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Abstrakt

Tato studie se zaméfuje na radiomechanickou zpétnou vazbu aktivnich galaktickych
jader v blizkych obfich eliptickych galaxiich, které vykazuji vice generaci rentgenovych
dutin. Zpracovanim a analyzou dat z rentgenového dalekohledu Chandra pro vybrany
vzorek galaxii kvantifikujeme vykon vytryska, které vytvéreji rentgenové dutiny a pfis-
pivaji k ohfevu horké atmosféry. Pfedstavujeme vylepSeny postup pro odhad stéaii dutin
a energie, kterd je v nich obsaZena. Déle hodnotime vliv inklinace na nase méfeni
a zkoumdme jeji potenciél ovlivnit pozorované trendy vykonu vytrysktl v nasich sys-
témech. Zjistili jsme, Ze inklinace milize vést k nadhodnoceni vykonu jetu az o fad.
Také jsme zjistili, Ze projek¢ni efekty jsou vyraznéjsi u zplostélych dutin a u téch, které
se nachézeji dale od centra. Navic u systému s vyrazné nevyrovnanymi generacemi
dutin zkoumdme moZné vysvétleni této nevyrovnanosti.

Abstract

This study focuses on radio-mechanical feedback of active galactic nuclei in nearby
giant elliptical galaxies that showcase multiple generations of X-ray cavities. By pro-
cessing and analysing data from Chandra X-ray Observatory for a selected sample of
galaxies, we quantify the jet powers excavating the X-ray cavities that contribute to the
heating of the X-ray atmospheres. We present an improved procedure for estimating
cavity ages and the energy they encompass. We also assess the impact of inclination
on our measurements and probe its potential to shift the observed trends in jet powers
in our systems. We find that inclination can lead to the jet power overestimation by up
to an order of magnitude. Moreover, we find that projection effects are more signifi-
cant for oblate cavities, as well as for those that are further away from the centre. For
a system with significantly misaligned cavity generations, we also examine potential
explanations for the misalignment.
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"Astronomy?
Impossible to understand

and madness to investigate."
— Sophocles, 420 BC






Notations & abbreviations

The following section presents an overview of abbreviations and notation used through-

out this work.
AGN active galactic nuclei
gEs giant elliptical galaxy
GGr galaxy group
GC galaxy cluster
SMBH supper-massive black hole
(N)CC (non)-cool-core
CCA chaotic cold accretion
ICM intra-cluster medium
CGM circum-galactic medium
IGrM intra-group medium
D distance of a galaxy
d,d’ intrinsic and projected cavity distance, respectively
7,7 intrinsic and radial elongation, respectively
t;s sound-speed timescale
fhuo buoyancy timescale
lage corrected cavity age
R, R intrinsic and projected semi-axis in the galactocentric direction
Emea measured cavity energy, considered the cavity’s enthalpy H
Ejnj  injected energy
Pjet, P].’ ¢ intrinsic and projected cavity jet power
Pjer  cumulative jet power
ﬁj:t time-averaged cycle-corrected jet power
AP relative jet power change

jet
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Introduction

Active galactic nuclei (AGN) feedback plays a crucial role in the evolution of systems
harbouring hot atmospheres — such as giant ellipticals (gE), galaxy groups (GGr) and
galaxy clusters (GC). It has been shown many times that AGN feedback prevents gas in
the centre of the hot atmospheres from cooling at the rates predicted by the models of
cooling flows resulting from radiative cooling. Instead, surface brightness depressions,
known as X-ray cavities, have been observed in nearly all cool-core (CC) systems.

X-ray cavities are a key observational sign of radio-mechanical AGN feedback. When
the supermassive black hole (SMBH) at the centre of a hot atmosphere accretes at low
accretion rates, it is likely to form jets. The jets then excavate the cavities, which, af-
ter detaching, continue to rise buoyantly through the atmosphere until they fade away
from our view. Although the precise mechanism of energy dissipation is far from being
constrained, it is known that the presence of X-ray cavities heats the surrounding gas.

X-ray cavities provide an opportunity to quantify the AGN feedback cycle. Their
morphology and distance from the centre determine the energy input from the SMBH,
and - together with the age estimates — we can then calculate the mechanical power
of the jet that formed the cavity. By investigating systems with multiple episodes of
AGN feedback, i.e., multiple generations of cavities, we aim to put constraints on the
jet power non-variability.

Chapter 1 introduces hot atmospheres in general. We look at the origin of X-ray
emission, present the cooling flow problem and the paradigm shift it has undergone.
Discussion on the nature of cold gas content found in giant ellipticals concludes the
first chapter.

A closerlook at AGN feedback effect, its manifestations and characteristics opens up
Chapter 2. Focusing on radio-mechanical AGN feedback, X-ray cavities are introduced
after, and their energetics and timescales are mentioned in greater detail. The chapter
concludes with various scenarios that potentially explain the misalignments found in
some multiple-cavity systems.

Chapter 3 presents our target sources and summarises data analysis carried out to
investigate cavity jet powers, inclination effects and the possibility of precession in mis-
aligned systems. Our approach to spectral and image analysis is laid out. We also out-
line an alternative approach to calculating cavity ages and energy that was adopted.

Our results are presented in Chapter 4 and further discussed in Chapter 5. Each
galaxy is examined individually. We focus on the jet power estimates as a result of our
improved calculation methodology. In the latter parts of both chapters, we turn to a toy
model as a simplification to study the projection effects on measured jet powers.






Chapter 1

Hot atmospheres

Hot atmospheres are a common term to describe hot X-ray emitting plasma filling the
space between individual galaxies in galaxy clusters and enveloping early-type galaxies.

The presence of hot atmospheres around galaxy clusters was discovered by the first
X-ray telescope Uhuru, launched in 1971. Uhuru detected extended emission around
already known X-ray point sources in the Coma cluster (Gursky et al., 1971) and the
Perseus cluster (Forman et al., 1972). Extended emission was then identified as brems-
strahlung of thermal origin from the hot X-ray emitting gas enveloping the cluster galax-
ies. Einstein Observatory later confirmed these observations and identified hot atmo-
spheres around individual galaxies, e.g., around M87 (Schreier et al., 1982) and other el-
lipticals in the Virgo cluster (Forman et al., 1979). ROSAT then attested to the previous
detections of hot atmospheres, and Chandra X-ray Observatory’s and XMM-Newton’s
higher spatial resolution revealed intricate details and disturbances of the atmospheres.

The masses of such atmospheres range between 10'* — 10> M, in galaxy clusters
and 10'3 - 10'* M, in giant ellipticals (Forman et al., 1985). The typical temperature
of the hot gas is about ~ 10°® K in gEs, increasing to ~ 2-10” K and higher in GCs. In
good approximation, the atmosphere as a whole can be considered to be in hydrostatic
equilibrium.

The existence of hot atmospheres around galaxy clusters, galaxy groups (GGr) and
around early-type galaxies is linked to the hierarchical structure formation in the Uni-
verse. In the framework of the A-CDM model, the baryonic matter fell into gravitational
potential wells of dark matter halos. During the infall, the baryonic gas was shock-
heated to the temperatures of 10’ — 102 K and continued to accrete onto the central re-
gions. The heated accreted gas formed the first X-ray atmospheres of the “red nuggets”,
early-type galaxies’ predecessors observed at redshift z > 2 (Werner et al., 2019). Red
nuggets then grew by accretion and mergers into the present-day ellipticals.

Although we focus on giant ellipticals, their atmospheres differ only marginally from
those in galaxy clusters due to the self-similarity of the mentioned systems, allowing us
to describe the properties of hot atmospheres universally.

Giant elliptical galaxies represent early-type galaxies of the Hubble sequence. Nearly
all of them harbour hot atmospheres, whose origin can be traced to the early universe’s
structure formation. In comparison to normal ellipticals, they are more massive and,
therefore, more luminous. They also rotate more slowly due to the dry mergers they

_3-
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Figure 1.1: Giant elliptical galaxy NGC 5813 in the Virgo constellation. Left: optical.
Centre: X-ray. Right: composite. Author: X-ray: NASA/CXC/SAO/S.Randall et al., Opti-
cal: SDSS.

underwent, during which they lost angular momentum. Their isophotes, i.e., the lines
along which surface brightness is constant, tend to be boxy. The optical brightness
profile of the outer regions is well described by a Sérsic profile, but the trend flattens
toward the centre. One of the possible explanations is a SMBH ejecting the stars from
the central regions, therefore reducing the emission of optical-wavelength light in the
core.

1.1 X-ray emission

Hot atmospheres are essentially dilute optically thin X-ray emitting plasma of collision-
ally ionised gas in ionisation equilibrium with temperatures of ~ 107 — 10% K (McNa-
mara and Nulsen, 2007). The temperature typically increases outwards (Mathews and
Brighenti, 2003). Generally, number density of hot atmospheres decreases outwardly
from ~ 107! cm™3 in the centre to ~ 10™% cm™3 at larger radii. Following deprojected
semi-analytical f-model (Cavaliere and Fusco-Femiano, 1976), the gas density profile
can be approximated as
2
1+ (2]
I'c

where ng,s(0) is the central density value, r, is the core radius, r is the radial distance
from the centre and S typically has a value of ~ 0.3 — 0.5 for gEs.

Since the hot gas is composed of free electrons and atomic nuclei, the electrons are
continuously decelerated in the nuclei’ Coulomb fields and thus emit radiation in the
form of photons. This two-body emission process is known as thermal bremsstrahlung
(or free-free emission) and is the source of a continuum in an X-ray spectrum. Brems-
strahlung emissivity € of the fully ionised plasma is proportional to the square of the
number density of particles 7, € o n?.

X-ray spectral continuum is interwoven with line emission of heavier elements,
such as iron, sulphur, silicon, magnesium, oxygen and carbon. Line emission origi-

~36/2

Ngas () = Ngas(0) ) (1.1)
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nates in the radiative de-excitation of collisionally excited plasma. Due to the excita-
tion’s two-body nature, this process also scales with n?. The strength of the emission
line is given by the abundance of the given metal and the nuclear charge of its ion,
causing some of the strongest lines to be those of iron. The presence or absence of cer-
tain emission lines and the relative strengths of the emission lines depend heavily on
the temperature of the plasma. Therefore, analysis of the X-ray spectrum can reveal the
presence of mechanisms like radiative cooling in galactic atmospheres. For example,
Fe XVII lines are indicators of 0.5 keV gas and O VII of the gas with a temperature of
0.2 keV.

1.2 Cooling flows

X-ray emission from thermal bremsstrahlung and the line emission causes the gas to
cool radiatively at a cooling rate C, which can be thought of as the energy loss per unit
volume and unit time. Cooling rate C is proportional to the square of the number den-
sity, and the cooling function A is then defined as the proportionality factor between

the two:

C
AT) ==, (1.2)
n

Based on Schneider (2006), the cooling time .4, i.e., the time it would take the gas
to lose all of its energy at a constant cooling rate — can be calculated as

3nkT 3 kT

lcool =

2 C  2nA)

(1.3)

If the cooling time f.,, is longer than the age of the system', the gas remains more
or less isothermal. On the other hand, if the cooling time is shorter than the age of the
system, the gas effectively begins to cool. Since .o, < n~!, the satisfactory cooling
time can be achieved only in the densest regions of the atmospheres — at their centres.

As the gas starts to cool, hydrostatic equilibrium can no longer be sustained as the
gas pressure decreases unless the overlying gas flows inward and compresses the gas
(Fabian, 1994). Increasing the density would then further shorten .y, 7c001 Would
extend, and surface brightness would be strongly peaked at the centre of the system.
Single-phase isobaric models also predict the presence of prominent Fe L shell tran-
sition lines together with O VIII lines (Peterson and Fabian, 2006). If radiative cool-
ing time is longer than or nearly equal to dynamical and sound-crossing time, then
such a flow is highly subsonic and maintains hydrostatic equilibrium (Mathews and
Brighenti, 2003). The rate of the inward-flow is calculated as mass cooling rate accord-
ing to

g}
5kT
It can be easily shown that for T ~ 108 K and typical X-ray luminosities ranging from
10%° to 103 erg/s, the expected mass cooling rate lies between 0.005 -5 Mg/ yr.

(1.4)

10ften lage = Hy 1 is considered.
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Figure 1.2: Observed spectrum from the Centaurus cluster compared with theoretical
models in the bottom picture. Observed spectrum lacks the strength of Fe L emission
lines and a sign of O VIII line, indicating that the gas does not cool to the predicted gas
temperatures (Sanders et al., 2008).

Moreover, cold gas could, after some time, drive star formation at rates similar to
mass cooling rates and the galaxies would appear bluer due to the newly formed stars.

Although some indications of cooling flows were observed at first, the cooling flows
were not as strong as the theory predicted. Star formation rates are usually observed
at much lower rates of around 0.01 — 1 M/ yr for dominant ellipticals in nearby groups
(O’Sullivan et al., 2018). Peterson et al. (2001) showed that for Abell 1895, the Fe XVII
emission line’s strength in the XMM-Newton’s spectrum was significantly less promi-
nent and therefore indicated that the emission from cold gas at ~ 2 keV was either sup-
pressed or the gas did not cool to such low temperatures. Further spectroscopic studies
of galaxy clusters showed only little or no sign of gas at temperatures of kT <1 -2 keV
and approximated the cooling rates as 5 times smaller than predicted from the models
(Mathews and Brighenti, 2003).

Since the cooling flow problem, the debate shifted to the distinction between cool-
core (CC) and non-cool-core clusters (NCC).

CC clusters exhibit sharp peaks in surface brightness at their centres, indicating
that the gas indeed cools in the central regions. In contrast, NCC clusters are better
described by the f-model in their inner regions, whereas in CC clusters, the f-model
fit differs significantly between the central and outer regions. CC clusters are gener-
ally considered to be in a state close to hydrostatic equilibrium, while NCC clusters are
thought to have undergone recent mergers or experienced turbulent mixing, both of
which heat the intracluster medium (ICM) and prevent the formation of a cooling core.
As aresult, CC clusters are often referred to as relaxed systems.
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CC clusters are characterised by a lower entropy profile, significantly shorter cen-
tral cooling time, and a systematic temperature drop at the centre compared to NCC
clusters (Hudson et al., 2010). Numerical simulations by Burns et al. (2008) suggest that
NCC clusters form through mergers of CC clusters, with the merger process disrupting
the cooling core and subsequent gas mixing preventing its re-establishment. This sug-
gests that rather than being two strictly distinct subclasses, NCC and CC clusters may
represent different evolutionary stages in the formation history of galaxy clusters.

Overall, the absence of line emission that would indicate the presence of cooling gas
(< 0.2 keV), combined with short central cooling times and the “red-and-dead” nature
of the studied systems, suggests the need for a mechanism that can plausibly account
for these observations. The most compelling explanation appears to be heating by AGN
feedback.

1.3 Cold gas

A resonant study of a few nearby gEs was done by Werner et al. (2014), which showed
that a cold gas tracer [C II] was detected in all galaxies with H-a+[N II] nebular emission,
proving that gEs could contain large reservoirs of cold gas. Both types of emission origi-
nate in the same place, together with low-entropy soft X-ray plasma. Moreover, Werner
et al. (2014) showed that cool-gas-rich galaxies are more prone to thermal instabili-
ties, hinting at the possibility of cold gas being produced by cooling from hot plasma.
This view is also supported by the fact that systems with extended nebular emission
have lower entropies outside the innermost regions than cool-gas-poor systems (e.g.,
Werner et al., 2014; O’Sullivan et al., 2018; Lakhchaura et al., 2018).

Presence of another cold gas tracer, molecular CO, was investigated by O’Sullivan
et al. (2018) in early-type galaxies in nearby galaxy groups (within 80 Mpc). Cold gas,
either in the form of atomic H I gas or molecular CO gas, was found in at least half
of the targeted systems. Molecular gas usually amounted to about 10’ M, while H I
masses fell within the range 10® — 101° M. Cold gas was usually found in discs and was
acquired either by interactions with neighbouring galaxies or by condensation from the
hot phase, as suggested in Werner et al. (2014).

Lakhchaura et al. (2018) found that around half of the studied giant ellipticals have
notable H-a+[N II] emission in the form of filaments. There does not seem to be a link
between the presence of H-a+[N II] emission and general properties of gEs like X-ray
luminosity Lx or total gas mass Mg,s, however a weak positive correlation between jet
power Pje; and luminosity of H-a+[N II] Ly.q+n1m Which could have substantial af-
termath on the accretion mode of the SMBH (Lakhchaura et al., 2018). Furthermore,
Lakhchaura et al. (2018) found that H-a+[N II] emission seems to be present in the
galaxies with shorter cooling times and more disturbed X-ray morphology.

According to Werner et al. (2019), the origin of such complex emission spanning
across at least 6 orders of magnitude in temperature lies in the structure of the fila-
mentary cool gas. Strands of CO and [C II]-emitting gas at ~ 1000 K are enveloped by
H-a+[N II] and UV emitting phase and embedded into soft-X-ray-emitting gas that is
cooler than the surrounding atmosphere. The mechanism is illustrated in Fig. 1.3.
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Warm layer visible in Ha
T~104K
n ~ 30 cm=s

Warm layer visible in UV
T~105K
n~10cm?s

Cold clumps visible in IR to mm
T ~ 30-1000K

Ambient ICM
T~ 1-2x107 K
n~0.1cm-3

Figure 1.3: Multiphase gas emission in hot atmospheres. From Werner et al. (2019)
(based on Werner et al., 2013; Anderson and Sunyaev, 2018).

Table 1.1: Multiphase gas components in ellipticals, based on Lakhchaura et al. (2018)
and referenced therein.

Temperature Element/molecule Process/occurrence Observing band
<30K CO molecular clouds radio

~ 100K [CII], [NII], [O 1] cooling lines far infrared
~1000 K H, molecular clouds near infrared
~10*K H-a+[N 1] ionized nebular emission optical
~10°K CIV Hell line emission uv!
~10"K thermal bremsstrahlung, X-ray

line emission

1 Sparks et al. (2012)



Chapter 2
AGN feedback & X-ray cavities

2.1 AGN feedback

It is a truth universally acknowledged that active galactic nuclei possess SMBHs at their
cores, which need cold gas to fuel their energy production. The infalling matter forms
an accretion disc to reduce its angular momentum. There, the gas undergoes friction
and momentum transfer, thus heating the gas, which then radiates away its excess en-
ergy. The interaction of the emitted energy and the surrounding gas leads to the AGN
feedback process, operating as a self-regulating cycle.

AGN feedback operates in two distinctive modes depending on the SMBH’s accre-
tion rate. First, in the case of a high accretion rate, the quasar / kinetic AGN feedback
mode ensues. Radiatively efficient optically thick but geometrically thin accretion disc
heats the surrounding gas and can even change the ionisation of the gas, which then
alters the cooling curve of the gas (Schneider, 2006; Hlavacek-Larrondo et al., 2022).

Secondly, radio / radio-mechanical mode AGN feedback sets in when the SMBH
accretes at much lower rates than the Eddington rate. The accretion disc is optically
thin and, therefore, radiatively inefficient, causing inward energy advection, which can
propel jets (Narayan and Yi, 1994). The jets then inject mechanical energy into the sur-
rounding gas, which leads to the formation of bubbles devoid of X-ray emission, which
are now commonly referred to as X-ray cavities (Schneider, 2006). This seems to be the
case for most of the AGNs in clusters and groups, but radio-mechanical AGN feedback
is predominantly manifested in cool-core systems (Dong et al., 2010; Fabian, 2012; Shin
etal., 2016).

Ultimately, the interaction between the SMBH and the surrounding gas leads to ei-
ther an increase in the atmosphere temperature or gas displacement. The gas then
flows inwards, fuels the SMBH in the centre and thereby triggers yet another episodic
activity of AGN. A vicious self-regulating feedback loop is created.

The self-regulatory nature of such a feedback loop, in which heating and cooling
rates are coupled, can be explained by the following counter-argument: if the cooling
and heating rates were not tied, the heating rate would not only match but soon ex-
ceed the cooling rate resulting in the net heating of the atmospheres which would cause
cooling times to be comparable to Hubble times which is contrary to the observations
(McNamara and Nulsen, 2007).

—9-
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Figure 2.1: Sketch of radio-mechanical AGN feedback.

Not long after Chandra and XMM-Newton revealed discrepancies between the the-
oretical models of cooling flows and the observational evidence of the lack of their sup-
posed strength, an idea of radio-mechanical AGN feedback delaying massive cooling
was proposed. This idea has been proven to be convenient, as illustrated, for example,
in Fig. 2 in Birzan et al. (2004) or in Fig. 6 in Rafferty et al. (2006).

Mechanical power of the AGN jets is closely tied to the accretion mode of the SMBH.
Allen et al. (2006) found a power-law correlation between Bondi accretion rate and jet
powers. While hydrodynamic equations can be worked out analytically (Bondi, 1952),
the Bondi accretion is not physically viable since the model assumes adiabaticity, spher-
ical symmetry and disregards angular momentum, which is usually non-zero for in-
falling matter. PlSek et al. (2022) found that the correlation between Bondi accretion
power and jet power is more significant in galaxies with reported H-a+[N II] emission,
which are likely to host thermally unstable atmospheres.

On the other hand, the chaotic cold accretion (CCA) model has also been proposed
as a plausible accretion mechanism. Pizzolato and Soker (2005) proposed a generalised
CCA model where hot, over-dense gas blobs lose energy faster than the surrounding
medium. As they sink toward the centre, the drag force strips them of their angular
momentum, and SMBH can easily accrete such overdensities. According to Gaspari
et al. (2013), CCA can drive the AGN feedback in various systems. In this scenario, the
response of the SMBH to the infalling matter is quicker, which then makes the whole
feedback cycle more efficient.
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Figure 2.2: Synthetic Chandra X-ray flux images of cavities resulting from simulations
with subrigid turbulence. The left panel shows the cavity 155 million years after it was
launched, the right 205 million years after. Taken from Briiggen et al. (2009).

2.2 X-ray cavities

X-ray cavities are regions of diminished line-of-sight X-ray emission within the hot at-
mospheres. They are associated with central AGN activity and are key indicators of
the sustained radio-mechanical AGN feedback. Disturbances of hot atmospheres were
first observed by the Einstein observatory in the NGC 1275 / Perseus cluster (Fabian
et al., 1981). Boehringer et al. (1993) deduced that the known disturbances in the NGC
1275 were indeed regions devoid of X-ray emission and additionally found that radio
emission coincided with the cavities. Subsequent Chandra’s and XMM-Newton’s ob-
servations shed more light on their origin, nature and energetics.

X-ray cavities are most commonly thought to be low-density ellipsoidal bubbles
filled with relativistic plasma that are in pressure equilibrium with the surrounding gas
(e.g., Churazov et al., 2002; Birzan et al., 2004). They are often spatially co-aligned with
synchrotron radio emission (radio lobes), but the radio emission tends to fade more
quickly. The older cavities without radio emission are then dubbed "ghost" cavities.

The cavity origin lies in the jet-ICM interaction. Due to the radiatively inefficient
accretion flow, AGN launches a pair of bipolar jets (e.g., Churazov et al., 2002; Hlavacek-
Larrondo et al., 2022). The jets then inflate a small underdense bubble. In its early evo-
lutionary stages, the cavity expands slightly supersonically. Such processes can drive
weak shocks, which can heat the gas in the centres of atmospheres (Mathews et al.,
2006). During later stages of cavity evolution, buoyancy takes over the bubble’s rise
through the atmosphere and the cavity expands adiabatically (Churazov et al., 2002;
Hlavacek-Larrondo et al., 2022).

X-ray cavities are observed as elliptical or circular regions, but their true shapes are
more intricate. Simulations have shown that their intrinsic shape more or less resem-
bles an atomic mushroom cloud (e.g., Briiggen et al., 2009; Guo, 2015). Usually, they are
approximated to be either oblate or prolate spheroids. Guo (2020) showed that during
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the buoyancy stage of the bubble’s life, it tends to become more elongated in the direc-
tion perpendicular to the direction towards the galactic centre, i.e., the galactocentric
direction.

Many studies have found that X-ray cavities are more likely to form in cool-core
systems. Fabian (2012) found that nearly every nearby CC cluster harbours X-ray cav-
ities. Dong et al. (2010) investigated the incidence of X-ray cavities in galaxy groups
and found that potentially, half of the sample showed signs of regions devoid of X-ray
emission, and every one of them was a CC system.

2.2.1 Cavity timescales

Estimating the age of the cavity depends significantly on the interpretation of its origin.
Firstly, if we suppose that the cavity is created by a high-momentum AGN jet, then the
age can be calculated as the time it takes for the cavity to rise to its projected distance
at a constant velocity. The presence of weak shocks around the innermost cavities indi-
cates that the expansion speed can be slightly supersonic (e.g., McNamara and Nulsen,
2007; Fabian, 2012). Thus, sound speed, given by

| ykT
Cs = I (21)
Hmy

where v is an adiabatic index of the surrounding gas, i is the mean molecular weight
and my is the mass of a hydrogen atom, becomes relevant expansion velocity for such
a cavity. The age of such a cavity is then given by

d
tss = —. (2.2)
Cs
Secondly, if we consider that the cavity rises purely buoyantly from the galaxy centre
to its projected distance, then its terminal velocity can be approximated as

[2gV
Ubuo ~ gi, (2.3)

where V is the volume of the cavity, S is the cross-section of the cavity and C is the
drag coefficient. The buoyancy timescale is calculated as

d
tbuo = (2'4)

Ubuo

Cavity ages are typically in the order of ~ 10° up to ~ 108 years, indicating their long-
lived stability. Contrary to observations, Rayleigh-Taylor instabilities could, in princi-
ple, develop and shred the cavity (McNamara and Nulsen, 2007). Their formation can
be suppressed, if we assume the quasi-continuous injection or magnetically dominant
bubbles (e.g., Diehl et al., 2008; Briiggen et al., 2009).
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2.2,2 Cavity energetics

Measuring the energy deposited into the cavities can help us quantify the feedback cy-
cle of SMBHs. Jet powers are usually calculated as

H
Pjer = I’k (2.5)

where H denotes the enthalpy of a cavity and ¢ its age (e.g., Birzan et al., 2004; Diehl
et al., 2008; McNamara and Nulsen, 2007; Guo, 2020). Enthalpy is usually estimated by

H=—""pv, 2.6)

Y—1

where 7y is the ratio of specific heats, p the pressure of the ambient medium at the cav-
ity distance d and V the cavity volume. McNamara and Nulsen (2007) notes that Eq.
2.6 holds if the cavity is filled with ideal gas whose ratio of specific heats y is constant.
In any case, enthalpy ranges between 2pV if the bubble is dominated by the magnetic
fields and 4pV for the bubble filled with relativistic particles. In giant ellipticals, pV
amounts to about ~ 10°° erg and in galaxy clusters it reaches about ~ 10%! erg. (McNa-
mara and Nulsen, 2007).

According to Birzan et al. (2004), the cavity’s rise through the atmosphere is powered
by the release of potential energy of the gas falling inward at the vacant region where
the cavity was. The energy is then transformed into heat with an efficiency approaching
one. However, substantial energy can be deposited into shocks and a small part carried
away by sound waves (Churazov et al., 2002; McNamara and Nulsen, 2007).

Mechanical energy exchanged between the cavity and the surrounding gas can, un-
der the assumption of adiabatic expansion and the pressure equilibrium with the sur-
rounding gas, be expressed as

do
AE:—prd—:—dep:Eo
r

where Ej is the initial energy of the cavity, p the pressure at its current projected dis-
tance and py the pressure (Churazov et al., 2002).

1-1/y
1- (ﬁ) , 2.7)
Po

2.3 Misalignments in multi-cavity systems

Systems with multiple generations of X-ray cavities not only provide critical informa-
tion about the duty cycle of SMBH but also reveal the peculiarities of jet-ICM interac-
tions. It is not yet clear why some systems are strongly aligned (e.g., NGC 5813, see
Fig. 1.1) compared to the ones that showcase significant alignment deviations between
individual generations.

Ubertosi et al. (2024) combined VLBA and Chandra data to investigate the possi-
ble sources of misalignment between currently-active jets and X-ray cavities in various
cool-core galaxy clusters and groups, both aligned and misaligned. The study found
that projection could affect possible misalignments in about one-third of the cases.
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Figure 2.3: Galaxy cluster RBS 797 with two equidistant cavity pairs perpendicular to
each other. Author: NASA / CXC / University of Bologna / E Ubertosi / STScl / M.
Calzadilla / NSF / NRAO / ALMA.

All targets but one showed signs of sloshing. However, even if the bulk gas motion can
affect the cavity position, it cannot be the primary source of misalignment.

If jet reorientation is responsible for the observed misalignments, then it is more
likely to cause misalignments larger than 45°. Jet reorientation events could explain
some orthogonal placements of cavities. On the other hand, the question of which jet
reorientation event can be physically possible to create such misalignment is far from
easy to answer.

One of the possible explanations for a jet changing its orientation can be its pre-
cession. However, it has been shown that precession is likely to happen at shorter
timescales than the observed age difference between cavity ages (e. g. Schellenberger
et al., 2021; Britzen et al., 2018; Ubertosi et al., 2021). One could argue that the pos-
sibility of a jet suddenly turning off and back on in a single precession period is not
plausible. On the other hand, there is no need for jet switching off/on if we consider
that it is the bubble that can detach irrespective of the jet.

Reorientation can also be explained by changes in the accretion rates or in the ge-
ometry of the accretion disc of the central AGN engine. For example, the randomness
of the directions of infalling clouds in CCA can change the angular momentum of the
central AGN. By aligning the direction of angular momentum of the SMBH with the
jet direction, a change in the SMBH’s momentum leads to jet reorientation and, con-
sequently, a change in the positional angle of a future cavity. It seems that a binary
black hole could potentially drive simultaneous cavity formation. This seems to be the
case in the galaxy cluster RBS 797 (Ubertosi et al., 2021), where the cavity generations
are perpendicular to each other and their distance from the centre, together with their
ages, are nearly the same.
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Data analysis

Archival data from Chandra X-ray Observatory were downloaded for targets summarised
in Tab. 3.1. All available non-grating ACIS-S and ACIS-I observations for each source
were reprocessed through chandra_repro script (CIAO 4.17, Fruscione et al., 2006) and
reprojected. Point sources were identified by the wavdetect algorithm. Background
light curves for each observation were extracted. The deflare routine was applied to ev-
ery observation to remove the intervals with higher background counts caused by soft
proton contamination or interaction of energetic particles of the cosmic background.

Table 3.1: Studied giant elliptical galaxies.

NGC 5813 NGC 5044 NGC 4649 NGC 4472
a [h:m:s] 15:01:11.37 13:15:23.97 12:43:40.00 12:29:46.80
6 [d:m:s] 1:42:05.86 -16:23:07.12 11:33:09.53 8:00:02.51
D [Mpc] 31.012 +£2.052 38.013 + 2.187 16.702 + 0.449 16.060 + 0.348
z 0.006525 0.009280 0.003703 0.000023
o [km/s] 236.0 + 3.4 2249 +9.1 330.5+4.6 282.0+29
Scale [kpc/”] 0.153 0.219 0.102 0.0938
ny [10%° cm—3) 5.2 6.36 2.3 1.64
M, 108 M) 7.11 2.17 4441 25.43

1 Saglia et al. (2016)
2 Schellenberger et al. (2021)
3 Kormendy and Ho (2013)

3.1 Spectral analysis

In preparation for spectral extraction, background event files were created for each re-
projected event file from the CALDB 4.12.0 database via the blanksky command. The
specextract routine was used to extract spectra from each reprojected event file, with the
point sources left out. Spectra were extracted from a set of concentric annuli centred

—15-
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at the X-ray emission peak' from each reprojected observation, and subsequently, in-
dividual spectral files were combined for each annulus with the combine_spectra com-
mand.

Spectral analysis was carried out via PyXspec 2.1.4 module (Xspec 12.14.1, Arnaud,
1996). Every combined spectrum was fitted with a model that accounted for the de-
projection (projct component), the line-of-sight photoelectric absorption due to the
atomic and molecular hydrogen in our Galaxy (phabs component), the bremsstrahlung
emission of Low-mass X-ray binaries (bremss component) and the emission of colli-
sionally-ionised plasma in equilibrium (apec component). The resulting 11-parameter
model we used was

m = projct*(phabs*(apec)) + phabs*(bremss) °.

The cosmology was set to be Hy = 70 km/s/Mpc, qp =0, and Ay = 0.7326. The Cash
statistics and the Levenberg-Marquardt algorithm was used for spectral fitting. Pho-
toelectric absorption cross-sections were taken from Balucinska-Church and McCam-
mon (1992). Abundances for apec component’s Abundanc parameter were expressed
relatively to abundance tables taken from Lodders et al. (2009). To account for the
absorption of low-energy X-ray photons caused by our Galaxy, the hydrogen column
density Ny (nH parameter in phabs component) was set to the values taken from the
nHtot tool®. In some cases, if the Galactic absorption turned out to be higher than the
provided value, Ny was also fitted.

The spectral analysis aimed to produce deprojected radial profiles of temperature
and electron density. The temperature (k7T) profile was extracted from the apec compo-
nent. Electron density n, profile was determined from apec norm N parameter which
is given for every annulus as

N= s [ nemav, 3.0)

where D is the distance of the source®, ny is the hydrogen density and dV is the ele-
ment volume. Assuming 7, to be constant in the given annulus and corresponding to
approximately 1.2ny, the integrated volume element becomes the volume of the shell
with radii corresponding to those of the annular region.

A Markov chain Monte Carlo algorithm was used to derive the parameter estimates
and their uncertainties. The median of the chain was adopted as the best-fit value. The
uncertainties were taken as an equivalent to 1o confidence interval at 16% and 84%
quantiles.

1Given by a centroid in DS9.

2The second appearance of phabs component arises from the fact that while the bremss component
does not require deprojection, it is still subject to the same amount of photoelectric absorption as the
apec component.

3https ://www.swift.ac.uk/analysis/nhtot/, based on Willingale et al. (2013).

“We used redshift-independent measurements from NED database.
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3.2 Image analysis

For image analysis, we added up the observations into the exposure-corrected images
across the soft (0.5 — 1.2 keV), medium (1.2 — 2 keV), hard (2.0 - 7.0 keV) and broad
(0.5 -7 keV) energy range using the flux_obs command. For each image, left-out point
sources were filled through dmfilth with background Poisson noise extracted from an-
nular regions extending just slightly beyond the point sources.

Resulting broad or soft band images were fitted with the f-model. Assuming hy-
drostatic equilibrium and isothermality, the projected surface brightness profile can be
determined by f-model that takes the form of

0.5-3p
, 3.2)

2
S(b) = nreA(Tgas) B(36—0.5,0.5)

14|

T'c
where ny is the central density, r. the core radius, A(Tg,s) the cooling function of the
gas at the temperature Tg,s, B(3 —0.5,0.5) the beta function and b is the projected
distance.  parameter describes the steepness of the whole surface brightness profile
(Ettori, 2000).

Subtracting the model from the image revealed regions of suppressed X-ray emis-
sion, which were identified as individual cavities. They were estimated by hand in DS9
as ellipse regions. Each cavity is described by five parameters: right ascension a and
declination 6 of the centre of the ellipse, two semi-axis Ry, Ry and rotation angle A°.

A simple routine was developed to find the cavity distance d, the axis closest to the
supposed direction to the galactic centre R}, and the axis perpendicular to the galacto-
centric direction R,,. To infer the physical sizes of d, R} and R,,, cosmology-corrected
scale from NASA/IPAC Extragalactic Database (NED)® was used.

We also adjusted the angles so that the cavity direction within the system is well de-
scribed by the cavity positional angle ¢ s measured from the x-axis towards the semi-
major cavity axis and the cavity rotation angle ¢, measured from the semimajor cavity
axis towards the galactocentric direction. The angles are depicted in Fig. 3.1.

From inferred axis sizes, the cavity volume V was calculated as

4 -
V=2RR, (3.3)
and the cross-section S as
S=nR2. (3.4)

Alternatively, the machine-learning pipeline CADET (Plsek et al., 2023) was em-
ployed for cavity identification. Its convolutional neural network detected potential
cavities in the re-binned input images, which were subsequently broken down into in-
dividual cavities. For these decomposed cavities, their volumes, cross-sections, and
rotational angles were automatically estimated by the CADET pipeline.

SMeasured from the x-axis anti-clockwise towards the axis closest to the x-axis before rotation.
6 Hy = 67.8 km/s/Mpc, Qmateer = 0.308, Quacuum = 0.692
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Figure 3.1: Cavity angles describing the cavity’s position within the system.

3.3 Timescales

Timescales of X-ray cavities were calculated according to Sect. 2.2.1. The value of kT at
the cavity distance d was linearly interpolated from the nearest values. For the sound-
speed timescale (Eq. 2.1 and Eq. 2.2), the ratio of specific heat y of the atmosphere was
considered to be y = 5/3 and the mean molecular weight u = 0.62.

When it came to the buoyancy timescale (Eq. 2.3 and Eq. 2.4) , we considered C =
0.75 (Churazov et al., 2002; McNamara and Nulsen, 2007). Assuming a galaxy as an
isothermal sphere allowed us to approximate g as

g~20?%/d, 3.5)

where the stellar velocity dispersion o was taken from HyperLEDA database’ (Makarov
etal., 2014).

3.3.1 Timescale correction

In our approach, we considered the innermost cavity generation (also referred to as the
first generation) to be still attached to the jet excavating it. Such a cavity should expand
mildly supersonically. Using the sound-speed timescale, therefore, provides an upper
limit for the age of an attached cavity.

For the second generation, we considered the bubble to be driven purely by buoy-
ancy. The buoyancy timescale corrected by the sound-speed timescale of the previous
generation was thought to best approximate the cavity age of the second generation.
The correction was done based on the fact that the buoyancy force can become domi-
nant as soon as the younger generation begins to form. Similarly, for any next aligned
generation, its age is considered to be the age of the previous generation subtracted
from the currently-investigated generation’s buoyancy timescale.

"http://leda.univ-1lyoni.fr/
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3.3.2 Uncertainties in cavity ages

For the sound-speed timescale, the temperature (kT) at cavity distance d was estab-
lished by interpolating between the values of the temperature radial profile. The result-
ing uncertainty was established as the root of the sum of the squares of the interpolation
uncertainty and the radial kT profile’s closest point to the interpolated value.

Regarding the buoyancy timescale, we assumed that if the volume V changes by
a factor of two, the cross-sectional area changes proportionally. In our work, we first
established that V/S ~ R) and then considered, that if the upper limit of a volume esti-
mate is 2V with each direction changing equally with a factor of , then one direction,
e.g., R, changes with a factor of = 2!/3. Similarly, it can be easily shown that for neg-
ative uncertainty V/2, R scales with 1 = 0.5!/3. Therefore, we considered the buoyancy
uncertainties to be

1/6 1/6
Ubuo+ =2 Ubuo,0, and Vpyo- =0.5"" Upyo,0- (3.6)

Buoyancy timescale relative uncertainty was then considered to be the same as for
the buoyancy speed, therefore deducing the absolute uncertainties from basic knowl-
edge of uncertainty relations.

3.4 Jetpowers

Jet powers are commonly estimated from measured energy — i.e., the cavity’s enthalpy
H, and either its sound-speed timescale s or buoyancy timescale #,,,. This approach,
assuming the injected energy Einj equals the measured energy Emea, underestimates
the jet powers due to the omission of the energy exchanged with the surrounding gas
when the cavity rises through the atmosphere.

To take the exchange of energy into account, we considered the injected energy to
be Einj = Emea + AE, where we substituted for AE from Eq. 2.7. Injected energy was then
considered to be

[ Do ] 1-1/y

Einj= Emea | — ) (3.7)
where Eje, is the cavity’s enthalpy H, py is the central pressure®, and y is 4/3. Cavity
ages I,ge were used as time ¢ in Eq. 2.5.

To our current knowledge, there has not been a study proving or disproving any par-
ticular trends when it comes to the time evolution of jet powers in multi-cavity systems.
Due to the self-regulatory nature of AGN feedback, we expect the jet powers per cavity
generation to oscillate around a constant value. To probe the constancy of jet powers,
we calculated the cycle-corrected time-averaged jet power as

YN Eiji
Pjo = ——, (3.8)
tage,o
where Ejy; i is the energy injected into the i-th generation and #age, o is the cavity age of
the oldest generation.

8Throughout this work, we used the pressure measured in the innermost spectral annulus.
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3.5 Inclination

3.5.1 Toybubbles

Figure 3.2: Inclination’s effect on cavity’s distance.

Firstly, inclination directly affects the projected distance of the cavity from the galactic
centre. As can be seen in the Fig. 3.2, projected distance d’ can be determined as

d =d cosi, (3.9)

where d is the intrinsic cavity distance.

As for the cavity’s shape, Guo (2020) found that inclination does not change the
oblate cavity into prolate and vice versa. The study also derived relation between pro-
jected radial elongation 7’ and intrinsic radial elongation 7 as

7' =V cos20 + 12 sin®6

(3.10)

— V/sin%i + 12 cos?i.

For projected semi-axis Rl’ we get

R =Ry Vsin?i +12 cos?i. 3.11)
To probe how cavity characteristics would change if we inclined the system, we cre-
ated a toy model of an oblate and a prolate cavity placed into atmosphere, whose tem-
perature T was constant, electron density profile n.(r) was described by a deprojected
B-model and so was the pressure profile p(r). The intrinsic values were taken to be the
ones at i = 0°, and the end-point for inclination change was considered to be 60°. At the
inclination of 60°, the cavity was considered to be nearly undetectable due to low con-
trast compared to the surrounding gas. Moreover, Plsek et al. (2023) investigated the
cavity volume errors in relation to launching angle and found that at inclination angle
~ 60°, the volumes are underestimated by at least 20% (Fig. 10, therein) and for even
bigger angles, the error rapidly increases.
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3.5.2 Studied cavities

Inclination affecting our measurements was then used to explain why the jet power is
not constant across generations in some systems. We considered the cavity generation
to be already inclined by some angle i, therefore, we knew its projected distance d’ and
its projected semi-axis R[. Then, we figured out the intrinsic distance d and semi-axis
Ry and used them to establish the intrinsic jet power Pjet needed to inflate the cavity.

3.6 Misalignments

As was mentioned in Sect. 2.3, a strong misalignment between generations can be ex-
plained by the precession of the jet excavating the bubble. To probe if either of the sce-
narios could be plausible, we modelled various precession set-ups described in a study
by Britzen et al. (2018).

Firstly, due to the misalignment between the angular momentum of the rotating
black hole and of the accretion disc, the Lense-Thirring precession of the black hole
may arise with the precession period

-6/5

M.\ M
p — 109.25 615/7 a4§/35( * ) ( * ) T, 3.12
LL.BH » Wi \108M,) \102Moryr) Y 5.12)

where a. is the Kerr angular momentum parameter, a.;s is the viscosity parameter,
M., is the mass of the SMBH and M. its accretion rate (Lu Ju-fu, 1992).

In the case of Lense-Thirring precession of the accretion disc, the precession period
depends on the BH’s angular momentum, the size of the accretion disc’s precessing
part, and the accretion disc’s surface density”. The precession period of the accretion
disc was modelled according to (Caproni et al., 2004) as

Cout _ d¢
2nGM. fin B2y q
Prrap = —3 IRy (3.13)
out 1_(1_451-5 +3asé ) d
‘fin 6 [53/2“1.]—2 5
where
Ein=Ems =3+ A F[(B— A1 B+ A +242)1Y2,
Ar=1+1-a)"3 [ +a) P+ 1 -a)'], A =(@Ba2+A2)" and
$out = X ¢ms-

The extent of the precessing part of the disc is given by dimensionless parameters
¢in and ¢y The parameters are physical radii scaled with respect to gravitational ra-
dius as ¢in = Rin/Rg and {out = Rout/ Rg. The outer disc radius was considered to be
100R;,, with Ry, corresponding to the marginally stable orbit of a Kerr black hole.

In the case of a binary BH, a possible misalignment between the orbital plane and

the accretion disc can also lead to the jet precession. The outer disc radius r(‘i’ut needs to

9For the sake of simplicity, constant surface density was considered.
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be smaller than the distance between the BBH components. The resulting parameters
can then decide the plausibility of the model. The outer disc radius was calculated as

3 213 1/3
out _ 8_7'[(5—11) (1+2) Tbs Xp (3.14)

where n is the polytropic index of the gas, z the system’s redshift, Pje; the desired pre-
cession period, Q the inclination angle of the orbital plane to the accretion disc and x;,
the ratio of the primary BH’s mass M to the total mass of the system My = M} + M,
(Britzen et al., 2018; Papaloizou and Terquem, 1995; Larwood, 1997).
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Results

We have analysed archival Chandra X-ray Observatory data for four nearby giant ellip-
tical galaxies that are known to have multiple generations of X-ray cavities: NGC 5813,
NGC 5044, NGC 4649 and NGC 4472.

To infer the temperature and electron density profiles, spectra from annular regions
were extracted and fitted by a model combining the emission of collisional ionised
plasma and bremsstrahlung emission. Concentric annular regions were centred at the
X-ray emission peak set by a centroid in DS9. For each annulus, we combined all spec-
tral files together, and the combined spectra were binned via the ftgrouppha command.
Setting the type of grouping as optmin, the spectra were either binned by an optimal
number of counts or by 25 counts. If not stated otherwise, the spectra were subse-
quently deprojected and fitted in the energy range of 0.7 — 7 keV and bremsstrahlung
emission was fitted throughout every annulus, although its contribution was significant
only in the central regions. Abundances of neighbouring annuli were tied, thus creating
only about three or four sectors for abundance fitting.

Image analysis was performed to identify cavities in each system. Initially, a single
p-model was fitted and subtracted from the image. In cases where a single f-model
inadequately described the surface brightness radial profile of the source, a double S-
model was applied. Cavities were then identified and estimated as ellipsoidal regions
in the resulting residual image. Alternatively, cavities were identified by the machine-
learning pipeline CADET. In CADET, various scales were employed to detect the cavi-
ties while maintaining the best possible pixel resolution, thus getting more precise esti-
mates for cavity semi-axis and volume. The threshold for cavity decomposition was set
to be 0.6 or 0.5.

Tab. 4.1 and Tab. 4.2 summarise the cavities and their properties identified by sub-
tracting a f-model or applying CADET, respectively. For identified cavities, we used
a notation system that begins with the letter G, followed by the generation’s order from
the centre out and the indicator of its direction in the plane of the sky.
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4.1 NGC5813

Spectra were extracted from concentric annular regions extending to 120” from the cen-
tre of the galaxy. Bremsstrahlung emission was fitted only for the inner four regions.
Deprojected radial profiles of temperature and electron density are shown in Fig. 4.1.
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Figure 4.1: Deprojected electron density and temperature radial profiles for NGC 5813.
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Figure 4.2: Broad band exposure-corrected image of NGC 5813 overlaid with cavity con-
tours identified by f-modelling and CADET. The image was convolved with a Gaussian
kernel with o = 1.5.
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Figure 4.3: Cumulative jet power per cavity generation @ as a function of average dis-

tance of cavities d. Shaded blue and orange areas note the upper and lower limit of
time-averaged cycle-corrected jet power (Eq. 3.8) for f-model and CADET cavities, re-
spectively.

p-modelling and CADET revealed three generations of cavities in the atmosphere of
NGC 5813. Their positions and shapes are depicted in Fig. 4.2. Elliptical regions iden-
tified as cavities after f-modelling and CADET contours coincide well for the inner two
generations. For the outermost cavity in the SW direction, CADET contours deviate sig-
nificantly compared to the ellipse regions resulting from f-modelling. The difference
from CADET contours is most likely caused by CADET’s inability to deal with chip edges
and the fact that the training dataset focused on the inner generations.

We applied timescales and energy corrections and compared them with the usual
approach, as can be seen in Fig. B.1 and Fig. B.2. Plotting the cumulative %, ie.,
the sum of energy injected into both cavities divided by the average cavity age in the
generation f,ge, e can see that E roughly follows a constant value.

4.2 NGC5044

Spectra were extracted from 11 concentric annuli. The two innermost annuli were tied
for the temperature fitting. Bremsstrahlung emission was fitted throughout every an-
nulus. Radial profiles are shown in Fig. 4.4.
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Figure 4.4: Electron density and temperature radial profiles for NGC 5044.

Three generations were identified in the NGC 5044 both by f—modelling and CADET,
Fig. 4.5 presents their position and extent. Two of them (G1, G2) are nicely aligned in
the N-S direction. A misaligned generation (M) is found in the NE-SW direction. In-
terestingly, the cavity in the SW direction of the misaligned generation is closer than
its counterpart. The misaligned generation (M) and outermost aligned generation (G2)
seem to be of similar age, yet the jet power that was needed to excavate the G2 cavities

was by an order of magnitude larger.

NGC 5044
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a

Figure 4.5: Broad band exposure-corrected image of NGC 5044 overlaid with cavity
shapes identified by f-modelling and CADET. The image was convolved with a Gaus-

sian kernel with o = 1.5.
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Concerning cycle-corrected time-averaged jet power f’j;, Fig. 4.6 demonstrates that

G2 distorts 13;; towards the higher values and thus ﬂ does not appear to be constant
throughout multiple cycles.
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Figure 4.6: Cumulative jet power per generation m in NGC 5044 as a function of av-
erage distance of cavities d. Shaded areas note the upper and lower limit for time-

averaged cycle-corrected ﬁ;t calculated according to Eq. 3.8. Orange colour denotes
the CADET identification, blue the f-model identification.

4.3 NGC 4649

Spectral analysis was performed for spectra from 11 concentric annular regions centred
at the X-ray emission peak and extending to about 200” from the centre. Besides abun-
dance, no parameters were tied together for the neighbouring annuli. Fig. 4.10 depicts
the resulting deprojected radial profiles for electron density and temperature.

Although CADET identified only the inner cavity generation, visual inspection hint-
ed at the second generation about 20 kiloparsecs from the centre, as is illustrated in

Fig. B.5. The cavities are well aligned with the NE-SW direction, true to the galaxy being
known as one of the most symmetric ones.

Figures B.5 and B.6 compare the classical approach to timescale and energy cal-
culations, respectively, and the newly-introduced methods. Resulting cumulative jet
powers % are shown in Fig. 4.9. Time-averaged cycle-corrected jet power 13; was
calculated only for the f-model cavities.
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Figure 4.7: Electron density and temperature profiles for NGC 4649.
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Figure 4.8: Broad band exposure-corrected image of NGC 4649 overlaid with cavity con-
tours identified by f-modelling and CADET. The fits file was convolved with a Gaussian
kernel with o = 3.
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Figure 4.9: Cumulative jet power per generation Pje; in NGC 4649 as a function of aver-

age cavity distance d with }”J:t calculated from Eq.3.8 denoted by shaded areas (blue for
p-model cavities, orange for CADET cavities).

4.4 NGC4472

Spectra extracted from 11 annuli extending to about 200” from the centre were depro-
jected and fitted. The obtained electron density and temperature radial profiles are

shown in Fig. 4.10.
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Figure 4.10: Electron density and temperature radial profiles for NGC4472.
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Two generations were identified via image analysis performed on Chandra data by
both f-modelling and CADET. Seeing a hint of a third generation in an XMM-Newton
data about 30 kiloparsecs from the centre, we experimentally incorporated it into our
calculations. The application of a new approach to calculating the cavity ages and en-
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ergetics is illustrated in Fig. B.7 and Fig. B.8, respectively. Cumulative jet powers per
cavity generation are shown in Fig. 4.12.
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(@) Chandra soft band exposure-
corrected image of NGC 4472 overlaid
with cavity contours identified by S-
modelling and CADET. The fits file was

NGC 4472

-=--- Bsmodel
805" — QADET
= visual

7°55'8

187°35' 30’

a

(b) XMM-Newton’s EPIC MOS1 image
accessed via XMM-Newton Science
Archive. The fits file was convolved with
a Gaussian kernel with o = 1.

convolved with a Gaussian kernel with
o=3.

Figure 4.11: Chandra and XMM-Newton images of NGC4472.
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Figure 4.12: Cumulative jet power per generation m in NGC 4472 as a function of av-
erage cavity distance d with 13]; calculated from Eq. 3.8 denoted by blue and orange
shaded areas, corresponding to f-model and CADET cavities, respectively.
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Table 4.2: Cavity characteristics of cavities identified by CADET.

Galaxy Cavity d [kpc] Ry [kpc] Ry [kpc] T Orot [°] lage [Myr] Emea lerg] Ejnj lerg]
NGC5813  GI,NE 1.11 0.98 0.89 1.10 -7.1 2.58 1005 7871810 1.1%,5-10%
Gl, SW 1.55 0.91 1.36 0.67 102.1 3.64 1003 7975510 1215.-10°
G2, NE 7.88 3.11 3.83 0.81 54.5 15.3 721 6.4 *52.10% 1.414..10%
G2, SW 5.17 1.46 1.65 0.88 126.5 11.0 ¥32 8.2 *82.10> 165,107
G3,NE 22.61 3.0 2.88 1.04 15.2 77.0 T %3 1.49 *5-10% 4243 -10%
G3, SW 19.25 6.46 3.44 1.88 19.4 38.7 182 9.6 1$°.10% 2.62%,.10°
NGC5044  GI,N 0.46 0.27 0.43 0.63 130.2 0.981 *3-%1 1.5%15.10% 1515 .10%
G1,S 0.69 0.26 0.28 0.93 99.8 1.525 10001 4.5%35-10% 4.6%9,-10%
G2,N 7.44 3.36 4.68 0.72 61.1 16.6 T4 2.3 71510 3.63%,-10°
G2,S 6.89 2.38 3.75 0.63 121.2 13.6 713 15.11 *151.10° 22.9%9 .10
M, NE 5.07 2.41 1.21 1.99 -6.2 16.7 723 2.0 120.10% 2.8 728.10%
M, SW 9.06 2.91 2.36 1.23 -40.5 28.9 33 6.0 50.10% 9.592.10%
NGC4649  GI,NE 1.8 0.94 0.35 2.65 -34.2 3.68 1002 8.4 *82.10% 1.9%53-10%
0.02 1.8 54 4.1 54
G2, SW 1.7 0.89 0.54 1.67 -44.7 3.55 700 1.8708.10 4175310
NGC4472  GLE 0.99 6.72 2.39 2.81 -13.0 2.133 *0-003 3.0 32.10% 4.9*39.10%
Gl, SW 0.94 4.44 2.65 1.68 -15.5 2.025 7500 4.7*+51-10% 7.7 75510
G2,E 4.39 28.56 12.44 2.30 12.9 21513 1.9*13-10° 4.4*37-10%
G2, NW 4.21 19.72 11.88 1.66 -23.7 12.6 712 2.9723.10 6.9 759.10%
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Table 4.3: Cavity jet powers.

Galaxy Cavity Pjey, g lerg/s] Pjey, c lerg/s]
NGC 5813 G1,NE 7.2752.10% 1.3%53-10M
8.0 40 1.0 41
G1, SW 8.0 *80-10 1.0732-10
1.6 41 2.9 41
G2, NE 1.6 732-10 2.9742-10
5.4 41 4.8 40
G2, SW 53737-10 4.7758.10
2.2 41 1.8 40
G3, NE 2.17%2.10 1.7138.10
G3, SW 5.9 750.10% 2.1 %2 10M
NGC 5044 G1,N 4.2754.10% 4.7 *3:1.10%
2.2 40 9.6 39
GlL,S 2.2722.10 9.6 *95-10
8.6 41 6.9 41
G2,N 8.5*8%.10 6.9752-10
4.8 41 5.4 41
G2,S 4.7758-10 54732-10
2.8 40 54 40
M, NE 2.7738.10 5.3737-10
M, SW 1.6 *55-10% 1.1%53-10%
NGC 4649 G1,NE 3.3733.10% 1.6 *38-10%
3.2 40 3.6 40
G1, SW 3.2732.10 3.6735-10
G2, NE 3.6 73:2.10%
G2, SW 1.3 *5a-10%
NGC 4472 GLE 6.7 752 -10% 7.3713.10%
2.0 40 1.2 40
G1, SW 2.0739.10 1.2*132.10
1.4 41 6.6 39
G2,E 1.4*32.10 6.5*5%-10
6.2 40 1.8 40
G2, NW 6.1752-10 1.7438-10
G3,E 48138101
G3, SW 32135101

-1.6
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Chapter 5

Discussion

In this final chapter, we evaluate our approach to data analysis and calculations based
on the obtained results both globally across our sample and then individually for each
galaxy. In the second part, we present a toy model which was utilised to probe how
inclination affects our measurements.

As it will be shown below, probing projection effects in the observed systems re-
quires energy measurement as precise as possible, especially for the cavities that are
further from the centre. The magnitude of the correction to the energy calculations
as described by Eq. 2.7 is illustrated in Fig. 5.1. A fractional energy change, which we
defined as (Ejnj — Emea)/ Emea, Was calculated for every cavity in our sample. Larger de-
viations from the usual method, where the injected energy is simply taken to be the
cavity enthalpy, are observed for the more distant cavities, i.e., for those that detached
sooner and therefore deposited more energy into the ambient medium.

4.0 NGC 5813 eeee B-model 4
.5 ®0 NGC5044 0000 CADET
" | ® o NGC 4649
g 3.01 @ o NGC 4472 '
§ 2.5
g
g i
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|
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Figure 5.1: Fractional energy change (Einj — Emea) / Emea for our sample of galaxies show-
casing the influence of applied corrections to cavity energetics calculations described
in Sect. 3.4.
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5.1 Individual galaxies

5.1.1 NGC5813

Our identification of three cavity generations agrees with the in-depth study done by
Randall et al. (2015), although the position of the SW cavity in the second generation
slightly disagrees with our work.

The system is strongly aligned, with positional angles differing only marginally in
each direction. For the innermost generation, the cavities seem to be still attached and
being inflated. The presence of bright shock rims enclosing the cavities also suggests
ongoing cavity inflation. With increasing distance, the cavities are more azimuthally
elongated. In Fig. 4.3, we can see that having applied the timescale and energetics cor-
rections mentioned in Sect. 3.3.1 and Sect. 3.4, respectively, the cumulative resulting
jet powers per generation seem to be roughly equal to time-averaged cycle-corrected
jet power (see Eq. 3.8). Thus, we can conclude that in this system, assuming that all
cavities lie very nearly in the plane of the sky, the AGN outburst strength throughout
the cycle seems to be constant.

5.1.2 NGC5044

In Fig. 4.6 we see that jet powers are not constant across the generations. The G2 cav-
ities were seemingly inflated by a stronger jet whose jet power is by an order of mag-
nitude larger compared to the other generations. However, our measurements can be
skewed by the assumption that the cavity generation lies in the plane of the sky. To ac-
count for a possible inclination in calculating the intrinsic jet power, we assumed the
generation to have some inclination and then recalculated what intrinsic value it cor-
responds to.

Fig. 5.2 shows that the constant jet power can be reached if the system is projected
from an inclination of at least 50°. However, if the cavity’s inclination is close to or larger
than 60°, the cavity will not be as prominent due to the low contrast. On the other
hand, Fig. 13 in Giacintucci et al. (2011) shows old radio emission in the galaxy NGC
5044, which extends toward the south and is absent in the north. This could potentially
occur if the bipolar jets are inclined and, due to Doppler boosting, only one jet is visible.

Schellenberger et al. (2021) discovered a very young jet in NGC 5044, whose age was
calculated to be ~ 1.7 kyr. It is strong evidence of an ongoing AGN activity, and we refer
to the jet as the 0™ generation.

To investigate whether the jet precession is the source of misalignment in NGC 5044,
we probed different setups mentioned in Sect. 3.6. For precession periods, we investi-
gated 2 possibilities: between the 0™ generation and the average age of the first genera-
tion (Pprec,1 ~ 2.5 Myr), and between the average ages of the second generation and the
misaligned generation (Pprec,2 ~ 23 Myr). Precession periods were taken to be twice the
difference between cavity ages, which were identified by 5-modelling.

First, we modelled Lense-Thirring precession of the central BH for three different
rotation parameters a. (Fig. 5.3). Then we modelled Lense-Thirring precession of the
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Figure 5.2: Projected cumulative jet powers PJ. «; versus the average projected cavity gen-

eration distance d’ for NGC 5044. For the G1 and M generations, inclination was not
accounted for, it was rather assumed that P].’ ot = ﬂ Recalculated intrinsic cumulative

ﬂ for the second aligned generation (G2) from a presumed inclination are depicted
by fainter data points.

accretion disc (Fig. 5.4) as a function of Eddington efficiency ¢!. Lastly, we modelled
the extent of the processing disc in the case of BBH (Fig. 5.5).

We can see that Lense-Thirring precession of a BH could be plausible if the BH ro-
tated with a spin a. ~ 0.01 for Pprec,1. A precession period of 23 Myr can be achieved if
the BH’s spin is described by a. ~ 0.1. For both precession periods, the Lense-Thirring
precession of the accretion disc can be a viable precession mechanism under the as-
sumption of a slowly spinning black hole.

Fig. 5.5 shows the outer disc radius of a precessing accretion disc due to the torques
exerted by a companion BH as a function of the primary BH’s mass fraction for a pre-
cession period of 2.5 million years. For this period, the separation of the primary and
secondary constituents of a BBH rps is nearly 54 parsecs”. On the other hand, if we
calculate the radius of the sphere of influence riy* for a constituent BH, assuming the
same mass of both BHs, ri,¢ is only 9 parsecs. Allowing for one constituent to be much
heavier, the upper limit for iy is only about 18 parsecs. Thus, we can rule out the pre-
cession caused by torques from the secondary BH with a precession period of 2.5 mil-
lion years. For a higher precession period, the observed trends in Fig. 5.5 shift towards
higher rgut and the corresponding rps reaches approximately 235 kpc, which is also im-
plausible with the derived value of rj,s. On the other hand, if the constituents of BBH

For detailed explanation of calculations including the Eddington efficiency see Appendix C.
2Calculated from the Kepler law.
3rinf =G M.,/ 0\2, (Schneider, 2006). For the black hole mass M. calculation, see Appendix. C.
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are closer, the precession period decreases, and the observed misalignments could de-
velop after multiple precession cycles, rather than after a single cycle as assumed in the
initial calculations.

A few words of caution should be added. Firstly, we only assumed one particular
generation to be inclined. However, there is a chance that other generations are also
inclined. For the precession periods, we took an average age of the cavity generations.
Looking closely at the M generation, we see that there is a huge age difference between
the individual cavities and the averaged value can skew the precession period estimate.
We also assumed that the precession cone’s axis lies in the plane of the sky and the
opening angle of the cone corresponds to the angle between the galactocentric direc-
tions of the two generations, and thus, presuming the precession period to be twice the
generations’ age difference.

23.0 Myr
107 1
o
s
(&}
a
n> 2.5 Myr
101 — a. =0.1
] —— a. =0.01
a. = 0.001
0+ 10 107

&

Figure 5.3: Lense-Thirring precession of a BH modelled for various rotation parameter
a. shown as a function of a fraction of the Eddington limit. Dashed lines represent the
precession periods derived for NGC 5044.

5.1.3 NGC 4649

Although CADET identified only the inner cavity generation, f-modelling revealed the
second generation about 20 kiloparsecs from the centre. The second generation was
revealed only by -modelling. The north-eastern cavity in the second generation is
surrounded by a brighter rim. Deeper Chandra observations would greatly help with
the confirmation of the second generation.
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Figure 5.4: Precession period in the case of Lense-Thirring precession of an accretion
disc as a function of its rotational parameter a.. Dashed lines represent the precession
periods derived for NGC 5044.
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Figure 5.5: The extent of the outer processing disc as a function of the primary’s mass
fraction.
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Figure 5.6: Projected cumulative jet powers % versus the average projected cavity gen-

eration distance d’ for NGC 4472. For the G1 and G2 generations, inclination was not

accounted for, it was rather assumed that % = PJ.’ ot Recalculated intrinsic cumula-

tive ﬂ for the G3 generation from a presumed inclination are depicted by fainter data
points.

5.1.4 NGC 4472

Although regions detected by both identification methods coincide well for NGC 4472,
the soft band image hints at an oddly-shaped northwestern cavity. The peculiar shape
is more pronounced in the f-model residual image. The detected regions seem to ex-
tend into a banana-shaped surface brightness depression that encloses central emis-
sion from the west. The most likely explanation seems to be that the cavity is inclined
towards us and its eastern edge is overlapped by the central emission.

XMM-Newton image of NGC 4472 shows a slight surface brightness enhancement
with a very subtle drop in the middle about 30 kiloparsecs from the centre of the galaxy
in both eastern and south-western directions of the cavities. Kraft et al. (2011) iden-
tified the enhancements as arms of cool gas being pushed away by buoyantly rising
bubbles. We decided to consider these subtle brightness depressions as the third cavity
generation.

Fig. 4.12 shows that m values determined for CADET cavities tend to follow a con-
stant trend. However, adding the candidate third generation increased the time-averaged
cycle-corrected jet power 13]; On the other hand, if we suppose the jet power of the
third generation to be measured at some inclination, i.e., measuring its projected jet
power % — and recalculating the intrinsic value, as is depicted in Fig. 5.6, the trend
seemingly drops towards a constant value. If such inclination is indeed present, the
cavities are much harder to detect due to the low contrast.
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5.2 Toy model

We considered an oblate and a prolate cavity at a distance of 10 kpc from the centre
of the galaxy. They were embedded in an isothermal atmosphere (with T = 107 K), in
which the f-model describes both the electron density and the pressure profile. We
chose a f-model that would describe a giant elliptical with the following parameters:
ng=0.1 cm™3, r. = 10 kpc, B = 0.45. The cavity shapes were chosen so that they had
the same volume, with one being elongated along the galactocentric direction (a prolate
cavity) and the other perpendicularly to the galactocentric direction (an oblate cavity).
For clarity, their parameters are listed in Tab. 5.1.

Table 5.1: Properties of artificial cavities at distance d = 10 kpc.

T Ry [kpc] R [kpc]
Oblate cavity 0.62 5.5 3.4
Prolate cavity 1.60 4 6.4

Then we inclined the system by letting the projected distance d’ change according
to Eq. 3.9 and the projected semi-axis in the galactocentric direction R| as described by
Eq. 3.11. We imposed a cut-off in inclination angle at i = 60°, at which we considered
the cavity to be not that easily discernible due to low contrast.

For the new projected d’' and Rl’ , we calculated tk/)uo’ Ei’n]. and Pj’et that we would
measure if the system were inclined by some inclination, i.e., the projected values. Our
results are shown in Fig. 5.7.

Distance underestimation due to the inclination causes the pressure to be overes-
timated. Large inclination causes the projected buoyancy timescale ¢, to be heavily
underestimated for both cavity types. If the system is inclined by 50°, measured ¢,
represents only about 60% of the intrinsic value for a prolate cavity, but around 45%
for an oblate cavity. As for the cavity’s semi-axis in the galactocentric direction R, and
therefore its projected volume V', it is always an overestimate for the oblate cavity but
an underestimate for the prolate cavity. Injected energy follows the same trend; how-
ever, for the prolate cavity, the trend is more moderate. On the other hand, a factor
of two uncertainty in this case seems to incorporate for projection effects affecting the
injected energy.

For our purpose, jet powers are of the utmost interest. For the prolate cavity, the
trend is subtle. For the projected Pj’ ¢ measured at 60° inclination, the intrinsic value
would, in this particular case, just fall on the limit of the assumed factor-of-two uncer-
tainty. Seemingly, oblate cavities are more prone to the projection effects affecting the
measured PJ.’ o~ 1f the cavity is inclined by 60°, intrinsic Pje; seems to be about 6 times
smaller than the measured value Pj’ ¢ as can be seen in the lower right part of Fig. 5.7.

., 1
Subsequently, we calculated a relative jet power change APJ.reet as

Pl ()= Pa(i=0°)
Met == p =09
jet

) (5.1)
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where Pj’ o(1) is the projected jet power measured at inclination i and Pjec(i = 0°) is the
value measured if the system lies in the plane of the sky, for a variety of set-ups to pre-
vent a biased cavity selection. Our results are depicted in Fig. 5.8.

For larger inclinations, the projected Pje; will always be overestimated, and in all
cases, oblate cavities (7 < 1) are more affected by projection effects. As shown in the
left panel of Fig. 5.8, the relative change APjr:tl for a cavity presumed to be attached and
expanding at the local speed of sound is not as significant as for buoyancy-driven cavi-
ties (middle and right panels). This is due to the shallower pressure profile closer to the
galaxy and the fact that, while the buoyancy timescale depends both on the projected
volume and distance, the sound-speed timescale is only a function of the distance.

Having modelled AP].r:t1 for various distances for buoyancy-driven cavities, we can
say that cavity distance does not play a role in how overestimated the measured value
is going to be for these cavities. On the other hand, the measured jet power of buoy-
antly rising cavities lying as far from the plane of the sky as 60° is going to be larger by
an order of magnitude. Comparing the bottom panels in Fig. 5.8, it seems that cavity
distance relative to the core radius ¢ plays a substantial role in determining the amount
of overestimation.
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Conclusion

In this thesis, we have devoted our endeavours to study radio-mechanical AGN feed-
back in four nearby giant elliptical galaxies harbouring hot atmospheres: NGC 5813,
NGC 5044, NGC 4649 and NGC 4472. All of the systems are known to showcase multi-
ple generations of X-ray cavities, thus hinting at the history of AGN feedback.

We carried out spectral analysis to obtain deprojected radial profiles for tempera-
ture and electron density of the hot atmospheres around each source. Image analysis
was performed to reveal the positions and extent of individual cavities. For cavity iden-
tification, we opted for two different methods: a classical f-model subtraction com-
bined with visual cavity detection and a novel machine-learning pipeline, CADET.

For every cavity, we calculated cavity timescales and the energy associated with the
cavities. In these calculations, we opted for slightly different methods than are usually
deployed in the literature. For the age of an attached cavity, the sound-speed timescale
was considered to be the best estimate, while the cavity age for a detached cavity was
considered its buoyancy timescale corrected by the age of the previous cavity if the sys-
tem is aligned. For the injected energy, which is typically considered to be the cavity’s
enthalpy, we also incorporated an estimate of energy already deposited into the sur-
rounding medium. The cavities that detached from the jet much sooner, and, therefore,
were much older, were affected by the improved methodology more than the inner, i.e.,
younger cavities.

The ultimate goal of this work was to probe the consistency of jet power across the
whole duty cycle of the central AGN. We can conclude that for nicely aligned systems,
e.g., NGC 5813 - Fig. 4.3 and NGC 4649 - Fig. 4.9, the cumulative jet power per gen-
eration tends to oscillate around a cycle-corrected time-averaged value of jet power,
although for NGC 4649, a third cavity generation would be appreciated to prove this
theory. On the other hand, in a misaligned system of cavities in NGC 5044, the outer
aligned cavity generation did not conform to our prediction, as is depicted in Fig. 4.6.
As we mentioned in Chapter 5, projection effects are a plausible reason for the overesti-
mated jet power in our measurements (5.2). Adding a potential third generation to the
dataset for NGC 4472 also did not cause the jet power values to follow a constant value.
The difference was not as significant if we presumed the generation to be inclined by
an angle larger than 50° (Fig. 5.6).

Various precession models were examined to explain the plausibility of precession
causing large misalignments in the NGC 5044. A precession caused by a secondary BH
was ruled out based on the resulting parameters of the precession, such as the sep-
aration of BBH constituents and the precessing disc extent. Lense-Thirring preces-
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sion seems to be a plausible precession mechanism, but the calculations, especially
for Lense-Thirring precession, would need some further fine-tuning.

Lastly, we modelled the inclination’s effect on the measured values connected with
cavities, especially the power of the jet excavating it. We found that for oblate cavities,
the inclination heavily skews our measurements. If the cavity is still attached, the in-
clination, although playing a role, will not affect the values as much as in the case of
a buoyant bubble further from the centre.



Appendix

A Observations

Table A.1: Used OBSIDs.

Galaxy OBSID Instrument Date [yyyy-mm-dd] Exposure [ks]
NGC 5813 5907 ACIS-S 2005-04-02 48.4
9517 1 ACIS-S 2008-06-05 98.8
11329 ACIS-S 2011-06-06 10.0
12951 ACIS-S 2011-03-28 74.0
12952 ACIS-S 2011-04-05 143.1
12953 ACIS-S 2011-04-07 31.8
13246 ACIS-S 2011-03-30 45.0
13247 ACIS-S 2011-03-31 35.8
13253 ACIS-S 2011-04-08 118.0
13255 ACIS-S 2011-04-10 43.4
NGC 5044 798 ACIS-S 2000-03-19 20.5
9399 ACIS-S 2008-03-07 82.7
17195 ACIS-S 2015-06-06 78.0
17196 ACIS-S 2015-05-11 88.9
17653 ACIS-S 2015-05-07 35.5
17654 ACIS-S 2015-05-10 25.0
17666 ACIS-S 2015-08-23 88.6
NGC 4649 7851 ACIS-S 2000-04-20 38.1
8182 ACIS-S 2007-01-30 52.4
8507 ACIS-S 2007-02-01 17.5
12975 ACIS-S 2011-08-08 84.9
12976 ACIS-S 2011-02-24 101.0
14328 ACIS-S 2011-08-12 14.0

Table A.1 - to be continued.

—47—



48 Appendix
Table A.1 - continued.

Galaxy OBSID Instrument Date [yyyy-mm-dd] Exposure [ks]

NGC 4472 3217 ACIS-S 2000-06-12 39.6
3221 ACIS-I 2000-03-19 10.4
8095 ACIS-S 2008-02-23 5.1
8107 ACIS-S 2007-04-28 5.1
11274 ACIS-S 2010-02-27 39.7
12888 ACIS-S 2011-02-21 159.3
12889 ACIS-S 2011-02-14 135.6
12978 ACIS-S 2010-11-20 19.8
15757 ACIS-I 2014-04-18 29.7
16260 ACIS-S 2014-08-04 24.7
16261 ACIS-S 2015-02-24 22.8
16262 ACIS-S 2016-04-30 24.7
21647 ACIS-S 2019-04-17 29.7
21648 ACIS-S 2020-04-09 29.7
21649 ACIS-S 2021-03-02 19.8
24981 ACIS-S 2021-03-08 11.5

T Not used for spectral analysis.
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B Cavity timescales and energetics
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Figure B.2: Measured cavity energy Emea and injected energy Ejp;j as a function of cavity
distance d.
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Figure B.3: Corrected cavity ages fage compared to usual approach of calculating s,

huo fOr cavities.
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Appendix

B.3 NGC 4649
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Figure B.5: Corrected cavity ages fyge and timescales #g, fhuo as a function of cavity

distance d.
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Figure B.6: Injected and measured energy, Einj and Enea, respectively, as a function of

cavity distance d.
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B.4 NGC 4472
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Figure B.7: Corrected cavity ages fage and timescales s, fhuo as a function of cavity
distance d.
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C Eddington efficiency

Although Fig. 5.3 shows the Lense-Thirring precession of a single BH as a function of the
Eddington efficiency €, Eq. 3.12 requires the black hole’s accretion rate M.. For clarity,
we now present the approach used in our calculations.

Firstly, we assumed that the SMBH accretes at € = 1074 -1072 (taken from Hlavacek-
Larrondo et al., 2022). Eddington accretion rate Mgqq Was calculated as

Mggd = —— (C.1)
T] C

where 7 is the conversion factor (assumed n ~ 0.1) and c is the speed of light (Binney
and Merrifield, 1998). Eddington luminosity Lgqq was approximated as

M,
Lggq = 1.26-10%8 (ﬁ) erg/s (C.2)

©

(Schneider, 2006). The mass of the SMBH was taken from the literature* or alternatively,
it could be calculated from the following M — o relation, e.g.:

M.=13-10°M ( Iv )4'72 (C.3)
T ©\200 km/s '
(Merritt and Ferrarese, 2001).
Accretion rate M, was calculated as
M, =€ Mgqq (C.4)

D Understanding the amount of jet power

When thinking about how to illustrate the above-mentioned amounts of energy re-
leased by AGN jets to my friends, I tried to come up with some easy-to-digest com-
parisons. For example, the most powerful engine used in F1 Grand Prix race was BMW
M12/13°, which produced around 1000 horsepower during a race, which corresponds
to about ~ 10'3 erg/s. In comparison with the average jet power in our sample of cavi-
ties (about ~ 10%° erg/s), you would need 10?” of these engines to have the same energy
output. If you consider thermal energy produced by a Super heavy booster with 33 Rap-
tor engines, it amounts to about 10'® erg/s. Thus, you would need a modest amount of
10?2 of these boosters. If you were to compare it to total energy consumption of the
whole Earth (~ 4-10%° J/yr%), you would need around 10?° Earths.

4See the last row of Tab. 3.1.
5Engine Builder Magazine (2015).
6International Energy Agency’s report (2019).


https://www.enginebuildermag.com/2015/05/blast-from-the-past-the-most-powerful-formula-1-engine-ever/
https://www.iea.org/reports/key-world-energy-statistics-2021/final-consumption
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