mainly of externally accreted and heated gas, inter-
nal sources also produce a large amount of hot gas. Internal sources of hot gas in elliptical galaxies
are the thermalised stellar mass loss products (Mathews, 1990; Mathews and Brighenti, 2003). In a case
without any external inflow of Solar gas, stellar wind-originated gas with super-Solar abundance ratios
might dominate the galaxy’s atmosphere over time. However, Mernier et al. (2022) recently showed that
NGC 1404, an infalling elliptical galaxy experiencing such an accretion cut-off, has Solar abundance ra-
tios, which means internally produced hot gas has not dominated the overall composition in that system.
Still, in the current picture of hot gas replenishment in elliptical galaxies, enrichment processes have not
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been tested in a system that might also undergo a significant loss of its original atmosphere due to inter-
nal mechanisms like AGN activity.

M89 (a.k.a. NGC4552) is an excellent target to examine the hot gas replenishment processes due to
stellar mass loss products. M89 is a massive elliptical galaxy experiencing AGN activity, oscillating in-
side the gravitational potential well of the Virgo cluster. Because of its motion, any gas inflow with Solar
abundance ratios onto the galaxy is stopped (Gunn and Gott, 1972). Moreover, due to the AGN activity, it
is possible that the galaxy might have lost a portion of its original atmosphere with Solar abundance ra-
tios. Therefore, due to its exceptional dynamics, a dedicated enrichment study on M89 has the potential
to provide new constraints on the chemical enrichment of the Universe. The galaxy is located 350 kpc
(72 arcmin) east of the central dominant galaxy of the cluster (NGC 4486, a.k.a. M87). Chandra images
in the 0.5-2.0 keV band (Figure 3.1) show two ring-like structures approximately ~1.3 kpc away from the
centre of the galaxy, which is associated with the LINER type AGN in its centre (Machacek et al., 2006).
Moreover, it shows a ~10 kpc X-ray tail at its south, along the motion direction, associated with the ram-
pressure stripping of the galaxy’s hot atmosphere (Machacek et al., 2006). Notably, the a/Fe ratios in the
stellar content of M89 are higher than the average ratios in ellipticals with similar mass. Lonoce et al.
(2021) measured the abundance values within 0.975r, with 10 symmetric galactocentric bands, where
the 1D extraction corresponds to ~38.4 arcsec. From this study, stars in M89 have O/Fe ratios of 3.027-13

~0.17
and Mg/Fe ratios of 1.92*0-18.

The origin of the hot atmosphere of M89 can be investigated via the abundance ratios in the sys-
tem. Previous abundance ratio measurements of M89 were first conducted by Ji et al. (2009). They
analysed M89 within a sample of 10 elliptical galaxies and found Solar abundance ratios for Mg/Fe and
Si/Fe and sub-Solar for O/Fe in a circular region of 1 arcmin radius. However, their measurement as-
sumes only a single-temperature model, which is known to result in unreliable measurements in cool
systems (kT < 2 —3 keV) due to the so-called ‘Fe bias’ (Buote and Fabian, 1998; Buote, 2000; Gastaldello
etal., 2021). The ‘Fe bias’ is an underestimation of Fe abundance when a spectrum containing multiple
temperature components is estimated with a single-temperature model. Given that multi-temperature
components are inevitable in the spectrum of a galaxy’s atmosphere due to issues such as projection
effects and cooling in the galaxy’s core, we can assume that such measurements need to be revisited.
Furthermore, Ji et al. (2009) reported unusually high abundances in M89, findings that were not corrob-
orated by the CHEERS (the CHEmical Evolution RGS Sample) catalogue (de Plaa et al., 2017; Mernier
et al., 2016). In the CHEERS study, they found super-Solar O/Fe and Si/Fe ratios and Solar Ne/Fe us-
ing single-temperature models. Although necessary to understand chemical enrichment processes as a
whole, studies based on a sample of several systems at once are, by nature, much less suited to investi-
gate individual outliers.

In this paper, we revisit this elliptical galaxy with a detailed and comprehensive analysis. In partic-
ular, taking advantage of XMM-Newton and Chandra observations, we investigate the chemical enrich-
ment of M89 for the first time by presenting the O/Fe, Ne/Fe, Mg/Fe, Si/Fe and S/Fe abundance ratios in
the core and the tail of M89. Moreover, to comprehensively explore how the dynamical processes within
M89 may influence its chemical enrichment history, we analyse the shock properties exhibited by the
"hourglass" structure within M89, which is caused by the nuclear activity of the central AGN.

The structure of this paper is as follows. Section 3.2 describes the data reduction and region selection.
The spectral modelling is described in Section 3.3. Section 3.4 presents the abundance ratio results, su-
pernova contribution fractions derived from the ratios, the systematic uncertainties in the measurement,
and the properties of AGN-induced nuclear outburst. We discuss the possible chemical enrichment his-
tory of M89 in Section 3.5. Finally, Section 3.6 summarises the results and conclusions. Throughout the
paper we assume the standard ACDM cosmology with Hy = 70 kms™!Mpc™!, Ag = 0.73 and gy = 0. All
the abundances are expressed using the proto-Solar values of Lodders et al. (2009), and for simplicity,
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Figure 3.1: (Left) Exposure corrected, Chandra/ACIS-S mosaic image of the core of M89 in 0.5 — 2.0 keV
band. Two ring-shaped AGN-induced shock rims are present. The point sources are left for visualisation
purposes. (Middle) Point source removed Chandra/ACIS-S mosaic image of M89 and the Ram-pressure
associated tail in the 0.7 — 1.1 keV band, with the corresponding white contours of X-ray surface bright-
ness. (Right) Exposure corrected XMM-Newton/EPIC image of M89 in 0.7 — 1.1 keV band.

Table 3.1: Chandra and XMM-Newton observations of M89. Both XMM-Newton RGS and EPIC data are
taken from the same single XMM-Newton observation.

Observatory ObsID Observation Date Instrument Total Exposure (ks) Clean Exposure (ks)
2072 2001-04-22 54.4 54.2
13985 2012-04-22 49.4 49.4
Chandra ACIS-S
14358 2012-08-10 49.4 49.4
14359 2012-04-23 48.1 48.1
EPICMOS 1 42.7 24.0
EPIC MOS 2 42.7 24.1
XMM-Newton 0141570101 2003-07-10
EPIC pn 39.5 17.1
RGS 43.7 24.3

the values are referred to as ‘Solar’ throughout the paper. Unless stated otherwise, all uncertainties are
expressed in the 1o credible interval'.

3.2 Data Reduction and Region Selection

3.2.1 ChandraX-ray observatory

For our study, we used all available archival Chandra observations of M89 with a total cleaned exposure
of 201 ks (see Table 3.1). All observations were performed using the Advanced CCD Imaging Spectrom-
eter array with ACIS-S (chip S3) in the aim point. Since the desired area of M89 does not overlap with
other chips, we limited the analysis to the S3 chip. All observations were processed using standard CIAQ
4.15.1 (Fruscione et al., 2006) procedures and current calibration files (CALDB 4.10.4).

Chandra observations were reprocessed and filtered for VFAINT events using the chandra_repro
script and deflared using the 1c_clean algorithm within the deflare routine. Individual OBSIDs were
further reprojected to the same tangent point. These reprojected event files were then merged. The
images were extracted in the 0.7—1.1 keV and 0.5—-2.0 keV bands and exposure-corrected using weighted
exposure maps (the weighting was computed using make_instmap_weights? procedure assuming an
absorbed vgadem model with kT = 0.64 keV; see Table 3.2).

Chandra X-ray images of M89 in the 0.7 — 1.1 keV and 0.5 — 2.0 keV bands are shown in Figure 3.1.
The ram-pressure stripped tail of ~10 kpc is clearly visible. In the central region, we can see the diffuse
emission from the galaxy along with two ring-like structures associated with AGN-driven weak shocks.

Chandra spectral files were extracted using the specextract script. When extracting spectra, we
used stowed spectral files obtained using the blanksky script for background subtraction for all extrac-
tion regions. The reason for choosing stowed spectral files rather than the blank-sky data set is because
stowed files only account for the instrumental background and thus allow for more accurate modelling
of the sky background components. This is particularly crucial for low-temperature background compo-

I This corresponds to distances of 15.9% and 84.1 % quantiles from the median value.
2https://cxc.cfa.harvard.edu/ciao/ahelp/make_instmap_weights.html


https://cxc.cfa.harvard.edu/ciao/ahelp/make_instmap_weights.html

Annex 3. Chemical enrichment in M89 65

CXB Region
Northern Ring - Outside (NRO)
Northern Ring (NR)

®

Southern Ring (SR)
Southern Ring - Outside (SRO)

[

380 370 36.0 35.0 34.0 33.0 -
b e Sl o il | 1 I L e e

Figure 3.2: (Top) Background subtracted Chandra/ACIS-S image of M89 with highlighted regions used
for our abundance study: Cosmic X-ray Background (CXB) region, Core region, and Tail region. (Bottom)
Zoom onto the centre of the galaxy with highlighted extraction regions used for estimating parameters
of the shock.

nents that are comparable to the temperature structure of M89. Robustly constraining the background
components is essential for accurate abundance measurements, as further explained in Section 3.3.2. In
Section 3.4, we compare our results obtained from the stowed spectral files and blank-sky data set. The
background files were reprojected onto the observations, filtered for VFAINT events, and the background
spectra were scaled to match the particle background of the observations in the 9 — 12 keV energy range.

3.2.2 XMM-Newton

We used the single XMM-Newton observation listed in Table 3.1. Reduction of the EPIC and RGS data
is done by using the XMM-Newton Science Analysis System (SAS v20.0.0), along with the integrated Ex-
tended Source Analysis Software (ESAS v9.0°) package.

EPIC

Following the standard procedure, the calibrated photon event files of MOS and pn data were created
using emchain and epchain, respectively. Then, in order to exclude the soft proton (SP) contamination,
we usedmos-filter and pn-filter, which call the task espfilt to create good time intervals (GTT). We
kept the single, double, triple, and quadruple events in the MOS data (pattern<12). Due to the charge
transfer inefficiency problems for double events of pn, we kept the single events only (pattern=0). After
the filtering, the exposure time has decreased from 44.3 ks to a net 24.3 ks due to the heavy contami-
nation by flares. A combined, exposure-corrected image is merged with the combimage task and pre-
sented in Figure 3.1. Point sources were detected and removed by the CIAQ algorithm wavdetect. The
Point-Spread Function (PSF) map of EPIC was created using the dmimgcalc tool for the purpose of the
wavdetect algorithm. We generated corresponding PSF maps with a size of 9 arcsec, roughly equivalent
to a 0.50 Encircled Energy Fraction (ECF) on-axis. After performing the point source detection, we see
that the only resolved and detected point sources are located outside the central region of the galaxy.
In Section 3.4, we discuss variations in results obtained from background spectra with different sizes of
removed point sources.

3https:/ /www.cosmos.esa.int/web/xmm-newton/xmme-esas
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We processed the XMM-Newton-EPIC data by using mos-spectra and pn-spectra tasks, which call
the evselect, rmfgen and arfgen tasks to extract the spectra and generate RMFs and ARFs, respectively.

RGS

We used the SAS task rgsproc to process the RGS data. The RGS1 and RGS2 data were filtered with
the same GTI file for MOS1. To reduce the instrumental line broadening due to the slit-less nature of
the gratings, we included 90% of the PSF along the cross-dispersion direction (xpsfinc1=90), which
corresponds to a spatial width of ~0.8 arcmin. We combined the RGS1 and RGS2 spectra with rgsproc
task and fitted the first-order and second-order data simultaneously.

3.2.3 Region Selection

The emission of the hot atmosphere of M89 is, apart from the cosmic X-ray background, highly con-
taminated also by the ICM emission of the Virgo cluster. In order to properly estimate the abundance
of chemical elements in M89, it is critical to describe this background emission well. Furthermore, the
central active galactic nucleus (AGN) can also contribute to the observed spectrum and can only be prop-
erly spatially excluded using Chandra data. For these reasons, we adopted the following approach and
extracted spectra from multiple regions.

First, to investigate the chemical composition of the disturbed hot gas of M89, we extracted a spec-
trum from a circular region at its centre with a 40 arcsec radius (Core region), presented in Figure 3.2.
The size of this region is selected to correspond to the galaxy core and also, considering the relatively
short clean exposure time of XMM-Newton, to be large enough to have a sufficient number of counts so
that the abundances can be constrained robustly. For Chandra data, the circular region with a 1.5 arcsec
radius corresponding to the central AGN was excluded. In order to investigate the elemental structure of
the escaped gas, we also created a Tail region enclosing the galaxy’s X-ray tail.

In order to model the Virgo ICM and the cosmic X-ray background (CXB) robustly, we created an
arc-shaped region (CXB Region) in front of the galaxy along the direction of the motion of M89. The
CXB region (see Figure 3.2) and the Core or Tail region are modelled simultaneously by linking the joint
background parameters. The modelling procedure is further explained in Section 3.3.

To describe the time-variability and spectral properties of the central AGN, we extracted Chandra
spectra from a circular region with a 1.5 arcsec radius centred at the bright central point source (AGN
Region).

Additionally, in order to examine the dynamics of the AGN-induced shock, we created region pairs
encompassing each shock ring individually in annular sections with the inner and outer radii of 11 and
17 arcsec, respectively, while the outside regions of the rings are present in annular sections of inner
and outer radii of 30 and 31 arcsec centred around the central AGN. For the northern ring, the annular
sections Northern Ring (NR) and Northern Ring - Outside (NRO) regions extend from 55° to 145°. The
Southern Ring (SR) and Southern Ring - Outside (SRO) regions extend from 245° to 335° (see Figure 3.2).
These regions are used to investigate the temperature discrepancy present across the rim of the shock,
which enables us to determine the shock Mach number.

3.3 Spectral analysis

Modelling of Chandra and XMM-Newton data is done separately. However, data from individual Chan-
dra observations as well as individual XMM-Newton-EPIC detector (MOS1, MOS2 and pn) data are fitted
simultaneously. Both EPIC and ACIS-S data are fitted within the 0.55 — 7 keV energy range. The 0.55
keV limit is chosen to avoid biases caused by the oxygen K-edge. In the case of RGS data, we chose the
interval 8 —27 A. We used optimal binning by Kaastra and Bleeker (2016) for ACIS-S, EPIC, and RGS data.
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Figure 3.3: Modelling scheme of M89. The orange-coloured part represents the model for the Chan-
dra data extracted from the CXB, AGN and Core regions; while the blue-coloured part represents the
XMM-Newton model. The shared model components of the CXB and Core regions are tied with a scaling
parameter obtained as a fraction of the areas of the two regions. A similar scaling parameter between the
AGN powerlaw normalisation and the core vgadem normalisation was applied from the obtained ratio
from the Chandra fit into the XMM-Newton model. All the other parameters for Chandra and XMM-
Newton data are fitted separately.

The spectral modelling was performed using the Levenberg-Marquardt algorithm and Cash statistics
(Cash, 1979) within PyXspec v2.1.0 (Xspec 12.12.1; Arnaud, 1996). After finding the best-fit values, pa-
rameter uncertainties were estimated from posterior distributions obtained from an MCMC simulation.

3.3.1 Emission from galaxy core and tail

There are three main sources of X-ray emission that originate inside M89. Therefore the following com-
ponents are present in the Core and Tail regions exclusively: the first is the hot atmosphere that we are
probing, which is assumed to be a thermal plasma in collisional ionisation equilibrium (CIE). The other
two are the AGN component and the emission from Low-Mass X-ray Binaries (LMXBs).

The AGN component is represented by a powerlaw model with a photon index I" of ~ 1.8, derived
from the Chandra/ACIS-S spectrum (further described in Section 3.3.3). The integrated LMXB emission
is reproduced by a powerlaw with a photon index fixed to 1.56 (Irwin et al., 2003; Su et al., 2017). As
for the hot atmosphere, we tested three different models to represent the thermal emission component:
single temperature (1T vapec), double temperature (2T vapec), and finally, multi-temperature, using the
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Gaussian distribution of emission measure (vgadem). All the above-mentioned emission components
are absorbed by the interstellar medium of our Galaxy, which is represented by the phabs model with a
fixed value of Ny = 1.36 x 10%° cm ™2 (HI4PI Collaboration et al., 2016) and our model is corrected for the
redshift value of z = 0.000113, taken from the Nasa Extragalactic Database. The total model representing
the X-ray emission from the Core and Tail regions is as follows

phabs * (vgadem + powerlaw,;+ powerlawjuyg).

vgadem

As discussed in previous studies (see e.g. Mernier et al., 2015a, Werner et al., 2006), a model employ-
ing the Gaussian distribution of temperatures improves statistics significantly for cluster cores. For the
galaxy core, especially for our region that encircles a relatively wide area with presumably different tem-
peratures, we employ the same model. In this analysis, we also tried single-temperature (1T) and double-
temperature (2T) models to represent the thermal emission, and the results are presented in Table 3.2.

3.3.2 Background modelling for EPIC and ACIS-S

Unlike some of the previous abundance measurements of M89 (Ji et al., 2009), which subtracted back-
ground spectra, we carefully applied customised modelling for all of the background components. This
approach has been shown to provide more reliable measurements compared to subtracting a local back-
ground spectrum (see relevant discussions in e.g. Mernier et al. (2015b); Zhang et al. (2020); Zhang et al.
(2018)). In particular, de Plaa et al. (2007) reported that any small inaccuracies in the background spec-
tra, which are highly probable when extracting spectra from a rigid background, can lead to inaccuracies
in the temperature profile of an extended source. Therefore, because line emissivities depend on the
temperature of the plasma at fixed abundances, the assumed temperature significantly affects the abun-
dance determination. To avoid such inaccuracies in our abundance measurements, we chose to model
the background components for both EPIC and ACIS-S.

Background effects that are not galaxy-originated are modelled by linking the parameters of the re-
gion of interest (Core or Tail region) and CXB region for the shared background emission components.
The background components that are shared with the region of interest and CXB regions are the Virgo
ICM, Unresolved Point Sources (UPS), Galactic Thermal Emission (GTE) and North Polar Spur (NPS)
emissions. NPS is a structure in the Milky Way that emits both X-ray and radio emission, which is argued
to be originated from a nearby supernova explosion (e.g. Berkhuijsen, 1971), or that it is a remnant of an
explosion or a starburst at the galactic centre (e.g. Sofue, 1994). It is located at the northeastern edge of
the Galactic bubble, with the brightest ridge at (/, b) ~ (30°,20°). As the Virgo cluster is in the vicinity of
the NPS, we expect our observation to be affected by this emission. To model the background emission
present in both the Core and CXB regions, we used the following model:

phabs * (apecypg) + phabs * (apecy; 4,* powerlawyyg).

The NPS was modelled with an absorbed apec component (kTnps = 0.26keV, Znps = 0.65 Solar; Will-
ingale et al., 2003), where the absorption hydrogen density column was set to the half of the value mea-
sured by HI4PI Collaboration et al. (2016) because the NPS emission is expected to lie behind at least
50 per cent of the line-of-sight Galactic column density (Willingale et al., 2003). The ICM emission from
the Virgo cluster is represented by an absorbed apec component (kTvirgo = 2.2keV, Zyirgo = 0.25 Solar)
taken from Machacek et al. (2006) and checked independently for the CXB region by a separate ICM
emission model. To account for the hard X-ray emission produced by UPS, we used a powerlaw com-
ponent with photon index frozen to I' = 1.41 (De Luca and Molendi, 2004), which represents well the
contribution of background AGNs. The other two conventionally modelled background components of
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Local Hot Bubble (LHB) and the Galactic Thermal Emission (GTE) were also added, however, LHB could
not have been constrained in both EPIC and ACIS-S, while the GTE could have been constrained only
in the ACIS-S data. This is expected as we only included data above 0.55 keV, the contribution of LHB
and GTE is expected to be sub-dominant, and the NPS and Virgo ICM are significantly dominant in M89
spectra. Moreover, the apec model (kTnps = 0.26keV) that reproduces the NPS is expected to represent
the LHB and GTE emission components which have a similar temperature structure. Soft GTE emission
in ACIS-S data is modelled with an apec component with the same abundance value and absorption
hydrogen density column with the NPS component (kTgTg = 0.1keV, ZgTg = 0.65 Solar).

For testing purposes, we also tried removing the NPS component and instead having LHB and GTE
components solely. However, this representation gave a significantly poorer fit.

Spectra from the regions of interest (Core and Tail regions) and the CXB region were fitted simulta-
neously, and normalizations of all of their common components (NPS, Virgo and UPS) were tied by a
scaling factor compensating the differences in effective areas between those regions, assuming that the
Virgo ICM and NPS emission do not vary between the two regions. This approach was applied separately
to XMM-Newton/EPIC and Chandra/ACIS-S data.

For XMM-Newton-EPIC data, there are also non-X-ray background components which should be
modelled. HP background creates fluorescence emission lines in the spectra, even when the filter wheel
is closed. The instrumental HP background is represented by a series of Gaussian lines and one bro-
ken powerlaw, unconvolved by the auxiliary response file, with values obtained by fitting the filter wheel
closed (FWC) data, taken from Breuer et al. (in preparation). Because the HP background varies differ-
ently across the instrument, its modelling is done for the Core and CXB regions separately with different
normalization values.

The instrumental background model is further combined with the source model using a constant
factor, which is allowed to vary during the fitting*. Instrumental background modelling is done sepa-
rately for the Core and CXB region spectra.

3.3.3 AGN treatment approach

Due to the spatial resolution of the XMM-Newton observation, we were not able to detect and remove
the central AGN region from our spectra for the XMM-Newton-EPIC data. Therefore, we were required
to reproduce the AGN emission in our model. Thanks to the excellent spatial resolution of the Chan-
dra X-ray observatory, we were able to extract a 1.5 arcsec circular region covering the AGN from the
ChandralACIS-S data. By fitting the spectra of this region alone, we estimated the photon index of
the powerlaw model that is to reproduce the central AGN emission. We use this model in the XMM-
Newton/EPIC and ChandralACIS-S fittings for the Core region.

Using the central AGN region (1.5 arcsec), we investigated the emission from the central AGN and
its variability within four individual Chandra observations. All observations were simultaneously fitted
with an absorbed powerlaw model with an additional thermal component, apec, representing the CIE
emission from this region:

phabs * (powerlaw + apec).

The apec abundance was fixed to Solar and the temperatures and normalizations were for all observa-
tions tied with respect to the first one. All other parameters (powerlaw photon index and normalization)
were untied within observations and left free during the fitting.

Photon indices of the powerlaw component for individual Chandra observations were consistent
within uncertainties (Figure 3.4) so we stacked their posterior distributions resulting in a final value of

4We also tried unfreezing the normalization of individual instrumental lines to decrease the residuals, however, consistent
results were obtained.
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Figure 3.4: Posterior distributions of the powerlaw photon index I" for the central 1.5 arcsec region (AGN
region) for individual Chandra OBSIDs. All distributions are consistent within uncertainties and there-

fore were combined resulting in the final value of I = 1.79*3-13.

1.79*0-13. The normalizations of the powerlaw component varied slightly within individual observations,
but the differences between individual OBSIDs were of a factor of ~ 2 at most. The total unabsorbed pow-
erlaw flux averaged over individual OBSIDs was estimated to F»_jgrey = (1.7 +0.1) x 10" ergcm™2s71.
Assuming the distance of 15.9 Mpc (Tully et al., 2013), this corresponds to a resulting AGN luminosity of
Ly_10kev = (5.5+0.3) x 1038 erg s71.

As the central AGN emission can not be spatially resolved and excluded with XMM-Newton, we in-
stead constrain the contribution of the central AGN emission. For Chandra data, we fitted the central
Core region (in this case, including the central point source) simultaneously with the AGN region, and
we tied the normalizations of their powerlaw components, assuming that all emission of the AGN lies
within the central 1.5 arcsec region®. For the Core region, we then expressed the powerlaw normalization
as a constant ratio with respect to the normalization of the main thermal emission component (vgadem),
which was allowed to vary. This ratio was then assumed to be the same for XMM-Newton data, and the
uncertainty was propagated by fitting the Chandra spectra simultaneously with that of XMM-Newton.
We note that, in general, the contribution of the AGN can be time-variable and the ratio of thermal to
AGN components can vary from observation to observation. Still, we believe that this represents a better
approach than fitting the AGN powerlaw component from XMM-Newton data alone. For comparison,
we performed the spectral fitting for XMM-Newton data also without the AGN powerlaw component. In
this case, statistical uncertainties were larger. In Figure 3.5, we present MOS spectra of the Core and CXB
regions with all emission components.

3.3.4 RGS Analysis

The RGS data is expected to contain very limited background contamination after the standard back-
ground template derived from CCD9 was subtracted, which registers the least source events. Therefore,
we fitted RGS data without any background components.

We tried several fitting combinations of 1) including the second order spectra or restricting to the first
order exclusively; 2) testing 1T, 2T, Gaussian temperature distribution (vgadem). The complete results are
presented in Table 3.2 and further demonstrated in Appendix A.3.1.

5For the core region, we assumed similar model as in Section 3.3.1.
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3.4 Results

Abundance ratios in the Core region were obtained by separate modelling of XMM-Newton/EPIC, XMM-
Newton/RGS and Chandra/ACIS-S spectra. In addition to the iron (Fe), the magnesium (Mg), silicon (Si)
and sulphur (S) abundances were allowed to be free in the EPIC CCDs. The neon (Ne) abundance was
initially left free to vary for both the EPIC and ACIS-S models, but it could only be constrained using
ACIS-S data, so ultimately neon was set free in the ACIS-S model and fixed relative to iron (Fe) in the
EPIC model. For RGS, the oxygen (O), neon (Ne), magnesium (Mg) and iron (Fe) were the free abundance
parameters. First, we see that fitting with the addition of second-order RGS spectra gives better statistics,
also making the results from the different temperature models more consistent with each other. In each
of these fits, all the other elements were tied to Fe except He, which was fixed to be Solar.

After performing our multi-temperature modelling, we measured indications for possible super-
Solar abundance ratios (i.e. a/Fe > 1) of Ne/Fe, Mg/Fe, Si/Fe and S/Fe in ACIS-S and EPIC data. As
for RGS measurements, Mg/Fe is also super-Solar, however, the O/Fe and Ne/Fe ratios are found to be
sub-Solar and Solar, respectively, within uncertainties.

Additionally, we performed tests on the removal of point sources from the CXB region spectra of
EPIC using PSF maps with sizes of 20 arcsec, approximately corresponding to a 0.75 ECE We see that the
elemental abundance and abundance ratio results remain consistent even with the application of larger
point source masks.

We also tested the differences obtained from the blank-sky data set instead of stowed spectral files.
After performing the spectral fit, we observed that the results are comparable, although uncertainties
increase with the background-removed blank-sky spectra.

EPIC studies of M89 were previously conducted by Ji et al. (2009), as also stated in Section 3.1. They
utilized a single-temperature model, i.e. wabs x (vapec + powerlaw), and subtracted a local back-
ground spectrum. Although they investigated a region with a similar size (1 arcmin), we observe that
none of our individual abundances from multi-temperature models agree with their single-temperature
results. This is expected, because of the ‘Fe bias’ as explained in Section 3.1. Similarly, although we found
super-Solar Mg/Fe, Si/Fe, and S/Fe, they reported Solar ratios.

When we also conducted a single-temperature modelling, we observed that only our individual Mg
and Si abundance measurements agree with their results, which were 0.467)-11 and 0.44*3-13 Solar, re-
spectively. We also note that the previous versions of AtomDB (Smith et al., 2001; Foster et al., 2012)
before the update of AtomDB 3.0.9 in 2020 suffered from the interpolation issue®. This issue involved
discrepancies caused by the interpolation of (v) apec between its pre-calculated spectra (Mernier et al.,
2020), which has now been fixed. Therefore, the possible reasons for the discrepancy, even in the single-
temperature model, are (i) the use of outdated spectral codes and databases by Ji et al. (2009), (ii) differ-
ences in the subtraction of background spectra, which could create biases in abundance measurements
(see de Plaa et al., 2007), and (iii) differences in modelling the AGN and LMXB components, which might
not be well-described by the single powerlaw model in Ji et al. (2009).

Moreover, their RGS analysis suggests individual abundances around 4 — 5 Solar. These values are
highly unusual considering the highest recurrently and robustly reported elemental abundances are
around ~ 2 Solar (e.g. Centaurus Cluster; (Matsushita et al., 2007; Sanders et al., 2016; Fukushima et al.,
2022)).

In the CHEERS catalogue, de Plaa et al. (2017) showed that M89 has an O/Fe ratio of2.0+£0.6, which is
the highest O/Fe ratio observed in the whole sample. They also showed Ne/Fe = 1.1+0.7, and subsequent
work by Mernier et al. (2016) indicates Si/Fe = 1.4J_r8:§. The main difference between our sub-Solar O/Fe
ratio and their super-Solar measurement is the choice of the model: we used a multi-temperature model
with Gaussian distribution of emission measure while de Plaa et al. (2017) assumed single-temperature

Shttp://www.atomdb.org/interpolation/index . php
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Figure 3.5: XMM-Newton-EPIC MOS 1 and MOS 2 combined fit of the core of M89. The CXB region
data, which is fitted simultaneously with the Core by tying the parameters of common components after
scaling, is also shown (light grey). The best-fit models of the M89 core gas (purple), Virgo ICM (green),
NPS (yellow), AGN (dashed-red), LMXB (dashed-blue), UPS (dashed-dark purple) and HP (for MOS 1

and MOS 2) components (grey) are also presented.
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Figure 3.6: O/Fe bias in the XMM-Newton-RGS data of the low temperature plasma. The O/Fe ratios
differ significantly between multi-temperature models.
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Figure 3.7: SNcc contribution of each instrument with different temperature models. (Left) The EPIC cal-
culation used Mg/Fe, Si/Fe and S/Fe ratios. (Middle) The RGS calculation used O/Fe, Ne/Fe and Mg/Fe
ratios. (Right) The ACIS-S calculation used Ne/Fe, Mg/Fe, Si/Fe and S/Fe ratios.

plasma. Therefore, we suspect that in the analysis of low-temperature M89 RGS spectra, the choice of
modelling (single-T vs. multi-T) may have a considerable impact on the O/Fe ratio and its interpretation.
In our results, we see that the O/Fe ratio changes > 1o between single temperature to vgadem model,
which is presented in Figure 3.6. The differences between the CHEERS results and ours may also be
attributed to the use of the AtomDB database and vgadem/vapec plasma codes in our study, whereas
they employed the SPEXACT database and cie plasma code.

The complete list of parameters for EPIC, RGS and ACIS-S obtained from different multi-temperature
models is presented in Table 3.2. In the following sections, we first describe the fitting biases. Then, we
present the chemical composition results within the Core and Tail regions.

3.4.1 Systematic uncertainties

In order to investigate the differences in abundance estimates between single and multi-temperature
models, we refit our data from all three instruments with the same modelling scheme, changing only the
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Table 3.2: The parameters derived from different temperature models for XMM-Newton/EPIC, XMM-
Newton/RGS and Chandra/ACIS-S observations of M89. Elemental abundances are in the Solar units.
The background modelling is the same for each temperature model.

XMM-Newton EPIC XMM-Newton RGS Chandra ACIS-S
Parameter vapec 2 xvapec vgadem vapec 2xvapec vgadem vapec 2xvapec vgadem
kT (keV) 0.71+0.01 0.62+0.01 - 0617002 084+009 -  [0.65+0.06 035£0.02 -
kT (keV) - 083+003 - - 0.53%0:02 - - 070%004 -
KTy (keV) - - 0.64%0.02 - - 0497098 - - 049%0.03
KT, (keV) - - 026+004| - SR 0 b v B - 033%0.04
0 - - - 0.29+0.08 0.29+0.08 0.21*0-0° - - -
Ne - - - 027%08% 0.26+0.11 0307099 | 0997090 0947043 1.51+0:30
Mg 0.67+£0.14 1.21*023 0717012 | 0507013 0.60+0.19 0.697040 [0.64+0.07 0997017 1.5870:31
Si 0.55*013  1.0770-18 0.73+0.13 - - - ]046%0.05 073011 1.18%03)
S 136046 1.92707% 1.07+0.48 - - - 0.7670:2>  1.047030 157070
Fe 0627398 1.057013 0.58+0.07|0.23£0.04 0.28£0.06 0.35%00% |0.54+0.03 0.60+£0.04 1.047339
C-stat / d.o.f. 437/382 420/380 414/381 | 649/534 642/533 638/533 | 759/513 659/511 672/512
SNcc contribution 81.4%*34 80.9%123 85.6%133 | 84.3%*37 79.9%1¢7 71.3%133 | 824%7)8 85.4%1%2 85.7%131
x?/dof. 49/2  33/2  07/2 | 27/2  28/2  46/2 | 240/3 17/3  11/3

M89 hot gas emission component: the single-temperature (vapec), double-temperature (vapec+vapec)
and multi-temperature with Gaussian distribution of emission measure (vgadem). The resulting temper-
atures and abundances derived using individual models (17, 2T, vgadem) and instruments (ACIS-S, EPIC,
RGS) are presented in Table 3.2 and the abundance estimates are graphically compared in Figure A.3.1.

O/Fe bias in the RGS data of low-temperature plasma

The most prominent discrepancy is that the O/Fe ratio is ~ 2 times lower in vgadem compared to 1T
vapec model, as presented in Figure 3.6. Although not formally significant in our case, we note that this
decreasing trend between 1T vapec and vgademn is also present in Ne/Fe and not in Mg/Fe ratios.

We caution the reader that in the vgadem model, kT, and o values are 0.49:“8:‘1)3 keV and O.41f8:{3
keV respectively. As the dispersion of the Gaussian distribution is comparable to the mean, the imper-
fections in constraining the multi-temperature nature may cause additional measurement bias.

As we have different abundance results for each instrument and model, we further check the SNe

ratios derived from these values. Our aim is to investigate the bias more extensively.

The relative SNcc contribution

In this section, we calculate the relative supernova contributions to the enrichment via the a/Fe ratios.
Considering various approaches to model M89’s hot atmosphere, we fit the abundance ratios obtained
from each instrument to a number of SNcc and SNIa nucleosynthesis yield models available from the
literature. Our strategy is to compare the obtained best-fitting SNcc yields, checking for any discrepancy
between different temperature models. We note that, for the calculation of SNcc fractions, the input
elements and their abundance values differ for each instrument. Therefore, when comparing the relative
contributions of SNcc between models, it is important to restrict the comparison within each instrument
separately.

We aim to recover the total SNcc/(SNcc + SNIa) fraction contributing to the enrichment. For the cal-
culation, we used SNeratio’ code developed by Erdim et al. (2021), used by recent enrichment studies

"https://github.com/kiyami/sneratio
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Figure 3.8: a/Fe ratios in the core of the galaxy. For ACIS-S (orange); Ne/Fe, Mg/Fe, Si/Fe and S/Fe ratios
are derived via vgadem model. For EPIC (blue), vgadem model is used to derive Mg/Fe, Si/Fe and S/Fe
ratios. In the RGS results (green); O/Fe, Ne/Fe and Mg/Fe are measured with a 1T vapec model.

(e.g. Gatuzz et al., 2023). The SNeratio code provides the relative SNe contribution for the observed
abundance data for selected yield tables and models.

For SNIa yields, we applied 3D models of near Chandrasekhar-mass with delayed detonation from
Seitenzahl et al. (2013) and a pure deflagration model from Fink et al. (2014). For the SNcc yields, we used
a model from Nomoto et al. (2013). For the yield calculation of the latter, we assume a Salpeter initial
mass function (IMF) (Salpeter, 1955). The lower zero-age main sequence mass of stars is adopted with
10M, and 50M,, as the lower and upper limit, respectively. We integrate the yields using the equation,
M= fIS(?AIZO M;(m)m*dm

) (3.1)
f50M®

1op, M¢ dm
where M; is the total yield (also denoted as Y;) of the i-th element, M;(m) is the i-th element mass
produced in a star of mass m, and «a is the slope of the IME For the parameter a, we adopted the value of
—2.35 corresponding to the Salpeter IME

Furthermore, the number of atoms of element X is given by
Nx = aNx sNia + Nx,SNce» 3.2)

where Nx snia and Nx snec are the number of atoms produced in a single SNIa and SNcc event, respec-
tively, and a and b are the multiplicative factors.

When calculating the SNe fraction with the SNeratio code, we used different initial metallicity values
for the SNcc yields of Z = 0.0, 0.0001, 0.004, 0.008, 0.02, 0.05. The results are presented in Table 3.2 and
Figure 3.7.

For EPIC calculations, we used the Mg/Fe, Si/Fe and S/Fe ratios and found that the SNcc contribution
results from different temperature models agree with each other. In this sample, the vgadem result is the
largest (85.63:?‘1 %), while the 1T vapec is the smallest (81.4J_r§:é %).

As for the SNe contributions estimated from RGS data, we used O/Fe, Ne/Fe and Mg/Fe ratios. From
these ratios, the obtained results for 1T vapec and 2T vapec are comparable within uncertainties. How-
ever, we observe > 1o discrepancy between vgadem and 1T vapec results for SNcc contributions. We



76 Annex 3. Chemical enrichment in M89

also performed the calculation by excluding the biased O/Fe ratio as input. In this case, we observe that
all SNcc contributions agree within uncertainties. We also note that, although the results are consis-
tent when excluding the O/Fe ratios, the same aforementioned trend persists, where the 1T vapec and
vgadem are, respectively, the largest and smallest.

The ACIS-S calculation used Ne/Fe, Mg/Fe, Si/Fe and S/Fe ratios. Using these ratios, we again de-
rived comparable SNcc contributions between temperature models. In this case, the 2T vapec + vapec
model gave the highest percentage (85.43:3 %). Nevertheless, we found that SNcc contribution is > 70%
for all detectors and temperature models.

Summary on systematic uncertainties

The discussion on systematic uncertainties can be summarised as follows:

* The O/Fe ratio changes significantly (> 10) in the RGS data between different multi-temperature
models.

* We observe a systematic change in the SNcc ratios, with or without the O/Fe ratio.

* The SNcc ratios obtained from RGS data differ by more than 10 between different temperature
models. However, excluding the O/Fe ratio makes the results comparable.

¢ The SNcc contribution cannot be well constrained with the accessible abundance ratios.

* Due to the relatively low clean exposure time of XMM-Newton, we observe rather high statistical
uncertainties that mask out the true nature of the systematic uncertainties.

* With deeper observations and consequently less statistical error, it would be possible to under-
stand the systematic differences between temperature models more accurately. However, measur-
ing abundance ratios and constraining SNe ratios robustly would still be difficult even if we have
deeper observations with the current spectral resolution available.

Consequently, because of the systematic biases and the fact that the oy of the vgadem model (0.41f8:%‘9l

keV) is comparable to the k T}, value (0.497398 keV), we conclude that, for RGS, the vgadem model is not

adequate to constrain the temperature structure. Therefore, for further analysis in this paper, we use the

1T model for the RGS data, which is also used in de Plaa et al. (2017) for M89.

3.4.2 Summary on «/Fe ratios
Core

In Figure 3.8, we present the best-fit values of the abundance ratios that are previously discussed. In the
plot, the results for EPIC and ACIS data correspond to vgadem model, while for RGS a single-temperature
(1T vapec) fit was presented.

We find the overall abundance ratios to be super-Solar. S/Fe and Si/Fe ratios from ACIS-S and EPIC
are 1o larger than the Solar values. Similarly, Mg/Fe for EPIC and RGS are also 1o larger while the ACIS
ratio of Mg/Fe is 50 greater. The Ne/Fe ratio is again super-Solar for both ACIS-S and RGS. Likewise, the
O/Fe ratio is 1o higher than its Solar value in RGS.

The super-Solar O/Fe and Ne/Fe ratios, also presented in Figure 3.8, agree with the results of de Plaa
et al. (2017). Moreover, Mernier et al. (2016) showed that Si/Fe is also super-Solar with a value of 1.4:5)%
however, due to a large positive uncertainty, we exclude it from the plot for visualisation purposes. In
fact, M89 is the only sample in the CHEERS measurements having super-Solar values for all ratios.
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Figure 3.9: a/Fe ratios in the Tail region obtained from the Chandra/ACIS-S data.

This result differs from the global Solar composition in the elliptical galaxy atmospheres (Mernier
et al., 2018). The results indicate that the composition in M89 hot gas is more similar to the stellar com-
ponents.

The physical interpretation of these results and the possible scenarios explaining the atmosphere
with super-Solar abundance ratios are presented and discussed in the Discussion section.

Tail

For the striped tail of the galaxy, the chemical abundances could only be constrained with the deep
Chandra/ACIS-S observation. We found that absolute abundances are lower than in the Core region and
thus less than Solar. The ratios, on the other hand, are super-Solar for Mg/Fe and Si/Fe, all comparable
with the Core region within uncertainties, presented in Figure 3.9. Ne/Fe ratio, on the other hand, is
Solar but still comparable with that of the Core region. Regrettably, the uncertainties in the tail region
are so large that a robust physical interpretation is not possible.

The chemical abundance ratios in the two gas regions are found to be comparable. These results are
further discussed in the Discussion section.

3.4.3 AGN activity
The AGN-driven shock front

One of the prominent features of M89 is an ‘hourglass’ structure first noted by Filho et al. (2004) in the
inner region of the galaxy. This hourglass shape is composed of two rings of approximately circular shape
where each inner edge reaches ~ 0.85 kpc while the outer edge reaches ~ 1.30 kpc from the centre. These
rings of shocked gas have been attributed by past research to the nuclear activity of the central AGN of
this galaxy (Machacek et al., 2006).

To determine the temperature jump across the rim of the shock, we utilised all four Chandra obser-
vations with a total observation time of 201.3 ks, in contrast to Machacek et al. (2006) who used a single
54.4 ks observation. Unlike other studies, we investigate the Northern and Southern Rings separately for
the first time. We fit the spectra of the regions NR, NRO, SR, and SRO described in Section 3.2.3 with a
single-temperature (1T vapec) model with abundances fixed to Solar values, focusing only on the hot
atmosphere component as described in Section 3.3. We also tried spectral fitting using the single tem-
perature Fe abundance result obtained by 1T vapec fitting of the Chandra Core region data, which is
approximately half of the Solar value. However, we see that changing the abundance value affects the
temperature value by less than 0.5%, and we ultimately decided to use the Solar abundances. The result-
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Figure 3.10: (Left) The best fit broken powerlaw model fitted to the surface brightness profile of the north-
ern ring, extracted from an annular section spanning from 55° to 145° with inner and outer radii of 11
and 31 arcsec. (Right) The best fit broken powerlaw model fitted to the surface brightness profile of the
southern ring, extracted from an annular section spanning from 245° to 335° with inner and outer radii
of 11 and 31 arcsec.

ing temperatures are 0.73 £ 0.01 keV at the rim of the northern ring (NR), with the temperature decreas-
ing to 0.43 £ 0.02 keV on the outside of the northern ring (NRO). For the southern part, the temperature
reaches 0.76 +0.01 keV at the edge of the shock (SR) and declines to 0.43 +0.03 keV on the outside of the
rim (SRO).

The change in electron density across the edge of the shock can be gauged from the surface bright-
ness profile across these rings. Therefore, we extract the surface brightness profile from the exposure-
corrected, background-subtracted image in the energy band of 0.5 — 2.0 keV and analyse each ring in
annular sections encompassing both the NR (SR) and NRO (SRO) regions. For each brightness discon-
tinuity, we model the surface brightness profile using an MCMC analysis and we assume a spherically
symmetric broken powerlaw distribution projected along the line of sight for the electron density of

r Y
Nrim ( rrim) I < I'tim

N = (3.3)

1 r 7%
7 Mout E) I' 2 I'tim »

where i, is the outer radius of the shock ring, 74yt = 3.1 kpc and marks the unshocked region outside
of the rim, n;im, noyt are the normalisation inside and outside the rim of the shock, a1, a, are the power
law indices for each region, while J is the discontinuity parameter. The discontinuity parameter is given
by

Arim n?

Iim
T (3.4)

Aout Nout

where A and n represent the emissivity and electron density of each region.

We find the best-fit position for the outer rim of the shock to be i, = 1.31i8:8i kpc for the northern
ring and ryim = 1.29*001 kpc for the southern ring. The inferred electron density ratio nim/nou across
each ring is 1.46f8:8§ (NR) and 1.41f8:8§ (SR). By fitting the region inside and outside of the shock rim
with a simple powerlaw, we calculate the densities in these regions for the northern (southern) ring to be
Npim = 0.06f8:8{ (0.07f8:8{) cm ™3 and ngy = 0.04f8:8} (0.04f8:8}) cm 3. The best-fit models of the surface
brightness profiles can be found in Figure 3.10.

The temperature and density inside the brighter region are higher than those of the fainter surround-

ings. This confirms the nature of the discrepancy at ryim, ~ 1.3 kpc as a shock driven by a nuclear outflow
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as mentioned by Machacek et al. (2006). Utilising the Tyim/ Tour and 7irim/ oyt ratios in the Rankine-
Hugoniot (e.g. Landau and Lifshitz, 1959) shock conditions for a monatomic ideal gas with adiabatic
index y =5/3 allows to estimate the speed of the shock’s propagation.

Using the measured temperature discrepancies across each ring, we find the propagation speed of
the shock for the northern (southern) ring to be M; = 1.67 +0.09 (M; = 1.74 + 0.09), while the inferred
density discrepancy measured through the change in surface brightness suggests a speed of M; =1.31+
0.24 (M; = 1.28+0.23). As stated in Machacek et al. (2006), due to the narrowness of the shock front, the
measured surface brightness discontinuity will underestimate the real density discrepancy. Therefore,
this method infers the lower limits of the shock speed.

The total energy of the outburst

The speed of the shock front allows us to calculate its age and the power of the outburst that created it.
For a mean radius of R ~ 0.81 kpc estimated from the surface brightness profile, and the lower limit on
the speed estimated from the density discontinuity, the age of the shock is ~ 1.8 Myr, while the temper-
ature change indicates a somewhat younger age of ~ 1.4 Myr. The outburst energy can be expressed as
Eshock ~ Prim V (Prim/ Pout — 1) ~ 7.7 x 10°* erg, where pyim and poy: represent the pressure of the shocked
and unshocked gas.

By combining the X-ray cavity volumes determined by PlSek et al. (2024) with the thermal pressure
profiles from Plsek et al. (2022), we estimated the total radio-mechanical energy released by the central
AGN to Egyy = 1.3719-92 x 10% erg. The total mechanical energy of the nuclear outburst is Egor = Eghock +

-0.03
Ecay ~2.14 x 10%° erg.

3.5 Discussion

Super-Solar a/Fe abundance ratios in the hot atmosphere of M89 would suggest that this galaxy is a
rare case where the abundance ratios of the hot gas deviate from the Solar value, and are closer to the
average stellar abundance ratios. Considering that this is potentially the first atmosphere with reported
super-Solar abundance ratios and that M89 is a particularly dynamic system, our result requires careful
investigation.

The stellar age of M89 is calculated to be 8.93:‘; Gyr (McDermid et al., 2006), which corresponds to a
formation time of z ~ 0.7 — 4.3. The early enrichment scenario, which is briefly explained in Section 3.1,
suggests that the ICM gas has mostly completed its enrichment around z ~ 2 — 3. Assuming that the
galaxy accumulated most of its hot X-ray emitting gas after the enrichment (i.e. after z ~ 2 —3), M89
should have a hot atmosphere composed of ‘universal’ gas. So far, other similar ellipticals have been
found to host hot gas with Solar abundance ratios (e.g. Mernier et al., 2022; Mernier et al., 2016), therefore
it is critical to constrain the possible scenarios.

Observational indications for the super-Solar abundance ratios might be explained by the depletion
of the original atmosphere due to AGN activity and ram-pressure stripping. M89 may have lost a sig-
nificant part of the hot gas through turbulent mechanisms, replacing it with accumulated thermalised
stellar wind wind material with super-Solar a/Fe abundance ratios.

3.5.1 Ram-pressure stripping and accretion cut-off

The tailored simulation studies of M89 by Roediger et al. (2015a,b) show that the observable X-ray tail
itself is not the subject of stripping. Instead, it is a morphologically deformed atmosphere, shielded
from the ICM and preserved by the galaxy up to or beyond pericenter passage. In more general terms,
if the ambient medium of an infalling galaxy has sufficient viscosity and/or magnetic field, the Kelvin-
Helmbholtz instabilities that cause turbulent mixing are suppressed (Chandrasekhar, 1961). Therefore,
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in an ICM that is viscous and has a strong enough magnetic field, the downstream hot atmosphere (i.e.
the ‘tail’) is unmixed, dense and therefore X-ray bright, which is believed to be the case of M89. This is
confirmed by our measurements, as the elemental ratios of the Tail and Core regions are compatible, and
the overall gas content in the tail is similar to that in the core. The less-dense Solar gas, which was once
in the outskirts of the galaxy’s original atmosphere, has been relocated at the edges of the tail due to the
flow. As the simulations of M89 suggest, this less dense Solar gas at the edges of the tail is the subject
of peeling. Consequently, as the motion continues, the Solar gas at the periphery constantly depletes.
Moreover, the gas from the surrounding environment is no longer able to fall onto the galaxy because of
the large velocity differences between the ICM and the galaxy (Gunn and Gott, 1972).

Before the infall, M89 experienced gas inflows and outflows simultaneously. At this unperturbed
stage, the galaxy continuously accreted gas with Solar abundance ratios from the surrounding inter-
galactic medium, while part of its initial atmosphere was lost due to supernova-driven and AGN-induced
outflows (for a review on the topic, see e.g. Werner et al., 2019). However, once the galaxy encounters the
Virgo ICM, the accretion of external material stops, and the atmosphere begins to be stripped. During
its oscillation inside the Virgo cluster, the thermalised stellar mass loss products, which have super-Solar
abundance ratios are accumulated in the galaxy’s atmosphere. As a result, the stellar mass loss products
may become dominant in the hot atmosphere of M89.

We caution the reader that our proposed scenario is not compatible with a similar infalling galaxy
NGC 1404 which is also exhibiting an X-ray tail. Mernier et al. (2022) showed that NGC 1404, a satellite
galaxy in the Fornax cluster, has Solar chemical composition. It is possible that the difference between
the two stripped galaxies is a result of the AGN feedback in M89. Unlike M89 with AGN-induced X-ray
cavities, NGC 1404 does not exhibit any AGN activity. Therefore, the initial atmosphere of NGC 1404
might not be uplifted and stripped as effectively.

3.5.2 Gasdisplacement by the AGN

The outflow of the initial hot gas with Solar abundance ratios in M89 might be facilitated because of
the AGN activity. In Section 3.4.3, we showed that the mechanical energy to evacuate both cavities is
greater than 1.5x10% erg. The total mechanical energy of the nuclear outburst is ~ 2.14 x 10°° erg, and
the mechanical power of the nuclear outburstis 1.3—1.7 x 10*! erg s™!. For comparison, the gravitational
binding energy of the galaxy is calculated as Epjnq =~ 3.97 x 10°° erg within a half-light radius (r.), using
the total mass from Cappellari et al. (2013) and X-ray gas mass from Plsek et al. (2022).

Based on these results, the energy released into the galaxy atmosphere from the AGN-induced out-
flows in M89 is significant. As the atmospheric gas is uplifted to higher altitudes, ram-pressure stripping
becomes more effective, facilitating the loss of the original galactic atmosphere.

3.5.3 Replenishment due to the stellar mass loss

Internal sources of hot gas in elliptical galaxies are the thermalised stellar mass loss products (Mathews,
1990; Mathews and Brighenti, 2003). When the red giant stars orbit supersonically relative to the hot am-
bient gas, simulations suggest that approximately 75% of the ejected gas is shock-heated and becomes
part of the hot atmosphere (Parriott and Bregman, 2008). Planetary nebulae are another source of hot
gas, although the interaction between the hot ambient medium and a planetary nebula shells thermal-
izes only a small fraction of the material (Bregman and Parriott, 2009).

In the core of M89, due to the lack of ongoing Solar gas accretion, the internal sources of hot gas can
dominate the overall chemical composition. The presence of higher-than-average SNcc products in the
stars of the galaxy (Lonoce et al., 2021) supports this scenario. In this section, we focus on the ejected
wind material of evolving stars and compare it to the metal masses in the hot gas based on our measured
metal abundances.
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Table 3.3: Masses of the gas-phase metals inside M89 at 2 r, obtained from the abundance values from
the Core region.

Element  EPIC (10°Ms)  RGS(10°Ms)  ACIS-S (10° Mo)

o - 3.711.02 -

Ne - 1.10+42 61655
Mg 0.85+0.18 0.64+0.20 201952
Si 0.7879-49 - 1697931
s 0.93+0.31 - 107+048
Fe 1.50+019 0.55+0.09 2517072

Total mass budget of metals

We find the individual metal budget in the hot gas phase. The total X-ray emitting hot gas in M89 is
derived as ~ 1.8 x 108 M,, for 2 r. region (Su et al., 2015). The elemental metal mass in a hot gas region
enclosed with radius R can be calculated as

A
Mx (R) = Xo X(R) A_i)(HMgas(R); 3.5)

where X, and X (R) are the Solar abundance of element X, taken from Lodders et al. (2009), and the
measured abundance of that element, respectively. Their product, (Nxe/Nge) x (Nx/Ng)/(Nxo/Nge),
gives the ratio of number of X atoms over H atoms in the medium. Ax and Ay are the atomic weights
of X and H respectively. The obtained mass fraction of element X with respect to H is then multiplied
by the yp, the H mass fraction adopted as 0.735, which gives the ratio of X mass over the total mass.
Mgas(R) is the total mass in the enclosed volume, consequently, their product gives the mass of element
X. Finally, the calculated hot-gas phase metals in the centre of M89 are presented in Table 3.3.

Stellar wind contribution to the hot gas

The stellar mass loss rate in an elliptical galaxy with a Salpeter initial mass function (Salpeter, 1955) in a
given time ¢, can be approximated according to (Ciotti et al., 1991) as following:

M. (1) =1.5x 10"V Lt/ ey~ (3.6)

where Lp is the present B band luminosity and ¢ is the Hubble time. From Ellis and O’Sullivan (2006),
we adopt the L = 1.95 x 10'°L,, for M89. As for determining the time interval for the integral, we in-
vestigate the star formation of the galaxy. Using MegaCam observations, Boselli, A. et al. (2022) showed
that the Ha[NII] distribution in M89 mostly comes from the diffuse filamentary structures rather than
any apparent star-forming region. Moreover, HST observations of the galaxy do not show significant
Ha[NII] emission (Temi et al., 2022). Therefore, similar to other elliptical galaxies, we assume that the
galaxy experienced a short and brief star formation peak around z = 3 (Thomas et al., 2010). As a result,
we integrate the mass-loss equation from z = 3 to z = 0 (¢ = t5), and find a total mass of 10.6 x 10% M.
Notice that this approximation is very rough and should be taken as an order-of-magnitude estimation
for further analysis.

For the next step, we take the average ranges of stellar abundances in M89 from Lonoce et al. (2021)
and calculate the individual metal masses. Using Equation 3.5, the ejected masses via stellar wind are
found to be (1.2 —1.6) x 107 My, for Fe, (1.1 —1.7) x 10’ M, for Mg and (1.6 —2.1) x 107 M, for O.
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Figure 3.11: Illustration of the proposed chemical enrichment scenario of M89. The colour shade
changes in the illustrative sketch are arbitrary and present density changes in a simplified approach,
where the lighter outskirts have high entropy and darker inner regions have low entropy. The initial size
of the hot atmosphere is again arbitrary, while the dashed circle corresponds to the Core region. (a.)
Continuous inflows and outflows occur between the M89 and the intergalactic medium. The X-ray gas
in both mediums has Solar abundance ratios. (b.) Once the galaxy falls into the Virgo cluster, because of
the ram pressure and AGN activity, its original atmosphere begins to be stripped. Due to the accretion
cut-off, the galaxy is not able to accrete new gas from the surrounding ICM. (c.) As the inflow of gas is
prevented and the stellar content of the galaxy ejects fresh gas with super-Solar abundance ratios via the
stellar winds, the super-Solar gas becomes dominant.

Note that the above calculations are rough predictions for order of magnitude comparison between
the observed and theoretically ejected metal masses. Nonetheless, we find 1-2 orders of magnitude more
mass is ejected through stellar winds compared to the total observed mass of O, Mg and Fe. Therefore
it is possible to say that the hot gas with super-Solar ratios could originate from the super-Solar stellar
content present in M89.

In this scenario, gas outflows and inflows existed simultaneously before the infall (see (a.) in Figure
3.11). After the infall, the original Solar gas content of M89 begins to be depleted because of the ram-
pressure stripping and AGN-induced outflows. Furthermore, during the infall, accretion of the Solar gas
from surroundings is restrained (see (b.) in Figure 3.11). The stars in M89, which have a higher a/Fe
ratio than the average elliptical galaxies, eject hot gas into the galaxy via stellar winds. As a result, we
argue that the freshly ejected gas is mixed with the remaining original atmosphere and creates a new
generation of hot gas with super-Solar abundance ratios (see (c.) in Figure 3.11).

We note that Mernier et al. (2022) showed that the metal mass produced and ejected through stars
in NGC 1404 also exceeds the observed mass: ~20 and ~40 times more mass is produced for Fe and Mg,
respectively. Interestingly, the hot atmosphere of NGC 1404 is found to be Solar by that study. Therefore,
any metal excess caused by stellar winds does not necessarily indicate a super-Solar composition in an X-
ray gas. By studying the differences between two ram-pressure stripped galaxies NGC 1404 (which does
not harbour an active nucleus) and M89 (which harbours a prominent AGN with bubbles and shocks), we
can attempt to derive constraints on the chemical enrichment and the origin of galactic atmospheres. We
can address questions such as: (i) is a stellar-like chemical composition in a hot gas a universal feature
in galaxies with an accretion cut-off? (ii) Why does NGC 1404 have Solar ratios while M89 has super-
Solar ratios? More generally, (iii) is it enough to experience an accretion cut-off to have a stellar-like
atmosphere, or is it necessary to undergo a significant loss of original gas? We conclude that, in M89,
AGN-induced outflows could have facilitated the stripping of the original galactic atmosphere, which has
been replaced with fresh stellar mass loss material with super-Solar a/Fe abundance ratios, producing
the observed difference between M89 and NGC 1404.
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Moreover, the metal budget in the ICM gas is measured to be 2 to 10 times larger than what their stars
could have produced (e.g. Renzini and Andreon, 2014). Similar to the Mernier et al. (2022), we observe
an ‘inverse metal conundrum’ in M89 where the metals in the hot gas are 1 — 2 orders of magnitude less
than the stars could have ejected. The two conundra might be comparable. It is possible that the excess
metals that are ejected by the stars of elliptical galaxies are mixed with the ICM during the enrichment.

3.6 Conclusions

In this paper, we investigated the chemical composition of the infalling elliptical galaxy M89 (NGC 4552),
which hosts X-ray cavities and a prominent shock front due to radio mechanical AGN activity. During its
voyage into the Virgo cluster, the hot galaxy atmosphere experiences ram-pressure stripping caused by
the interaction with the intracluster medium. Due to the stripping, M89 hosts a bright X-ray tail.

Using XMM-Newton and Chandra archival observations, we investigated the chemical composition
in the core and the tail of the galaxy. With particular attention to the modelling, we derived O/Fe, Ne/Fe,
Mg/Fe, Si/Fe and S/Fe ratios from EPIC MOS, EPIC pn, RGS and ACIS-S. Our results can be summarised
as follows.

* Our measurements suggest a super-Solar abundance ratios (i.e. a/Fe > 1) in the core. Such a gas
content is chemically closer to the stellar population of the galaxy (Lonoce et al., 2021) rather than
the rest of the gaseous content in the universe, which is closer to our Solar system (i.e. a/Fe ~
1). In the tail, the results are comparable with the core, however, it is less certain due to large
uncertainties.

* We report a fitting bias in the XMM-Newton/RGS data. In low-temperature plasma, the O/Fe ratio
changes significantly (> 10) between different multi-temperature models. Because of the bias, we
were unable to robustly constrain the SNcc contribution fraction as there is a systematic change in
the SNcc ratios. Nevertheless, we found that the SNcc contribution to the hot atmosphere of M89
is greater than 70% for all multi-temperature models and instruments.

e We argue that the potential super-Solar abundance ratios might be produced mainly by the stellar
population of the galaxy via stellar winds after the infall. During the infall, the low-density Solar gas
is stripped from the edges of the tail. Moreover, because of the motion of the galaxy, the continual
infall of gas with Solar abundance ratios from the surrounding ICM is stopped. Therefore, a new
generation of hot atmosphere with super-Solar abundance ratios might be produced due to the
stellar mass loss products in M89.

* In order to test the stellar contribution to the observed chemical composition, we calculated the
mass of the observed hot gas metals and compared them to the metal content that stellar winds
possibly eject since z = 3. We showed that the stellar winds alone could possibly produce ~ 2
orders of magnitude more metal mass than the metal budget of the hot gas in M89.

* In the AGN activity analysis, we showed that the AGN-induced nuclear outburst energy is ~ 2.14 x
10% erg; while the gravitational binding energy is ~ 3.97 x 10% erg. We conclude that the compa-
rable energies suggest that AGN significantly facilitates the stripping of the original galaxy atmo-
sphere.

* We state that the chemical enrichment history of galaxies is still a matter of debate. Based on
our results, we argue a possible scenario that would explain the potential super-Solar abundance
ratios. However, this scenario does not explain such a composition universally. For instance, an
atmosphere of similar infalling galaxy NGC 1404 exhibits Solar abundance ratios. We show that in
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M89 the AGN activity might facilitate ram-pressure stripping, possibly clarifying the differences
between the two galaxies.

This work shows the importance of studying low-mass systems in various dynamical states to im-
prove our understanding of the chemical enrichment of the universe. Due to the relatively short expo-
sure time of XMM-Newton, we were unable to investigate the spatial distribution of metals. In order to
fully understand the metal mixing between the X-ray tail and the Virgo ICM, as well as the AGN-induced
metal distribution in the galaxy core, a deeper observation by XMM-Newton is required. Future mis-
sions with higher spectral resolution, such as XRISM and Athena, will help us to significantly improve
the systematic uncertainties in the measurements of the abundances of SN¢c products such as O, Ne,
and Mg.
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Abstract: We revisit archival Chandra ACIS-S and XMM-Newton EPIC observations of the Centaurus
cluster to study the Fe abundance profile in its cool core and to compare deprojected CCD results with
recent XRISM Resolve measurements. We model the spectra with deprojected thermal plasma mod-
els, examine the eastern and western sectors separately, and test whether the hot and cool phases can
have different Fe abundances. A strong off-centre Fe peak at r = 14-19 kpc is recovered robustly in both
Chandra and XMM-Newton data and on both sides of the core, reaching about 3 Z,. When the core is de-
scribed with a deprojected two-temperature model and current atomic data, the central Fe abundance
increases to values broadly consistent with XRISM, showing that much of the classical deep central dip
is caused by unresolved multi-phase structure. However, a residual decline from the Fe peak toward the
innermost few kpc remains. The sector-resolved profiles show that the metal distribution is asymmetric:
the eastern side has a broader metal-rich region and a stronger cool component, whereas the western
profile begins to rise at larger radii. Allowing the hot and cool phases to have different Fe abundances
yields a metal-rich hot phase in the centre, Zpe hot = 1.6-1.7 Zo, and a much lower-abundance cool phase,
Zge,cold = 0.52+0.06 Z,. These results suggest that the remaining central Fe drop is produced by a combi-
nation of a true decrease in the hot-phase abundance toward the centre and residual fitting biases, with
contributions of resonance scattering and possibly dust depletion.

Keywords: galaxies: abundances - galaxies: clusters: intracluster medium - X-rays: galaxies - galaxies:
active - galaxies: individual (NGC4696)

Publication in preparation — will be submitted to Monthly Notices of Royal Astronomical Society (MN-
RAS) in the following months. The publication will likely be expanded with estimates of the effect of
resonance scattering on measured metallicity profiles.
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4.1 Introduction

Early X-ray observations of galaxy clusters provided the first evidence that the intracluster medium (ICM)
is enriched with heavy elements. The initial detections were limited to the iron K-shell emission line, ob-
served in cluster spectra obtained with proportional counters, which demonstrated the presence of Fe
in the hot plasma (Mitchell et al., 1976; Serlemitsos et al., 1977). Using a sample of nearby clusters,
Mushotzky et al. (1978) showed that the ICM is significantly enriched, with typical iron abundances
of about 0.3 — 0.5 times the Solar metallicity. Subsequent observations with the Einstein Observatory
led to the detection of emission lines from additional elements, including O, Mg, Si, and S (Canizares
et al., 1979; Mushotzky et al., 1981; Lea et al., 1982), establishing that the ICM contains a broader range
of metals synthesised by stellar and supernova activity. X-ray observations extending to high redshift
showed that the mean metal abundance of the ICM exhibits little to no evolution with redshift, indicat-
ing that most of the enrichment must have taken place at early epochs (Mushotzky and Loewenstein,
1997; Finoguenov et al., 2000). This early enrichment scenario is further supported by studies of clus-
ter outskirts, which indicate that metals are widely distributed throughout the ICM, with metallicities of
0.2 - 0.3 Solar observed out to the virial radius (Fujita et al., 2008; Urban et al., 2017).

Spatially resolved X-ray studies of cluster cores revealed a pronounced increase in metallicity toward
the centres of non-cool-core systems, where the metal abundance rises monotonically and reaches Solar
or even super-Solar values (Fukazawa et al., 1994; De Grandi and Molendi, 2001). Nonetheless, X-ray
observations at the turn of the millennium using detectors with high spatial resolution (Chandra and
XMM-Newton) revealed that, for nearby systems such as Abell 2199 (Johnstone et al., 2002), Centaurus
cluster (Sanders and Fabian, 2002), and Perseus cluster (Schmidt et al., 2002; Churazov et al., 2003), the
measured metallicity profiles drop back to sub-Solar values when the innermost tens of kpc are resolved.
This central abundance dip is not present in all systems, but has been later observed in a wide variety
of them, including giant elliptical galaxies (NGC 4636, Mernier et al., 2017), galaxy groups (NGC 5044
and NGC 5813, Mernier et al., 2017; HCG62, Rafferty et al., 2013), as well as other galaxy clusters (Abell
262 and Abell 1991, Panagoulia et al., 2015; Ophiuchus cluster, Million et al., 2010). Mernier et al. (2017)
have observed the abundance to drop in the centre for about 30 per cent of the studied sample of 44
nearby cool-core galaxy clusters, groups, and ellipticals, while Liu et al. (2019) have detected a central Fe
abundance dip for 10 out of 12 studied galaxy groups and clusters.

Several physical mechanisms have been proposed to explain the distribution of metals in the ICM
and also their deficiency in cluster cores. Heavy elements are believed to be introduced into the intr-
acluster medium through various channels: galactic winds from star-forming galaxies and supernovae,
ram pressure stripping of satellite galaxies as they move through the ICM (Schindler et al., 2005; Cui et al.,
2010), and AGN-driven outflows that can expel metal-enriched gas from the central galaxy (Sanders et al.,
2005; Simionescu et al., 2008, 2009). Once metals are present in the ICM, different processes may con-
tribute to their redistribution and to the observed central abundance depressions. AGN feedback can
redistribute metals within cluster cores through powerful jets and outflows, and deposit them at larger
distances from the cluster core, potentially creating regions of higher metallicity with respect to the cen-
tre and thus producing an observed central metallicity drop (Panagoulia et al., 2015; Liu et al., 2019).

Gravitational sedimentation and diffusion may physically separate heavy elements from lighter ones
over cosmic timescales, though these processes operate relatively slowly in dynamically active environ-
ments. Observations of central abundance peaks in cool-core clusters showed the necessity for long en-
richment times of = 5 Gyr to build up and maintain steep metal gradients, implying that neither major
mergers nor strong convective disruption by AGN bubbles have been frequent enough to fully mix these
metals (Bohringer et al., 2004). Additionally, helium sedimentation and thermal diffusion can also be
responsible for apparent abundance drops — enhanced helium abundance in cluster cores leads to over-
estimated continuum emission and artificially suppressed metal content estimates (Ettori and Fabian,
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2006). Increasing the assumed central helium abundance by 50% can eliminate the observed iron drop
in some systems (Mernier et al., 2017). However, recent models suggest that helium-related processes
may be less important and that AGN feedback is dominant in shaping abundance profiles, particularly
in galaxy groups where most iron drops occur (Panagoulia et al., 2015; Mernier et al., 2017).

Another physically motivated explanation is dust depletion, whereby a fraction of heavy elements
condense into dust grains and are removed from the X-ray-emitting phase. In this scenario, reactive el-
ements such as Fe, Si, S, Mg, and Ca are preferentially depleted, while noble elements remain in the gas
phase, potentially producing element-dependent central abundance drops. Dust-bearing cold filaments
and clouds are commonly observed in cool-core cluster centres, often co-spatial with Ha emission and
infrared dust lanes, suggesting that metals released by the central galaxy can be temporarily hidden from
X-ray view before being redistributed by AGN activity (Panagoulia et al., 2015; Sanders et al., 2016). Fur-
thermore, the presence of cold, dusty gas in cluster cores can lead to intrinsic soft X-ray absorption,
suppressing metal line emission and biasing abundance measurements if not properly accounted for.
Such absorption has been inferred in several cool-core systems (Fabian et al., 2022, 2024).

Observational and systematic effects also play a significant role in the apparent abundance drops.
Projection effects, arising from the superposition of gas with different thermodynamic properties along
the line of sight, can bias both the inferred temperatures and metallicities (Sanders and Fabian, 2007).
Employing techniques that account for projection effects either using direct spectral deprojection or
via spectral modelling, such as dsdeproj (Sanders and Fabian, 2007) or projct (Xspec; Arnaud, 1996)
respectively, are therefore crucial for spatially resolved abundance studies and especially important for
systems with pronounced temperature gradients such as cool-core clusters. In addition, spectral fitting
can be affected by the so-called ‘Fe bias’, a systematic underestimation of the iron abundance that occurs
when an intrinsically multi-temperature plasma emission is modelled with an overly simplified single-
temperature model (Buote, 2000; Werner et al., 2008). It has been demonstrated that this effect can lower
the Fe abundance estimates on average by a factor of 1.5-2 (Buote, 2000; Su and Irwin, 2013).

Additionally, the effect of resonance scattering can suppress the observed flux of the strongest (op-
tically thick) resonance lines in dense cluster cores by scattering line photons out of the line of sight; if
not accounted for in spectral modelling, this effect can lower the inferred metal abundances (Gilfanov
etal., 1987). The magnitude of the effect depends on the line optical depth and on the velocity broaden-
ing (turbulence), and it has been widely explored both as a diagnostic of gas motions and as a potential
systematic in core metallicity measurements (Churazov et al., 2004; Werner et al., 2009; Ogorzalek et al.,
2017). Recently, Stofanova et al. (2025) introduced and applied the SPEX clus model (Kaastra et al.,
2024), demonstrating that a combination of multi-temperature plasma structure and resonance scatter-
ing can, in some cases, reproduce an apparent central Fe abundance drop in less massive and cooler
systems (for example, the giant elliptical galaxy NGC 4636). They also concluded that these effects alone
are generally insufficient to explain the abundance drops reported in more massive clusters, and that
projection can additionally bias the best-fit temperature profiles in such objects.

4.1.1 Centaurus cluster

The Centaurus cluster (Abell 3526 or NGC 4696) represents an extreme case of metal enrichment and
abundance morphology across known galaxy clusters. Previous X-ray studies revealed a steeply peaked
metallicity profile, with Fe abundances rising to highly super-Solar values of Z ~ 2 Z; at radii of ~ 15 kpc,
followed by a pronounced drop to sub-Solar levels (~ 0.5 Z;) within the central < 5 kpc (Sanders and
Fabian, 2002). The amplitude of this drop is significantly larger than observed in most other cool-core
systems, largely because the metallicity at intermediate radii is exceptionally high. Subsequent studies
confirmed that this central decrease is not limited to iron but is also present in other elements such as
Si, S, Ca, and Mg, while noble elements like Ar show a much weaker central decline (Lakhchaura et al.,
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western cold front

a'cold front

Figure 4.1: False-colour Chandra image of the Centaurus cluster with marked position of the western
and eastern cold fronts, the plume, and the central X-ray cavities. Visualised are also the eastern (E)
and western (W) semicircles corresponding to the innermost 7 of the radial bins used for side-resolved
spectral extraction.

2019a). This element-dependent behaviour has been interpreted as evidence for metal depletion onto
dust grains in the densest central regions.

It has also been demonstrated that part of the apparent central abundance drop in Centaurus arises
from spectral modelling biases. In particular, Sanders et al. (2016) and Lakhchaura et al. (2019a) showed
that the presence of multi-phase gas in the core leads to a significant Fe bias when fitting with single-
temperature models. When two-temperature or more complex multi-temperature models are adopted,
the inferred central Fe abundance increases substantially, reaching values of about 1 Solar within the
inner ~ 5 kpc. While a residual drop may still be present, its magnitude is considerably reduced com-
pared to single-temperature deprojected profiles, highlighting the importance of properly accounting
for thermal structure in the cluster core.

Recent observations with the XRISM Resolve instrument have provided an independent and high-
resolution view of the metal content in the core of the Centaurus cluster. Using Resolve spectra in the
1.7-10 keV band and modelling the central region with a two-temperature plasma, Xrism Collaboration
(2025) measured a super-Solar Fe abundance of (Zp. = 1.6 Z5), significantly higher than previous esti-
mates based on broadband Chandra or XMM-Newton analyses. A complementary reanalysis of Chan-
dra data in the same work demonstrated that the low central Fe abundance (~ 0.5 Z5) is recovered only
when fitting the full 0.5 — 7 keV band with single-temperature model, whereas restricting the fit to the
hard band (1.7 — 7 keV) yields a much higher central abundance, consistent with the XRISM results.

Beyond iron, XRISM has enabled precise measurements of abundance ratios for a wide range of el-
ements in the Centaurus core. Using Resolve data, Mernier et al. (2025) measured Si/Fe, S/Fe, Ar/Fe,
Ca/Fe, Ni/Fe and other ratios, finding that the majority are consistent with Solar values within uncer-
tainties. Similar conclusions are reached by Fukushima et al. (in prep.), who report that the spatial
distributions of Si, S, Ar, Ca, Fe, and Ni broadly track each other and show no strong differential trends in
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the hot ICM. These results indicate that, at least for the volume-filling hot phase, the chemical compo-
sition of the Centaurus core is close to Solar, with no strong evidence for element-selective depletion in
the gas phase itself.

The Centaurus cluster also hosts multiple generations of AGN-driven X-ray cavities, indicative of
repeated feedback episodes. Sanders et al. (2016) identified up to three distinct generations of cavities in
deep Chandradata within the central 10 kpc, a picture that has been reinforced by recent XRISM analyses
(Xrism Collaboration, 2025) who used an image segmentation tool CADET (Plsek et al., 2024) to detect
the cavities in broad-band Chandra images. Despite this prolonged AGN activity, XRISM measurements
reveal only modest levels of turbulence in the core, with velocity dispersions of order ~ 100 — 120 km
s~L. Such low turbulence implies that resonant scattering effects may not be substantially suppressed.
Indeed, modelling by Kondo et al. in prep shows that for turbulence levels of ~ 100 km s~!, the optical
depth of the Fe XXV Hea line reaches 7 ~ 0.7 within ~ 10 kpc, leading to a suppression of the line flux by
~ 20%. Resonant scattering may therefore contribute, alongside multi-temperature structure and dust
depletion, to the apparent central abundance drops inferred from CCD-resolution spectra.

This paper is organised as follows. In Section 4.2, we explain the data reduction and spectral ex-
traction process for both Chandra and XMM-Newton data. Section 4.3 describes the spectral modelling
with emphasis on the deprojection approach. In Section 4.4, we show the obtained temperature and
Iron metallicity radial profiles. In the Discussion section, we compare the central abundances from in-
dividual methods and detectors as well as discuss the effects of fitting biases on the measured central
metallicity.

4.2 Data processing

4.2.1 Chandra X-ray Observatory

For this study of abundance morphology in the Centaurus cluster’s ICM, we have revisited 13 archival
non-grating Chandra observations with the ACIS-S3 chip aimed at the central galaxy NGC 4696, with a
total cleaned exposure time of 709.1 ks. All Chandra observations were processed using the latest CIAO
4.18 pipeline (Fruscione et al., 2006) and current calibration files (CalDB 4.12.3). The point sources were
detected using the wavdetect script and omitted from further analysis. The background light curves
were extracted in the 0.5-7.0keV band and used to deflare the observations using the deflare routine.
Blank-sky background event files were obtained using the blanksky script.

For the spatially resolved deprojected spectral analysis, we produced spectra from 13 concentric an-
nuli centred at the X-ray surface brightness peak, with the outermost annulus of 500 arcsec (= 91.5 kpc).
To match the extent of the ACIS-S chip, spectra for annuli 10,11,12, and 13 were extracted from circular
sectors with widths of 120°, 90°, 70°, and 60° on each side' and varying rotational angle to match the
roll angle of each observation. All spectra were extracted using the specextract command and binned
using ftgrouppha (Kaastra and Bleeker, 2016) to at least one count per bin to allow the use of cstat
statistics (Cash, 1979). Background spectra were extracted from blanksky background files and, during
spectral modelling, treated using the wstat statistics (modified cstat).

To also compare the abundance profiles in various directions, the spectra were further extracted from
semicircles in the eastern (100° —280°) and western (280° — 100°) directions (see Figure 4.1), correspond-
ing to the eastern and western cold fronts. Furthermore, as can be seen on the false-colour Chandra
image (Figure 4.1), the contribution of the cold-phase gas is presumably higher in the eastern direction
due to the presence of a red-ish plume substructure, which was further motivation for also splitting the
spectra-extraction annuli into two semi-circles.

ICorresponding angular sizes for these partial annuli were written into spectral headers as angleNI and angleNu keywords
for projct and XFLT0004 and XFLT0005 keywords for the dsdeproj deprojection tools.
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4.2.2 XMM-Newton

To assess the reliability of the radial trends derived from the Chandra data, we also analysed XMM-
Newton observations of the Centaurus cluster. We restricted the analysis to ObsID 0406200101 (124 ks),
which provides the longest exposure with NGC 4696 at the aim point. Spectra were extracted from the
EPIC MOS1, MOS2, and pn detectors in the same annuli as adopted for the Chandra analysis, enabling
a direct comparison between the two data sets.

The EPIC event files were processed following the standard SAS reduction procedure, including the
filtering of intervals affected by soft-proton flares. For the spectral analysis, single to quadruple events
were retained for MOS and single-pixel events for pn, and response files were generated for each detector
and extraction region. Background spectra were extracted from blank-sky files using detector regions
identical to the source annuli. The resulting spectra were used to derive deprojected radial profiles and
to verify the consistency of the results obtained from the Chandra data.

4.3 Spectral modelling

The spectra from each annulus were fitted with the single-temperature vapec model or two-temperature
vapec model. To account for projection effects, especially strong in Centaurus cluster due to the tem-
perature gradient, we have performed a deprojection by fitting spectra from individual annulli simulta-
neously using the projct mixing model component. For comparison, we have also performed a direct
spectral deprojection using the dsdeproj tool (Sanders and Fabian, 2007; Russell et al., 2008). In addi-
tion to the thermal emission, we have included a powerlaw model component with a photon index of 1.9
(Gilli et al., 2007) to describe the emission of the central AGN in the innermost annulus, and with a pho-
ton index of I' = 1.56 (Irwin et al., 2003) in outer annuli to account for unresolved point sources from the
host galaxy (LMXBs, CVs, CABs). We note, however, that the powerlaw component was only significant
for five innermost annuli up to the radius of = 20 kpc and excluding this component completely only
had a minor effect on the obtained abundance profiles. The Galactic absorption was modelled using the
phabs component assuming the bemc cross-section (Balucinska-Church and McCammon, 1992).

In the case of a two-temperature model, the model expression for each annulus was defined as fol-
lows:

projct (phabs (vapecpot) ) +phabs (vapecc,1q + powerlaw)

We note that only one of the thermal components (vapecy,t) was multiplied by the projct model com-
ponent, assuming that only the hot component is volume-filling and should thus be deprojected. The
cold thermal component (vapecco14) Was included to correspond to the cold plasma of the plume-like
feature (Figure 4.1), which has a complicated non-symmetric structure, is only dominant in the centre
of the system, and the temperature of which is assumed to be rather constant (= 0.8 keV).

The temperatures and Fe abundances of individual annuli were allowed to vary. However, in order to
constrain these parameters with a relative uncertainty smaller than 25 per cent, for some of the neigh-
bouring annuli, we tied together the temperatures and abundances for two or more neighbouring annuli
(e.g. in annuli 1 and 2, the temperatures were allowed to vary, but abundances in both annuli were tied
together). Emission lines of the following elements Ne, Mg, Si, S, Ar, and Ca were identified and were
untied from that of Fe, but remained tied across neighbouring annuli in the same manner as Fe.

Spectral fitting of Chandra data was performed in the energy range of 0.7-7.0 keV. For comparison
with XRISM estimates, we have also performed single-temperature fits only in the hard X-ray band
matching the lower energy limit of XRISM Resolve detector (1.7 — 7.0 keV). For XMM-Newton data, we
have used the energy range of 0.5-7.0 keV for EPIC MOS spectra and 0.7-7.0 keV for MOS pn spectra,
respectively.
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During the fitting, the redshift was fixed to z = 0.0104, and the galactic hydrogen column of both
phabs components was fixed to the value of Ny = 1.22 x 102! cm™2 (Willingale et al., 2013). The spectral
modelling was performed using PyXspec 2.1.4 package (Xspec 12.14.1; Arnaud, 1996). We assumed the
standard flat ACDM cosmology, with Hy = 70 km s™! Mpc™!, qo =0, Qp = 0.73. All the abundances
are expressed with respect to proto-Solar values reported by Lodders et al. (2009). The uncertainties
are expressed in the 1o credible interval and were estimated from posterior distributions obtained from
MCMC simulations using the Goodman-Weare algorithm (Goodman and Weare, 2010) with 28 walkers
and a length of ~ 10 steps. In order to compare the spectral fits obtained with the latest atomic database
(AtomDB 3.1.3) to previous versions and also another spectral fitting package (SPEX, Kaastra et al., 2022),
we have performed the spectral fitting also using AtomDB v3.0.9 and SPEXACT atomic database v3.08.01
(Kaastra et al., 2024).

4.4 Results

We first compare the deprojected Chandra profiles obtained with three different spectral descriptions of
the core: a single-temperature fit and a two-temperature fit in the 0.7-7.0 keV energy band, and a single-
temperature fit in the hard 1.7-7.0 keV band, matching the lower energy limit of XRISM/Resolve. The
resulting temperature and Fe abundance profiles are shown in Figure 4.2, together with the projected
XRISM Resolve measurements (Xrism Collaboration, 2025).

The upper panel of Figure 4.2 shows that all three approaches recover the same overall temperature
structure. The temperature rises from about 1 keV in the central few kpc to nearly 4 keV in the outermost
annulus. The main differences are limited to the central region. The broad-band and hard-band single-
temperature fits provide very similar temperature profiles, while the two-temperature model resolves a
separate cool phase (= 0.8 keV) in the innermost two radial bins, in addition to the hotter volume-filling
component (= 1.4-1.6 keV).

The Fe profiles in the lower panel show the same general radial trend for all three models: the abun-
dance rises inward from sub-Solar values at large radii, reaches a strong maximum of about 3 Z; at
r = 10-20 kpc, and then decreases again toward the centre, with the hard-band fit having the Fe peak
slightly shifted closer to the centre. The largest difference, however, is in the depth of the central drop.
The broad-band single-temperature fit gives the strongest drop, with the innermost Fe abundance falling
to about 0.6 Z,. While the hard-band single-temperature fit gives higher central values, around 2.2 Z,,
the two-temperature fit raises the central abundance to about 1.7 Zs, which is in much better agreement
with XRISM (Xrism Collaboration, 2025).

4.4.1 Comparison to XMM-Newton

To test whether the Fe profile derived from the Chandra ACIS-S data could be affected by instrument-
specific systematics, we repeated the same two-temperature deprojected analysis using XMM-Newton
EPIC data. The fitting setup was kept as similar as possible to the Chandra case, including the energy
band and the tying of temperatures and abundances across neighbouring annuli. We used all three EPIC
detectors, MOS1, MOS2, and pn. Since the MOS1 and MOS2 profiles were consistent within uncertain-
ties, they were combined into a single MOS profile shown in Figure 4.3.

The XMM-Newton data recover the same main Fe abundance pattern as the Chandra ACIS-S data.
In all instruments, the Fe abundance is already elevated in the central bins, rises to a clear maximum of
about 3 Z; in the fifth annulus (~ 14-19 kpc), and then declines again toward larger radii. The central Fe
abundances are also broadly comparable within uncertainties, although the EPIC pn values are slightly
lower than those from Chandra ACIS-S and EPIC MOS. At intermediate radii, the EPIC MOS profile re-
mains somewhat higher and broader, while pn is generally lower than MOS. Despite these small offsets,
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Figure 4.2: Temperature (upper) and iron (Fe) abundance (lower) deprojected radial profiles obtained
from Chandra data using a single-temperature vapec model fitted in the broad 0.7-7.0 keV band, a
single-temperature model fitted in the hard 1.7-7.0 keV band, and a two-temperature vapec model fit-
ted in the broad band. Grey shaded regions show the projected XRISM Resolve measurements (Xrism
Collaboration, 2025). Vertical dashed lines mark the positions of the eastern and western cold fronts. In
the two-temperature fit, the low-temperature points in the innermost bins correspond to the cold phase.
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Figure 4.3: Comparison of deprojected Fe abundance profiles obtained with the two-temperature model
from Chandra ACIS-S and XMM-Newton EPIC MOS and pn data. Grey shaded regions show the projected
XRISM Resolve measurements (Xrism Collaboration, 2025).

the overall agreement is good and supports the view that the strong Fe peak at 14-19 kpc is not specific
to the Chandra data.

We also compared the radial profiles of the other fitted elements, namely Mg, Si, S, Ar, and Ca, shown
in Figure A.4.3. The Si and S profiles are broadly consistent between Chandra and XMM-Newton, while
Ar and Ca have large uncertainties but remain compatible within those errors. The clearest differences
are seen for Mg, where the XMM-Newton profiles do not show such a pronounced peak at 14-19 kpc as
the Chandra data.

The central spectra from the individual instruments, shown in Figure A.4.1, indicate that the temper-
atures of the hot and cold components and their relative normalisations are comparable across Chan-
dra, EPIC MOS, and EPIC pn. The main difference is that the powerlaw component in the EPIC pn fit
is weaker than in Chandra and MOS. However, removing the powerlaw component has little effect on
the derived central Fe abundance and, when it does affect the fit, it increases the central Fe value. We
therefore suggest that the lower pn abundances are unlikely to be caused mainly by the treatment of the
hard continuum.

4.4.2 Eastern vs Western front

Because the core of the Centaurus cluster is clearly asymmetric, we also extracted spectra separately
from the eastern and western semicircles shown in Figure 4.1. Both sides were fitted with the same two-
temperature model. The resulting Fe abundance profiles are shown in Figure 4.4.

Both sides exhibit behaviour similar to the azimuthally averaged profile. In both directions, the Fe
abundance rises from lower values at large radii to a pronounced peak at r = 14-19 kpc, and then de-
creases again toward the centre. The peak value is very similar on both sides, reaching about 2.8-2.9 7,
while the azimuthally averaged profile is slightly higher in the same radial bin.
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Figure 4.4: Comparison of deprojected Fe abundance profiles obtained from azimuthally averaged
Chandra data and from the eastern and western semicircles, all fitted with the two-temperature model.
Grey shaded regions show the projected XRISM Resolve measurements (Xrism Collaboration, 2025).

The main difference is in the shape of the profile around the peak. On the eastern side, the high-
abundance region is broader and remains elevated out to nearly 30 kpc, with Fe still around 2.5-2.6 Z,
in the bins just outside the peak. On the western side, the profile declines more rapidly outside the peak
and falls to about 1.7 Z; by ~ 20 kpc. In the centre, the eastern profile is also somewhat higher than the
western one, although the uncertainties nearly overlap. The azimuthally averaged profile lies between
the two sector profiles at nearly all radii.

The two sides also differ in the need for the cool component. On the eastern side, where the plume-
like soft structure is present, the cool thermal component can be constrained in the inner two annuli.
On the western side, it can only be constrained in the innermost annulus.

4.5 Discussion

Using a deprojected two-temperature model with updated atomic data (AtomDB 3.1.3), we find cen-
tral Fe abundances that are broadly consistent, within uncertainties, with the projected XRISM Resolve
measurements. Compared with earlier CCD studies, this likely reflects a combination of factors rather
than a single change: a better description of the multi-phase gas, the updated atomic data, and the use
of a projct-based deprojection. The somewhat finer radial sampling of the inner region may also help
to follow the central temperature structure more closely. In this sense, the present results support the
idea that a substantial part of the very deep central dip reported in earlier analyses was related to the
difficulty of modelling the complex core with CCD spectra (Sanders et al., 2016; Lakhchaura et al., 2019a;
Xrism Collaboration, 2025).

At the same time, the abundance drop is not removed completely. In the azimuthally averaged two-
temperature profile, the Fe abundance still decreases from the strong peak at r = 14-19 kpc toward the
innermost few kpc. The same general behaviour is also seen in the eastern and western sector profiles,
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although the detailed radial shape differs between the two sides. After reducing the Fe bias, a smaller
residual central drop therefore remains.

The present results shift the emphasis from whether the whole drop can be produced by overly sim-
ple spectral modelling to how much of the remaining decrease in Fe abundance between the off-centre
peak and the cluster centre is physical and how much is due to residual modelling uncertainties. In this
respect, our results are broadly consistent with earlier work showing that multi-temperature modelling
weakens the drop substantially, even if it does not remove it completely (Sanders et al., 2016; Lakhchaura
etal., 2019a).

4.5.1 Possible origin of the central Fe drop

The location of the Fe peak is particularly suggestive because it lies inside the region where several gen-
erations of X-ray cavities have been reported, consistent with AGN-driven uplift playing an important
role in shaping the metal distribution in the inner core (Sanders et al., 2016; Xrism Collaboration, 2025).
In such a picture, part of the enriched gas released by the central galaxy may have been displaced from
the nucleus to radii of order 10-20 kpc, producing the observed off-centre maximum.

The east-west differences further suggest that this redistribution is not spherically symmetric. On
the western side, the Fe abundance begins to rise somewhat farther out, whereas on the eastern side, the
metal-rich region remains broader inside ~ 30 kpc and is accompanied by a stronger cool component.
This pattern is consistent with gas sloshing helping to redistribute centrally enriched gas outward, which
may contribute to the eastern profile remaining at higher Fe abundance out to larger radii. In this view,
the observed behaviour also fits the known asymmetry of the Centaurus core, where the plume, the cold
fronts, and repeated AGN activity all affect the thermodynamic structure (Sanders et al., 2016).

Dust depletion may also contribute to this intrinsic central decrease. The core of NGC 4696 contains
dusty optical filaments, and previous element-by-element studies of Centaurus have shown that reactive
elements such as Fe, Si, and S exhibit stronger central drops than noble elements (Panagoulia et al., 2015;
Lakhchaura et al., 2019a). In that case, a fraction of the metals would be temporarily removed from the
X-ray-emitting phase and incorporated into cold dust-bearing gas. The present analysis does not test
this directly, but the persistence of a residual drop after introducing a second thermal component is
consistent with such a contribution.

4.5.2 Residual fitting biases

The remaining central abundance estimates still depend noticeably on the adopted analysis choices and
on the data set. This is illustrated in Figure 4.5, which compares Fe profiles obtained using different de-
projection approaches, plasma codes, and atomic databases, together with the XMM-Newtorn MOS result
(for the corner plot showing confidence level of all parameters of the innermost bin, see Figure A.4.2).
All profiles exhibit the same broad behaviour: a pronounced Fe peak at 14-19 kpc and a central drop
to about half that value. However, the absolute Fe abundance in the innermost bins varies significantly,
especially between projct and dsdeproj, and to a lesser extent between AtomDB and SPEXACT (see
Figure 4.5).

One possible residual bias is resonance scattering. The turbulence measured by XRISM in the Cen-
taurus core is relatively low, so resonance scattering in the strongest Fe lines is not expected to be fully
suppressed by velocity broadening. If these lines are scattered out of the line of sight and this effect is not
included in the spectral model, the central Fe abundance can be biased low (Xrism Collaboration, 2025).
Resonance scattering could therefore deepen the apparent central drop and, at the same time, enhance
the contrast of the off-centre Fe peak.

However, resonance scattering is unlikely to account for the entire profile on its own. Earlier work
on Centaurus showed that the abundance drop persists even after accounting for projection effects and
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Figure 4.5: Comparison of deprojected Fe abundance profiles illustrating the sensitivity of the innermost
metallicity measurements to the adopted analysis method and plasma code. Shown are Chandra ACIS-
S two-temperature profiles obtained with projct and dsdeproj using AtomDB v3.1.3, AtomDB v3.0.9,
and SPEXACT v3.08.01, together with the XMM-Newton EPIC MOS projct profile based on AtomDB
v3.1.3. While all profiles recover the same strong off-centre Fe peak at ~ 14-19 kpc, the absolute Fe
abundance in the innermost bins varies significantly.

radiative transfer (Sanders and Fabian, 2006). More recent modelling also suggests that, although res-
onance scattering combined with multi-temperature structure can in some cases reproduce an appar-
ent abundance drop, this mechanism alone is generally insufficient in more massive clusters (Stofanova
et al., 2025). It is therefore more likely to act as a secondary effect superimposed on a genuine radial
abundance variation.

Additional uncertainty is introduced by the deprojection itself. The inner ~ 10-20 kpc of Centau-
rus are strongly asymmetric, and the cool plume is not a volume-filling, spherically distributed com-
ponent. In a projct-based fit, where all annuli are linked simultaneously, small mismatches in the as-
sumed geometry or in the projected emission from outer shells can propagate inward and accumulate in
the central bins. The sector-resolved profiles suggest the same: although the eastern and western two-
temperature profiles show the same overall behaviour, their innermost Fe abundances are not identical,
even if their uncertainties partly overlap. Part of this difference may be physical, but it also suggests that
residual systematic effects become increasingly important toward the centre. The exact Fe abundance
in the innermost bin should therefore be regarded as less secure than the existence and radial position
of the strong peak at 14-19 kpc.

By contrast, the treatment of the hard continuum appears to be less important. Varying or removing
the central powerlaw component has only a minor effect on the fitted central Fe abundance, and when
a difference is seen, it tends to increase the central Fe value rather than decrease it. The residual drop is
therefore unlikely to be driven mainly by contamination from the central AGN or unresolved hard point
sources.
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Figure 4.6: Comparison of deprojected Fe abundance profiles obtained from Chandra data using a
broad-band single-temperature model (shown for reference), a two-temperature model with the Fe
abundances tied between the hot and cool components, and a two-temperature model with the Fe abun-
dances allowed to vary independently. In the untied case, the low inner green point marked by the ar-
row corresponds to the cool component, whereas the remaining green points show the hot phase. Grey
shaded regions show the projected XRISM Resolve measurements (Xrism Collaboration, 2025). Vertical
dashed lines mark the positions of the eastern and western cold fronts.

4.5.3 The multi-metallicity picture

To examine whether the hot, volume-filling gas and the central cool phase can have different Fe abun-
dances, we repeated the broad-band two-temperature fit, allowing the Fe abundances of the two thermal
components to vary independently. The resulting profiles are shown in Figure 4.6. In the untied model,
the low inner green point marked by the arrow corresponds to the cool component, whereas the remain-
ing green points show the hot phase.

Outside the central region, the tied and untied two-temperature profiles are nearly identical. Both
recover the same strong Fe peak at r = 14-19 kpc and the same outward decline. The main difference
appears in the innermost bins. Once the two components are allowed to have different Fe abundances,
the hot phase remains close to the tied two-temperature result, with a central abundance of about 1.6
1.7 Z5. By contrast, the cool component has a much lower abundance, Zg, ¢o1g = 0.52+0.06 Z within the
inner ~ 6 kpc.

This result suggests that the very low central Fe abundance obtained from single-temperature broad-
band fits is strongly influenced by the cool X-ray-emitting phase and does not simply reflect the metal-
licity of the hot, volume-filling gas. The residual central drop is therefore unlikely to be explained solely
by mixing gas phases of different temperatures within the same spectral bin, since a smaller decline still
appears to remain in the hot component itself.

The low Fe abundance of the cool component should nevertheless be interpreted with caution. This
component is constrained only in the innermost bins, it is not deprojected, and it represents an asym-
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metric structure associated with the plume rather than a spherical shell. It would therefore be premature
to conclude that the coolest X-ray-emitting gas is intrinsically metal-poor. If the low abundance of the
cool component is physical, at least two possibilities remain open. The first is that this gas condensed
from material with lower metallicity than the gas at the radius of the Fe peak. The second is that part of
its metal content has already left the X-ray-emitting phase through further cooling and dust formation.
The present data do not allow these scenarios to be distinguished, but they both point to a more com-
plex chemical structure in the central few kpc than can be captured by a single abundance assigned to
the entire core.

4.6 Conclusions

We have revisited archival Chandra and XMM-Newton observations of the Centaurus cluster and com-
pared the resulting deprojected Fe abundance profiles with recent XRISM Resolve measurements. The
main conclusions can be summarised as follows.

» Using a deprojected two-temperature model together with updated atomic data and a projct-
based deprojection, the central Fe abundance increases to values broadly consistent, within un-
certainties, with the XRISM Resolve measurements. This suggests that a large part of the classical
deep central Fe dip in Centaurus was related to unresolved multi-temperature structure and to the
details of the spectral modelling.

* The most robust feature of the metallicity profile is the strong off-centre Fe peak at r = 14-19 kpc.
This peak is recovered in both Chandra and XMM-Newton data, is present on both the eastern and
western sides of the cluster, and appears less sensitive to modelling choices than the absolute Fe
abundance in the innermost bin.

» Even after reducing the Fe bias, a residual central Fe drop remains. Allowing the two thermal com-
ponents to have different Fe abundances suggests that the very low abundance obtained in single-
temperature broad-band fits is strongly influenced by the cool X-ray-emitting phase. At the same
time, a smaller drop appears to remain in the hot phase itself, so the remaining decline is likely to
reflect a combination of true abundance structure and residual modelling effects, with resonance
scattering and dust depletion both possible contributors.

Future spatially resolved micro-calorimeter observations, especially those covering the soft X-ray
band, will be needed to determine how much of the remaining central decline is due to true abundance
structure, how much is caused by resonance scattering and other residual biases, and whether the cool
and hot phases in the Centaurus core are genuinely chemically distinct.



Conclusions

In this thesis, I have examined hot X-ray-emitting atmospheres in massive early-type galaxies and galaxy
clusters from two connected perspectives: radio-mechanical AGN feedback and chemical enrichment.
The four papers combined X-ray spectroscopy, radio and X-ray imaging, and machine-learning methods
to address how hot atmospheres feed supermassive black holes, how the impact of jets can be measured,
and how feedback, stripping, and multiphase structure shape the observed metal distribution.

AGN feeding and radio-mechanical feedback

Paper I studied the relation between Bondi accretion power and mechanical jet power in nearby, X-ray-
bright early-type galaxies. The analysis showed that this relation becomes especially tight in galaxies with
thermally unstable atmospheres, as indicated by the presence of cool gas and by low values of f.q01/ #.
In these systems, the jet-to-Bondi power ratio is approximately constant, suggesting that once thermal
instability develops, the cooling atmosphere can feed the central black hole in a relatively regular way.
The same work also showed that jet power is strongly linked to black hole mass, indicating that the mass
of the central black hole is one of the main parameters setting the scale of radio-mechanical feedback.

These results strengthen the view that AGN feedback in massive early-type galaxies is not a purely
stochastic process, but is connected to the thermodynamic state of the surrounding hot gas. They also
suggest that thermally unstable atmospheres provide the conditions under which accretion and jet pro-
duction are most tightly coupled.

Measuring feedback through X-ray cavities

Paper II addressed an important methodological aspect of this problem. Since the mechanical power of
AGN jets is commonly inferred from X-ray cavities, the reliability of cavity measurements directly affects
the study of feedback. In this paper, the CAvity DEtection Tool (CADET) was developed as a machine-
learning pipeline for the detection and size estimation of X-ray cavities in hot atmospheres.

CADET was trained on realistic mock Chandra images and then tested on both simulated and real
observations. The pipeline recovered the large majority of previously known cavities and also revealed
several new cavity systems and candidates. This demonstrated that cavity detection can be made more
objective, reproducible, and scalable than in purely manual analyses. In the broader context of this
thesis, CADET provides a practical tool for extending cavity-based studies of AGN feedback to larger
samples and to lower-quality data, where eye identification becomes difficult.

Chemical enrichment in disturbed hot atmosphere of M89

Paper III investigated the chemical composition of the infalling elliptical galaxy M89, whose hot atmo-
sphere is affected by both AGN activity and ram-pressure stripping in the Virgo cluster. In contrast to
the approximately Solar abundance pattern commonly measured in clusters, the hot gas in M89 was
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found to have super-Solar abundance ratios with respect to iron, making it chemically closer to the stel-
lar population of the galaxy. This result showed that the chemical composition of hot atmospheres is not
necessarily universal, but can depend on the individual history of stripping, gas replacement, and stellar
mass loss.

The same paper also identified a fitting bias in low-temperature RGS spectra, where the measured
O/Fe ratio changes significantly with the adopted multi-temperature model. This result is important
because it shows that conclusions about enrichment channels and supernova contributions can depend
sensitively on how the thermal structure of the gas is modelled. In M89, the preferred interpretation was
that AGN activity helped ram-pressure stripping remove the original hot atmosphere, which was then
replaced by fresh stellar mass-loss material with super-Solar a/Fe abundance ratios.

Metallicity structure in the Centaurus cluster

Paper IVreturned to the question of abundance structure in the Centaurus cluster, one of the best known
examples of a cool-core system with a central Fe abundance drop. Using deprojected two-temperature
models and current atomic data, the analysis showed that the very low central Fe abundance obtained
from simpler broad-band CCD fits is largely caused by unresolved multi-temperature structure. Once
this effect is reduced, the central Fe abundance rises to values broadly consistent with recent XRISM
measurements.

At the same time, the central drop does not disappear completely. The strongest and most robust
feature of the Fe profile is a pronounced off-centre peak at roughly 14-19 kpc, which is recovered in both
Chandra and XMM-Newton data and is present on both the eastern and western sides of the core. A
weaker residual decline toward the centre remains. The sector-resolved analysis showed that the metal
distribution is asymmetric, and the fits allowing different abundances in the hot and cool phases indi-
cated that the very low central abundance from simpler broad-band analyses is driven mainly by the cool
component rather than by the hot volume-filling gas. The remaining drop therefore most likely reflects a
combination of true abundance structure and residual modelling biases, with resonance scattering and
possibly dust depletion being the most plausible additional effects.

Overall perspective

Taken together, the four papers show that hot atmospheres are multiphase and dynamically evolving
systems, shaped by cooling, heating, uplift, stripping, and mixing. AGN jets affect not only the thermal
state of the gas, but also its spatial distribution and the way its metal content is observed. Likewise, abun-
dance measurements do not reflect nucleosynthesis alone, but also depend on the thermal structure of
the plasma and on the assumptions used in spectral modelling.

The thesis therefore contributes in two related ways. On the physical side, it links the fueling of AGN
jets to the thermodynamic state of hot atmospheres and shows how AGN activity, stripping, and phase
structure influence the chemical composition of hot gas. On the methodological side, it develops and
applies tools needed for more reliable measurements, including systematic cavity detection and more
careful treatment of spectral fitting biases.



Appendix

This thesis is based on four publications, Annexes 1, 2, 3, and 4. The following pages of the Appendix
contain additional material that supports the results presented in these papers and provides additional
details for the reader. It includes radial profiles, images of radio lobes, corner plots with parameter dis-
tributions, supporting plots, tables of measured quantities, and tables listing the archival observations
used in these publications.
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A.1 The relation between accretion rate and jet power

A.1.1 Radial profiles
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Figure A.1.1: Azimuthally averaged radial profiles of electron number densities n.. The vertical dashed
lines represent the Bondi radius rgongi to which the electron number densities were extrapolated. For the
extrapolation, we used three different profiles: power-law model (orange), f-model (green) and sersic
profile with freed parameter n (red). The final value of electron number density at the Bondi radius was
calculated as a mean from these three profiles and the scatter was accounted in the uncertainty.
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Figure A.1.2: Azimuthally averaged radial profiles of temperature kT. The vertical dashed line represents
the Bondi radius rgopgi. For most galaxies, the temperatures of two or more neighbouring radial bins
were tied together. The temperature of the gas inside the Bondi radius was assumed to be the same as
the temperature of the innermost radial bin.
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Figure A.1.3: Azimuthally averaged radial profiles of the abundance of heavier elements Z. The vertical
dashed line represents the Bondi radius rgongi- The abundances are expressed relatively with respect to
solar abundance measurements reported by Lodders (2003). For most galaxies, the abundances of two or
more neighbouring radial bins were tied together. The abundance inside the Bondi radius was assumed
to be the same as that of the innermost radial bin.
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Figure A.1.4: Azimuthally averaged radial profiles of thermal pressure p = n kT. The vertical dashed line
represents the Bondi radius rgongi- The double-sided arrows represent radial ranges of individual radio
lobes and the labels express the corresponding position from the galactic centre.
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Figure A.1.5: Azimuthally averaged radial profiles of cooling time f.,,. The vertical dashed line repre-
sents the Bondi radius rgong; While the dotted lines show the 1 Gyr limit and the corresponding cooling

radius.
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Figure A.1.6: Azimuthally averaged radial profiles of cooling time to free fall time ratio #.40)/ t estimated
from the assumption of an isothermal sphere. The vertical dashed line represents the Bondi radius rggndi,
while the horizontal dashed line is the precipitation limit #.401/ = 10.



114 Appendix 1. The relation between accretion rate and jet power

A.1.2 Radio lobes
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Figure A.1.7: Exposure-corrected Chandra (0.5 —7.0 keV) images overlaid by VLA 1.4 GHz radio contours
(white) and corresponding ellipse regions (red) which were used for size-estimation of radio lobes. VLA
array configurations for individual galaxies are stated in the upper left corner of each plot while the
corresponding beam sizes are shown in the lower-left corner together with physical scales (1 or 10 kpc).
The central black cross represents the exact centre of the galaxy (position of the SMBH).
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A.1.3 Cavity powers

Table A.1.1: Properties of individual radio lobes: cavity position with respect to galactic centre, semi-
axis along the jet direction (length) rj, semi-axis perpendicular to the jet direction (width) ry, cavity
volume V, galactocentric distance R, age of the cavity assuming inflation at the speed of sound #age, total
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enthalpy of the cavity E, and estimated mechanical power required for its inflation Pcay.

Galaxy Side fw 1 V3 R lage E P cav
kpe)  (kpo) (m*) (kpo) (Myr) (erg) (ergs™)

IC4296  SE 780 490 36x10% 2500 529.0371}°%  21721x10%  13*l2x10%
N 780 700 52x10% 1600  343.9%72.  3.0730x10% 2972810
NGC507 NW 140 110 27x10% 110 21257078  23729x10%  35%2x10%
SE 220 100 6.1x10% 200 @ 37. 57+0 26 3773 x10%8 32731 <108
NGC708 NE 066 15 82x10% 25 183201 4. 0130 x10%  2.7%28 x 1041
W 064 17 83x10% 22 4224009  43777x10%  33%2x10%
NGC1316 E 081 24 20x10° 35  7.72%0.05 3*1 03 x10% 5, 5+5g x 1040
NW 096 1.9 22x10% 32 7.06+£0.05 1. 4+1 03 x10°° 63780 x10%0
NGC1399  S1 022 071 42x10% 067 1267091 8. 4+8‘2l x10%  2.2%21 <1041
N1 026 076 63x10°7  0.88 1.7£0.01  80%80x10% 1. 5+(1) 3 x 1041
S2 32 68 87x100 85  1586+006 69757 x10°  1.4712x10%
N2 33 64 84x100 79 15.0470:08  7.0%70x 106 5+1 03 x 1042
NGC1407  E 1.3 21 45x109 23 4534008 67187 x10% 8+4 8 x10M
W12 096 16x10% 1.0 202+004 45%5x10%°  7.3789 <104
NGC1600 N 091 12 12x10° 11 2124002 63103 10%  9.8%73 x10%!
S 0.8 13 11x10% 20  393+005  3.6%35x10° 3.0 x10%
NGC4261  E 13.0 190 40x10% 250 = 49.89%03% 9. 1+9 Sex10%7 6,073 x 1042
W 120 170 33x10% 210  41.78%056 7. 7+§§ x10°%7 6. o+gg x 1042
NGC4374 NE 40 31  62x10% 37  889+0.08  3.9%70x10°  14717x10%
S 29 39  40x10%° 46  1064£009 2. o+2 £0x10°6 62750 x 104!
NGC4472 W1 046 035 89x10° 06 1.27£0.01 1. 0+1 02x10° 2. 6+Zg x 1041
NE1 036 091 15x10% 09 1.89+0.01 1. 4+1 03 x10% 24783104
E2 24 28 20x109 43 887003 2. 0+§g x10%  7.3%70 < 1041
w2 30 25 29x100 32 6711002 41*+21x10% 20718 x10%2
NGC4486  SE 23 12 82x10% 18  355+003  1.0%}2x10°7 9. 3+92 x 1042
w 1.0 19 26x10% 16 3227003 3. 5+3§ x10%  3.5%32x10%
NGC4552  E 15 20 52x109 21 438*006 8089 10%  6.0758 x10%!
w14 21 50x109 21 4.43*000 65759 x10%  4.8778 x10%!
NGC4636 NE 04 069 13x10% 069 2417003  7572x10%* 10710 x10%
SW 032 071 88x10°  0.89 2.6810-05 46738x10% 5. 6+g‘71 x 1040
NGC4649 NE 069 038 22x10%® 1.0 1.81£0.02  1.3%13x10%°  2.4%23 <104
S 046 075 20x10% 13 24+002 8. 1+§} x10%* 1170110
NGC4696  E 1.8 084 32x109 21 432003  34%33x10%  2,67%5 < 10%2
W 20 082 41x10% 35 7264005 34777x10° 1575 x10%
NGC4778 SE 13 14 27x10% 36  7.86+0.08  65'53x10° 2 7+2g x 1041
N 15 20 59x109 43 9343007  127&x10%  43%}0x10%
NGC5044 NE 028 027 27x10% 052 116002 2. 9+2 £9x10°t 81718 %100
SW 027 031 28x10° 053  118+£0.02 2. 9+Zg x10%* 8. 0*73 x 1040
NGC5813 SW 079 074 56x10°% 15 3277002 23t23%10% 23+ x10%
N 12 077  14x109° 18  381+002  487,8x10% 41710 x10%!
NGC5846 NE 088 052 50x10° 057 1242002  35%5x10° 92788104
S 067 057 32x10% 066  146+0.02 2 2+2§ x10% 50758 x 104
NGC6166 W 1.3 1.7 36x10% 36 551031  4.5%735x10% 27723 x10%
E 14 20 47x10% 32 4923028  59739x100 3 9+3 $x10%
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A.1.4 List of OBSIDs

Table A.1.2: List of individual Chandra ACIS observations.
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Galaxy  OBSID Instrument Date Exptime (ks) Galaxy  OBSID Instrument Date Exptime (ks)

1C 4926 3394 ACIS-S  2001-12-15 18.6 NGC4486 18836 ACIS-S  2016-04-28 38.9
NGC507 317 ACIS-S  2000-10-11 26.9 18837 ACIS-S  2016-04-30 13.7
2882 ACIS-I 2002-01-08 43.6 18838 ACIS-S  2016-05-28 56.3

NGC708 2215 ACIS-S  2001-08-03 28.7 18856 ACIS-S  2016-06-12 25.5
7921 ACIS-S  2006-11-20 110.7 20034 ACIS-S  2017-04-11 13.1

NGC1316 2022 ACIS-S  2001-04-17 28.4 20035 ACIS-S  2017-04-14 13.1
20340 ACIS-S  2019-04-16 45.0 21075 ACIS-S  2018-04-22 9.1
20341 ACIS-S  2019-04-22 51.4 21076 ACIS-S  2018-04-24 9.0

22179 ACIS-S  2019-04-17 39.0 21457 ACIS-S  2019-03-27 14.1

22180 ACIS-S  2019-04-20 13.6 21458 ACIS-S  2019-03-28 12.8

22187 ACIS-S  2019-04-25 53.2 NGC4552 2072 ACIS-S  2001-04-22 54.4

NGC1399 319 ACIS-S  2000-01-18 56.0 13985 ACIS-S  2012-04-22 494
9530 ACIS-S  2008-06-08 59.4 14358 ACIS-S  2012-08-10 49.4

14527 ACIS-S  2013-07-01 27.8 14359 ACIS-S  2012-04-23 48.1

14529 ACIS-S  2015-11-06 31.6 NGC4636 323 ACIS-S  2000-01-26 45.1

16639 ACIS-S  2014-10-12 29.7 3926 ACIS-1 2003-02-14 74.7

NGC1407 791 ACIS-S  2000-08-16 445 4415 ACIS-1 2003-02-15 74.4
NGC1600 4283 ACIS-S  2002-09-18 22.7 NGC4649 785 ACIS-S  2000-04-20 26.9
4371 ACIS-S  2002-09-20 26.8 8182 ACIS-S  2007-01-30 495

21374 ACIS-S  2018-12-03 25.7 8507 ACIS-S  2007-02-01 17.5

21375 ACIS-S  2019-11-28 422 12975 ACIS-S  2011-08-08 84.9

21998 ACIS-S  2018-12-03 13.9 12976 ACIS-S  2011-02-24 101.0

22878 ACIS-S  2019-11-25 45.0 14328 ACIS-S  2011-08-12 14.0

22911 ACIS-S  2019-11-01 31.0 NGC4696 504 ACIS-S  2000-05-22 31.8

22912 ACIS-S  2019-11-02 35.6 505 ACIS-S  2000-06-08 10.0

NGC4261 834 ACIS-S  2000-05-06 30.92 4954 ACIS-S  2004-04-01 89.0
9569 ACIS-S  2008-02-12 100.9 4955 ACIS-S  2004-04-02 44.7

NGC4374 20539 ACIS-S 2019-04-05 39.5 5310 ACIS-S 2004-04-04 49.3

20540 ACIS-S 2019-02-26 30.2 16223 ACIS-S 2014-05-26 179.0

20541 ACIS-S  2019-04-10 11.3 16224 ACIS-S  2014-04-09 42.3

20542 ACIS-S  2019-03-18 34.6 16225 ACIS-S  2014-04-26 30.1

20543 ACIS-S  2019-04-27 54.3 16534 ACIS-S  2014-06-05 55.4

21845 ACIS-S  2019-03-28 27.7 16607 ACIS-S  2014-04-12 45.7

21852 ACIS-S 2019-02-18 15.6 16608 ACIS-S 2014-04-07 34.1

21867 ACIS-S 2019-03-13 23.6 16609 ACIS-S 2014-05-04 82.3

22113 ACIS-S 2019-02-20 21.8 16610 ACIS-S 2014-04-27 17.3

22126 ACIS-S  2019-02-28 35.1 NGC4778 921 ACIS-S  2000-01-25 485

22127 ACIS-S  2019-03-02 22.8 10462 ACIS-S  2009-03-02 67.2

22128 ACIS-S  2019-03-03 23.8 10874 ACIS-S  2009-03-03 51.4

22142 ACIS-S  2019-03-14 20.8 NGC5044 798 ACIS-S  2000-03-19 20.5

22143 ACIS-S  2019-03-16 22.8 9399 ACIS-S  2008-03-07 82.7

22144 ACIS-S  2019-03-15 31.8 17195 ACIS-S  2015-06-06 78.0

22153 ACIS-S  2019-03-23 21.1 17196 ACIS-S  2015-05-11 88.9

22163 ACIS-S  2019-03-29 35.6 17653 ACIS-S  2015-05-07 35.5

22164 ACIS-S  2019-03-31 32.6 17654 ACIS-S  2015-05-10 25.0

22166 ACIS-S  2019-04-06 38.6 17666 ACIS-S  2015-08-23 88.5

22174 ACIS-S  2019-04-11 49.4 NGC5813 5907 ACIS-S  2005-04-02 48.4

22175 ACIS-S  2019-04-12 27.2 9517 ACIS-S  2008-06-05 98.8

22176 ACIS-S  2019-04-13 51.4 12951 ACIS-S  2011-03-28 74.0

22177 ACIS-S  2019-04-14 36.6 12952 ACIS-S  2011-04-05 143.1

22195 ACIS-S  2019-04-28 38.1 12953 ACIS-S  2011-04-07 31.8

22196 ACIS-S  2019-05-07 20.6 13246 ACIS-S  2011-03-30 45.0

NGC4472 321 ACIS-S  2000-06-12 345 13247 ACIS-S  2011-03-31 35.8

11274 ACIS-S  2010-02-27 39.7 13253 ACIS-S  2011-04-08 118.0

12888 ACIS-S  2011-02-21 159.3 13255 ACIS-S  2011-04-10 43.4

12889 ACIS-S  2011-02-14 133.5 NGC5846 788 ACIS-S  2000-05-24 23.4

NGC4486 352 ACIS-S  2000-07-29 37.7 7923 ACIS-1 2007-06-12 90.0
2707 ACIS-S  2002-07-06 98.7 NGC6166 497 ACIS-S  2000-05-13 19.5

18232 ACIS-S  2016-04-27 18.2 498 ACIS-S 1999-12-11 17.9

18233 ACIS-S  2016-02-23 37.2 10748 ACIS-1 2009-11-19 40.6

18781 ACIS-S  2016-02-24 39.5 10803 ACIS-1 2009-11-17 30.2

18782 ACIS-S  2016-02-26 34.1 10804 ACIS-I 2009-06-23 18.8

18783 ACIS-S  2016-04-20 36.1 10805 ACIS-I 2009-11-23 30.3
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A.2 Cavity Detection Tool (CADET)

A.2.1 Cavity volume calculation methodology

When estimating cavity volumes from decomposed CADET predictions for testing images, we select the
two largest X-ray cavities if more cavities are present. For predictions on real images, volumes are es-
timated for cavities of interest specified visually by the author. To calculate volumes of thus selected
cavities, we use the exact predicted cavity shape obtained after applying both discrimination thresholds
and we do not further approximate cavities with an elliptical shape. To estimate the depth of the cavity,
we only assume rotational symmetry around the direction towards the centre of the image (coordinate
X =63.5, y =63.5) and therefore we assume the depth of the cavity at every point along the galactocentric
direction to be equal to its width at that direction.

This is technically realized by splitting the cavity prediction into two 128 x 128 matrices, each con-
taining a single cavity. Each cavity matrix is then rotated so its centre of mass is at y = 63.5. For this
‘de-rotated’ image, the central pixel and width are derived in each pixel-row along the x-axis and the
depth of the cavity in each pixel-row is assumed to be equal to its width (see Figure A.2.1). We note that
the code published on the CADET GitHub page is robust also for more complex cavity shapes with a gap
in between two cavity parts in the same pixel row (e.g. banana shape).

The resulting 3D representations of cavities in the form of 128 x 128 x 128 cubes are saved into a
binary NumPy file format and can be further combined with measured pressure profiles to calculate the
energy contained in X-ray cavities. As already tested in PlSek et al. (2022), such an approach provides
more accurate total energy estimates compared to calculating the energy solely from central pressure
and total cavity volumes.

@ ©

!
0
¢
!

Figure A.2.1: Visualization of the cavity volume estimation process, from left to right: pixel-wise predic-
tion, coordinates of two largest cavities, de-rotated cavities, rotationally symmetric 3D models of both
cavities. For visualization purposes, cavity number 1 was de-rotated to the left side of the image while
cavity number 2 was to the right side.

A.2.2 Optimization of the discrimination threshold

Pixel-wise predictions obtained from the CNN part of the CADET pipeline are being further decom-
posed into individual cavities using the DBSCAN algorithm. Nevertheless, before the decomposition,
the pixel-wise predictions need to be further trimmed so that only pixels above a given value (discrimi-
nation threshold) are accounted for. The choice of this discrimination threshold will, however, strongly
affect predicted areas of detected cavities and also the amount of true positive and false positive predic-
tions.

For the testing set of 10% images with X-ray cavities, we, therefore, estimated the amount of true
positive? predictions (TP rate) for 9 different values of the discrimination threshold (0.1 —0.9). For true-

2Predictions were accounted as true positive if at least 20% of the original cavity area has been recovered.
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Figure A.2.2: Relative cavity volume error (blue), false positive rate (red) and true positive rate (green)
as a function of discrimination threshold. Relative errors and true positive rates were calculated for a
sample of 10* testing images with a single pair of X-ray cavities and false positive rates were estimated
from a sample of 103 images without any X-ray cavities. For cavity errors, the blue line is the median
value, while the blue area represents the 1o confidence interval. Meanwhile, area and volume error
distributions centre around zero for a discrimination threshold of = 0.4, to obtain optimal FP and TP
rates a higher discrimination threshold of = 0.6 is required.

positive cavities, we further expressed their relative area and volume reconstruction errors and using
interpolation, we found an optimal value of the discrimination threshold for which the distribution of
relative volume errors is clustered around zero (= 0.4; see Figure A.2.2).

Nevertheless, setting a relatively low discrimination threshold that properly calibrates reconstructed
volumes of true positive cavity detections (= 0.4) would, for many networks, result in accounting for
plenty of low-significance predictions and thus in producing a lot of false positives (FP rate). For this
reason, all trained networks were also applied on a set of 2000 images without any X-ray cavities and
the rate of false positive predictions was estimated for the same set of discrimination thresholds as used
when estimating the true positive rate. An ideal discrimination threshold that optimizes both FP and
TP rates was found (= 0.6) by simultaneously minimizing the false positive rate (maximally 5%) and
maximizing the true positive rate (minimally 80%).

By applying both thresholds consequently, volumes of detected X-ray cavities can be calibrated by
the lower discrimination threshold, and low-significance and hopefully false positive predictions can
subsequently be discarded by the higher discrimination threshold®.

A.2.3 Cavity selection and significance estimation

Although the CADET pipeline automatically detects possible surface brightness drops (X-ray cavities),
the specific cavities to be used for further cavity size estimation need to be selected visually by the user.
To mitigate spurious detections, we recommend only choosing cavities that are detected on at least two
subsequent size scales. Furthermore, one should assess the reliability of obtained cavity predictions
in combination with beta-modelling and perform additional tests such as azimuthal and radial photon
count statistics. To estimate the sizes of thus selected cavities, we recommend choosing the size scale at
which the cavities are fully recovered but at the same time choosing the smallest possible size scale due

3In the case of the higher discrimination threshold, the cavity is taken as valid if the mean value is above this threshold.
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to better spatial resolution (e.g. for 2-nd generation cavities in NGC3091, one should choose cavities 1
and 2 at the scale of 384 pixels rather than at larger or smaller scales; see Figure A.2.3).

The reliability of detected X-ray cavities can be tested using azimuthal and radial count statistics. To
obtain the significance of cavity predictions, we derived azimuthal and radial surface brightness profiles
from source-filled images and we expressed the significance of azimuthal and radial bins inside X-ray
cavities with respect to the surrounding background (see Hlavacek-Larrondo et al., 2015; Ubertosi et al.,
2021). As valid cavity predictions, we only chose cavities with a depth lower than or equal to 30 below the
surrounding background (see Figure A.2.3). We note, however, that such an approach is not robust for
highly elliptical f-models or galaxies with strong sloshing patterns and shock fronts, and conversely, due
to poor count statistics it can also result in overestimating the significance of random brightness drops.

For these reasons, we have performed additional reliability testing based on simulating images of
galaxies with similar properties as the given input images. For each galaxy, we generated 10000 similar
images by sampling the parameters of simulated f-models from the results of the beta-modelling analy-
sis (parameter values were varied within estimated uncertainties). Into thus obtained galaxy models, we
inserted cavities with the same sizes and properties as derived from CADET predictions. For each cavity,
we then expressed the false positive rate (chance of detecting cavity at a similar distance with an area
bigger than half of the area of the detected cavity), true positive rate (chance of recovering at least 20% of
the original cavity area), and average volume reconstruction error. We note, however, that the estimated
false-positive rate represents rather a lower limit and for realistic images, the FP rate can be higher due
to the much more complex structure of real galaxies, groups and clusters.

The cavity was marked as successfully confirmed when passing at least 3 out of 4 conditions: ra-
dial and azimuthal count statistics is for at least a single bin in each cavity 30 under the surrounding
background, the false positive rate is lower than 5% and the true positive rate is higher than 80%.



Appendix 2. CAvity DEtection Tool (CADET) 121

NGC3091

@ &)

2
© B
10.arcsec
3.03 kpc 64 pixels

20 arcsec 30 arcsec
6.06'kpc 128 pixels 9.09 kpc 192 pixels

40 arcsec 60 arcsec 80 arcsec
12.1 kpc 256 pixels 18.2 kpc 384 pixels 24.2 kpc 512 pixels

w E S w
1 1 1
NE ] i i
n 1 1
8 0.25- , , 1 ! |
c | 1 | H
e t H 0 | 1 1
5 . . 100 : |
S 0.20 a ] :
. 1] 1 | 1
g s ] ! :
g s | |
> = i |
? 0.154 3 :
8.00 ! 8 10-1 4 i T
|I T T T T T - T Hg ] : :
0° 45° 90° 135° 180° 225° 270° 315° 360° 3 i i
E s w N E 1 + NE(5.60)
0.30 w 4 W (6.50) i i
o 1072 4 background ! !
9] 1 H H
& ! T ——— T —
2 0.2541 | i : :
=) 54 ! !
5 _ ! ! 4
o 0.20 © —+— | |
g 3 od-m i AR 'i#“
2 4.10 g i : +
0.1541 1 H
T T T T I: T T _5_ | I T llI :I T _l._|_¢l-:l llI I T T
180° 225° 270° 315° 360° 45° 90° 135° 180° 2 5 10 20 50 100 200

radius (arcsec)

Figure A.2.3: Cavity detection and significance estimation for NGC 3091 in which we detected a new pair
of X-ray cavities. Upper: Pixel-wise CADET predictions of newly detected X-ray cavities overlaid over X-
ray images of NGC 3091. Contours correspond to 0.4 (white) and 0.65 (yellow) levels. Individual subplots
show images probed on different size scales, from left to right: 0.5 binning (64 x 64 pixels), 1 binning
(128 x 128 pixels), 1.5 binning (196 x 196 pixels), 2 binning (256 x 256 pixels), 3 binning (384 x 384 pixels)
and 4 binning (512 x 512 pixels). Lower left: azimuthal profiles of detected X-ray cavities. The number of
azimuthal bins was chosen so that every cavity is divided into at least 3 bins and another 2 surrounding
bins on both sides (black points) were used to estimate the level of background. The significance of
individual cavity bins was calculated as in Ubertosi et al. (2021) and is visualized by green (>30), yellow
(>10), and red (<10) data points. The significance of the bin with the highest decrement is stated below
the corresponding data point. Borders of X-ray cavities are marked by dashed lines and distinguished
by colour to the W cavity (blue) and NE cavity (orange). Lower right: comparison of an azimuthally
averaged radial profile excluding detected cavities, which served as a background for radial significance
calculations, with radial profiles across detected X-ray cavities. Significances of individual radial bins
were calculated similarly as in azimuthal profiles. We state the significance of the most significant radial
bins for individual cavities in the legend. Borders of individual X-ray cavities are marked by blue (N
cavity) and orange (S cavity) dashed lines.
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A.2.4 Parameter distributions

Table A.2.1: References for detections or non-detections of X-ray cavities and radio lobes for the sample
of 70 early-type galaxies.

Galaxy  X-ray cavities Radio lobes? Galaxy X-ray cavities ¢ Radio lobes?
3C449 pulof,L13 L13, G22 NGC 3923 - G22F
IC1262 DU10, P14 B20 NGC4073 Do10t, P14f, s16t G22f
IC 1459 s16f T15 NGC4104 DO10, P14f B20
IC 1860 - DU10, G221 NGC4125 poi1of G22t
1C4296 p14t G19 NGC4261  C10*,011,S16" G22
1C4765 - - NGC 4291 - wast
NGC57 - G221 NGC4325 R07, DO10t, P14* Ro7*
NGC 193 C10, B14 G11, B20 NGC 4342 - -
NGC315 - G11, C22, G22 NGC4374 C10, S16 G22
NGC383 puiot G11,C22 NGC 4382 - coof
NGC499  Pl14*,K19* pu1of, B20t, Geaf NGC 4406 - G22f
NGC507 DO10*,Cl0 DU10,G11,C22, G22 NGC4472  Cl0, P14, S16 DU10, G22
NGC533 DO10, P14t, S16 DU10, G22 NGC4477 L18 List
NGC708 DOI10,P14,S16 DUI10, B20, C22, G22 NGC 4486 S16 DU10, G22
NGC 720 - - NGC 4526 - -
NGC741  DO10*,S17 G11, B20, G22 NGC 4552 C10, S16 G22
NGC777 C10, P14* B20%, C22, G22 NGC 4555 - c22t
NGC1132  DOI10, s16' G221 NGC4636  Cl0, P14, S16 DU10, G11, G22
NGC 1275 S16 G20 NGC 4649 PAG14, S161 DU10, C22, G22
NGC1316 C10, S16 G22 NGC 4696 P14, S16 DU10, G22
NGC 1380 - - NGC4778  DOI10, P14, S16 G11, G221
NGC 1387 - - NGC 4936 p14f G22f
NGC 1399 P14, S16 DU10, G22 NGC5044 DO10,C10,P14,S16  DU10, G11, G22
NGC 1404 S16 DU10, G221 NGC5129 po1of G22
NGC1407 DO10*,S16" Gl11, G22 NGC5171 p14t -
NGC 1521 - - NGC5813 C10, P14 G11, B20, G22
NGC1550 DO10*, P14 DU10, G22 NGC5846 DO10, C10, P14,S16 DU10%, G11, B20, G22
NGC 1553 C10 - NGC6107 - -
NGC 1600 C10 G22 NGC6166 P14, S16 B20
NGC 1700 - - NGC6338 D010, C10, P14, S16 B20
NGC 2300 DO10* B20T, G2t NGC 6482 p14f, s16t M14
NGC2305 - puiof NGC 6868 M10*, P14t -
NGC 2563 - K1gt NGC7618 s16t Koe'
NGC3091 po1of G22f NGC7619 po1of, si6 G11f, ot
NGC3402 DoO10f, P14 G11 NGC 7796 - -

@ For X-ray cavities, sources marked with T are reported as non-detections and sources marked with * are reported as cavity candidates.

b For radio lobes marked with T, no emission, point-like emission or radio relics are reported.

References: [K06] Kraft et al. (2006) [R07] Russell et al. (2007) [C09] Capetti et al. (2009) [DO10] Dong et al. (2010) [DU10] Dunn et al. (2010)
[C10] Cavagnolo et al. (2010) [M10] Machacek et al. (2010) [G11] Giacintucci et al. (2011) [011] O’Sullivan et al. (2011) [L13] Lal et al. (2013)
[B14] Bogdén et al. (2014) [M14] Miraghaei et al. (2014) [P14] Panagoulia et al. (2014) [PAG2014] Paggi et al. (2014) [T15] Tingay and Edwards
(2015) [S16] Shin et al. (2016) [S17] Schellenberger et al. (2017) [K18] Kolokythas et al. (2018) [L18] Li et al. (2018) [G19] Grossova et al. (2019)
[K19] Kim et al. (2019) [P19] Pandge et al. (2019) [B20] Birzan et al. (2020) [G20] Gendron-Marsolais et al. (2020) [C22] Capetti et al. (2022)
[G22] Grossovd et al. (2022) [W23] Wéjtowicz et al. (2023)
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Table A.2.2: Parameters Parameters obtained from B-modelling the whole sample of galaxies: galaxy
name, original size of the image region in Chandra pixels (1 pixel = 0.492 arcsec), the total number of
counts; first component parameters: core radius r., amplitude A, beta parameter S, ellipticity e; second
component parameters: core radius r¢ 2, amplitude Ay, beta parameter ,; and the background level cp.

Galaxy Size Counts e A a e Te,2 Ao as c0
3C449 768 46202 0497001 453*8%  1+0.02  018+0.01 200+10 0.208+0.005 1.0+0.1  0.049+0.006
IC1262 512 118849 12.3*0% 4.8+02 098+0.01 0.109+£0.005 85621 1.77£0.03 099+0.1  0.1+0.01
IC1459 512 18660 0.49+0.01 44107350 1.36*001F 0.11+£0.01 586733  019£0.02 1.4+0.1 0.022+0.001
IC1860 512 27841 59404 5503 0.65+0.01 0.15+0.01 0 0 0 0.013 +0.002
IC4296 512 9632 0.98+0.04 294718 1131001 0.18+0.02 0 0 0 0.017 £0.002
IC4765 512 6090  4.1+0.6 34703 0.94+0.05 0 1271737 0.24£002 101 0.01+0.001
NGC57 128 823 4205 3.1+04 1.06+0.04 0.15+0.05 0 0 0 0.12+0.01
NGC193 512 29406 0.72700% 28072 1.43+0.04 0 274.6%%. 0.19+0.002 1.4+0.1  0.068:+0.007
+0.009 +220 +0.003
NGC315 512 16673 0.20870:009 69907220 0.99+0-00%3  0.05+0.01 0 0 0 0.01+0.001
NGC383 512 13471 0.35700% 670780 1.16+0.04 0 39+04  1L1%]19 1101  0.037+0.001
NGC499 640 34211 26703  6+09 0.84+001 008770011 51723 0.7+£0.03 0.84+0.08 0.13+0.01
NGC507 512 56224 22+0.2 31473% 1.06+0.03 0020011 176.6+3.8 0.432+0.005 1.1+0.1  0.088+0.009
+1.1 +7 +0.5 +0.001
NGC533 512 21546 3.7+04 138701 0.82+0.02 0 441%7, 12x02 26705 00177090
NGC708 640 425100 185703 16.6+0.2 0.67+0.006 0.233£0.003 0 0 0 0.234+0.007
NGC720 640 35400 6.4+04 6.0%03 072+001 0127502 0 0 0 0.028 +0.001
NGC741 512 40443 22201 54+3  0.81+0.01 0.07+0.01 0 0 0 0.063 +0.001
NGC777 512 3474  43%03  34%02% 084+0.01 0.11+0.03 0 0 0 0.13+0.01
NGC1132512 21967 4.4+04 96+04 1067005 0.11+002 517728  017£001 0357002  0.13+0.01
NGC1275 768 15323417 1.5+0.03 3251*8} 1.65+0.02 0.11+0.01 193.8+0.4 91.88+0.07 1.268+0.002 0.093 +0.009
NGC1316 512 58438 0.947007 16471 0.764+0.007 0 521+0.8 6.5+0.3 10£1  0.096+0.002
NGC1380512 7017 7406 2.6+02 1.07+0.04 0.1+0.04 0 0 0 0.018 +0.002
NGC1387512 5354  13%02  7fl . 067002 0.22+0.03 0 0 0 0.006 +0.001
NGC1399 640 328646 5.44+0.06 190.5%53 0.942+0.003 0 0 0 0 0.336 +£0.002
NGC1404 512 305846 4.88+0.05 296+3.3 0.902+0.002 0 0 0 0 0.113:+0.003
NGC1407 512 23152 0.22*00%  246*38  0.67+0.07 01001 59.9+1.2 081+0.04 23+02 0.013:+0.001
NGC1521512 9164  53%0% 27103 082002 0.21+0.03 0 0 0 0.018+0.001
NGC1550 640 230601 3.9+0.3 31.4%}9 1.07£0.07 0.235+0.004 164+05 103+0.5 0.616+0.003 0.059:+0.006
NGC1553 640 5878 0.46+0.06 408'8  1.377005  0.16+0.03 87+09 0.151+0.002 0.4+0.04 0.037+0.004
NGC1600 512 50980 18.5%{% 9.9%02 23102  013'002 522+52 027+£0.02 05:01  0.08*)01
NGC1700512 6361  1.6+0.2 13.4+1.6 0.87+0.02 0.27+0.03 0 0 0 0.01570-902
NGC2300 512 29865 8.8+0.4 6.6+03 0.92+0.02 0.06+0.02 0 0 0 0.057 +0.001
NGC2305512 3756  21+0.2 6+0.8 0.78+0.02 0.087003 0 0 0 0.003 +0.0003
NGC2563 512 6910  2.7+0.3 6.8+0.8 0.87+0.02 0.1+0.04 0 0 0 0.016 +0.002
NGC3091 512 10206  3.7*0%  57+06 0877093 0 160.673%  0.2+£0.01  4.8+05 0.008+0.001
NGC3402 768 49730  5.7+0.2 16.2+0.6 0.755+0.0030.061+£0.009 0 0 0 0.06 +0.006
NGC3923 512 27664 6.1+0.2 251%08 1.09+0.01 0.16+0.01 0 0 0 0.044 +0.001
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Table A.2.2: Continued.

Galaxy Size Counts e A a e Te,2 Ao as c0
NGC4073 768 59275 114702 7.3+0.2 0.796+0:0%8 0.173*0-507 0 0 0 0.016+0.001
NGC4104 512 13991 4.7£0.2 14.1£0.7 1.11£0.02 0.25+0.02 0 0 0 0.033+0.001
NGC4125 512 14521 1.1+0.1 16.87]2 0595*00ls 0.21+0.02 0 0 0 0.002+0.001
NGC4261 512 50099 1.19+0.03 756733 1.038+0.004 0 0 0 0 0.076+0.001
NGC4291 512 7468  0.54%008 82+1.1 0.505+0.006 0.21%)02 0 0 0 0.1240.01
NGC4325 768 42117  6.6%13 17707 1.41+0.02 015570007 482413 23+0.06 1.4+0.1 0.013+0.001
NGC4342 512 13071 0.2+£0.01 677+68 1.01+0.03 0.18+0.04 595748 0.11+0.01 1£0.1 0.032:+0.001
NGC4374 512 212811 0.26+0.02 3790*42% 0.774+0.004 0 9211  33+01 3.4£03 035470002
NGC4382 512 7780 0.14£0.02 26573, 05+0.01 0.07+0.04 0 0 0 0.006+0.001
NGC4406 512 514275 41703 359%19  0.76£0.04 0.315+£0.003 135+7.1 38707  1.8x0.1 1+0.02
NGC4472 640 734419 8.6+0.1 175.87{3 0.944+0.007 0 331720 1427098 1177098 0.11+0.01
NGC4477 512 19800 1.0£0.1 306734  1.14*007 0142003 333733 051£0.03 1.1+0.1 0.052+0.001
NGC4486 640 3605386 0.470-02  1247*3% 0.731+0.004 0.168+0.001 40.1+03 62.4+0.3 0.73+0.07 2.14+0.03
NGC4526 512 4955  1.1£0.1 39782 17+01  022+0.03 201+17 078+0.06 1.7+02 0.013:+0.001
NGC4552 512 61952 3.4+0.1 66232 1.62%0.02 0 22605 14£03 1602 0.089+0.001
NGC4555 512 4958  1.8+£0.2 16.6%3. 0.98+0.02 0.05700 0 0 0 0.012+0.001
NGC4636 640 299549 712404 21402 10+l 0 393.2+1.2 3194002 101 0.222+0.001
NGC4649 512 281760 9.21+0.08 1525+ 1.4 1.033+0.003 0.056 +0.003 0 0 0 0.123+0.003
NGC4696 768 6853500 13.17007 278.8+1.3 0.58+0.06 0.132+0.001 153.3+0.6 423+02 101  0.12+0.01
NGC4778 512 148213 115404 18.6+04 0837002 00430005 2429732 1.75+005 10+£1  0.08870-907
NGC4936 512 4330  0.16700%  34*1L4 061+£0.02 0.15+0.05 0 0 0 0.008 +0.001
NGC5044 512 1314389 14.4+0.5 31.4%0.7 0.81+0.01 0 146.1+0.5 13.17£0.06 1.3+0.1 0.096+0.01
NGC5129 512 33361 1.06+0.08 8072  0.87+0.02 0 24033 0.13670:01% 0.86£0.09 0.0170:0
NGC5171 512 6678  3.1703 1403 0.8709%  0.22+008 0 0 0 0.023 £ 0.001
NGC5813 512 953760 355712 47306 29+02 0.131+0.002 415971 10.88*)0% 10+1 0.852+0.006
NGC5846 512 88165 11.6+£0.4 8.9+0.2 0.665+0.008 0.20970007 0 0 0 0.01+0.005
NGC6107 512 5168  1.6*0%  33+05 0.62+0.02 0.062007 0 0 0 0.007+0.001
NGC6166 512 954398 18.87), 269702  1.12+0:0¢ 0 334713 65+0.1  4470%  1.03+0.02
NGC6338 512 33798 3.7+£03 1567]5 1.58700%  0.18+0.01 29173  37+01 1.6+02 0.064+0.001
NGC6482 512 9424  4.4+03 97707 087001 0.027)0% 0 0 0 0.002+0.001
NGC6868 640 20924 0.06670-008 1720732 0.748*0008  0.16+0.03 0 0 0 0.034+0.001
NGC7618 512 34814  2.8703 334733 1357006 006+0.01 487735 1.32£0.04 1.4£0.1 0.047+0.002
NGC7619 640 22579 2.6+0.1 21.5+1.4 0.793+0.008 0.11+0.02 0 0 0 0.02+0.001

NGC7796 512 12166 1.12+0.1 24.1+2.6 0.76+0.01 0 0 0 0 0.026 +0.001
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Figure A.2.4: Corner plot showing distributions of f-model parameters of galaxies fitted by single -
model: core radius r, alpha parameter a, amplitude A, ellipticity e and level of background cy. Contours
in parameter pair plots correspond to 90%, 75 %, 50 % and 10 % intervals in terms of cumulative proba-
bility of Gaussian KDE. Pearson and Spearman correlation coefficients are stated above individual plots

of parameter pairs.
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Figure A.2.5: Upper: corner plot showing distributions of the first f-component parameters for galaxies
fitted by double f-model: core radius r., alpha parameter a, amplitude A, ellipticity e and level of back-
ground cy. Lower: corner plot showing distributions of ratios of core radii ¢ » /¢, alpha parameters az/a
and amplitudes A,/ A between the second and the first f-component. Contours in parameter pair plots
correspond to 90%, 75%, 50% and 10 % intervals in terms of cumulative probability of Gaussian KDE.
Pearson and Spearman correlation coefficients are stated above individual plots of parameter pairs.
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Table A.2.3: Parameters of visually estimated X-ray cavities.
Galaxy Cav. a() b(" d(" ° °

M b 4 o) @) Galaxy Cav. a() b() d() ¢C) ¢C)

3C449 S1 32.0 24.1 91.5 280.0 77.0
NGC4472 N1 547 2.59 7.72 110.6 105.6

N1 325 248 110 884 259.2
IC 1262 SE1 149 8.15 17.1 2322 97.1 wi 443 251 811 3424 3.2
NW1 295 143 43.7 25.8 9.6

N1 20.5 153 272 943 263.1
El 28.3 15 473 158.9 148.9
NGC193 W1 59.3 40.2 17.0 338.8 3.7 NGC4477 SE1 109 937 134 2104 168.8

El 36.8 30.8 79.0 172.1 79.9
Nw1l 9.15 6.76 10.6 253 154

NGC507 NWI1 2.04 192 3.75 48.2 6.1
SE1 266 172 3.63 2451 6.2 NGC4486 E1 14.7 123 16.6 196.9 180.1
W1 14.8 11.7 203 12.7 4.8

N2 154 9.05 18.3 1044 64.6
NGC4552 N1 795 4.85 7.43 93.1 107
W2 145 8.34 19.2 340.8 62.9 SWI 913 485 647 2967 202.5

NGC533 NE1 2.00 1.56 1.97 138.7 1724
NGC4636 E1 278 1.69 211 190.3 179.9

SW1 280 2.09 3.56 336.4 333.1
Nwl 356 1.8 549 433 2.1

NGC708 NE1 3.05 237 7.04 144.7 176.9
NE2 9.55 7.38 15 1163 25.9

W1 225 2.25 443 337.8 337.8
Sw2 949 7.08 17.1 321.7 180.5

NGC741 SW1 7.16 3.19 9.29 300.7 44.2
E3 273 185 403 197.7 189.2

NW1 4.13 238 8.71 44.4 2709
W3 279 20.1 56.5 10.8 2284

E2 23.1 16.7 38.1 169.6 180.9
NE4 38.1 23 90.7 155.5 200.4

SW2 333 244 695 3334 2.5
SwW4 39.8 23.2 87.2 331.6 9.4

NGC777 SW1 4.24 3.05 5.19 292.6 274.5
NGC4649 N1 6.01 4.67 125 989 923

El 473 3.51 6.26 159.8 126.0
S1 6.45 5.03 12.7 287.3 281.5

NGC1132 W1  4.67 395 135 10.2 125
NGC4696 SE1 9.82 6.16 10.1 228.8 225.5

SE1 4,57 3.27 9.15 2449 179.2
w1 11.3 6.31 18.2 350.9 336.1

NGC1275 SW1 199 173 26.4 298.8 288.6
NGC4778 N1 233 139 7.19 79.2 2485

N1 175 139 17.0 955 42.0
SE1 216 1.1 4.39 2304 90.8

Nw2 38.8 205 74.7 33.2 8.6
S2 13 9.63 19.6 287.8 183.5

S2 375 293 95.7 261.6 96.3
NE2 18.6 11.9 35.2 127.2 219.3

NGC1316 SE1 5.86 4.99 6.66 223.8 196.3
NGC5044 NE1 9.73 3.58 20 123.7 28.8

NW1 5.61 4.24 6.78 44.6 40.7
SW1 9.74 495 19.1 3206 18.7

NGC1399 N1 4.5 225 6.06 81.0 3.8
S2 20.8 159 27.2 248.2 138.0

S1 458 242 6.30 264.9 1.9
Nw2 18.6 15.7 25.9 53.7 1.3

N2 33.5 11.8 71.0 86.2 5.0
E3 359 19.5 46.5 179.0 167.4

S2 37.8 12.7 772 262.1 0.6
W3 23 18.4 553 346.7 1.1

NGC1404 E1 421 294 537 163.3 187.1
NGC5813 N1 579 399 738 988 199
W1 3.13 1.67 3.21 341.9 327.7 SWI 578 442 71 307.0 183.8

NGC1550 NWI1 14.6 11.3 18.4 60.0 289.2
NE2 15.8 109 29.7 127.1 20.6

S1 13.8 11.5 30.1 273.2 67.7
SwW2 259 25 44.8 3215 173.8

NGC1553 NE1 21.2 16.2 25.7 126.2 177.9
NE3 50.7 214 121 133.0 17.3

SW1 214 144 249 3104 10.0
SW3 474 22.1 154 310.2 197.8
NGC1600 N1 3.67 223 272 68.2 185.0 NGC5846 NEI 635 3.73 538 137.8 77

S1 3.01 223 3.99 2863 354
SW1 528 3.74 7.53 304.5 181.2

NGC3402 SW1 5.72 3.28 13.5 325.0 123
NEL 676 445 157 124.6 122.0 SE2 20.0 14.8 47.2 213.6 130.1
W2 17.8 16.1 39.4 352.6 226.8

NGC4104 W1 1.96 1.86 1.13 346.1 6.3
NGC6166 W1 3,55 2.0 4.6 10.2 3.5

NGC4261 W1 304 253 502 11.8 1.2
NE1 3.13 2.18 4.81 1255 0.1

El 33.1 23.1 475 186.0 177.7
E2 20.5 13.2 339 181.5 163.8

NGC4325 W1 13 8.78 15.7 3549 34.1
SE1 157 127 17.0 2058 205.8 W2 17.2 14 38.3 357.9 162.3
NGC6338 SW1 8.25 7.57 11.5 319.8 259.0

NGC4374 NE1 213 174 247 124.8 1823
NE1 12.8 735 12.9 156.9 195.7

S1 30.4 22 59 2795 313
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Figure A.2.6: Corner plot showing distributions and correlations between primary cavity parameters:
distance from the centre of the galaxy d.,y, semi-major axis Rcay, ellipticity ec;y and rotational angle ¢cay
(angle between semi-major axis and the direction towards the centre of galaxy). Contours in parameter
pair plots correspond to 90%, 75%, 50 % and 10 % intervals in terms of cumulative probability of Gaus-
sian KDE. Pearson and Spearman correlation coefficients are stated above individual plots of parameter
pairs.
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Figure A.2.7: Corner plot showing distributions and correlations of secondary cavity parameters (ratios
and differences between individual cavity parameters within a cavity pair): relative distance r;, relative
semi-major axis rg, difference between ellipticity r,_,,, difference between positional angles d¢ and dif-
ference between rotational angles d¢. Contours in parameter pair plots correspond to 90 %, 75 %, 50 %
and 10% intervals in terms of cumulative probability of Gaussian KDE. Pearson and Spearman correla-
tion coefficients are stated above individual plots of parameter pairs.
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A.2.5 Exemplary mock images

Figure A.2.8: Examples of artificially generated images with various features: a) single beta model with-
out cavities, b) beta model with cavities, c¢) beta model with cavities and type I rims, d) beta model with
cavities and type Il rims, e) beta model with cavities and gas sloshing. Individual columns show: 1) the
resulting noisy image, 2) binary cavity mask, 3) cavity rim pattern, and 4) sloshing pattern.
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A.2.6 CADET architecture
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Figure A.2.9: The schematic picture of the convolutional neural network composed of 5 Inception-like
blocks. Each block consists of a series of parallel convolutional layers each composed of various num-
bers of convolutional filters with various sizes. The output of all parallel convolutional layers is then
concatenated into a single output, followed by a convolutional layer with 32 of 1 x 1 filters and a dropout
layer, which was for simplicity omitted. The scheme was created using the Netron visualisation tool.


https://netron.app/
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A.2.7 Chandra OBSIDs

Table A.2.4: Listed Chandra observations (OBSIDs) for individual sources.

Galaxy OBSID Instrument Date Exptime (ks)
3C449 4057 ACIS-S  2003-09-18 24.98
11737 ACIS-S  2010-09-14 52.34
13123  ACIS-S ~ 2010-09-20 59.92
1C1262 2018 ACIS-S  2001-08-23 30.47
6949 ACIS-1 2006-04-17 38.6
7321 ACIS-I  2006-04-19 37.55
7322 ACIS-1 2006-04-22 37.54
IC1459 2196 ACIS-S  2001-08-12 55.21
I1C1860 10537 ACIS-S  2009-09-12 37.28
1C4296 3394 ACIS-S  2001-12-15 24.84

Galaxy OBSID Instrument Date Exptime (ks)
NGC1399 14529 ACIS-S 2015-11-06 31.48
16639 ACIS-S 2014-10-12 29.67
NGC1404 2942 ACIS-S 2003-02-13 29.23
4174 ACIS-1I 2003-05-28 45.0
9798 ACIS-S  2007-12-24 18.3
9799 ACIS-S 2007-12-27 21.29
16231 ACIS-S 2014-10-20 60.5
16232 ACIS-S 2014-11-12 69.01
16233 ACIS-S 2014-11-09 98.76
17540 ACIS-S 2014-11-02 28.47

IC4765 15637 ACIS-S  2013-03-29 14.87 17541  ACIS-S  2014-10-23  24.74
NGC57 10547 ACIS-S  2008-10-29 9.78 17548 ACIS-S  2014-11-11 48.22
NGC193 4053 ACIS-S  2003-09-01 23.25 17549 ACIS-S  2015-03-28 61.66
11389  ACIS-S  2009-08-21  93.92 NGC1407 791  ACIS-S  2000-08-16  45.19

NGC315 4156  ACIS-S  2003-02-22  54.75 NGC1521 10539  ACIS-S  2009-07-04  49.41
NGC383 2147  ACIS-S  2000-11-06 436 NGC1550 3186  ACIS-I  2002-01-08 9.99
NGC499 10536 ACIS-S  2009-02-12 18.4 3187 ACIS-I 2002-01-08 9.65
10865 ACIS-S 2009-02-04 5.12 5800 ACIS-S 2005-10-22 44.55

10866  ACIS-S  2009-02-05 8.04 5801 ACIS-S  2005-10-24 44.45

10867  ACIS-S  2009-02-07  7.06 NGC1553 783  ACIS-S  2000-01-02 17.6

NGC507 317 ACIS-S  2000-10-11 17.67 NGC1600 4283  ACIS-S  2002-09-18  22.87
2882  ACIS-I  2002-01-08  43.36 4371  ACIS-S  2002-09-20  26.75

NGC533 2880 ACIS-S  2002-07-28 36.74 21374 ACIS-S  2018-12-03 25.72
NGC708 2215  ACIS-S  2001-08-03  28.75 21375  ACIS-S  2019-11-28  42.21
7921 ACIS-S  2006-11-20 110.68 21998 ACIS-S  2018-12-03 13.88

NGC720 492 ACIS-S  2000-10-12  23.24 22878  ACIS-S  2019-11-25  44.97
7062  ACIS-S  2006-10-09  22.86 22911  ACIS-S  2019-11-01 31.01

7372 ACIS-S  2006-08-06  49.25 22912 ACIS-S  2019-11-02  35.64

8448  ACIS-S  2006-10-12 8.06 NGC1700 2069  ACIS-S  2000-11-03 32.92

8449  ACIS-S  2006-10-12 18.91 NGC2300 4968  ACIS-S  2004-06-23  45.57

NGC741 2223 ACIS-S  2001-01-28 29.93 15648 ACIS-S  2013-05-24 20.81
17198 ACIS-S  2015-12-04 91.42 21383  ACIS-S  2020-06-14 46.44

18718 ACIS-S 2015-12-06 55.9 23033 ACIS-S 2020-06-01 45.38

NGC777 5001 ACIS-I 2004-12-23 10.04 23034 ACIS-S 2019-12-04 45.37
NGC1132 801 ACIS-S  1999-12-10 12.9 NGC2305 10549  ACIS-S  2009-07-19 9.92
3576  ACIS-S  2003-11-16 32.35 NGC2563 7925 ACIS-I  2007-09-18 48.11

NGC1275 4946  ACIS-S  2004-10-06  23.66 NGC3091 3215  ACIS.S  2002-03.26 __ 31.55
4947 ACIS-S  2004-10-11 29.79 NGC3402 3243  ACIS-S  2002-11-05 28.57

4948 ACIS-S  2004-10-09  118.16 NGC3923 1563  ACIS-S  2001-06-14  18.13

4949 ACIS-S 2004-10-12 29.38 9507 ACIS-S 2008-04-11 81.0

4950 ACIS-S  2004-10-12 82.91
4951 ACIS-S  2004-10-17 95.97
4952 ACIS-S  2004-10-14 163.15
4953 ACIS-S  2004-10-18 30.08
6139 ACIS-S  2004-10-04 56.01
6145 ACIS-S  2004-10-19 84.59
6146 ACIS-S  2004-10-20 46.99
11713 ACIS-S  2009-11-29 112.25

NGC4073 3234 ACISS 20021124 29.96
NGC4104 6939  ACISS  2006.02-16  35.88
NGC4125 2071 ACIS-S _ 2001-09-09  63.69
NGC4261 834  ACISS  2000-0506 323

9569  ACIS-S  2008-02-12  100.94
NGC4291 11778  ACIS-S _ 2010-12-11 _ 29.78
NGC4325 3232 ACISS  2003-02.04  29.68
714 ACIS.S  2009.12.07 9169 NGC4342 4687  ACISS  2005.02-11  37.72
11715 ACISS 20091202 73.36 12955  ACIS-S  2011-02-17  71.59
11716 ACISS  2009-10.10  39.64 NGC4374 20539  ACIS-S  2019-04-05  39.22
12025  ACIS-I  2009-11-25  17.94 20540 ACIS-S  2019-02-26  30.17
19033 ACISI 20091127 1889 20541  ACIS-S  2019-04-10  11.29

12036 ACIST  2009.12.02 4793 20542 ACIS-S  2019-03-18  34.61
12037 ACIST  2009.12.05 8437 20543  ACIS-S  2019-04-27  54.35
NGC1316 2022 ACIS-S  2001-04-17 282 21845 ACIS-S  2019-03-28 277
0310 ACISS  2019.0416 4405 21852  ACIS-S  2019-02-18  15.61
20341  ACIS-S  2019-04-22  51.39 21867 ACIS-S  2019-03-13  23.63
5179 ACISS  2019.0017 3895 22113 ACIS-S  2019-02-20  21.82
22180  ACIS-S  2019-04-20  13.57 22126 ACIS-S  2019-02-28  35.1
o187 ACISS  2019.04.25 5318 22127  ACIS-S  2019-03-02 2271
NGC1380 9526  ACIS-S  2008-03-26 4068 Zﬁg 232:2 ;g}g:gg:?i ;32
NGC1387 4168  ACIS-T  2003-05-20  45.63 :

NGC1399 319  ACIS-S  2000-01-18  56.03 ;gﬁ igg:: ;gig:gg:}g gi;i
9530  ACIS-S  2008-06-08  59.35 '

14527 ACIS-S  2013-07-01 278 22153 ACIS-S  2019-03-23 21.08
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Table A.2.3: Continued.
Galaxy OBSID Instrument Date Exptime (ks)
NGC4374 22163 ACIS-S 2019-03-29 35.6
22164 ACIS-S 2019-03-31 32.64
22166 ACIS-S 2019-04-06 38.56
22174 ACIS-S 2019-04-11 49.41
22175 ACIS-S 2019-04-12 27.2
22176  ACIS-S  2019-04-13 51.39
22177 ACIS-S 2019-04-14 36.58
22195 ACIS-S 2019-04-28 38.07
22196 ACIS-S 2019-05-07 20.3
NGC4382 2016 ACIS-S 2001-05-29 39.61
16968 ACIS-1 2015-04-04 19.83
19331 ACIS-S 2017-02-20 22.33
20012 ACIS-S 2017-02-22 26.06
20013 ACIS-S 2017-02-23 31.69
20014 ACIS-S 2017-02-24 51.93
NGC4406 318 ACIS-S 2000-04-07 11.65
16967 ACIS-I  2016-05-02 19.81
NGC4472 321 ACIS-S 2000-06-12 34.58
11274 ACIS-S 2010-02-27 39.67
12888  ACIS-S  2011-02-21 159.31
12889 ACIS-S 2011-02-14 134.64
16260  ACIS-S  2014-08-04 24.74
16261 ACIS-S 2015-02-24 22.76
16262 ACIS-S 2016-04-30 24.73
21647 ACIS-S 2019-04-17 29.68
NGC4477 9527 ACIS-S 2008-04-27 37.68
NGC4486 352 ACIS-S 2000-07-29 35.38
2707 ACIS-S 2002-07-06 88.65
NGC4486 352 ACIS-S  2000-07-29 37.7
2707 ACIS-S 2002-07-06 98.7
18232 ACIS-S 2016-04-27 18.2
18233 ACIS-S 2016-02-23 37.2
18781 ACIS-S 2016-02-24 39.5
18782 ACIS-S 2016-02-26 34.1
18783 ACIS-S 2016-04-20 36.1
18836  ACIS-S  2016-04-28 38.9
18837 ACIS-S 2016-04-30 13.7
18838 ACIS-S 2016-05-28 56.3
18856 ACIS-S 2016-06-12 25.5
20034 ACIS-S 2017-04-11 13.1
20035 ACIS-S 2017-04-14 13.1
21457 ACIS-S 2019-03-27 14.1
21458  ACIS-S  2019-03-28 12.8
NGC4526 3925 ACIS-S 2003-11-14 41.36
NGC4552 2072 ACIS-S 2001-04-22 54.28
13985 ACIS-S 2012-04-22 49.41
14358 ACIS-S 2012-08-10 49.41
14359 ACIS-S 2012-04-23 48.14
NGC4555 2884 ACIS-S 2003-02-04 29.56
NGC4636 323 ACIS-S 2000-01-26 46.43
3926 ACIS-1I 2003-02-14 74.7
4415 ACIS-1 2003-02-15 74.37
NGC4649 785 ACIS-S 2000-04-20 25.92
8182 ACIS-S 2007-01-30 49.77
8507 ACIS-S 2007-02-01 17.39
12975  ACIS-S  2011-08-08 84.79
12976 ACIS-S 2011-02-24 101.04
14328 ACIS-S 2011-08-12 13.93
NGC4696 504 ACIS-S  2000-05-22 31.62
505 ACIS-S 2000-06-08 9.96
4954 ACIS-S 2004-04-01 88.29
4955 ACIS-S 2004-04-02 44.68
5310 ACIS-S 2004-04-04 49.33
16223 ACIS-S 2014-05-26 178.97
16224 ACIS-S 2014-04-09 42.29
16225 ACIS-S 2014-04-26 30.1

Galaxy OBSID Instrument Date Exptime (ks)

NGC4696 16534 ACIS-S  2014-06-05 55.44
16607 ACIS-S  2014-04-12 45.65

16608  ACIS-S  2014-04-07 34.11

16609 ACIS-S  2014-05-04 82.33

16610  ACIS-S  2014-04-27 17.34

NGC4778 921 ACIS-S  2000-01-25 48.4
10462 ACIS-S  2009-03-02 67.15

10874  ACIS-S  2009-03-03 51.36

NGC4936 4997 ACIS-I ~ 2004-02-09 13.97
4998 ACIS-1 2004-02-15 14.95

NGC5044 798 ACIS-S  2000-03-19 20.47
9399 ACIS-S  2008-03-07 82.68

17195 ACIS-S  2015-06-06 78.03

17196 ACIS-S  2015-05-11 88.87

17653 ACIS-S  2015-05-07 35.52

17654 ACIS-S  2015-05-10 25.05

17666 ACIS-S  2015-08-23 88.55

NGC5129 6944 ACIS-S  2006-04-13 2091
7325 ACIS-S  2006-05-14 25.84

NGC5171 3216 ACIS-S  2002-12-10 34.68

NGC5813 5907 ACIS-S  2005-04-02 48.4
9517 ACIS-S  2008-06-05 98.76

12951 ACIS-S  2011-03-28 74.0
12952 ACIS-S  2011-04-05 143.07

12953 ACIS-S  2011-04-07 31.76

13246 ACIS-S  2011-03-30 45.02

13247 ACIS-S  2011-03-31 35.76
13253  ACIS-S  2011-04-08 118.02

13255 ACIS-S  2011-04-10 43.41

NGC5846 788 ACIS-S  2000-05-24 23.88
7923 ACIS-I ~ 2007-06-12 90.03

NGC6107 8180 ACIS-S  2007-09-29 19.8
NGC6166 497 ACIS-S ~ 2000-05-13 18.66
498 ACIS-S 1999-12-11 17.16

10748  ACIS-I  2009-11-19 40.58

10803 ACIS-1 2009-11-17 30.16

10804 ACIS-I 2009-06-23 18.79

10805 ACIS-1 2009-11-23 30.29

NGC6338 4194 ACIS-1 2003-09-17 46.65
18892 ACIS-S  2017-06-24 11.88

18893 ACIS-S  2017-07-21 44.58

19934 ACIS-S  2017-07-12 28.67

19935 ACIS-S  2017-06-05 35.09

19937 ACIS-S  2017-06-08 19.79

20089  ACIS-S  2017-06-11 18.53

20104 ACIS-S  2017-06-21 14.86

NGC6338 20112 ACIS-S  2017-07-13 41.5
20113  ACIS-S  2017-07-15 25.02

20117 ACIS-S  2017-07-23 12.75

NGC6482 3218 ACIS-S  2002-05-20 18.52
19584 ACIS-S  2017-11-14 27.61

19585 ACIS-S  2018-02-22 19.7

20850 ACIS-S  2017-11-24 19.7

20857 ACIS-S  2017-11-26 22.96

20978 ACIS-S  2018-02-22 19.89

20979  ACIS-S  2018-02-23 9.82

20980 ACIS-S  2018-05-29 75.64

NGC6868 3191 ACIS-I 2002-11-01 23.46
11753  ACIS-I ~ 2009-08-19 72.59

NGC7618 802 ACIS-S 1999-12-10 11.4
7895 ACIS-S  2007-09-08 34.06

NGC7619 2074 ACIS-I 2001-08-20 26.6
3955 ACIS-S  2003-09-24 31.84

NGC7796 7061 ACIS-S  2006-08-28 53.07
7401 ACIS-S  2006-09-03 19.95
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A.3 Chemical enrichment in M89

A.3.1 Abundance measurement comparison of different temperature models

We present the abundance and a/Fe ratios from Table 3.2 for comparison. In Figure A.3.1, the abundance
and ratios measured with 1T vapec, 1T 2xvapec and vgadem temperature models from ACIS-S, EPIC and
RGS data are presented. Moreover, similar comparison plots of the Core and Tail regions derived with
different temperature models are presented in Figure A.3.2. In this plot, the derived values are from
ACIS-S data.

Model Detector
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X 2T vapec Il XMM-Newton EPIC
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o
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o ﬁ | { ¢
® X i % ¥ } % }
Fe (0] Mg Ne Si S
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Figure A.3.1: Abundance and ratio measurements with different temperature models using ACIS-S, EPIC
and RGS data.
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Figure A.3.2: Abundance and ratio measurement comparison of Tail and Core regions using ACIS-S data.
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A.4 Missing metals in the Centaurus cluster

A.4.1 Comparison of central spectral fits

Appendix 4. Missing metals in the Centaurus cluster
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Figure A.4.1: Spectra of the innermost radial bin (central 18.5 arcsec) for individual X-ray instruments
used in the analysis: Chandra ACIS-S with AtomDB 3.1.3 (upper left), Chandra ACIS-S with AtomDB
3.0.9 (upper right), Chandra ACIS-S with SPEXACT 3.08.01 (center left), XMM-Newton EPIC MOS1 (center
right), XMM-Newton EPIC pn (lower left), and XMM-Newton EPIC MOS2 (lower right.
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A.4.2 Posterior distribution of central parameters

Fe (Solar) KThot (keV)

NOrMpot / NOrMgoig

1.6

=
IS

=
N

1.8

1.5

0.9

2.0

Y et

e
S

o
U

ACIS-S projct AtomDB 3.1.3
ACIS-S projct AtomDB 3.0.9
ACIS-S projct SPEXACT 3.08.01
ACIS-S dsdeproj AtomDB 3.1.3
ACIS-S dsdeproj AtomDB 3.0.9
ACIS-S dsdeproj SPEXACT 3.08.01
EPIC MOS projct AtomDB 3.1.3

0.70

0.75

0.80
kTcoid (keV)

1.2 1.4 1.6 0.9
kThot (keV)

1 1
1.2 1.5 1.8 0.5
Fe (Solar)

0.7 1.0 1.4 2.0
NOrMpot / NOMMcoid

Figure A.4.2: Contours representing 68% and 90% confidence intervals of the following parameters of
the innermost radial bin: temperature of the colder plum-like component (k7Toq), temperature of the
hotter volume-filling component (k Tj,4¢), iron metallicity of both components (Fe), and ratio of norms of
hot and cold components (normy,¢/normeqiq). We compare posteriors of the following configurations of
data, atomic database, and projection method: Chandra ACIS-S AtomDB 3.1.3, Chandra ACIS-S AtomDB
3.0.9, Chandra ACIS-S SPEXACT 3.08.01, EPIC MOS AtomDB 3.1.3, Chandra ACIS-S dsdeproj AtomDB
3.1.3, and Chandra ACIS-S dsdeproj AtomDB 3.0.9.



138 Appendix 4. Missing metals in the Centaurus cluster

A.4.3 Radial profiles of individual heavy elements
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Figure A.4.3: Metallicity profiles of all heavier elements identified in the Chandra and XMM-Newton
spectra and fitted separately: iron (Fe), magnesium (Mg), silicon (Si), sulphur (S), argon (Ar), and calcium
(Ca). The profiles compare estimates obtained with Chandra using AtomDB version 3.1.3 and 3.0.9, and
SPEXACT 3.08.01, as well as XMM-Newton EPIC MOS and pn.
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