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Abstrakt

Tato práce zkoumá rádiové laloky a rentgenové dutiny v atmosférách masivnı́ch galaxiı́
a jejich závislost na zpětné vazbě aktivnı́ch galaktických jader poháněné akreujı́cı́mi su-
permasivnı́mi černými děrami. Potvrdili jsme závislost mezi Bondiho akrečnı́mi výkony
a mechanickými výkony relativistických výtrysků, kterou dřı́ve pozoroval Allen a kol.
(2006). Silná korelace je však pozorována pouze u galaxiı́ s tepelně nestabilnı́ atmosférou
obsahujı́cı́ známky chladného plynu. Zı́skaný vztah je velmi blı́zký lineárnı́ závislosti
a za předpokladu, že akrece probı́há opravdu ve sférickém Bondiho režimu, výsledky
ukazujı́, že asi 0,8 procent klidové hmotnosti akreované hmoty se přeměnı́ na energii
pozorovaného jetu. Ukazuje se však, že tento vztah je důsledkem korelace mezi me-
chanickými výkony výtrysků a hmotnostmi centrálnı́ch supermasivnı́ch černých děr.
Uvádı́me také pozoruhodné souvislosti mezi řadou fyzikálnı́ch parametrů horkých galak-
tických atmosfér a centrálnı́ch aktivnı́ch galaktických jáder. Mimo to byl pozorován
značný a nevysvětlený rozpor mezi jednotlivými metodami pro odhad výkonů relativi-
stických výtrysků.

Ve druhé části této práce představujeme nástroj CAvity DEtection Tool (CADET), jež
využı́vá metod strojového učenı́ a který byl vyvinut pro vyhledávánı́ a odhadovánı́ ve-
likostı́ rentgenových dutin na zašuměných původnı́ch snı́mcı́ch z rentgenové observatoře
Chandra. Předpovědi této sı́tě jsme porovnali s vizuálně identifikovanými rentgenovými
dutinami a představili jsme využitı́ této sı́tě pro hledánı́ nových dutin v méně prozk-
oumaných galaktických systémech. Budoucı́ vylepšenı́ a zdokonalenı́ této sı́tě, která
již vedla k objevu 5 dřı́ve neznámých dutin prezentovaných v této práci, může vést
k dalekosáhlému pokroku v našem chápánı́ radiomechanické zpětné vazby aktivnı́ch
galaktických jader.



Abstract

The thesis explores radio lobes and X-ray cavities in hot atmospheres of massive galax-
ies and their connection to AGN feedback powered by accreting supermassive black
holes. We have confirmed the correlation between Bondi accretion rate and mechani-
cal jet power previously reported by Allen et al. (2006). However, a strong correlation
is observed only for galaxies with thermally unstable atmospheres containing signs of
cool gas tracers. The obtained relation is very close to linear, and assuming the accretion
is really spherical and Bondi-like, the results indicate that about 0.8 percent of the rest
mass of the accreted matter is converted to the observed jet energy. We show that the
observed relation is a consequence of an underlying correlation between the mechanical
jet power and the mass of the central supermassive black hole. We also report remarkable
connections between a number of physical parameters of hot galactic atmospheres and
of the central AGN engines. Besides that, a considerable and unexplained discrepancy
between individual jet power estimating methods was observed.

In the second part of the thesis, we present the developed machine learning pipeline
CAvity DEtection Tool (CADET) which was trained for finding and size-estimating arbi-
trary surface brightness depressions (X-ray cavities) on noisy Chandra images of galaxies.
Predictions of the CADET network are compared with visually identified X-ray cavi-
ties and the utilization of the pipeline for finding new cavities in less explored galac-
tic systems is presented. Future work on improving and refining the CADET pipeline,
which already led to the discovery of 5 previously unknown cavities presented in this
thesis, might lead to far-reaching advances in our understanding of radio-mechanical
AGN feedback.
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Introduction

The study of massive galaxies, groups, and clusters of galaxies has undergone substan-
tial progress at the turn of the millennium mainly due to the launch of two X-ray tele-
scopes: the Chandra X-ray Observatory and the XMM-Newton satellite. Among many other
key discoveries, their observations have enabled further examination of our knowledge
about the hot atmospheres around these systems (further referred to as “hot galactic at-
mospheres”) and their connection to central engines represented by the accreting super-
massive black holes (SMBHs). For the past two decades, the models describing these
hot galactic atmospheres, the accretion processes and also the Active Galactic Nucleus
(AGN) feedback itself have been put to a difficult test.

Hot galactic atmospheres are observed for all massive early-type galaxies, galaxy
groups and clusters weighing more than 1012 solar masses and spanning hundreds and
even thousands of kiloparsecs. Most of the baryonic matter in these systems is in the form
of a dilute, hot, X-ray emitting plasma and is located in the galactic halo (atmosphere),
the mass of which is of the order of tens of percent of the total galactic mass. However,
something as small (up to hundreds of AU) and lightweight (106 − 1010 M�), compared
to the proportions of the whole galaxy, as the supermassive black hole in the centre, is ca-
pable of playing a substantial role in the energetics of the whole galactic atmosphere. As
the supermassive black hole accretes the surrounding material, part of its rest mass may
be turned into energy and expelled in the form of relativistic outflows (jets). The energy
released by these outflows is transferred back into the galactic atmospheres and can com-
pensate for radiative cooling of the X-ray emitting gas and thus prevent the subsequent
star formation (Churazov et al., 2002).

A detailed description of such an accretion of supermassive black holes is nontrivial
and demands a further understanding of individual processes taking place in the vicin-
ity of these black holes. The rather simplified model of spherical Bondi accretion (Bondi,
1952) seemed to be ruled out by the fact that the observed luminosities of nearby AGNs
are several orders of magnitude below the predicted Bondi values. Due to the nonzero
momentum of the infalling material and also based on this radiative inefficiency, the ac-
cretion was believed to be rather disk or torus-like and dominated by advection (ADAF;
Narayan & Yi, 1994). On the other hand, current estimates of jet powers inferred from vol-
umes of radio lobes are within an order of magnitude comparable to powers predicted
from the Bondi accretion (Allen et al., 2006). For galaxies whose AGNs are operating
in this kinetic (radio) mode, the Bondi formula might therefore represent an acceptable
rough estimate for the total power generated by the AGN.

The signs of previous AGN activity are observed either in the radio band as lobes
of relativistic particles or in the X-ray band as void bubbles (so-called X-ray cavities)
that were inflated into the hot galactic atmospheres. These cavities were first discovered
as surface brightness depressions on X-ray images, initially captured by ROSAT and fol-
lowed by XMM-Newton and Chandra. Subsequent multiwavelength observations of these
galactic systems have shown that some of the cavities are filled with relativistic electrons
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Introduction 2

emitting via synchrotron radiation. A plausible explanation for this phenomenon is that
the X-ray cavities are products of the interaction between the relativistic jets emanating
from the AGNs and the hot intergalactic medium (McNamara et al., 2000b). For some of
the cavities, the extended radio emission might be significantly misaligned (Gitti et al.,
2006) or it can be completely missing (“ghost” cavities; McNamara et al., 2000a; Fabian
et al., 2002), which is the case especially for older generations of X-ray cavities. In such
cases, the X-ray cavities represent the only remnant leftover by previous AGN activity.

The process of the X-ray cavity inflation is expected to involve a significant amount of
energy released by the accreting central supermassive black holes (SMBHs) and therefore
play an important role in the energetics of the whole galactic atmosphere and the AGN
feedback. The enormous amount of energy, represented by the work done to inflate the
cavities and the energy deposited into the relativistic plasma is on timescales of 107− 108

years being dissipated back into the hot atmosphere via sound waves or turbulent flows
(Churazov et al., 2002). A detailed description of such processes is therefore crucial for
understanding the evolution and energetic balance of the whole galaxy. However, the
identification of X-ray cavities and determination of their volume is not an easy task and
so far it has been mainly done manually by humans and assuming only axially symmetric
ellipsoidal geometry of cavities (e.g. Bı̂rzan et al., 2004; Allen et al., 2006). The reliabil-
ity and real extent of thereby identified and size-estimated cavities are therefore rather
contentious and might be significantly biased.

In the first Chapter, we outline the basic properties of giant elliptical galaxies, groups
of galaxies and galaxy clusters focusing mainly on the interaction of relativistic outflows
(jets) with hot galactic atmospheres and we also describe the basics of the spherical Bondi
accretion. The data reduction methods utilized to process the Chandra X-ray observa-
tions and the subsequent image and spectral analyses are shown in Chapter 2. Chapter 3
focuses on the machine learning pipeline developed for finding and size-estimating of
X-ray cavities, which we called the CAvity DEtection Tool (CADET). This Chapter also
describes in detail the training dataset generation process. In Chapter 4, we present the
resulting quantities determined from the spectral modelling of galaxies as well as jet pow-
ers inferred from sizes of radio lobes and X-ray cavities. The obtained results and their
implications are discussed in Chapter 5 and we conclude the results in the last Chapter.
In the Appendix the reader can find: the determined radial profiles of basic thermody-
namic properties, X-ray images with identified cavities and overlaid by radio contours or
predictions of the CADET network, and also the list of utilized observations.



Chapter 1

Giant ellipticals

Giant ellipticals together with S0 galaxies are historically referred to as massive early-type
galaxies. These galaxies and their associations in the form of groups and clusters of galax-
ies are the largest, most massive and most luminous galactic systems and in their centres,
they are harbouring the heaviest supermassive black holes in the Universe (Thomas et al.,
2016; Mehrgan et al., 2019). In this thesis we focus on the most massive of these galactic
systems with masses higher than 1012 M� and sizes from hundreds of kiloparsecs up to a
few megaparsecs, that are showing signs of hot atmospheres and active galactic nucleus
(AGN) feedback.

The geometry of giant ellipticals is expected to be prolate, oblate or tri-axial (cigar-
shaped) ellipsoids with favour to tri-axial shapes (a1 6= a2 6= a3) (Binney, 1978). Al-
though, their isophotes might deviate significantly from being ideally elliptical and their
shapes can be much more boxy or disky (Schneider, 2006). Their optical luminosity pro-
files are often fitted with Sersic’s profile (Sérsic, 1963) (generalized de Vaucouleur’s law).
The deprojected distribution of baryonic gas significantly flattens in the galactic centre
and is well described by the so-called beta model (Cavaliere & Fusco-Femiano, 1976)
whereas the central distribution of the dark matter component is much steeper and is
well fitted with an NFW-profile (Navarro et al., 1996).

Compared to spiral or irregular galaxies, giant ellipticals including those in the cen-
tres of groups and clusters contain only a very small amount of cold gas and dust, which
would allow the formation of new stars. The observed star formation rates are typically
lower than 1 M� /yr. These ellipticals are therefore composed mainly of old low-mass
stars, which is the reason they are often called “red and dead”. Most of the baryonic
matter in these systems is in the form of diffuse, hot, X-ray emitting plasma heated to
temperatures of tens of millions of kelvins. However, for some ellipticals, we observe
also Hα emission from a relatively small amount of warm gas (104 K) (up to 1010 M�;
Rafferty et al., 2006) as well as HI (21 cm) or CO molecular emission from cold gas and
dust (≈ 100 K) (Schneider, 2006). The central regions of these massive haloes are there-
fore often multiphase. A typical example of a multiphase atmosphere is the one around
the galaxy NGC 1275 in the centre of the Perseus cluster (Figure 1.1), where filamentary
structures of warm gas are clearly visible.

A significant amount of warm and cold-phased gas is located in disk-like or filamen-
tary structures that are extending out to ≈ 200 kpc in diameter. Spatially resolved spec-
troscopic observations have shown that the UV excess indicating the formation of new
stars is observed out to these diameters (even beyond the optical galactic emission) and
that the star formation occurs also basically in the outskirts of galaxies. This phenomenon
can be possibly explained by the fact that these new born stars are not being formed from
the ambient material that is already trapped in the gravitational potential well of the
galaxy, but instead from the infalling material that is being accreted from the intergalac-
tic medium (Schneider, 2006).

– 3 –



Giant ellipticals 4

1.1 Hot atmospheres

The existence of hot atmospheres embedding early-type galaxies, galactic groups and
clusters was unknown for a long time. The extended X-ray emission coming from these
hot atmospheres was discovered by early X-ray observations but was mistakenly be-
lieved to originate from the inverse Compton scattering of Cosmic Microwave Back-
ground (CMB) photons on free relativistic electrons. This idea was, however, ruled out
by further observations by the Ariel 5 observatory which showed emission lines of highly
ionized iron in spectra of these galaxies (Mitchell et al., 1976; Serlemitsos et al., 1977). It
was established that these hot coronae are therefore consisting of almost entirely ionized
X-ray emitting plasma heated to temperatures of 106 up to 108 K.

The hot atmospheric plasma is in the collisional ionization equilibrium (CIE), which
implies that its state is destined only by the collisional ionization and recombination rates
and it is not affected by the external radiation field. Due to the very low densities (much
lower than 0.1 cm−3), the plasma is optically thin and nearly all photons emitted from
within this atmosphere will escape without interacting with its free electrons or ions. The
observed surface brightness distribution therefore well reflects the projected distribution
of atmospheric gas (Werner & Mernier, 2020).

Hot atmospheres are emitting X-ray radiation both by lowering the energy of free
electrons during collisions with ions (bremsstrahlung), which contributes to the X-ray con-
tinuum and also by bound-bound transitions (line emission) of heavier elements (metals).
The total amount of matter that cools from the hot phase by emitting the X-ray radiation
is tied with the X-ray luminosity of the cooling region

ṁcool =
2

5

LXµmp

kT
(1.1)

where µmp is the mean atomic weight, kT is the temperature of the hot gas and LX is
the cooling luminosity. For typical parameters of hot galactic atmospheres, this formula
gives cooling rates of hundreds to thousands of solar masses per year. Such enormous
cooling rates would fuel a precipitous formation of new stars and also the accretion onto
the central supermassive black hole. However, observations of star formation rates in
nearby galaxies mark much lower cooling rates, typically lower than 1 M� / yr.

The discrepancy indicates that there must be a certain mechanism responsible for
heating the atmospheric gas and preventing it from cooling. The cooling rate in atmo-
spheres of galaxies with lower masses (. 1011 M�) is believed to be moderated by the
star formation itself (supernova feedback), whereas for high mass elliptical galaxies and
brightest cluster galaxies the feedback of radio mode AGNs is most probably responsible
for the heating. Only less than 10 percent of nearby giant cluster galaxies are actually ex-
periencing high star formation rates (> 100M�/yr), which may be a result of the inability
of their active galactic nuclei to balance the radiative cooling.

The susceptibility of galactic atmospheres to thermal instabilities can be expressed by
the ratio of the cooling time to the free-fall time of the X-ray emitting gas. The cooling
time is defined as a timescale needed for gas of certain density, temperature and metal-
licity to thermally emit all of its energy via bremsstrahlung and line emission

tcool =
3

2

nkT

neniΛ(T,Z)
, (1.2)

where n is the total particle density n = ne + ni and Λ(T,Z) is the temperature and
abundance dependent cooling function, values of which were taken from Schure et al.
(2009) assuming solar metalicities. Given this formula the cooling and star formation
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Figure 1.1: Image of the brightest galaxy (NGC 1275) in the centre of the Perseus clus-
ter taken by the Hubble Space Telescope (ACS camera). The red structures represent the
filamentary cold gas which was produced by thermal instabilities in the galactic atmo-
sphere and trapped by the magnetic field of the galaxy. The image was taken from the
ESA/Hubble image database1.

rates should be the highest in the central regions where the particle density is greater
(& 0.1 cm−3) and the cooling time is therefore the lowest (< 109 years).

The timescale required for a condensed clump with zero momentum to fall into the
centre of the galaxy (dynamical timescale) is expressed by its free-fall time. The free-
fall time is given by tff =

√
2r/g, where the local gravitational acceleration g = GM(<

r)/r can be in general determined both by assuming an isothermal sphere with constant
velocity dispersion (Binney & Tremaine, 1987)

MISO(< r) = 2σ2r/G, (1.3)

where σ is the velocity dispersion and r is the distance from the galactic centre or it can
be calculated directly from the measured thermodynamic properties and the assumption
of hydrostatic equilibrium (HE)

MHE(< r) = − rkT

Gµmp

(
d ln ρ

d ln r
+
d lnT

d ln r

)
, (1.4)

where µ is the mean atomic weight,mp is the mass of a proton and ρ and T are the density
and temperature of the atmospheric gas, respectively.

The atmospheres of galaxies are expected both from analytical (Nulsen, 1986) and
also numerical computations (McCourt et al., 2012) to become thermally unstable when
the cooling time tcool falls below the free-fall time tff . However, the most up-to-date
observations (reported by Voit & Donahue, 2015) and simulations (Gaspari et al., 2013)
have shown that atmospheres of realistic galaxies may become thermally unstable even
when the cooling time to free-fall time ratio falls below tcool/tff / 10, which is often
referred to as the precipitation limit. However, we note that it resembles an approximate
division line rather than a strict limit. For many galaxies also other processes such as
turbulences may play an important role in the formation of instabilities.

1https://esahubble.org/images/heic0817a/

https://esahubble.org/images/heic0817a/
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1.2 X-ray cavities

Elliptical surface brightness depressions on images of hot X-ray emitting galactic atmo-
spheres (called X-ray cavities) were firstly discovered by ROSAT’s observations of the
Perseus cluster (NGC 1275) (Boehringer et al., 1993). Subsequent low-frequency Very
Large Array (VLA) radio observations have shown that they are filled with extended
radio-emitting lobes of relativistic plasma emanating from the nucleus of the Perseus
cluster. Further ROSAT observations proved the existence of similar brightness depres-
sions in atmospheres of also other galactic systems (giant ellipticals, groups of galaxies
and galaxy clusters) (Huang & Sarazin, 1998) and early models describing the formation
and evolution of X-ray cavities were developed (Clarke et al., 1997; Heinz et al., 1998).

The low spatial resolution of ROSAT (5 arcsec), which limited the uncovering of new
X-ray cavities, was surpassed at the turn of the millennium right after the launch of the
Chandra X-ray Observatory. The spatial resolution of Chandra’s ACIS chip, which is below
0.5 arcseconds, has brought a substantial improvement in the detection of X-ray cavities
and lead to the discovery of plenty of them in atmospheres of nearby elliptical galaxies
(McNamara et al., 2000b; Fabian et al., 2000; Blanton et al., 2001). Soon after that also
radio-faint later called “ghost” cavities with no significant VLA radio (1.4 GHz) coun-
terpart were discovered (McNamara et al., 2001; Fabian et al., 2002; Bı̂rzan et al., 2004).
However, for many of these systems, signs of extended radio counterparts were observed
later on at lower radio frequencies (e.g. Giacintucci et al., 2011). The low-frequency ra-
dio emission is therefore capable of capturing the record of relativistic outflows for much
longer time than the high-frequency radio emission and the concept of “ghost” cavities
is thus indistinct and depends strongly on the examined radio frequency range. For
the upcoming two decades, several comprehensive studies of X-ray cavities and radio
lobes in atmospheres of near giant ellipticals (Dunn et al., 2010), distant galaxy clusters
(Hlavacek-Larrondo et al., 2012, 2015) or both nearby and distant systems (Bı̂rzan et al.,
2004; Diehl et al., 2008; Dong et al., 2010; Rafferty et al., 2006; McNamara et al., 2011;
Panagoulia et al., 2014) were performed, tens of new cavities were discovered and their
underlying attributes were inferred.

1.2.1 Basic properties

X-ray cavities, just like radio lobes, typically come in pairs and originate in a single rel-
ativistic outflow. Their observations show that the cavities are way more just separate
“bubbles” rather than continuous funnel-like structures and for many galactic systems
(e.g. NGC 5813; Figure 1.2) even multiple generations of cavities are observed. How-
ever, to this day it is not clear whether the discrete nature of X-ray cavities is a result of
occasional episodic relativistic outbursts or whether they are caused by fragmentation
of relatively still, permanent outflows – in analogy to a dripping tap, where the water
increases steadily but individual droplets are separate.

Individual cavities may vary significantly in size and also in the amount of displaced
gas from 1 kpc and 1010 M� for M87 up to hundreds of kiloparsecs and more than
1012 M� for Hydra A (McNamara & Nulsen, 2007). Typical mechanical powers of jets
released into the ICM are of the order of 1041 − 1043 erg/s, however, for most powerful
outflows (Hercules A; Nulsen et al., 2005) it can be up to 1046 erg/s, which is compara-
ble to the energy output of a quasar. Although the cavities come in various shapes they
are most commonly being approximated as prolate or oblate ellipsoids with rotational
symmetry along the semi-axis closer to the direction towards the centre of the galaxy
(see Bı̂rzan et al., 2004; Allen et al., 2006). We note that many real cavities are far from
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Figure 1.2: Composite image of elliptical galaxy NGC 5813 composed from Chandra X-
ray image (purple) and optical image from the Sloan Digital Sky Survey (SDSS) (yellow and
blue) showing up to three generations of X-ray cavities. The field of view of the image is
8.6 arcmin and it was taken from the Chandra photo album database2.

being ideally ellipsoidal and their structure is much more complex. Many cavities are
actually more mushroom-like shaped (e.g. M87; Figure 1.3; Churazov et al., 2001), which
is supported also by current simulations of cavities (Brüggen et al., 2009; Guo, 2015).

Typical features observed around cavities are their bright rims. These rims are either
shell-like or arm-like structures of cooler gas pushed away by the cavities or regions of
weakly shocked intergalactic medium. Although also strongly shocked regions caused
by the highly supersonic inflation of cavities were expected, no significant temperature
jumps were detected and some of the bright rims were observed to be paradoxically
cooler than the surrounding gas (Fabian et al., 2000). There were only observed mildly
supersonic weak shocks with Mach numbers between 1.2 and 1.7, that are close to being
in pressure balance with the ambient medium (McNamara & Nulsen, 2007). These weak
shocks can deposit a significant amount of the total energy released by the outflows (see
Section 1.2.2). Such nearly isothermal nature of weak shocks may be a result of thermal
conduction which is suppressing the temperature jumps (Fabian et al., 2006).

Comparison of basic cavity parameters and their approximate jet powers with other
underlying properties of their host galaxies have shown interesting implications. Bı̂rzan
et al. (2004) reported a correlation between the mechanical power of jets and radio lumi-
nosity at 1.4 GHz. Similarly, Rafferty et al. (2006) found a relation between mechanical jet
powers estimated from sizes of X-ray cavities and the luminosity of the X-ray emitting gas
from within a cooling radius (cooling luminosity), which is the radius where the cooling

2https://chandra.harvard.edu/photo/2015/ngc5813/

https://chandra.harvard.edu/photo/2015/ngc5813/
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Figure 1.3: VLA radio image of galaxy M87 (NGC4486) (left) showing extended radio
“cocoons” and a simulation of a void bubble being uplifted from the central parts of the
galaxy (right). Both images were adapted from Churazov et al. (2001).

time (Equation 1.2) falls below some given threshold (e.g. Hubble time). Results of Raf-
ferty et al. (2006) have also shown that mechanical powers of jets and estimated molecular
gas supply seem to be uncorrelated and that only a very small amount of molecular gas
is actually reaching the black hole, which is supported also by Emonts et al. (2007), who
reported an anti-correlation between the size of the extended radio source and estimated
amount of neutral hydrogen. On the contrary, 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 approximate SMBH accretion powers estimated from
the assumption of the spherical Bondi accretion (Equation 1.10). However, this strong
relation was not observed by the subsequent study of Russell et al. (2013). On the other
hand, Russell et al. (2013) reported a mild correlation between the cavity powers and nu-
clear X-ray luminosities and also between the approximate SMBH accretion rate (ADAF)
and nuclear luminosity. A solid relation was observed also between mechanical powers
inferred from sizes of X-ray cavities and cooling luminosities of their host atmospheres
by Panagoulia et al. (2014).

1.2.2 Mechanical jet power

The total mechanical power of the relativistic outflow can be estimated from the volume
of the radio lobe or X-ray cavity inflated by this outflow. The total kinetic energy needed
to inflate a cavity of volume V into the interstellar 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

H =
1

γ − 1
pV + pV, (1.5)

where γ is the adiabatic index (ratio of specific heats) of the plasma filling the cavity. The
value of the adiabatic index depends on whether the gas pressure support is caused by
either nonrelativistic (γ = 5/3) or relativistic plasma (γ = 4/3). Modern observations of
clusters of galaxies (Sunayev Zeldovich effect; Abdulla et al., 2019) have shown that the
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X-ray cavities are filled mainly with relativistic gas (γ = 4/3) and the total enthalpy is
therefore given by H = 4pV , which is also in a good agreement with magnetohydrody-
namical simulations (Mendygral et al., 2011; McNamara & Nulsen, 2012).

Assuming that the inflation of X-ray cavities is still ongoing, the total mechanical
power required to inflate a cavity with total enthalpy of 4pV is given by

Pjet =
4pV

tage
, (1.6)

where tage is the age of the cavity. The cavity age can be calculated from its distance from
the galactic centre R and the speed v at which it was inflated tage = R/v. The velocity of
the inflation is assumed to be equal to the average speed of sound in the hot intergalactic
medium cs along the path from the galactic centre into the centre of the cavity.

However, the duration of the cavity inflation calculated from the speed of sound rep-
resents rather a lower limit for the total age of the cavity and most cavities might be
slightly older. Although this momentum-driven nature (speed of sound) of cavities is
supported also by simulations (Omma et al., 2004). Following Bı̂rzan et al. (2004), the
cavity ages can be calculated also under the assumption that they rise buoyantly, which
should instead give an upper limit for their final age. Due to their lower densities, the
cavities should rise with a buoyant velocity vb =

√
2gV/SC, where g is the local gravita-

tional acceleration, V is the volume of the cavity, S ≈ π r2
w is its cross-sectional area and

C ≈ 0.75 is the drag coefficient of an ellipsoid. The local gravitational acceleration can
be calculated from the velocity dispersion under the assumption of an isothermal sphere
g ≈ 2σ2/r (Binney & Tremaine, 1987).

During the process of cavity inflation, part of the released energy can be dissipated
into heat, transferred into the energy of sound waves or radiated in the form of cosmic
rays or radio synchrotron radiation. But the total amount of thereby released energy is
only of the order of percents of the energy deposited into cavities and can be neglected
(Churazov et al., 2002; Fabian et al., 2005; McNamara & Nulsen, 2012). However, if the
cavity expansion velocities are slightly supersonic, important amount of energy can be
deposited into the energy of shocks. Weak shocks are relatively inefficient in energy
dissipation and therefore can deposit significant amount of the total mechanical energy
(up to tens of percent) released by the jet (Churazov et al., 2002). Typical examples of
galaxies with cavities enclosed by weak shocks are NGC 4636 (Jones et al., 2002) and
NGC 5813 (Randall et al., 2011, 2015). The total energy stored in weak shocks is given by

E ≈ p1Vs
p2

p1 − 1
, (1.7)

where p1 and p2 are values of pressure before and at the position of the shock, respec-
tively, and Vs is the total volume enclosed by the shocked gas.

1.3 Supermassive black holes

Observations of nearby galaxies have shown that every single massive elliptical galaxy
harbours a supermassive black hole in its centre, the mass of which is typically of the
order of 106 − 1010 solar masses. And as the supermassive black holes evolve jointly
with their host galaxies, their masses correlate with the basic properties of bulges and
atmospheres of these galaxies: stellar and gas velocity dispersions (M• − σ; Merritt &
Ferrarese, 2001; Tremaine et al., 2002), numbers of globular clusters (M• − NGC; Burkert
& Tremaine, 2010), total stellar masses (M• −M∗), effective radii (M• − Re; Mancini &
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Feoli, 2012), bulge luminosities (M•−Lbulge; Gültekin et al., 2009) and bulge masses (M•−
Mbulge) (see also Kormendy & Ho, 2013). The narrowest scatter among these relations is
observed for the M• − σ relation for velocity dispersion derived from stellar dynamics,
which is typically being used as a scaling relation for inferring the SMBH masses.

The radiative powers and mechanical jet powers emanating from AGNs in nearby
giant ellipticals are several orders of magnitude below the Eddington luminosities

LEdd =
4πGMmpc

σT
≈ 1.26 · 1038

(
M

M�

)
erg / s, (1.8)

where M is the mass of the supermassive black hole, mp is the mass of a proton and σT

is the Thomson cross-section of an electron. The real accretion must therefore proceed
at sub-Eddington rate. In general, two basic concepts of accretion of supermassive black
holes are expected: continuous Bondi-like spherical accretion (Section 1.3.1; Bondi, 1952)
of the hot gas phase and chaotic cold accretion of infalling gas clouds and blobs that are
being stripped from the cooling flows (McNamara & Nulsen, 2007).

A tempting explanation for the radiative inefficiency of nearby AGNs is that the ac-
cretion proceeds in optically thin disks or toruses, in which the energy is transported into
the black hole by advection (Narayan & Yi, 1994). However, recent observations of radio
galaxies have shown that a significant amount of energy is expelled by these AGNs in
the form of relativistic outflows and deposited into the internal energy of the relativistic
plasma and the work done to displace the ambient gas (Section 1.2.2). For the lower lumi-
nosity giant ellipticals, the Bondi accretion seems to be energetically plausible for fueling
the relativistic outflows but it is probably insufficient to provide enough energy for the
most extreme outbursts inside of clusters of galaxies (Rafferty et al., 2006; McNamara &
Nulsen, 2007).

Independently of the model used for describing the accretion process, the black hole
accretion rate naturally scales with the main SMBH parameter which is its total mass.
The precise measurement of supermassive black hole masses is therefore crucial for the
proper estimation of their accretion rate. On the other hand, the spin of the black hole
may also play an important role in the overall energy conversion efficiency (McNamara
et al., 2011).

1.3.1 Spherical Bondi accretion

The total input power that supermassive black holes acquire by accreting the surround-
ing gas can be estimated from the Bondi accretion rate. This rather simplified model
of Bondi spherical accretion (Bondi, 1952) seems to be not very plausible for the case of
accretion of supermassive black holes mainly due to the presence of the angular momen-
tum and magnetic field of the gas (Blandford & Znajek, 1977; Blandford & Payne, 1982;
Pringle, 1981). However, the Bondi accretion model can be parametrized only using the
mass of the supermassive black hole and thermodynamic properties of gas in its vicinity
and for galaxies in the kinetic (radio) mode it resembles an acceptable rough estimate for
the total power generated by the SMBH (Churazov et al., 2002; Allen et al., 2006).

The radius for which the gravitational influence of the SMBH is dominant over the
thermal energy of the gas is called the Bondi radius

rB =
GM•
c2

s

, (1.9)

where M• is mass of the SMBH and cs =
√
γkT/µmp is the speed of sound in the sur-

rounding gas, where µ ≈ 0.62 is the mean atomic weight for fully ionized gas and γ = 5/3
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is an adiabatic index of the X-ray emitting plasma. The accretion rate can be expressed as
a flux of matter through a spherical shell

ṁB = 4πλρ(GM•)
2c−3

s = πλρcsr
2
B, (1.10)

with a numerical coefficient for adiabatic gas λ ≈ 0.25. The equation can be rewritten in
terms of specific entropy to express the direct dependence on a measurable thermody-
namic quantity

ṁB ∝M2
• K

−3/2, (1.11)

where K = kT/n
2/3
e is the specific entropy of the gas. The accreted matter is then with an

efficiency η turned into the energy

PB = ηṁBc
2, (1.12)

which can be expelled in the form of relativistic jets. Regularly assumed is the efficiency
of 10 percent.

Since the Bondi accretion depends only on the mass of the supermassive black hole
and the entropy of the X-ray emitting gas, the accretion rate should in principle be able
to self-regulate. The energy of an outflow dissipated into the galactic atmosphere heats
the ambient gas and causes its expansion which lowers the accretion rate, and vice versa
– if the atmosphere cools by radiating a significant amount of energy, it starts to contract
and the accretion rate rises (McNamara & Nulsen, 2007).



Chapter 2

Data reduction

Parameters of the Bondi accretion were inferred from X-ray observations captured by
the Chandra X-ray Observatory, whereas the mechanical power of relativistic jets emanat-
ing from the supermassive black holes (SMBHs) was estimated from both X-ray cavities
on Chandra images and also from extended radio emission observed by the Very Large
Array (VLA) telescope. The exact positions of SMBHs were either determined from the
centre of hard X-ray emission (Chandra) and from small scale radio emission observed
with Very-Long-Baseline Interferometry (VLBI) or taken from Atacama Large Millimeter
Array (ALMA) measurements stated in the literature (Table 4.1).

2.1 Sample selection

The sample was chosen so that the galaxies are known to contain X-ray cavities and their
Bondi radii are well resolved by Chandra’s ACIS observations (1 pixel ≈ 0.492”). We
subsequently added other galaxies that were used in previous studies (Allen et al., 2006;
Russell et al., 2013) that investigated the relation between the Bondi accretion rate and
mechanical jet power and compared the results. The galaxies in our sample are listed in
Table 2.1. The masses of supermassive black holes (SMBHs) were taken either from direct
measurements reported by Kormendy & Ho (2013) and Saglia et al. (2016) or derived
from M•−σ relation

log

(
M•

109M�

)
= α+ β log

(
σ

200 km/s

)
, (2.1)

where α = 8.49 ± 0.05 and β = 4.38 ± 0.29 (Kormendy & Ho, 2013) and velocity disper-
sions σ were taken from Lauer et al. (2007) and the HyperLeda database (Makarov et al.,
2014). The distances were taken from the Nasa Extragalactic Database (NED) and except
for NGC 6166 (FP method; Tully et al., 2013) they were derived from measurements of
Surface Brightness Fluctuations (Tonry et al., 2000; Jensen et al., 2003).

2.2 X-ray data analysis

Throughout this analysis, we used archival Chandra observations of early-type galaxies,
groups and clusters of galaxies. The Chandra data were reprocessed using classical CIAO

4.13 (Fruscione et al., 2006) procedures and current calibration files CALDB 4.9.4. The ob-
servations were obtained from Chandra Data Archive using download chandra obsid
tool and reprocessed via chandra repro script. For most objects, observations were
obtained by the ACIS-S chip in the VFAINT mode, but for some galaxies (NGC 507,
NGC 4636, NGC 5846 and NGC 6166) we included also ACIS-I observations. The light
curves, extracted in the 0.5−7.0 keV band after exclusion of point sources, were deflared

– 12 –
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Galaxy
Alternative D rB rB Cavity

name (Mpc) (pc) (”) references
IC 4296 Abell 3565 49.0 70.0 0.29 [1]

NGC 1399 Fornax c. 21.1 38.0 0.24 [3], [4]
NGC 1407 25.1 164.0 1.3 2, [4]*
NGC 1600 63.7 539.0 1.7 [1]
NGC 4261 32.4 81.0 0.52 [1], [4]*
NGC 4472 M49 16.5 106.0 1.3 [1], [3], [4]
NGC 4486 M87 16.5 208.0 2.6 [3], [4]
NGC 4636 14.7 35.0 0.49 [1], [4]
NGC 4649 M60 16.5 122.0 1.5 [3], [4]*
NGC 5813 32.2 40.0 0.26 [1], [4]
NGC 5846 24.9 48.0 0.35 [1], [2], [3], [4]
NGC 507 64.6 86.0 0.28 [1], [2]
NGC 708 Abell 262 62.8 17.0 0.056 [2], [4]
NGC 1316 Fornax A 22.7 8.0 0.077 [1], [4]
NGC 4374 M84 16.5 62.0 0.77 [1], [4]
NGC 4552 M89 16.5 14.0 0.18 [4]
NGC 4696 Centaurus c. 42.5 36.0 0.17 [3], [4]
NGC 4778 HCG 62 66.2 39.0 0.12 [2], [4]
NGC 5044 32.2 10.0 0.065 [1], [2], [3], [4]
NGC 6166 Abell 2199 125.0 63.0 0.1 [4]

∗ According to these sources, the galaxies are paradoxically supposed to have no cavities.
Cavity references: 1. Cavagnolo et al. (2010) 2. Dunn et al. (2010) 3. Dong et al. (2010) 4. Shin et al. (2016)

Table 2.1: The sample of elliptical galaxies with measured Bondi accretion rates and jet
powers. The top eleven galaxies have fairly resolved Bondi radii by Chandra’s observa-
tions (2rB ' 1 pixel≈ 0.492”), for the bottom nine galaxies the Bondi radii are unresolved
and the density measurements had to be significantly extrapolated toward the centre.

using the lc clean algorithm within the deflare routine and the good time intervals
were obtained.

For targets with more observations, the individual OBSIDs were reprojected onto one
of the observations via reproject obs script. As a background, we used the blanksky
background files, which were reprojected, scaled so that they match the particle back-
ground of observations in the 9 − 12 keV band and filtered for VFAINT events. The
blanksky files were used both as a background for the spectral analysis and also for sub-
traction from the original images. The images were then divided by corresponding expo-
sure maps and merged together.

Point sources as well as regions of strong non-thermal emission emanating from rel-
ativistic jets (e.g. NGC4261, NGC4486) that could have been resolved were found using
wavdetect procedure, corrected visually and excluded from the spectral analysis. In the
case of β-modeling and searching for cavities, the resolved point sources were filled us-
ing Poisson statistics via dmfilth procedure with a mean surface brightness of gas from
their vicinity and regions of non-thermal jet emission were omitted during the fitting.
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2.2.1 Spectral analysis

The spectral files were produced via the specextract script, which also creates the
corresponding ARF and RMF files. The spectra were extracted in the 0.5−7.0keV band in
concentric annuli with increasing radius. The number of counts within individual annuli
were chosen so that we still obtain a reasonable fit while maximizing the central spatial
resolution. The spectra were extracted for each observation separately, summed by the
combine spectra command and deprojected assuming spherical symmetry using the
DSDEPROJ code (Sanders & Fabian 2007; Russell et al. 2008), which also bins the spectra
to contain at least 25 counts per spectral bin.

In the case of galaxy NGC 4486 (M87), the combination of bright central AGN and
jet emission lead to very strong pile-up effects within the central few arcsec on Chan-
dra ACIS-S observations in the classical full-array 3.2 s EXPTIME mode. Following the
analysis of Russell et al. (2015, 2018), we therefore utilized also archival observations in
the 1/8th subarray 0.4 s EXPTIME mode. The spectral files for the short frame-time ob-
servations were extracted in circular annuli up to 30 arcsec from the centre, whereas for
observations in the full-frame mode the spectra were extracted for annuli in the 15− 150
arcsec range. All possible spectral files for each annulus were combined and the spectra
were deprojected similarly as in the case of other galaxies.

The deprojected spectra were fitted simultaneously using XSPEC spectral fitting pack-
age version (12.11.1) and ATOMDB database (version 3.0.9) (Arnaud, 1996). The optimiza-
tion was performed using the Levenberg-Marquardt minimization method (Levenberg,
1944; Marquardt, 1963) and the Chi-square statistics. Uncertainties of individual param-
eters were determined from the Monte Carlo Markov Chain (MCMC) simulation. Unless
stated otherwise, all uncertainties are expressed in the 1-σ confidence interval. During
the fitting, we assumed the standard Lambda Cold Dark Matter (ΛCDM) cosmology with
H0 = 70 km/s/Mpc, Λ0 = 0.73 and q0 = 0.

To account for the single-phase collisionally ionized diffuse gas, we used a single apec
model component, which describes the state of the gas by its temperature kT , abundance
Z, redshift z and normalization Y , which is directly proportional to the emission measure
of the X-ray emitting gas

Y =
10−14

∫
nenpdV

4πD2
A(1 + z)2

, (2.2)

where DA is the angular diameter distance and ne and np are electron and proton con-
centrations, respectively, where for fully ionized medium with solar abundance applies
ne = 1.18np.

The redshift for all objects was taken from the NASA Extragalactic Database (NED) and
fixed. Abundances were allowed to vary during the fitting, however, for most galaxies,
we tied the abundances of 2 to 3 neighbouring shells together in order to make the abun-
dance transition more smooth and to suppress accidental spurious surges. The abun-
dances were measured relatively with respect to solar abundances reported by Lodders
(2003). All other parameters were kept free during the fitting.

The Galactic absorption was modelled using the phabs photoelectric absorption model.
The hydrogen column density nH was fixed to the value obtained from the HEASARC
database1 which takes values reported by HI4PI Collaboration et al. (2016) and the bcmc
cross-section was used (Balucinska-Church & McCammon, 1992). We also tried to fit the
hydrogen column density parameter but it only introduced minor changes to the final fit
statistics and to the parameter values.

1https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl

https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
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For the innermost annulus, we added an absorbed powerlaw component zphabs(pow)
to account for the non-thermal powerlaw emission of the active galactic nucleus. The
absorbing hydrogen density column nH,z at the redshift z as well as the photon index Γ
were freed during the fitting. However, for galaxies for which the fitted values of the
density column and photon index were not significant (3σ above its uncertainty), we
eventually fixed these parameters to nH,z = 0 and Γ = 1.9 (following Russell et al.,
2013), where Γ = 1.9 represents a mean value of the photon index for both obscured
and unobscured nearby AGNs (Gilli et al., 2007). Unabsorbed fluxes and corresponding
uncertainties of the powerlaw component were determined in the 0.5 − 7.0 keV energy
range using the cflux multiplicative model component.

For the remaining outer annuli, we added the bremsstrahlung (Karzas & Latter, 1961;
Kellogg et al., 1975) component (bremss) with the temperature fixed to 7.3 keV, which
should well describe the emission of point sources that could not have been resolved.
These unresolved point sources are being mostly Low Mass X-ray Binaries (LMXBs), Cat-
aclysmic Variables (CVs) and Coronally Active Binaries (CABs) (Irwin et al., 2003).

Besides the spatially resolved spectral analysis, we modeled also the spectra extracted
from the cooling radius to obtain the total cooling luminosity. The cooling radius is de-
fined as the radius at which the cooling time profile (Equation 1.2) reaches a certain value.
Commonly used are the values of 7.7 · 109 yr (Rafferty et al., 2006) or the Hubble time
(Omma & Binney, 2004), however, because most galaxies are relatively nearby, such ra-
dius would often be outside of ACIS chip’s edges. Instead, we used the value of one
gigayear (109 yr), which also resembles a much more comparable timescale to the ages
of studied outflows and X-ray cavities. Central 2 arcseconds containing most of the non-
thermal emission of the AGN were omitted. Thereby obtained spectra were modeled
using either single or two-temperature apec model with a bremsstrahlung (bremss) com-
ponent describing the emission of unresolved points sources. The cooling luminosity was
determined as the combination of luminosities of both apec components. The fitting was
performed similarly as in the case of the deprojected spatially resolved spectra, but in-
stead of the Chi-square statistics we used the Cash statistics (Cash, 1979) and the spectral
background was not subtracted but taken into account while modelling.

2.2.2 X-ray cavities

For detection of surface brightness depressions (X-ray cavities) on Chandra images and
estimation of their sizes, we used two different methods: β-modeling and a convolutional
neural network. We also tried the Gaussian Gradient Magnitude filter (Sanders et al.,
2016a,b) and Unsharp Masking (Malin, 1977) methods, which should highlight details
and structures on the original images. But since these methods tend to slightly change
the sizes of studied features, they served rather as detection tools and were not used for
size estimation.

Beta modeling

The β-modeling method is based on two-dimensional modelling of surface brightness
distribution of the X-ray images, where the surface brightness distribution is simulated
with a classical β-model (Cavaliere & Fusco-Femiano, 1976) projected onto 2D plane (Et-
tori, 2000). The fitting was performed in the SHERPA 4.13 package (Freeman et al., 2001)
using the Cash statistics (Cash, 1979) and Monte Carlo optimization method (Storn, 1995).
Most galaxies were fitted by a single β-model component with a constant background.
However, for galaxies with more complex structure, we added also another β-component



Data reduction 16

and for galaxies with a very bright central point source, we included also a Gaussian
component with a small FWHM. Central coordinates of all model components were tied
together and freed, and in the case of multiple β-components, we tied their ellipticities
and rotational angles. All other parameters were kept free during the fitting.

Thereby fitted two-dimensional models were subtracted from the original images
producing the residual images, which were then slightly smoothed and individual cavi-
ties were searched for by eye. The reliability of detected cavities was then checked using
count statistics – the number of counts inside of the cavity had to be at least 4-σ under
the surrounding background. The confirmed cavities were then manually size-estimated
using SAOImageDS9 (Joye & Mandel, 2003) ellipse regions.

Neural network

For the purpose of an automatized detection of X-ray cavities and human-unbiased esti-
mation of their sizes, we have trained a convolutional neural network which we called
the CAvity DEtection Tool (CADET)2. The creation of the network was inspired by the
previous work of Jaroslava Secká (Secká, 2018) and the architecture of the network was
taken from Fort (2017), although we did some major changes to the network architecture
and also to the process of dataset generation. The network was trained on artificially
generated images of galaxies with and also without cavities. The generated images were
adjusted to resemble realistic Chandra images. The input of the network is a 128 × 128
Chandra-like image and on the output there is a pixel-wise prediction of the same shape
as the input image, which is decomposed into individual cavities using a clustering al-
gorithm DBSCAN (Ester et al., 1996). Detailed description of the CADET network and the
process of generation of the training dataset can be found in Chapter 3.

2.3 VLA observations

The processed Very Large Array (VLA) radio images were either kindly provided by Ro-
mana Grossová or obtained from the NRAO VLA Archive Survey (NVAS)3. The VLA ob-
servations in A, B, C or D configurations centred at 1.4 GHz were reduced using NRAO
pipeline Common Astronomy Software Applications (CASA, McMullin et al., 2007) ver-
sion 4.7.2 and 5.6.1 (for data of NGC 4552, NGC 4636 and NGC 4649 calibrated by auto-
mated CASA pipeline).

Two categories of data were analyzed depending on the year of their observation. The
“old” data which include observations before an important VLA upgrade, which hap-
pened in 2011 and “new” data after this upgrade. These “new” data were calibrated us-
ing the automatic pipeline version 1.3 and reduced by standard procedures as described
in Grossová et al. (2019). On the other hand, ’old’ observations were manually calibrated
using the NRAO pre-upgrade calibration methods4.

For most targets, the model Perley & Butler (2013) for standard VLA calibrator 3C 286
was used to determine the flux scales, except for NGC 4552 and NGC 4649, both in A
configuration, which were calibrated with 3C 48. In the end, for both new and old obser-
vations, the final total intensity images were created using the CASA clean algorithm in
multi-frequency synthesis mode and Briggs weighting. The self-calibration, consisting of
three cycles of phase and one cycle of amplitude and phase calibration, were performed,

2https://github.com/tomasplsek/CADET
3https://archive.nrao.edu/nvas/
4https://casaguides.nrao.edu/index.php/Jupiter:_continuum_polarization_

calibration

https://github.com/tomasplsek/CADET
https://archive.nrao.edu/nvas/
https://casaguides.nrao.edu/index.php/Jupiter:_continuum_polarization_calibration
https://casaguides.nrao.edu/index.php/Jupiter:_continuum_polarization_calibration
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if the signal-to-noise ratio of the image reached a value higher than 100, in order to im-
prove and refine the standard calibration results for the targets.

2.3.1 Radio contours

Processed VLA images were used for size estimation of radio lobes and for the subse-
quent mechanical jet power calculation. The mechanical jet powers were thus determined
independently of X-ray data. For observations showing an extended radio emission, we
produced radio contours and similarly as in the case of X-ray cavities we estimated the
sizes of radio lobes by manually overlaying the radio contours with ellipse regions using
the SAOImageDS9. The minimum contour level was set to 5 times the root mean square
error (RMSE) of the surrounding background.

In order to probe the most recent cavities, we mainly used images in the L band (1.4
GHz) and A array configuration. The A configuration has a similar angular resolution as
Chandra ACIS data, so the spatial distinction of studied features is comparable. However,
for some objects, there were no observations in the A configuration available or they did
not show any signs of extended emission. For these objects, we therefore used other
array configurations with the best possible spatial resolution. For galaxies for which it
was possible, we utilized multiple array configurations to estimate sizes of also older
generations of radio lobes. However, we only used array configurations capturing really
distinct physical structures belonging to various generations of cavities and we tried to
avoid estimating the size of the same features observed on different scales.

2.4 VLBI observations

Observations by the Very-Long-Baseline Interferometry (VLBI) were retrieved from the
Astrogeo VLBI FITS image database5. All utilized observations were observed in the X-band
(8 − 8.8 GHz). The observations were obtained under the VLBI 2MASS Survey (V2M)
and Wide-Field VLBA Calibration Survey (WFCS) and analyzed by Leonid Petrov (Condon
et al., 2013; Petrov, 2021; Petrov & Kovalev in prep.). The exact positions of SMBHs were
determined simply from the peak of the small scale VLBI radio emission.

5http://astrogeo.org/vlbi_images/

http://astrogeo.org/vlbi_images/


Chapter 3

CAvity DEtection Tool (CADET)

The exact determination of the real extent of X-ray cavities, as mentioned in the Intro-
duction, is crucial for an accurate estimation of the mechanical power of relativistic jets
and also for understanding the energetics of the whole galactic atmosphere. The current
detection and size estimation methods, widely used in the previous studies of X-ray cav-
ities (e.g. Bı̂rzan et al., 2004; Dong et al., 2010; Shin et al., 2016; Hlavacek-Larrondo et al.,
2015) and further described in Section 2.2.2, are all ultimately based mainly upon visual
inspection and manual estimation of cavity sizes. Such an approach of cavity volume de-
termination might therefore lead, also due to over-simplifying assumptions (ellipsoidal
shape, rotational symmetry, etc.), to rather inaccurate or even incorrect results. We have
decided to tackle this task of searching for and estimating sizes of X-ray cavities using
the power of convolutional neural networks (CNN) and modern computer technology.
We have therefore built and trained a detection pipeline which we have called the CAvity
DEtection Tool (CADET1).

The utilization of machine learning techniques has registered significant progress in
the field of observational astronomy and astrophysics. It has a great potential in automa-
tion of tasks that would otherwise require human or even expert insight into the problem-
atics and also for processing of enormously large datasets and the so-called data-driven
astronomy. Neural networks and other machine learning techniques are already being
widely used in various astronomical fields either for classification tasks: point source vs
extended source classification (Alhassan et al., 2018), galaxy morphology classification
(Dieleman et al., 2015; Hausen & Robertson, 2020), radio emission morphology classi-
fication (Wu et al., 2019), recognition of clusters of galaxies using multiwavelength ob-
servations (Kosiba et al., 2020), distinguishing between gamma-ray photons and cosmic
rays from Cherenkov radiation (Shilon et al., 2019) or for distinguishing between single
and multi-temperature plasma from X-ray spectra (Ichinohe & Yamada, 2019); for regres-
sion tasks: photometric redshift estimation (D’Isanto & 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 hydrody-
namical simulations by learning the basic physical laws (Dai & Seljak, 2021).

3.1 Network architecture

The CAvity DEtection Tool (CADET) pipeline is composed of a convolutional neural net-
work (CNN) and a clustering algorithm. The convolutional neural network is trained for
finding pairs of elliptical surface brightness depressions (cavities) on noisy Chandra-like
images of elliptical galaxies and the clustering algorithm is used for the decomposition
of thereby obtained predictions into individual cavities. The creation of the network was
inspired by the previous work of Jaroslava Secká (Secká, 2018) and the architecture of the

1https://github.com/tomasplsek/CADET
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convolutional network and the idea of generating the dataset artificially comes from Fort
(2017), although we did some major changes to the network and also to the process of
dataset generation.

The convolutional network was implemented using the high-level Python deep learn-
ing API Keras (Chollet et al., 2015) with the Tensorflow backend (Abadi et al., 2015). For
the clustering task, we used the density-based spatial clustering algorithm DBSCAN (Ester
et al., 1996) incorporated into the Scikit-Learn library (Pedregosa et al., 2011). The architec-
ture of the convolutional network is similar to that developed by Fort (2017) and consists
of a series of 5 convolutional blocks (Figure 3.1). Each block resembles an Inception-like
layer (Szegedy et al., 2015) as it concatenates the outputs of multiple parallel 2D convolu-
tions with various kernel sizes (Figure 3.2). The inception layers within the first 4 blocks
consist of convolutional layers with 32 of 1×1 filters, 32 of 3×3 filters, 16 of 5×5 filters, 8
of 7×7 filters, 4 of 9×9 filters, 2 of 11×11 filters and one 13×13 filter. Individual 2D con-
volutions within the inception layer are not ended by an activation function, so they serve
rather as linear convolutional filters. Each of the inception layers is then followed by a
2D convolutional layer with 32 or 64 of 1× 1 filters, which was introduced mainly due to
dimensionality reduction. The output of the convolutional block is normalized by batch
normalization and activated using the Rectified Linear Unit (ReLU) activation function.
The ReLU activation function is meant to bring a nonlinear element into the network to
actually enable the learning process. The whole network is ended by a final block, which
is also composed as an inception layer, but it differs from the previous blocks mainly in
the number and sizes of individual 2D convolutional filters (8 of 8× 8 filters, 4 of 16× 16
filters and 2 of 32 × 32 filters) and also in the activation function. The output of the net-
work is intended to be a pixel-wise prediction of whether a corresponding pixel belongs
to a cavity or not. The activation function of the final layer was, therefore, set to be the
sigmoid function, which is typically used for ordinary binary classification tasks.
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Figure 3.1: The architecture of the CADET pipeline consisting of five convolutional blocks
producing a pixel-wise cavity prediction and a clustering algorithm DBSCAN used for the
decomposition of the prediction into individual cavities. The numbers of individual fil-
ters within the inception layer and also the number of filters of the subsequent dimen-
sionality reducing 1× 1 layer are stated alongside individual blocks.

The input of the convolutional network is a set of noisy 128 × 128 images of galaxies
with either zero or one pair of cavities. Since the profile of the beta model is rather expo-
nential, we normalized the images by a logarithm (the value of each pixel was raised by
one to avoid calculating the logarithm of zero) and then scaled them by the highest pixel
value so the values of all images are between 0 and 1. We tried also different ways of
normalizing the input images including widely used techniques incorporated into Scik-
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itLearn or Keras libraries (unit normalization, zero mean−unit variance, etc.), however,
the best results were obtained for the above-stated approach. On the output of the net-
work, there is again a 128× 128 image representing the pixel-wise prediction of whether
there are cavities on the image and where they are located. As corresponding labels
(ground truth), we took the 3D cavity masks summed into 128× 128 images and binned
to contain either ones (inside of the cavity) and zeros (outside of it). For galaxies with no
inserted cavities, the ground truth is represented by a zero matrix. This binary binning
was used in order to express the probability that a certain pixel is inside of a cavity or
not. We also tried not binning the label masks and only normalizing them by the maxi-
mal value to fit the depth of the cavity. However, this only worsened the performance of
the network.

Figure 3.2: The scheme of the first block of the convolutional network consisting of a
series of different numbers of linear convolutional filters followed by a convolutional
layer with 32 of 1× 1 filters, normalized by a batch normalization and ended by a ReLU
activation function. The schematic image was created using Netron visualization tool.

3.2 Dataset generation

The network was not trained on real images of galaxies with known X-ray cavities. In-
stead, we used artificially generated images that were processed to resemble low count
X-ray images of elliptical galaxies. We did not use the real data for two main reasons:
we simply do not have a big enough dataset of images of galaxies with classified cavities
and even if we would, we would have to search for and size estimate all of these cavities
manually, which would bring a human bias into the training process.

https://github.com/lutzroeder/Netron
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We therefore produced arbitrary 3D models of elliptical galaxies and randomly in-
serted cavities into them. The models were then reprojected onto the 2D plane by simply
summing the values across one axis – we could use this approximation under the as-
sumption that the atmospheres of elliptical galaxies are optically thin and due to their
distance there is also no need to account for projection effects. Thereby obtained images
were noised using Poisson statistics to resemble low count X-ray images of galaxies as ob-
served by the Chandra X-ray Observatory. The point spread function (PSF) of the Chandra
telescope was neglected.

The distribution of gas in real galaxies is often not ideally smooth but is disrupted by
sloshing effects (Sanders et al., 2016a), past mergers, ram pressure stripping (NGC4552;
Kraft et al., 2017), by the AGN feedback and also by the cavities itself (see also Werner &
Mernier, 2020). However, simulating such an inner structure is beyond the scope of this
work. For generating the particle distribution in galaxies, we instead used either a single
or a double beta model (Cavaliere & Fusco-Femiano, 1976)

n(r) = n0

[
1 +

(
r

rc

)2
]−3β/2

, (3.1)

where rc is the core radius, n0 is the central particle concentration and β is the beta pa-
rameter, which describes the logarithmic slope of the distribution at large radii. While
the double beta model combines two simple beta models (Equation 3.1) with various
core radii, amplitudes (central particle concentrations) and beta parameters.

To imitate real cavities, we randomly generated ellipsoidal masks and cut off the cor-
responding areas from the 3D model of the galaxy, assuming that the cavities are filled
with relativistic plasma and therefore emit nearly no X-rays (McNamara & Nulsen, 2012).
We either entirely removed the gas from corresponding regions or displaced it to the
edges of cavities to resemble bright rims, that are actually observed around some cavities
(e.g. NGC 4636, NGC 5813; Jones et al., 2002; Randall et al., 2011, 2015). The bright rims
are regions of weakly shocked gas caused by the slightly supersonic inflation of the cav-
ities (Churazov et al., 2002). As mentioned in the Section 1.2, the shapes of real cavities
are not ideally rotationally symmetric. The cavities can also partially intersect or even be
overlaid by more complex structures (cold fronts, shocks, jets). However, for simplicity,
we approximated the cavities to be prolate or oblate ellipsoids with rotational symmetry
along the axis closer to the direction towards the galactic centre.

The nonspherical perturbation of gas distribution brought on by gas sloshing trig-
gered by a merging event was also simulated. To reproduce such an effect, we generated
a two-dimensional meshgrid with an axially antisymmetric spiral-like pattern (Figure
3.9) representing an “overdensity / underdensity” field and multiplied the model with
this grid. The sloshing spiral was approximated by an arithmetic (Archimedean) spiral:

r =
√
x2 + y2, θ = atan

(y
x

)
, r = b · θ, (3.2)

where x and y are coordinates of the 2D cartesian grid and parameter b determines the
distance between loops. The main parameters of the spiral pattern (periodicity, depth)
were generated based on the basic assumptions further discussed in Section 3.2.2.

Real galaxies often contain also bright point sources, which are being mostly the Low
Mass X-ray Binaries (LMXB), Coronally Active Binaries (CAB), or Cataclysmic Variables
(CV) (Irwin et al., 2003). Many galaxies also have a bright active galactic nucleus (AGN)
represented by a strong point-like nonthermal emission in the centre and some of them
might even contain prominent jets (e.g. NGC315, NGC4261, NGC4486). Except for the
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central point source, which was simulated using a low-FWHM Gaussian model, we did
not take these point sources into account while generating our dataset. However, when
testing the network on real Chandra images of galaxies, we detected these regions and
replaced them with the mean surface brightness of gas in their vicinity (see Section 3.2.1).

3.2.1 Data analysis

The distributions of β-model parameters are based on real Chandra observations of ellip-
tical galaxies with and also without detected cavities. The observations were processed
using classical CIAO 4.12 (Fruscione et al., 2006) procedures and current calibration files
(CALDB 4.9.1). For galaxies observed multiple times, the individual observations were
reprojected and merged. Most galaxies were observed in the VFAINT mode using the
ACIS-S chip, however, for a couple of galaxies we combined ACIS-S and ACIS-I observa-
tions and for some of them, there were only ACIS-I observations available.

The observations were deflared using the lc clean algorithm within the deflare
routine. The images were generated from the merged observations using the fluximage
procedure with a binsize of 1 pixel (0.492 arcsec). The images were background-subtracted
using blanksky background files, which were scaled to match the observations in the
9 − 12 keV band, and exposure corrected by corresponding exposure maps. The point
sources were found using the wavdetect tool and filled with mean surface brightness
from the elliptical annulus around the source using the dmfilth procedure (CIAO 4.12).
Before the utilization of the dmfilth procedure, the background and exposure corrected
images were multiplied by an arbitrary constant (mostly by the lowest pixel value) to
enable the use of Poisson statistics.

The β-model parameters were determined from 2D modelling of the surface bright-
ness distribution of the source-filled images. The surface brightness distribution was
modelled using the projection of the classical beta model (Eq. 3.1) onto a 2D plane under
the assumption of isothermality (Ettori, 2000)

S(r) = n2
0 Λ(T ) rcB(3β − 0.5, 0.5)

[
1 +

(
r

rc

)2
]0.5−3β

, (3.3)

where Λ(T ) is the cooling function and B is the beta function. The temperature and
thus also the cooling function were assumed to be constant for all analyzed and gener-
ated galaxies and the cooling function was therefore omitted from further calculations.
Instead, we accounted a scatter of 0.3 dex in the distribution of the central particle con-
centration, which corresponds to the difference of cooling functions at temperatures of
0.3 and 2.5 keV (limit values of central temperature for the sample of galaxies; see Fig-
ure A.2) and solar abundances.

The fitting of the two-dimensional β-model was performed in the SHERPA 4.13 pack-
age (Freeman et al., 2001) using the Cash statistics (Cash, 1979) and Monte Carlo opti-
mization method (Storn, 1995). The galaxies were firstly fitted using a single beta model
with a constant background. For galaxies for which it improved the fit statistics (mainly
galaxies with more complex structure), we included another beta component and for
galaxies with a bright central point source, we added also a low-FWHM Gaussian com-
ponent. Central coordinates of all model components were tied together and freed, and
in the case of multiple beta components we tied also their ellipticities and rotational an-
gles. All other parameters were kept free during the fitting. The fitted parameters are
listed in Table 3.2 and the distributions and correlations between the parameters can be
found in Figures 3.5, 3.6 and 3.7.
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Galaxy rc [pixels] β e rc,2 [pixels] β2

3C 449 0.44+0.05
−0.05 0.3+0.8

−0.6 0.12+0.07
−0.07 140.0+21

−18 0.488+0.09
−0.08

IC 310 † 1.32+0.05
−0.06 0.7+0.1

−0.1 0.2+0.1
−0.1

IC 1459 † 0.43+0.1
−0.08 0.5+0.06

−0.06 0.09+0.28
−0.1

IC 1860 † 5.7+0.3
−0.5 0.38+0.05

−0.06 0.1+0.2
−0.2

IC 4296 † 0.96+0.05
−0.04 0.54+0.06

−0.06 0.05+0.03
−0.03

NGC 57 † 6.2+0.7
−0.7 0.6+0.3

−0.2 0.1+0.2
−0.2

NGC 315 † 0.78+0.04
−0.04 0.49+0.03

−0.03 0.05+0.08
−0.08

NGC 410 † 3.2+0.7
−0.6 0.5+0.2

−0.2 0.1+0.3
−0.3

NGC 499 15.5+0.4
−0.7 0.38+0.02

−0.03 0.5+0.1
−0.2 129.0+26

−24 1.1+0.3
−0.2

NGC 507 0.98+0.1
−0.1 0.38+0.04

−0.04 0.04+0.04
−0.04 72.0+2

−2 0.60+0.7
−0.06

NGC 533 † 15.4+0.6
−0.6 0.53+0.08

−0.08 0.21+0.05
−0.05

NGC 708 19.2+0.4
−0.4 0.38+0.03

−0.03 0.21+0.02
−0.02

NGC 741 2.4+0.4
−0.3 0.44+0.09

−0.08 0.1+0.2
−0.2 19.0+7

−6 0.9+3.0
−0.1

NGC 777 † 4.4+0.6
−0.5 0.44+0.09

−0.08 0.1+0.1
−0.1

NGC 1132 † 1.44+0.09
−0.08 0.35+0.02

−0.02 0.15+0.04
−0.04

NGC 1316 † 7.4+0.2
−0.2 0.52+0.05

−0.05 0.31+0.04
−0.04

NGC 1399 4.7+0.1
−0.1 0.46+0.02

−0.02 0.07+0.04
−0.04

NGC 1404 † 5.53+0.05
−0.05 0.48+0.01

−0.01 0.04+0.02
−0.02

NGC 1407 † 14.7+0.6
−0.6 0.48+0.06

−0.06 0.11+0.05
−0.05

NGC 1550 † 14.3+0.4
−0.4 0.38+0.01

−0.01 0.23+0.02
−0.02

NGC 1600 7.0+0.4
−0.4 0.48+0.08

−0.08 0.1+0.1
−0.1

NGC 2300 9.8+0.5
−0.5 0.48+0.07

−0.07 0.04+0.09
−0.1

NGC 2305 † 4.0+1.0
−1.0 0.4+0.1

−0.1 0.1+0.1
−0.2

NGC 3091 † 3.0+4.0
−2.0 0.4+0.4

−0.4 0.4+0.5
−0.3 149.0+10

−6 1.1+0.2
−0.1

NGC 3923 6.4+0.2
−0.1 0.53+0.04

−0.04 0.16+0.05
−0.05

NGC 4073 11.7+0.4
−0.4 0.43+0.04

−0.04 0.17+0.04
−0.04

NGC 4125 † 8.8+0.9
−0.9 0.41+0.1

−0.1 0.25+0.08
−0.08

NGC 4203 0.68+0.02
−0.02 0.72+0.07

−0.07 0.11+0.06
−0.06

NGC 4261 1.3+0.03
−0.03 0.52+0.02

−0.02 0.13+0.04
−0.04

NGC 4374 † 9.9+0.2
−0.2 0.46+0.03

−0.03 0.15+0.03
−0.03

NGC 4406 † 0.9+0.8
−0.3 0.28+0.06

−0.06 0.34+0.06
−0.06

Table 3.1: To be continued.
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Galaxy rc [pixels] β e rc,2 [pixels] β2

NGC 4472 5.08+0.06
−0.06 0.404+0.009

−0.009 0.09+0.01
−0.01

NGC 4486 27.18+0.07
−0.07 0.363+0.001

−0.001 0.05+0.003
−0.003

NGC 4552 † 1.8+0.9
−0.7 0.4+5.0

−1.0 0.3+0.2
−0.2 27+9

−7 0.7+0.1
−0.1

NGC 4636 27.0+5.0
−3.0 0.71+0.07

−0.07 0.25+0.03
−0.03 811+100

−47 1.3+0.4
−0.2

NGC 4649 9.41+0.07
−0.07 0.51+0.01

−0.01 0.04+0.02
−0.02

NGC 4696 7.01+0.08
−0.08 0.34+0.006

−0.006 0.228+0.007
−0.008 77.5+0.7

−0.7 0.55+0.04
−0.04

NGC 4778 † 27.3+0.5
−0.4 0.51+0.04

−0.04 0.03+0.02
−0.02

NGC 4782 † 37.0+16.0
−24.0 0.42+0.13

−0.12 0.10+0.04
−0.04

NGC 4936 0.5+0.2
−0.1 0.37+0.08

−0.07 0.1+0.2
−0.2

NGC 5044 † 12.0+4.0
−4.0 0.4+4.0

−0.5 0.1+0.01
−0.01 226+32

−15 1.1+0.2
−0.1

NGC 5129 † 2.0+0.3
−0.3 0.43+0.06

−0.06 0.2+0.1
−0.1

NGC 5419 † 3.0+1.0
−2.0 0.5+0.2

−0.3 0.1+0.4
−0.4

NGC 5813 † 16.0+3.0
−1.0 0.4+7.0

−0.7 0.2+1.5
−0.7 187+19

−7 1.0+0.3
−0.2

NGC 5846 22.0+1.0
−1.0 0.5+0.2

−0.2 0.2+0.1
−0.1 336+44

−23 1.3+1.1
−0.1

NGC 6166 † 22.0+2.0
−2.0 0.6+0.7

−0.6 0.2+0.1
−0.1 327+3

−1 1.3+0.2
−0.2

NGC 7619 2.8+0.2
−0.2 0.43+0.04

−0.04 0.09+0.08
−0.08

† For these galaxies, we included a low-FWHM Gaussian model to account for the bright central source.

Table 3.1: Parameters obtained from β-modeling of our sample of galaxies: beta parame-
ter β and core radius rc of the first component, common ellipticity e and beta parameter
β2 and core radius rc,2 of the second component.

3.2.2 Parameter distributions

The models of artificial galaxies were generated using both single and double beta mod-
els. Their relative frequency was estimated from the results of beta modelling stated in
Table 3.2 to be nearly 75 % and 25 % for the single and double beta model, respectively.
Each beta model can be in general described by 7 parameters: central coordinates x0 and
y0, core radius rc, beta parameter β, amplitude A, ellipticity e and rotational angle ϕ.

The central coordinates were chosen to be equal to the centre of the image with ran-
dom Gaussian variation in both axes with a 3-pixel standard deviation truncated at 10
pixels. For the double beta model, the central coordinates of individual components
were linked together. Distribution of core radii rc and beta parameters β were obtained
by concatenating results (Figure 3.4) from Diehl et al. (2008), Dong et al. (2010) and this
work (Table 3.2). The amplitude A of the beta model was, according to results obtained
from beta modelling (see Figure 3.5), set to be inversely proportional to the core radius rc

with a defined scatter (Table 3.3).
The exact values of the central amplitude (central electron density) could be in princi-

pal also derived from the measured surface brightness, but since the images were multi-
plied by an arbitrary constant to permit the functioning of Poisson statistics while filling
the point sources, we decided to scale the absolute value of the amplitude manually in a
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a = R

b = R (1− ecav)

a′
b′

d′

dϕcav

φ′cav

a′ = R · rR
b′ = R · rR (1− ecav · re)
d′ = d · rd
ϕ′cav = ϕcav − 180◦ + dϕcav

φ′cav = φcav + dφcav

Figure 3.3: Schematic description of parameters used for generating the pairs of cavities.
Each cavity is described by its distance from the galactic center d, positional angle ϕcav,
radius (semi-axis) R, ellipticity e and rotational angle φcav. Since the parameters of pair
cavities are closely related, the parameters of the second cavity {d′, ϕ′cav,R′, e′, φcav}were
generated with respect to the first one.

way to obtain a reasonable total number of counts (minimally 10000 counts for 128× 128
image). The distribution of ellipticities e was also determined from the beta modelling
(Table 3.2, Figure 3.5) and in the case of the double beta model, we linked the ellipticities
between the two components. For the rotational angle ϕ, as it should be naturally ran-
dom, we assumed uniform distribution from 0◦ to 360◦. For the double beta model, the
rotational angles were tied between individual beta components.

In order for the network to really distinguish between the galaxies that do and do
not contain cavities, the ellipsoidal cavity masks were inserted only into one half of the
generated galaxies and the other half was kept intact. However, for comparison of the
precision of the cavity size estimation, we trained also another network of the same ar-
chitecture purely on images of galaxies that do contain cavities.

Single pair of inserted cavities can be described by 10 parameters – parameters de-
scribing the first cavity: distance from the galactic centre d, positional angle φcav, semi-
major axis R, ellipticity ecav, rotational angle ϕcav, and parameters describing the second
cavity with respect to the first one: relative change in distance rd, difference in positional
angle dφcav, relative change in semi-major axis rR, relative change in ellipticity re and
difference in rotational angle dϕcav. We note that we took into account only positional or
rotational angles around the axis along the line of sight and omitted any other possible
rotations because otherwise, it would bring a degeneracy into the training dataset.
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Parameter Distribution Range
single beta model

dx0 truncated gaussian ±5 pixels
dy0 truncated gaussian ±5 pixels
rc from data 0.5− 30 pixels
β from data 0.35− 0.65

A · rc from data 0.5− 2.5

e from data 0− 0.4

ϕ uniform 0◦ − 360◦

double beta model (25 %)
rc,2 / rc from data 10− 100

A2 /A from data 0.05− 0.3

β2 / β from data 1.5− 3.0

primary cavities
d from data 3− 78 pixels
R/d from data 0.32− 1.00

ecav from data 0− 0.6

ϕcav uniform 0◦ − 360◦

φcav from data ±90◦

secondary cavities
rd from data 0.5− 1.0

rR from data 0.5− 1.0

recav from data 0.0− 1.35

dϕcav from data ±76◦

dφcav from data ±58◦

cavity rims (33 %)
width uniform 0.5− 1.5

height uniform 0.5− 1.5

type binary I / II
gas sloshing (33 %)

periodicity uniform 0.5− 2.0

depth uniform 1.05− 1.3

central point sources (50 %)
amplitude uniform 50− 300

FWHM uniform 0.1− 2.0

Table 3.2: Parameter ranges and distributions used for generating the training dataset.
Distributions of parameters which could have been estimated from observed proper-
ties of real cavities (from data) were determined from the sample of manually inspected
galaxies (see also Figures 3.6, 3.7). The rest of the parameters and their distributions are
either naturally uniformly random or they were estimated based on basic assumptions
discussed in Section 3.2.2.
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Figure 3.4: Comparison of the relation between the beta parameter β and core radius
rc obtained from beta modelling analyses of Chandra images of galaxies by Diehl et al.
(2008), Dong et al. (2010) and this work.

The distributions of primary and secondary cavity parameters were determined from
the analysed sample of elliptical galaxies containing X-ray cavities (Table D.1) and they
can be found in the Figures 3.6 and 3.7. The distributions were binned, smoothed, and
used for generating the training dataset. The correlations of individual parameters were
also taken into account in the sense that one from the strongly correlated parameters was
generated with respect to the second one (see Section 3.2.3). The positional angle of the
cavity was, similarly as in the case of the beta model, expected to be uniformly random in
the range of 0◦ to 360◦. All other cavity parameters were generated based on their mea-
sured distributions. Note that the cavities tend to have their rotational angles ϕ grouped
at 0◦ (prolate) and 90◦ (oblate) and therefore have their semi-major axis either aligned
with the direction towards the centre of the galaxy or perpendicular to that direction.

The bright rims around the cavities representing the shocked regions were produced
for approximately one half of the generated cavities. The rims were generated as el-
lipsoidal shells of the same ellipticity as the 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. The values of the width of the rim were drawn from a
uniform distribution ranging from 0.5 to 1.5 times the original size of the cavity. For the
height of the rim, we assumed a uniform distribution from 0.5 to 1.5 of the local surface
brightness at the position of the rim. The value of the height factor was set to be linearly
decreasing from its maximal value at the inner side of the rim to zero at its outer side, so
the sharp boundary of the rim is produced only at its inner edge. The bright rims were
produced in two different realizations (Figure 3.9) – type I: simple shell-like rims without
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any angular dependence, and type II: rims, for which the height decreases with decreas-
ing angular distance from the axis between the galaxy and cavity centres. The relative
frequency of each rim type is 50 %.

The effects of gas sloshing were simulated for approximately one half of the galax-
ies by multiplying the original model with a grid of a spiral-like pattern. The values of
the grid are axially antisymmetric and the whole pattern can be described by two pa-
rameters: the periodicity describing the number of angular periods and the depth which
represents a maximal / minimal value of the whole pattern. The possible values of the
periodicity were taken from a uniform distribution from 0.5 to 2.0 and the depth of the
“overdensity / underdensity” field (with a mean value of 1) was drawn from a uniform
distribution between 1.05 and 1.3. The rotational angle, as well as the direction of the
spiral pattern, were generated randomly.

The central point sources, representing mainly the nonthermal emission of the AGN
or the thermal emission of the hot gas due to the influence of the SMBH, were simulated
using a low-FWHM Gaussian model component for approximately one half of generated
galaxies. The amplitude of the Gaussian model was generated uniformly in the range
from 50 to 300 and the values of the FWHM were drawn from a uniform distribution be-
tween 0.1 and 2.0. The ratio of galaxies containing the bright central emission as well as
the parameter ranges of the Gaussian component were determined using the beta mod-
elling analysis (Table 3.2).

3.2.3 Correlations between parameters

Although most of the parameters were uncorrelated and therefore could have been gen-
erated purely from their measured distributions, some of them seem to be strongly cor-
related with others. We tried to uncover these relations and take them into account while
generating the data. The correlations were identified using the Pearson correlation co-
efficient and the corresponding coefficients are stated above individual plots of these
quantities in Figures 3.5, 3.6 and 3.7.

The correlations between individual cavities within the pair were expected from the
beginning and each parameter of the second cavity was generated with respect to the
first one. We found further correlations between the parameters of individual beta com-
ponents and also between single cavity parameters. The parameters of the second beta
component tend to be related to the first component (Figure 3.5). The correlation coeffi-
cients of core radii and beta parameters of individual beta components are 0.94 and 0.82,
respectively. For artificial galaxies generated using the double beta model, the parame-
ters of the second component were therefore calculated with respect to parameters of the
first component with a measured scatter. We note that the detected relation between the
individual beta components might be a result of the fitting process itself, however, we be-
lieve that for the purpose of generating the training dataset this resembles an acceptable
assumption.

We also found a strong correlation (r = 0.86) between the cavity distance and its
radius. We have, therefore, decided to generate the ratio of radius and distance and
calculate the radius from this ratio and the distance instead of generating the radius based
on its measured distribution. For the ratio of cavity radius to distance R/d, we also
truncated the observed distribution to be maximally equal to unity to avoid producing
cavities that would intersect the centre of the galaxy or each other.
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Figure 3.5: Corner plot showing distributions and correlations between β-modeling pa-
rameters: core radius rc, beta parameter β of the first component, common ellipticity e
and core radius rc,2, beta parameter β2 of the second component. Pearson correlation
coefficients are stated above individual correlation plots.
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Figure 3.6: Corner plot showing distributions and correlations between primary cavity
parameters: distance from the centre of the galaxy d, semi-major axis R, ellipticity ecav

and rotational angle ϕ (angle between the semi-major axis and the direction towards
the centre of the galaxy). Pearson correlation coefficients are stated above individual
correlation plots. Among all the parameters, only the cavity distances d and radii R are
strongly correlated (correlation coefficient ≈ 0.86). The distance-radius parameter space
was therefore sampled based on the measured correlation (similarly as in the case of
multiple β components). All other parameters were generated based on their measured
distributions.
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Figure 3.7: Corner plot showing distributions and correlations between secondary cavity
parameters (ratios and differences between individual cavity parameters within a cav-
ity pair): relative distance rd, relative semi-major axis rR, relative ellipticity recav , differ-
ence between positional angles dφ and difference between rotational angles dϕ. Pearson
correlation coefficients are stated above individual correlation plots. None of the sec-
ondary parameters, however, seems to be strongly correlated. All the secondary cavity
parameters were therefore generated directly from their measured distributions and no
correlations were assumed.
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Figure 3.8: Comparison of measured (left) and simulated (right) dependence of correlated
parameters: cavity distance from the centre and its radius R − d, single beta model’s
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model beta parameters β − β2.
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3.3 Training

A total number of 300000 artificial images and corresponding cavity masks were gener-
ated for the training of the network, 10000 images were used for validation purposes,
and another 10000 for the evaluation of the network. Examples of artificially generated
images with a comparison of various simulated features (bright rims, gas sloshing) can
be found in Figure 3.9. Individual features were generated based on their probabilities
stated in Table 3.3 and randomly combined. The elliptical beta model and also the ellip-
soidal cavities and their rims were generated with the use of the Numpy library (version
1.20.0; Harris et al., 2020) and a modified version of the pyellipsoid2 library. The source
code used for the dataset generation can be found on the Github page of the CADET3

network. The process of generation of the training dataset was parallelized and took
over 18 hours using 64 cores on Intel Xeon Silver 4216 CPU. The simulated 3D models
of artificial galaxies and corresponding cavity masks were summed into 2D images, con-
verted into the .npy format (Numpy) and stored.

The loss function of the convolutional neural network was calculated as the binary
cross-entropy of the pixel-wise prediction with respect to the ground truth, which is rep-
resented by the binary version of the cavity mask

L = − 1

N

N∑
i

ytrue,i · log yi + (1− ytrue,i) · log(1− yi), (3.4)

where ytrue,i is the ground truth (binary cavity mask), yi is 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 & Ba,
2014) with a learning rate of 5 · 10−4 and decay of the learning rate of 10−4. For control-
ling the learning rate, in order for the network to prevent overfitting, we utilized also
the ReduceLROnPLateau Tensorflow callback, which reduces the learning rate when the
validation loss (loss function calculated on the validation dataset) started flattening. The
prediction accuracy of the network was evaluated using the binary accuracy metrics.
Various sets of hyper-parameters and slightly different architectures of the convolutional
network were tried and for the subsequent evaluation and application of the network,
we chose the combination of hyper-parameters and the architecture with the best possi-
ble test score (highest value of binary accuracy on the test set).

Two separate versions of the CADET network were trained in order to create both
a pipeline for searching for unknown X-ray cavities in less explored galactic systems
(CADET search) and also a tool for exact localization and size-estimation (CADET size) of
known X-ray cavities, that were analyzed also manually (Section 2.2.2, Figure D.1). For
this reason, we trained the second network purely on images of galaxies that do contain
cavities, whereas for the searching pipeline we used also images without any cavities.
Both networks were trained for 5 epochs, while at each epoch we used all training im-
ages, and after every epoch, the sequence of the training data was randomly shuffled.
The batch size was set to 8 images and each batch was normalized separately. The train-
ing of the network was performed using the commercial NVIDIA GPU type GeForce RTX
2080 SUPER (8 GiB) and lasted approximately 6 hours for both pipelines. The network
architectures together with trained weights for both pipelines were stored in the Hierar-
chical Data Format (HDF5) and they are available together with scripts for subsequent
analysis on the CADET Github page.

2https://pypi.org/project/pyellipsoid/
3https://github.com/tomasplsek/CADET

https://pypi.org/project/pyellipsoid/
https://github.com/tomasplsek/CADET
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Figure 3.9: Examples of artificially generated images with corresponding features - from
left to right: resulting noisy image, binary cavity mask, bright rims around cavities, slosh-
ing pattern and the brightness profile of the resulting image. The utilization of individual
features is compared in rows: a) single beta model without any features, b) double beta
model, c) single beta model with gas sloshing, d) single beta model containing cavities,
e) single beta model containing cavities with bright rims of type I, f) single beta model
containing cavities with bright rims of type II and g) double beta model with all features
included (rims of type II).
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3.4 Testing

Both versions of the CADET network (CADET search, CADET size) were tested using the
test set of artificial images as well as using real images of galaxies and the reliability of
individual predictions was checked both quantitatively and also qualitatively. As already
mentioned in section 3.3, the precision of the network’s predictions was tested using the
binary accuracy metrics. However, we note that such validation metrics is rather abstract
and can be also slightly misleading. The fact, that the majority of pixels both in the
ground truth images and also predictions are equal to zero and therefore are accounted
as “correct”, leads to an artificial increase in the accuracy metrics. On the other hand, this
binary accuracy metrics is still valid for evaluating the predictions of individual network
architectures trained with various hyper-parameters.

Note that while testing the networks on real images, the predictions could have been
tested purely on a qualitative basis and compared only with the naturally expected cavity
extent. We therefore selected images of galaxies with the most prominent and apparent
cavities (NGC 4696, NGC 4778, NGC 5813) and compared the predictions with the origi-
nal images by eye. For comparison and visualizing purposes while testing the network,
we utilized the Tensorboard visualization toolkit.

CADET search

The searching pipeline CADET search was tested and tuned for proper finding and local-
ization of cavities. The accuracy of the network’s predictions was checked using tradi-
tional classification accuracy metrics – total numbers of True Negative (TN), False Neg-
ative (FN), True Positive (TP) and False Positive (FP) cavity predictions. The division of
predictions into individual statistical measures (TN, FN, TP and FP) depends strongly
on two free parameters – first one is the minimal pixel value threshold (the so-called dis-
crimination threshold), for which the prediction is still classified as a valid cavity, and the
second one is the minimal recovered cavity area required for the cavity prediction to be
classified as True Positive (TP).

The optimal operating mode can be found by comparing rates of true positives (TPR)
and false positives (FPR) given by

TPR =
TP

TP + FN
, FPR =

FP
FP + TN

(3.5)

for different values of the discrimination threshold. Thereby obtained dependence is
called the Receiver Operating Characteristic (ROC) curve and it enables to select the ade-
quate threshold with an acceptable trade-off between the rates of true and false positives.
For a completely non-trained (random) classifier, the ROC curve is a linear curve with
zero intercept and unit slope, whereas for a perfect classifier the ROC curve is repre-
sented by a single point with TPR = 1 and FPR = 0, for any value of the discrimination
threshold. The performance of the network across all possible discrimination thresholds
can be measured using the Area Under the (ROC) Curve (AUC). The possible interpre-
tation of the AUC metrics is the overall probability of the network for producing a True
Positive prediction rather than a False Positive one (see Machine Learning Crash Course
by Google4). The comparison of different ROC curves with the corresponding AUCs for
various values of the minimal recovered cavity area threshold can be found in Figure 3.10.
The utilization of the detection CADET pipeline on real images of galaxies is displayed
in Figure 3.11.

4https://developers.google.com/machine-learning/crash-course/classification/
roc-and-auc

https://developers.google.com/machine-learning/crash-course/classification/roc-and-auc
https://developers.google.com/machine-learning/crash-course/classification/roc-and-auc
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Figure 3.10: The Receiver Operating Characteristic (ROC) curves for various values of the
minimal recovered cavity area. The gray dashed line represents a non-trained random
classifier.

CADET size

To test the size-estimating network we introduced also another way of measuring the
accuracy of the network’s predictions, which is based on comparing the inferred cavity
areas and volumes with their real values known from the simulations. The prediction
128×128 matrices were decomposed into individual cavities using the DBSCAN clustering
algorithm – the minimal number of expected clusters was set to two, however, we did not
put any constraints on the maximal number of clusters, mainly because real galaxies are
expected to contain multiple generations of cavities. If the clustering algorithm finds
more than two cavities while being tested on artificial images, only the two cavities with
the highest area are selected – we note that this oversimplification was required only
for less than 5 percent of cavity predictions when used on the test set. The area of the
cavity prediction was calculated by simply summing the pixels classified as belonging to
that specific cavity. For the volume computations, we utilized the exact predicted cavity
shapes and only assumed symmetry around the direction from the centre of the galaxy
to the cavity centre (see Section 4.1).

Similarly, as in the case of the CADET search network, we defined the minimal pixel
value required for each pixel to be accounted as a valid prediction (discrimination thresh-
old) and we cut off pixels of individual prediction matrices at this value. The discrimi-
nation threshold was applied before decomposing the prediction into individual cavities.
The optimal value of this minimal threshold was derived from the dependence of relative
error of cavity total areas and volumes on this threshold obtained by varying its value in
the range from 0.05 to 0.95.

Based on the dependency shown in Figure 3.12, we selected the discrimination thresh-
old to be approximately 0.55, for which we obtain the best possible absolute relative er-
ror while centring the distribution of the relative error around zero. The median values
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Figure 3.11: Testing of the CADET search network on real Chandra images of galaxies, that
were selected for the visual testing of the network. Left: Processed and cropped Chandra
image, center: pixel-wise prediction of the CNN and right: prediction decomposed into
individual cavities using the DBSCAN algorithm.

of absolute relative errors of the cavity area and volume estimations for the discrimina-
tion threshold of 0.55 are 4.7+5.0

−2.6 % and 11.9+10.4
−6.2 %, respectively, where the corresponding

stated uncertainties are the 25 % and 75 % quartiles. For this value of the discrimination
threshold, we examined the overall distribution of predicted volumes versus the true
volumes when applied on the testing set of artificial images (see Figure 3.13). The perfor-
mance of the network was tested also using real images of galaxies with confirmed and
apparent cavities (Figure 3.14).

3.5 Application

After both CADET networks (CADET search, CADET size) were tested and their thresh-
olds were optimized using the testing set of artificial images, we applied the networks
also onto the set of real images of previously analyzed galaxies (Table 3.2). The predic-
tions can be found in the Appendix (Section C) – firstly the detection tool CADET search
was utilized on all the analyzed galaxies (Figure C.1) and then we used the CADET size
pipeline to estimate the sizes of confirmed cavities analyzed also in Section 2.2.2 (Figure
D.1). Further description of thereby obtained results can be found in Section 4.1.3.
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Figure 3.12: Dependence of the relative cavity volume error on different values of the dis-
crimination threshold while tested on the testing dataset. For the discrimination thresh-
old of 0.55 the error distribution is centered around zero.
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Figure 3.13: Predicted vs true cavity volumes of the testing dataset obtained for the dis-
crimination threshold of 0.55. The black dashed line represents the perfect recovery. The
colour indicates the total number of points inside the corresponding bin.
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Figure 3.14: Testing of the CADET size network on real Chandra images of galaxies that
were selected for the visual testing of the network. Left: processed and cropped Chandra
image, center: pixel-wise prediction of the CNN and right: prediction decomposed into
individual cavities using the DBSCAN algorithm.



Chapter 4

Results

The deprojected radial profiles of temperature kT , abundance Z and electron density
ne were determined from spatially resolved spectral analysis which was performed for
all the selected galaxies. Radial profiles of these quantities were used to calculate ad-
ditional thermodynamic quantities such as thermal gas pressure p = nkT , specific en-
tropy K = kT/n

2/3
e and cooling time of the X-ray emitting gas (Equation 1.2). For most

galaxies, the spatial resolution of Chandra ACIS chip was not sufficient to constrain the
thermodynamic properties at the Bondi radius and extrapolations were necessary. The
central temperature and metallicity were assumed to be constant within the innermost
bin. The electron density, however, had to be extrapolated (using the below-described
methods). Central values of all thermodynamic quantities are listed in Tables 4.2 and 4.3
and corresponding radial profiles can be found in the Appendix (Figures A.1-A.6).

In order to probe how susceptible to thermal instabilities are the atmospheres of indi-
vidual galaxies, we calculated the ratio of the cooling time to the free-fall time. The free-
fall time was calculated both assuming an isothermal sphere or hydrostatic equilibrium
(Equations 1.3, 1.4) and these two approaches are compared in the Appendix (Figure A.7).
The free-fall time calculated under the assumption of hydrostatic equilibrium is for many
galaxies slightly underestimated with respect to the isothermal sphere. This discrepancy
is probably the result of non-thermal pressure support caused by micro-turbulences or
cosmic rays and which can contribute up to 30 % of total thermal gas pressure (Churazov
et al., 2010; Lakhchaura et al., 2019).

Parameters of the Bondi accretion were determined from spectral properties (Table
4.2) of the X-ray emitting gas in the vicinity of the supermassive black hole and the results
are listed in Tables 4.3 and 4.4. For extrapolating the electron density into the Bondi
radius, we used, similarly as Russell et al. (2013), 3 different profiles: powerlaw model,
β-model (Cavaliere & Fusco-Femiano, 1976) and sersic profile (Sérsic, 1963). The mean
of these three profiles was then taken as the final value of the electron density and the
scatter was accounted in the final uncertainty. To account for uncertainties in both axes,
the profile fitting was carried out using the Orthogonal Distance Regression (Scipy 1.4.1;
Boggs & Rogers, 1990). In the case of the powerlaw model, we only used inner 2 to 3
radial bins in order to properly fit the innermost substructure. When fitting the β-model
and the sersic profile, we included more radial bins up to the point where the profile
changes significantly or starts flattening again.

As mentioned in Chapter 2, for the spectra in the innermost radial bin, we included an
absorbed powerlaw model component to describe the non-thermal emission of the AGN.
The unabsorbed flux of this component was determined in the 0.5−7.0 keV energy range
using the cflux multiplicative component and their final values are stated in Table 4.2.
Assuming that the nuclear emission is isotropic, total luminosities were calculated using
the measured fluxes and known distances stated in Table 2.1. For galaxies NGC 507 and
NGC 1600, the spectra could have been well fitted only using a simple apec component
and the central powerlaw component was therefore not significant.
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Galaxy
Alternative RA a DEC a ACIS Exptime VLA Hα+[N II] σ c

v Md
•

Refname (hh:mm:ss.s) (dd:mm:ss.s) chips (ks) conf.b morphology (km/s) (M�)

IC 4926 Abell 3565 13:36:39.0325 -33:57:57.072 S3 28.5 D E 327± 5 1.30+0.24
−0.20 [4]

NGC 507 01:23:39.9409 ∗ 33:15:21.858 ∗ S3, I3 62.2 C N 292± 6 2.14+0.58 ‡
−0.46 [1]

NGC 708 Abell 262 01:52:46.458 36:09:06.494 S3 139.4 A†, C E 222± 8 0.49+0.07 ‡
−0.07 [3]

NGC 1316 Fornax A 03:22:41.7052 ∗ -37:12:28.557 ∗ S3 228.4 A E 223± 3 0.17+0.03
−0.03 [2]

NGC 1399 Fornax c. 03:38:29.0170 -35:27:01.507 S3 204.5 A, C† N 332± 5 0.88+0.90
−0.45 [2]

NGC 1407 03:40:11.79 ∗ -18:34:48.9 ∗ S3 44.5 A, B N 266± 5 4.65+0.73
−0.41 [2]

NGC 1600 4:31:39.8510 ∗ -5:05:10.476 ∗ S3 243.6 A N 331± 7 17.0+1.5
−1.5 [7]

NGC 4261 12:19:23.2357 05:49:29.650 S3 135.3 A, C NE 297± 4 1.67+0.39
−0.24 [5]

NGC 4374 M84 12:25:3.743 12:53:13.139 S3 882.4 B NE 278± 2 0.93+0.10
−0.09 [2]

NGC 4472 M49 12:29:46.7619 08:00:01.713 S3 367.0 A, C N 282± 3 2.54+0.58
−0.20 [2], [8]

NGC 4486 M87 12:30:49.4234 12:23:28.044 S3 370.7 / 136.4e B, C E 323± 4 6.15+0.38
−0.37 [2]

NGC 4552 M89 12:35:39.8141 12:33:22.732 S3 201.4 C N 250± 3 0.50+0.06
−0.06 [4]

NGC 4636 12:42:49.827 02:41:15.99 S3, I3 197.4 A NE 200± 3 0.33+0.04 ‡
−0.04 [1], [9]

NGC 4649 M60 12:43:39.986 ∗ 11:33:09.86 ∗ S3 293.8 B N 330± 5 4.72+1.04
−1.05 [2]

NGC 4696 Centaurus c. 12:48:49.2762 ∗ -41:18:39.532 ∗ S3 711.1 A E 243± 6 0.89+0.18 ‡
−0.15 [1]

NGC 4778 HCG 62 12:53:05.7003 ∗ -09:12:14.676 ∗ S3 167.0 B/A NE 251± 21 0.84+0.17 ‡
−0.14 [3]

NGC 5044 13:15:23.9727 ∗ -16:23:07.779 ∗ S3 563.7 A, B E 225± 9 0.22+0.12
−0.07 [6]

NGC 5813 15:01:11.2345 ∗ 01:42:07.244 ∗ S3 638.2 B E 236± 3 0.71+0.10
−0.09 [4]

NGC 5846 15:06:29.253 ∗ 01:36:20.29 S3, I3 113.4 A, D/C E 237± 4 1.10+0.16
−0.14 [4], [9]

NGC 6166 Abell 2199 16:28:38.245 39:33:04.234 S3, I3 158.3 A†,B† E 301± 6 2.11+0.57 ‡
−0.45 [1]

References: [1] Lauer et al. (2007) [2] Kormendy & Ho (2013) [3] Makarov et al. (2014) [4] Saglia et al. (2016)
[5] Boizelle et al. (2021) [6] Schellenberger et al. (2021) [7] Thomas et al. (2016) [8] Nagar et al. (2002) [9] Temi
et al. (2018)
a Coordinates marked with ∗ represent SMBH positions derived from the hard X-ray (3− 7 keV) central
peak, for the rest of the galaxies the positions are based on radio observations and they were either derived
from our analysis of VLBI observations or taken from ALMA measurements stated in the Reference column.
b VLA array configurations marked with † were taken from the NRAO VLA Archive Survey (NVAS).
c Velocity dispersions were taken from the HyperLeda database (Makarov et al., 2014).
d SMBH masses marked with ‡ were derived from M•−σ scaling relations, whereas masses for all other
galaxies were taken from direct measurements of gas or star kinematics from within the sphere of influence
of the SMBH.
e 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).

Table 4.1: Basic parameters for the sample of galaxies: alternative galaxy names, right
ascension and declination coordinates of the SMBH position, Chandra’s ACIS chips used
for the analysis, total cleaned exposure time in kiloseconds, VLA configurations used
for estimation of cavity sizes, morphology of cool gas tracer Hα+[N II] emission, veloc-
ity dispersions, masses of the supermassive black holes and references. The Hα+[N II]
morphology was adopted from Lakhchaura et al. (2018) and is as follows: N - no cool gas
emission, NE - nuclear emission and E - emission extended beyond 2 kpc from the centre.
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Figure 4.1: Comparison of mechanical jet powers calculated from visually estimated sizes
of radio lobes and X-ray cavities or from CADET cavity predictions.

The total power output of hot galactic atmospheres was estimated from their cooling
luminosity, which was calculated from the flux of the apec component when fitted to
the thermal emission of the atmosphere from within the cooling radius. The cooling
radii of individual galaxies were determined as radii where the cooling time profiles
(Figure A.6) reached the value of 1 gigayear (109 yr). Values of individual cooling radii
and cooling fluxes are stated in Tables 4.3 and 4.2, respectively. The cooling luminosities
were calculated similarly as in the case of nuclear luminosities under the assumption of
isotropy, the resulting values can be found in Table 4.4 and their connections to other
essential parameters were examined in Section 4.2.

4.1 X-ray cavities

The X-ray cavities and radio lobes were size-estimated either visually using the SAOIm-
ageDS9 ellipse regions or predicted by the CADET size pipeline and corresponding jet
powers were calculated. For all visually estimated cavities, we assumed prolate or oblate
ellipsoidal geometry with rotational symmetry along the semi-axis which is closer to
the direction towards the centre of the galaxy. The volume of the ellipsoid is given by
V = 4π/3 rl r

2
w, where rw (width) is the semi-axis of the ellipsoid which is perpendicular

to the direction of the jet, whereas rl (length) is the semi-axis along that direction. Due
to the assumption of the rotational symmetry, we accounted the volume uncertainty of a
factor of ∼ 2 in the final systematic error of the mechanical power. In the case of cavity
predictions obtained using the CADET pipeline, the exact cavity shape was utilized for
a more accurate determination of the total cavity volume. We only assumed symmetry
along the direction from the galactic centre to the centre of the cavity (determined as the
centre of mass of the 2D cavity prediction). In other words, the depth of the cavity in
every point along that direction was assumed to be equal to its width at that point.
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The total enthalpy was numerically integrated on a linearly scaled cartesian grid of
pressure, which was interpolated from the pressure profile (Figure A.4) using linear in-
terpolation in log-log space. This approach is more accurate compared to the previously
used method which is based on estimating the gas enthalpy 4pV only using the exact
value of pressure in the centre of the cavity and its total volume. For most prolate cavi-
ties and galaxies with a non-smooth pressure profile, it introduced relative changes up to
25 percent, however, for most of the cavities, it was only around 5 percent. For some of
the galaxies (NGC 507, NGC 4261), the outer edge of either one or both cavities was out-
side the measured radial range, for these galaxies the pressure profiles were extrapolated
similarly as in the case of interpolation. In the case of IC 4296, the value of gas pressure
at the position of the radio lobes was taken from Grossová et al. (2019), which is based on
XMM-Newton measurements.

During the pressure integration and also in the case of the cavity age estimation, the
distance of the cavity from the galactic centre was calculated purely based on its angular
distance and we did not account for any possible projection effects. This might have led
to an overestimation of pressure inside cavities and therefore also of the corresponding jet
power, however, we did not include any uncertainty factor related to this simplification.

The cavity ages and corresponding jet powers were calculated using both the speed
of sound and buoyant velocity and the comparison of these two approaches can be found
in the Appendix (Table D.1).

4.1.1 Questionable cavities

The relevance of individual X-ray cavities was checked using photon statistics so that
they are really significant surface brightness depressions rather than spurious brightness
drops due to low count statistics. However, the real physical nature or extent of indi-
vidual cavities might be contentious. For many of the innermost X-ray cavities, their
reliability is supported also by the corresponding extended radio emission. On the other
hand, for some of the cavities the extended radio counterpart is slightly misaligned (e.g.
NGC 5044). And for many of the older cavity generations, we observed no radio coun-
terpart in the 1.4 GHz band at all. These radio-faint cavities may probably be the so-
called ghost cavities (McNamara et al., 2001). However, for many of these systems (e.g.
NGC 4636, NGC 4778, NGC 5813), signs of extended radio counterparts were observed by
the Giant Metrewave Radio Telescope (GMRT) at lower radio frequencies (235 − 610 MHz)
even for these older generations of X-ray cavities (Giacintucci et al., 2011).

In the case of IC 4296 and NGC 4261 the first generations of visually found X-ray
cavity-like regions are more likely just channels excavated by the jet during the ongoing
inflation of the radio lobes and not real cavities. This idea is supported also by the fact
that the jet powers calculated from the volumes of X-ray cavities for these two galaxies
differ by almost 2 orders of magnitude from the jet powers determined from the volumes
of radio lobes (Figure 4.1). For this reason, these two galaxies were not accounted while
estimating the correlations between the X-ray cavity jet power and other parameters. We
note that the X-ray cavities in these two galaxies detected using the CADET pipeline are
also rather contentious and the estimated cavity regions may not reflect the real physical
extent of these cavities (see Figure D.1).

For NGC 507 the size of generation 1 northern cavity is also uncertain because on the
residual image there is apparent only a concave shape at the inner side of the cavity, the
outer edge of the cavity was therefore estimated from the unsharp-masked image. The
cavity prediction for NGC 507 produced by the CADET network was also significantly
misaligned from the radio emission.
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Figure 4.2: Mechanical jet powers of individual generations of radio lobes determined
by visual inspection of radio contours. Multiple generations of radio lobes were identi-
fied using various VLA array configurations and corresponding configurations are stated
above individual data points.

4.1.2 Multiple generations

For some of the systems, we detected multiple generations of X-ray cavities on Chandra
images (e.g. NGC 5813) and also multiple generations of radio lobes using different VLA
configurations (e.g. NGC 4486, NGC 6166). In some cases (NGC 4636, NGC 5044), we
even found up to 4 different X-ray cavity generations. The ages of the youngest cavity
pairs (denoted as generation 1), for which the inflation is believed to be still ongoing,
were calculated from the average speed of sound along the path from the galactic centre
into the centre of the cavity. Whereas the ages of all other older generations that have
already detached from the AGN were determined under the assumption that they rose
buoyantly. The comparison of mechanical jet powers calculated from individual gener-
ations of cavities for visually estimated radio lobes and X-ray cavities or X-ray cavities
predicted using the CADET network is shown in Figure B.12.

Note that for most of the jet powers estimated from the sizes of radio lobes, there
is roughly an order of magnitude discrepancy between the individual generations and
all of the second generation radio lobes tend to be more powerful (see Figure 4.2). On
the other hand, such a strong systematic discrepancy is not observed for X-ray cavities
estimated either visually or using the CADET network (Figure B.12). The mechanical
powers of second-generation cavities are higher than that of the first generation by a
factor of 13.9 ± 4.9 for radio lobes, by a factor of 3.7 ± 1.0 for visually estimated X-ray
cavities and by a factor of 6.8±2.1 for X-ray cavities estimated using the CADET pipeline.
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4.1.3 Discovering new cavities

The CADET search pipeline was applied to the whole dataset of elliptical galaxies, which
has been used for β-modelling when determining the parameter distributions of beta
models (Section 3.2.1). In approximately one half of these systems, the existence of cavi-
ties was previously confirmed (most of them were analyzed also manually as described
in Section 2.2.2) and for the rest of the galaxies, the eventual existence of X-ray cavities in
their atmospheres was unknown.

The original Chandra images of all galaxies were analyzed as described in Section
3.2.1. Thereby obtained background-subtracted, exposure-corrected and source-filled im-
ages were cropped around the galactic centre in five different realizations: 512×512 pixels
with binsize of 4 pixels, 384 × 384 pixels with binsize of 3 pixels, 256 × 256 pixels with
binsize of 2 pixels, 128× 128 pixels with binsize of 1 pixel and 64× 64 pixels with binsize
of 0.5 pixels. For galaxies with bigger angular sizes (nearby galaxies or large brightest
cluster galaxies), we included also realizations with higher down-scaling factors (up to 5
and 6 pixels). The CADET search pipeline was afterwards applied to all of these cropped
images and the results are shown in the Appendix (Figure C.1).

Although the discrimination threshold of the CADET search pipeline was set to 90 %,
in order to suppress the rate of false-positive detections, the network still tends to pro-
duce a significant amount of false-positive cavities, especially when applied to images of
galaxies with more complex structures (further discussed in Section 5.4). The network
also has considerable difficulties particularly with up-scaled images with a binsize of 0.5
pixels, where it tends to predict many, most probably false positive, cavities.

In order to inhibit the false positive predictions of new cavities in less explored sys-
tems, we took as valid only cavity predictions detected on minimally two or more scales
(binsizes) and the scale with a binsize of 0.5 pixels was treated very cautiously. The pos-
sible inability of the network to resolve more complex structures (mergers, gas sloshing,
etc.) was also taken into account while reviewing individual predictions. All thereby
obtained more serious cavity candidates were inspected visually (also using residual
and unsharp-masked images) and eventually their reliability was checked using photon
count statistics (4-σ under the surrounding background).

Based on the above-stated approach, we claim the discovery of several new X-ray cav-
ities in the following systems: NGC 499, NGC 3091, NGC 3923, NGC 4125 and NGC 5129,
and for the following galaxies the reliability of predicted cavities is rather contentious and
further confirmation is needed: NGC 533, NGC 1132, NGC 1860, NGC 2300, NGC 2305,
NGC 4406, NGC 4936, NGC 7619. Original images and corresponding predictions for all
these galaxies can be found in the Appendix (Figure C.1).

4.2 Correlated quantities

In order to examine the energetics of galactic atmospheres, we searched for correlations
between individual input and output power estimates (Pjet, PBondi, LEdd, Lnuclear and
Lcool) and also other underlying parameters (MBH, min tcool/tff , K and αK). The fitting
was performed using a Bayesian approach to linear regression incorporated into the LIN-
MIX packge1 (Kelly, 2007). All fitted quantities were therefore linearized and their un-
certainties were recomputed based on laws of error propagation. The correlations were
probed both using the LINMIX correlation coefficient between the latent variables (r) and
also by the Pearson correlation coefficient (ρ) (Student, 1908). The LINMIX correlation co-

1https://github.com/jmeyers314/linmix

https://github.com/jmeyers314/linmix
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LINMIX Pearson
Parameters Points α β r ρ p-value

PBodni vs Pjet
all 1.50± 0.18 0.67± 0.16 0.73 0.58 0.0068
Hα 1.10± 0.22 0.99± 0.20 0.87 0.91 1.5 · 10−5

Pjet vs M•
all 35.0± 4.3 0.79± 0.48 0.60 0.45 0.045
Hα 21.4± 8.7 2.36± 0.98 0.92 0.87 9.0 · 10−5

min tcool/tff – M•
all −1.92± 0.63 0.33± 0.07 0.88 0.76 9.1 · 10−5

Hα −1.98± 1.69 0.33± 0.19 0.77 0.64 0.0191

Pjet – LX ray,nuclear
all 15.7± 7.9 0.67± 0.20 0.91 0.80 7.9 · 10−5

Hα 13.3± 10.6 0.73± 0.27 0.87 0.76 0.0025

Table 4.5: Fitting parameters for strongly correlated quantities: fitted quantities, fitted
points, intercept α, slope β, LINMIX correlation coefficient r, Pearson correlation coeffi-
cient ρ and corresponding p-value. The mechanical jet power for all stated correlations
were estimated from sizes of radio lobes. For other size-estimating methods (X-ray visual
and X-ray CADET) no strong correlations were found.

efficients for individual pairs of quantities are stated inside of each plot, while the fitted
parameters (α, β) together with corresponding uncertainties can be found in Table 4.5.

Similarly as Allen et al. (2006), we report a correlation between the Bondi accretion
power and mechanical jet power (Figure 4.3). We observed only a mild correlation for
mechanical powers of jets estimated from sizes of radio lobes when fitted for all the data
points (r = 0.59). However, when we examined only galaxies with some signs of cool gas
tracers (either nuclear or extended Hα emission) we found a strong correlation (r = 0.91)
between the two quantities.

In order to compare the resulting relation with Allen et al. (2006), we expressed the
Bondi powers and jet powers in units of 1043 erg/s. This dependency can be described
by a linearized powerlaw relation

log

(
PBondi

1043 erg/s

)
= α+ β log

(
PBondi

1043 erg/s

)
, (4.1)

where α = 1.10 ± 0.22 and β = 0.99 ± 0.20. Nevertheless, for mechanical jet power
calculated from sizes of X-ray cavities (estimated either visually or using CADET), para-
doxically no strong correlations were observed (Figure B.1). Therefore, a considerable
discrepancy between the mechanical jet power estimates recovered from sizes of radio
lobes and X-ray cavities exists.

Among many other interesting relations, we also found strong correlations between
mechanical jet powers and supermassive black hole masses (Figure 4.4), and also be-
tween mechanical jet powers and nuclear powerlaw luminosities (Figure 4.7). Their rela-
tionships are well described by the powerlaw relations

log

(
Pjet

erg/s

)
= α+ β log

(
M•
M�

)
, (4.2)

and

log

(
Pjet

erg/s

)
= α+ β log

(
LX ray, nuclear

erg/s

)
, (4.3)

where the α and β parameters together with corresponding correlation coefficients are
stated in Table 4.5. The fitting was similarly as in the case of Bondi power – jet power
relation performed using the LINMIX package.
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Figure 4.3: Relation between the Bondi accretion power and mechanical jet power esti-
mated from sizes of radio lobes. The black line is the powerlaw fit for galaxies containing
cold gas (either extended or nuclear Hα emission), while the grey area represents its 1-σ
confidence interval sampled from the posterior distribution. Correlation coefficients for
individual subsets are stated next to the legend.
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Figure 4.4: Relation between the mechanical jet power determined from the size of radio
lobes in VLA observations and the mass of the SMBH. The black line is the powerlaw fit
for galaxies containing cold gas (either extended or nuclear Hα emission), while the grey
area represents its 1-σ confidence interval sampled from the posterior distribution.
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Figure 4.5: Ratio of the jet power of radio lobes to Bondi power versus the minimal value
of cooling time over free fall time ratio calculated from the assumption of isothermal
sphere. The dashed line represents the precipitation limit of tcool/tff ≈ 10.

We also probed whether the jet power to Bondi power efficiency is a function of other
underlying parameters like those of the central AGN or of the hot galactic atmosphere it-
self. For galaxies containing signs of Hα emission, the jet to Bondi power ratio is constant
(8.3± 7.9 % on average) with the increasing mass of the SMBH (Figure B.4), while for the
whole sample of galaxies (including galaxies with no Hα emission) the ratio decreases
approximately as ∝ M−1.18±0.09

• . Similarly, with the increasing susceptibility of galactic
atmospheres to thermal instabilities expressed by the minimal value of the cooling time
to free-fall time ratio the jet to Bondi power ratio of Hα galaxies is constant, while for the
whole sample of galaxies this dependency is decreasing as ∝ min tcool/t

−0.13±0.04
ff (Figure

4.5). Very similar results were obtained also in the case of jet powers expressed in units
of Eddington luminosities (Figure B.6). These consequences show that a positive corre-
lation between the SMBH mass and minimum of the cooling time to free-fall time ratio
must exist (Figure 4.6) and can be described by the formula

log(min tcool/tff) = α+ β log

(
M•
M�

)
. (4.4)

In addition, we examined also the relationships of X-ray band luminosities with other
relevant quantities. The radiative energy output of the central AGN was approximated
by the luminosity of the non-thermal powerlaw component, while the radiative output of
the whole atmosphere was estimated from its cooling luminosity (X-ray luminosity of the
thermal component within the cooling radius). A strong correlation was found between
the mechanical jet power and nuclear luminosity (Figure 4.7). However, paradoxically, no
significant relation was observed between nuclear (powerlaw) and cooling luminosities
and between mechanical jet powers and cooling luminosities (Figures 4.8 and 4.9).
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Figure 4.6: Minimal value of the cooling time over free fall time (isothermal sphere) ratio
versus the mass of the supermassive black hole. The black (dashed or solid) line are the
powerlaw fits, while the gray area represents their 1-σ confidence interval sampled from
the posterior distribution.
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Figure 4.7: Mechanical jet power estimated from sizes of radio lobes versus nuclear lumi-
nosity of the non-thermal (powerlaw) component in the 0.5 − 7.0 keV range. The black
(dashed or solid) line are the powerlaw fits, while the gray area represents their 1-σ con-
fidence interval sampled from the posterior distribution.
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Figure 4.8: Mechanical jet power estimated from sizes of radio lobes versus the cooling
luminosity (X-ray luminosity from within the cooling radius) in the 0.5− 7.0 keV range.
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Figure 4.9: Nuclear luminosity of the non-thermal (powerlaw) component range versus
cooling luminosity (X-ray luminosity from within the cooling radius) both in the 0.5−7.0
keV energy range.



Chapter 5

Discussion

Throughout this Chapter we discuss the most important results obtained from the spec-
tral and imaging analyses of atmospheres of nearby early-type galaxies, groups and clus-
ters. We show the true nature of the observed PBondi − Pjet correlation and discuss its
implications. In addition, we compare individual mechanical jet power estimating meth-
ods and we tackle the possible causes of the observed discrepancies. Besides that, we
discuss the most probable sources of errors of the CAvity DEtection Tool (CADET) and its
possible improvements.

5.1 Bondi power to jet power correlation

We have confirmed the correlation between the Bondi accretion rates and mechanical
jet powers, which was previously reported by (Allen et al., 2006). However, we show
that the correlation holds only for galactic systems with some signs of cool gas tracers
(Hα+[N II]) and for jet powers inferred from sizes of radio lobes. In the case of X-ray
cavities estimated either visually or using the CADET pipeline, paradoxically no strong
correlations are observed.

As already discussed by Allen et al. (2006), the positive correlation of PBondi − Pjet is
not a result of the Bondi accretion rates and mechanical jet powers being a function of
distances of these galaxies. First of all, the measured distances of these galaxies (except
for NGC 6166) are all within an order of magnitude similar. And more importantly, while
the Bondi accretion rates depend on the distance approximately as ∝ d−0.5 (without ac-
counting for the distance dependency of SMBH masses), the mechanical jet powers are
proportional to ∝ d1.5. The observed positive correlation therefore cannot be caused by
the dependency on the distance.

Instead, we note that the observed correlation between Bondi and mechanical jet pow-
ers is most probably, according to Equation 1.11, a consequence of the observed positive
correlation between mechanical jet powers and SMBH masses (Figure 4.4). This is sup-
ported by the fact that the Bondi accretion rate is proportional to the mass of the super-
massive black hole as ∝ M2

• , while based on the measured dependence the mechanical
jet power is a function of SMBH mass as Pjet ∝ M2.36

• . The Bondi accretion rate depends
also on the thermodynamic properties (K−3/2) of the gas inside of the Bondi radius, but
since the central specific entropy and mechanical jet powers are rather uncorrelated, the
dependence of the Bondi accretion power on the central specific entropy does not con-
tribute to the Bondi power – jet power correlation. The observed PBondi − Pjet relation is
therefore mainly a result of the Pjet −M• correlation.

The ratio of mechanical jet power to Bondi accretion power for nearby galaxies with
thermally unstable atmospheres (Hα emission) is approximately constant, whereas for
galaxies with no signs of cool gas tracers the efficiency decreases with increasing SMBH
mass or cooling time over the free-fall time ratio (Figures 4.5 and B.4). Together with
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the previously assumed ten percent efficiency (Equation 1.12) and assuming that the ac-
cretion is Bondi-like, the efficiency of converting the rest mass of the accreted material
into the energy of relativistic outflows is for Hα galaxies slightly less than one percent
(0.83± 0.79 %).

5.2 Feeding from thermally unstable atmospheres

The fact that we only see a correlation for thermally unstable atmospheres with lower
min(tcool/tff ) indicates that the black holes producing the jets and lobes are fed by ther-
mally unstable gas from the galactic atmospheres. The ratios of jet powers and the Ed-
dington luminosities inferred for the given black hole masses are within an order of mag-
nitude similar for all these systems (of the order of 10−5 of the Eddington luminosity).
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 centers of all galaxies at a similar Eddington ratio, possibly indicat-
ing a key universal property of black hole accretion in early-type galaxies. The fact that
all 13 thermally unstable atmospheres have similar jet powers relative to the inferred Ed-
dington luminosity, indicates that the accretion in early-type galaxies is stable and the
accreted cooling gas is relatively uniform and not particularly clumpy.

Interestingly, for 6/7 galaxies with no detected Hα emission and thus most likely
hosting thermally stable atmospheres, the jet power is of the order 1041 − 1042 erg/s 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. We speculate that
in these thermally stable atmospheres the stellar mass loss material provides a similar
amount of fuel in all these massive galaxies regardless of their central black hole mass,
resulting in a similar “floor” jet power of 1041−1042 erg/s. 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.

Lakhchaura et al. (2019) showed that the average atmospheric gas temperature in gi-
ant ellipticals correlates with the mass of the central black hole (see also Gaspari et al.,
2019). By comparing 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 supermassive black hole and jet heat-
ing will have a secondary effect. Our result shows that more massive black holes will
provide more heat to galactic atmospheres (see also Martı́n-Navarro et al., 2020), which
should also contribute to the correlation between black hole mass and the atmospheric
gas temperature.

5.3 Mechanical jet power estimating methods

The energetic output of relativistic outflows of radio mode AGNs was estimated both
from sizes of radio lobes filled with relativistic particles and also from volumes of void
bubbles (cavities) inflated into the ambient gas by these outflows. In Figure 4.1 we com-
pare the individual visual-based approaches used for radio lobes and X-ray cavities with
the CADET pipeline developed for predicting the extent of cavities on original Chandra
images. Mechanical jet powers of radio lobes are on average by 40 percent higher than
powers of visually identified X-ray cavities and by 80 percent higher than the CADET
cavity predictions, while their mean absolute differences are 80 percent and 130 percent
for visual and CADET estimates, respectively. This systematic discrepancy together with
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the observed scatter are the most probable source of the inconsistency between the cor-
relations for the jet powers inferred from radio lobes and X-ray cavities (Figures B.1, B.2
and B.8).

A possible explanation to this phenomenon is that some of the relativistic plasma es-
capes the cavities, as has been seen e.g. in M84 (Finoguenov et al., 2008) and thus the
radio structure appears larger than the corresponding X-ray cavity. The other possibility
is that for some reason we systematically underestimate the cavity sizes in Chandra im-
ages. In the future, we will investigate this possibility using the CAvity DEtection Tool and
simulated cavities.

A discrepancy in jet power is observed also for galactic systems with multiple ra-
dio lobe or X-ray cavity generations. The older generations of lobes and cavities are on
average by almost an order of magnitude more powerful than that of the younger gener-
ations. However, we note that the real mechanical powers of older generations of lobes
and cavities might be even higher because since there is already a new generation of out-
flows being formed, the ages calculated from buoyancy velocities do not represent the
proper timescale on which the older generation was formed. This effect is even ampli-
fied by the fact that as the detached cavities rise adiabatically due to buoyancy forces, a
significant amount of their energy is dissipated. The total energy inferred from the 4pV
formula should therefore decrease with the increasing distance from the galactic centre d
and decreasing surrounding pressure as

E(d) = E0

[
p(d)

p0

]1−1/γ

, (5.1)

where E0 and p0 are the initial values of energy and pressure, respectively, and γ is the
adiabatic coefficient of the ambient gas. For typical parameters of cavities and nearby
galaxies, half of the energy is lost when the cavity reaches the distance of ∼ 20 kpc from
the galactic centre (Churazov et al., 2002). This indicates that either the jet powers of
younger outflows are underestimated because their inflation is still ongoing or that the
formula for calculating the jet power is possibly incorrect for the already detached lobes
and cavities.

In the case of radio contours, where the difference between the generations is the
biggest, the discrepancy may be also partially caused by the fact that the sizes of older
generation radio lobes were inferred using VLA configurations with higher beam sizes
and therefore with lower spatial resolution, which might have led to an underestimation
of their sizes.

5.4 Evaluating the developed CADET pipeline

We report that the utilization of machine learning techniques for detection and size-
estimation of X-ray cavities on noisy Chandra images provides at least satisfactory results.
Although both pipelines were trained purely using elliptical cavity masks (ellipsoidal
cavities), they were able to produce arbitrarily shaped cavity predictions, which was uti-
lized in a more accurate determination of the total mechanical jet power (4pV ). Moreover,
while producing the artificial image dataset, we only generated either zero or one pair of
X-ray cavities, however, the network is capable of predicting any number (also non-even
numbers) of X-ray cavities.

For all the galactic systems with known X-ray cavities that were analyzed manually
(Figure D.1), the CADET size network detected correctly most of the cavities. Except for
NGC 4261 for which the CADET size cavity prediction differs by almost two orders in jet
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power, the average difference between mechanical jet powers inferred from CADET pre-
dictions and our manual estimation is approximately 60 %. Based on the visual compar-
ison of CADET size cavity predictions we state that for some of the galaxies the CADET
network hardly recognizes the inner parts of cavities (closer to the galactic centre). This
is supported also by the resulting mechanical powers of jets, which are in the case of the
CADET predictions being slightly underestimated with respect to visually size-estimated
X-ray cavities (by approximately 30 %). The possible solution to this problem might be
to use beta model or profile-subtracted residual images (or potentially unsharp masked
images) instead of the original Chandra or Chandra-like images for training and infer-
ence of the CADET network. Such an approach would, however, require substantial
pre-processing procedures and in the case of the β-modelling, it would also be less auto-
matic.

Based on the combination of CADET search predictions, visual inspection of analyzed
images and photon count statistics, we claim the discovery of several new X-ray cavi-
ties in the following systems: NGC 499, NGC 3091, NGC 3923, NGC 4125 and NGC 5129.
For the following galaxies, the reliability of predicted cavities is rather contentious and
further confirmation is needed: NGC 533, NGC 1860, NGC 2300, NGC 2305, NGC 4406,
NGC 4936, NGC 7619. And for all other galaxies with positive CADET search predic-
tions, the detected “cavities” are believed to be rather spurious false positive detections
– mainly for the below discussed reasons.

We note that X-ray cavities in galaxies with more complex central structure (NGC 1600,
NGC 4552) are still only poorly discovered by the network and it is therefore unable to
properly predict their sizes. The network has also difficulties with finding cavities on
images of galaxies with a very steep central surface brightness profile – it tends to pre-
dict the cavities to be located around the whole bright central core (e.g. 3C 449, IC 310,
IC 4296, NGC 4203 and NGC 5419). The network is unable to resolve jets and similar
elongated structures and predicts the cavities to be located on either one or both sides
of such structures (e.g. NGC 315, NGC 4696). Another type of hardly analyzable images
of galaxies are, as expected, the very distant or faint galaxies with a very low number of
counts (e.g. NGC 57, NGC 410, NGC 777, NGC 2305) and galaxies observed only using
the ACIS-I chips (also due to spaces between the chips). The proper detection and esti-
mation of the real cavity extent is nearly impossible also for galaxies that are noticeably
currently undergoing a merging event (e.g. NGC 741, NGC 1132, NGC 4782, NGC 5419).

Although the outflows and associated radio lobes and X-ray cavities are expected to
emerge at random orientations with respect to the observer, throughout this analysis we
assumed the lobes and cavities to be located in the plane of the sky. We note that this
simplification might have led for many systems to underestimation of cavity distances
and therefore to overestimation of their internal pressure and corresponding jet powers.
However, we did not include any uncertainties caused by possible projection effects. On
the other hand, 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.
For a spherical cavity launched at the angle of 45 degrees with respect to the plane of the
sky, the detectability declines with distance as d−1, whereas at the angle of 90 degrees as
d−2.5 (Enßlin & Heinz, 2002). For the detected cavities, there is therefore a higher chance
that they are located very close to the plane of the sky. This idea is supported also by
the observed correlation and scatter between cavity sizes and their distances from the
galactic centre (Figure 3.6).



Conclusion

We have presented spectral and imaging analysis of Chandra X-ray observations accom-
panied with a visual inspection of VLA radio images of 20 nearby massive early-type
galaxies, groups and clusters of galaxies. The profiles of basic thermodynamic properties
such as temperature, abundance, electron density, specific entropy and cooling time were
obtained and the basic parameters of the Bondi accretion were determined. By compar-
ing individual input and output power estimates with other basic parameters of galac-
tic atmospheres and central AGNs, we detected several important correlations that are
having substantial implications for the energetics of galactic atmospheres and the AGN
feedback.

In addition, we introduced the developed machine learning pipeline called CAvity
DEtection Tool (CADET), which was trained for finding and size-estimating the cavities
on noisy X-ray images of galaxies. From the combination of visual imaging analyses of
Chandra or VLA data and the application of the CADET network, we size-estimated 39
pairs of X-ray cavities and 27 pairs of radio lobes. Besides that, the CADET network led
to the discovery of 5 pairs of new X-ray cavities in less explored galactic systems, that
were further confirmed visually and using photon count statistics.

Mechanical jet power to Bondi power correlation

We have confirmed the correlation between Bondi accretion rate and mechanical jet power
that was previously reported by Allen et al. (2006). A strong correlation (ρ = 0.91) is de-
tected only for galaxies with thermally unstable atmospheres containing signs of cool gas
tracers (Hα+[N II]), while for the whole sample of galaxies (including systems without
Hα emission) the observed correlation is only mild (ρ = 0.58). The obtained relation is
well described by the powerlaw model

log
PBondi

1043 erg s−1
= (1.10± 0.22) + (0.99± 0.20) log

Pjet

1043 erg s−1
, (6.1)

where PBondi and Pjet are expressed in units of 1043 erg/s. We note that the obtained
relation is very close to linear, which indicates that if the accretion really proceeds in the
spherical Bondi-like regime, about 0.8 percent of the rest mass of the accreted matter is
converted to the observed jet energy.

Figure 4.4 shows that the observed PBondi−Pjet relation is a consequence of an under-
lying correlation between the mechanical jet power and mass of the central supermassive
black hole (Pjet −M•), while being independent of thermodynamic properties of the am-
bient gas (specific entropy; Figure B.3). Mechanical jet powers in galaxies with signs of
cold gas scale with the supermassive black holes mass as ∝ M2.36

• , while for 6 out of 7
galaxies with no Hα emission the jet power is approximately constant (∼ 1042 erg/s), and
Bondi accretion power scales with the SMBH mass as ∝ M2

• . The correlation is therefore
driven mainly by the supermassive black hole mass.
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Utilization of the CADET pipeline

We have shown that the brute force of modern computer technology combined with the
state-of-the-art algorithms represented by convolutional neural networks is capable of
automation of more complex astronomical tasks such as detecting and estimating the
extent of surface brightness depressions (X-ray cavities) on noisy Chandra images. The
presented machine learning technique has therefore great potential in replacing the man-
power for solving this task.

We have built two convolutional pipelines: one for cautious detection of X-ray cavi-
ties that can be utilized for finding new X-ray cavities in less explored galactic systems
(CADET search) and second for the proper estimation of the real extent of detected cav-
ities (CADET size). Both pipelines are available on the CADET GitHub page1, however,
we note that the utilization of the CADET network for proper cavity volume estimation is
rather experimental – the released pipelines are in the “alpha” version and several below
stated upgrades are being planned.

The possible speed-up of the training dataset generation process could be brought
up by the utilization of the Tensorflow library and Graphical Processing Units (GPUs) for
generating the 3D meshgrids, for their rotations and other basic mathematical opera-
tions. The training dataset could then possibly be in principle generated “on-the-fly”.
Another important planned feature is the ability of inputting nearly arbitrarily sized
square-shaped images, that would be automatically rescaled to 128 × 128 pixels while
properly conserving their fluxes – because so far we only used images with proper shapes
and sizes, which were at most scaled by various powers of two or integers (0.5, 1, 2, 3
and 4), so that they were compatible with the network’s input shape. Possible improve-
ment in the overall performance and accuracy of the CADET network could be brought
up by including also various other features while generating the training dataset, espe-
cially when superimposed over the cavities. The planned features that are typical for real
X-ray images are the point sources, jet-like structures and cold fronts. This could also
potentially enable the network to be used on much more non-processed, practically raw
Chandra images.

1https://github.com/tomasplsek/CADET

https://github.com/tomasplsek/CADET
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Appendix A: Radial profiles
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Figure A1: To be continued.
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Figure A1: Azimuthally averaged electron density radial profiles for all the analysed
galaxies. The vertical dashed lines represents the Bondi radius rB, to which the electron
densities were extrapolated. For the extrapolation, we used three different profiles: pow-
erlaw model (orange lines), beta model (green lines) and sersic profile with freed param-
eter n (red lines). The final value of electron density at the Bondi radius was calculated
as a mean from these three profiles and the scatter was accounted in the uncertainties.
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Figure A2: To be continued.
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Figure A2: Azimuthally averaged temperature radial profiles for all the analysed galax-
ies. The vertical dashed lines represents the Bondi radius rB. The temperature of the gas
inside the Bondi radius was assumed to be the same as the temperature of the innermost
bin.
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Figure A3: To be continued.
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Figure A3: Azimuthally averaged abundance radial profiles for all the analysed galaxies.
The vertical dashed line represents the Bondi radius rB. The abundances are expressed
relatively with respect to solar abundance measurements reported by Lodders (2003). For
most galaxies, the abundances were tied between 2 or more neighbouring radial bins.
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Figure A4: To be continued.
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Figure A4: Azimuthally averaged pressure radial profiles for all the analysed galaxies.
The vertical dashed line represents the Bondi radius rB. The double-sided arrows repre-
sent radial ranges of individual first-generation cavities for all cavity detection methods.



Appendix 68

0.1 1 10
r (kpc)

1

10

100

K
 (k

eV
 c

m
2 )

B
on

di
 r

ad
iu

s

IC 4296

1 10 100
r (arcsec)

K = 1.07

0.1 1 10
r (kpc)

10

K
 (k

eV
 c

m
2 )

B
on

di
 r

ad
iu

s
NGC 507

1 10 100
r (arcsec)

K = 0.60

0.01 0.1 1 10
r (kpc)

10

100

K
 (k

eV
 c

m
2 )

B
on

di
 r

ad
iu

s

NGC 708

0.1 1 10 100
r (arcsec)

K = 0.93

0.01 0.1 1 10
r (kpc)

1

10

K
 (k

eV
 c

m
2 )

B
on

di
 r

ad
iu

s

NGC 1316

0.1 1 10 100
r (arcsec)

K = 0.78

0.1 1 10
r (kpc)

10

K
 (k

eV
 c

m
2 )

B
on

di
 r

ad
iu

s

NGC 1399

0.1 1 10 100
r (arcsec)

K = 0.84

0.1 1 10
r (kpc)

10

100

K
 (k

eV
 c

m
2 )

B
on

di
 r

ad
iu

s
NGC 1407

1 10 100
r (arcsec)

K = 1.05

1 10
r (kpc)

10

100

K
 (k

eV
 c

m
2 )

B
on

di
 r

ad
iu

s

NGC 1600

1 10 100
r (arcsec)

K = 1.26

0.1 1 10
r (kpc)

1

10

100

K
 (k

eV
 c

m
2 )

B
on

di
 r

ad
iu

s

NGC 4261

1 10 100
r (arcsec)

K = 1.19

0.1 1 10
r (kpc)

1

10

K
 (k

eV
 c

m
2 )

B
on

di
 r

ad
iu

s

NGC 4374

1 10 100
r (arcsec)

K = 1.11

0.1 1 10
r (kpc)

1

10

K
 (k

eV
 c

m
2 )

B
on

di
 r

ad
iu

s

NGC 4472

1 10 100
r (arcsec)

K = 1.02

0.1 1 10
r (kpc)

10

K
 (k

eV
 c

m
2 )

B
on

di
 r

ad
iu

s

NGC 4486

1 10 100
r (arcsec)

K = 0.65

0.01 0.1 1 10
r (kpc)

1

10

K
 (k

eV
 c

m
2 )

B
on

di
 r

ad
iu

s

NGC 4552

0.1 1 10 100
r (arcsec)

K = 1.29

Figure A5: To be continued.
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Figure A5: Azimuthally averaged specific entropy radial profiles for all the analysed
galaxies. The vertical dashed line represents the Bondi radius rB. The powerlaw fit was
performed for radii higher than 1 kpc in order the probe how susceptible are the galactic
atmospheres to thermal instabilities.
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Figure A6: To be continued.
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Figure A6: Azimuthally averaged cooling time profiles for all the analysed galaxies. The
vertical dashed line represents the Bondi radius, while the dotted lines show the 1 Gyr
limit and the cooling radius.
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Figure A7: To be continued.
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Figure A7: Azimuthally averaged cooling time over free fall time profiles for all the anal-
ysed galaxies estimated from local gravitational acceleration calculated both from the
assumption of an isothermal sphere and constant velocity dispersion and also from ther-
modynamical properties and the assumption of hydrostatic equilibrium. The vertical
dashed line represents the Bondi radius, while the horizontal dashed line is the precipi-
tation limit tcool/tff ≈ 10.
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Appendix B: Correlated quantities
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Figure B1: Relation between the Bondi accretion power on mechanical jet power. The
jet powers were estimated from visually estimated sizes of radio lobes (left), visually es-
timated sizes of X-ray cavities (center) and volumes of X-ray cavities predicted by the
CADET size pipeline (right). Correlation coefficients for linear fits of individual linear fits
are stated next to the legends.
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Figure B2: Mechanical jet power versus mass of the supermassive black hole.
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Figure B3: Relation between the mechanical jet power and central (rB) specific entropy to
the power of −3/2 (see Equation 1.11).



Appendix 75

109 1010

M  (M )

0.001

0.01

0.1

P j
et

/P
B

on
di

all points: r = -0.874
H  emission: r = -0.131

Radio lobes

no H
nuclear H
extended H
resolved rB
unresolved rB

no H
nuclear H
extended H
resolved rB
unresolved rB

109 1010

M  (M )

0.001

0.01

0.1

1

P j
et

/P
B

on
di

all points: r = -0.769
H  emission: r = -0.673

X-ray cavities - visual

no H
nuclear H
extended H
resolved rB
unresolved rB

no H
nuclear H
extended H
resolved rB
unresolved rB

109 1010

M  (M )

0.001

0.01

0.1

1

10

P j
et

/P
B

on
di

all points: r = -0.820
H  emission: r = -0.655

X-ray cavities - CADET

no H
nuclear H
extended H
resolved rB
unresolved rB

no H
nuclear H
extended H
resolved rB
unresolved rB

Figure B4: Mechanical jet power to Bondi power efficiency versus the mass of the super-
massive black hole.
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Figure B5: Mechanical jet power to Bondi power efficiency versus the minimal value of
the cooling time over free fall time (isothermal sphere) ratio. The dashed line represents
the precipitation limit tcool/tff ≈ 10..
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Figure B6: Mechanical jet power to Eddington power efficiency versus the minimal value
of the cooling time over free fall time (isothermal sphere) ratio. The dashed line repre-
sents the precipitation limit where tcool/tff ≈ 10.



Appendix 76

0.4 0.6 0.8 1.0 1.2 1.4
K (r > 1 kpc)

1041

1042

1043

1044

P j
et

 (e
rg

/s
)

all points: r = 0.116
H  emission: r = 0.502

K
=

2
/3

Radio lobes
no H
nuclear H
extended H

0.4 0.6 0.8 1.0 1.2 1.4
K (r > 1 kpc)

1041

1042

1043

P j
et

 (e
rg

/s
)

all points: r = -0.082
H  emission: r = 0.165

K
=

2
/3

X-ray cavities - visual
no H
nuclear H
extended H

0.4 0.6 0.8 1.0 1.2 1.4
K (r > 1 kpc)

1041

1042

1043

P j
et

 (e
rg

/s
)

all points: r = -0.048
H  emission: r = 0.317

K
=

2
/3

X-ray cavities - CADET
no H
nuclear H
extended H

Figure B7: Mechanical jet power versus specific entropy slope at radii higher than 1 kpc.
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Figure B8: Mechanical jet power versus nuclear (powerlaw) luminosity in the 0.5 −
7.0 keV range.
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Figure B9: Nuclear (powerlaw) luminosity range versus Bondi accretion rate (left) and
Eddington luminosity (center). And relation between nuclear (powerlaw) flux and cool-
ing flux (apec flux from within cooling radius) (right).
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Figure B10: Mechanical jet power versus cooling luminosity.
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Figure B11: Cooling luminosity versus Bondi accretion rate (left), Eddington luminosity
(center) and nuclear (powerlaw) luminosity (right).
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Figure B12: Mechanical jet powers of individual generations of radio lobes determined by
visual inspection of radio contours of various VLA array configurations (left), X-ray cavi-
ties estimated by visual inspection of residual X-ray images obtained from beta modelling
(center) and X-ray cavities calculated from predictions of the CADET network (right).
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Appendix C: Application of CADET
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Figure C1: To be continued.
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Figure C1: To be continued.
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Figure C1: To be continued.
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Figure C1: To be continued.
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Figure C1: To be continued.
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Figure C1: To be continued.
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Figure C1: To be continued.
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Figure C1: To be continued.
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Figure C1: Examples of cavity predictions obtained using the CADET search pipeline
when applied on real images a galaxies with and possibly also without cavities. Im-
ages of each galaxy were analyzed in five different size realizations (from left to right):
512 × 512 (binsize 4 pixels), 384 × 384 (binsize 3 pixels), 256 × 256 (binsize 2 pixels),
128× 128 (binsize 1 pixel) and 64× 64 (binsize 0.5 pixels).
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Appendix D: Size-estimated X-ray cavities
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Figure D1: To be continued.
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Figure D1: To be continued.
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Figure D1: To be continued.
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Figure D1: To be continued.
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Figure D1: To be continued.
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Figure D1: Comparison of individual methods used for X-ray cavity size estimation. The
residual images obtained from β-modelling are superimposed by the corresponding cav-
ity estimates: residual image overlaid by radio contours of VLA observations and ellipses
marking the estimated sizes of radio lobes (left), residual image with ellipses marking
the sizes of X-ray cavities (centre) and residual image overlaid by the predictions of the
CADET size network (right). Multiple VLA array configurations as well as cavity gener-
ations, were differentiated by different colors. The individual cavities are labeled with
their corresponding directions from the centre and their generations (e.g. NW1 repre-
sents the youngest cavity of generation 1 located in the North-West from the centre of the
galaxy).
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Galaxy Method Cavity d (kpc) V (m3) E (erg) tsound (Myr) Pcav,sound (erg/s) tbouy (Myr) Pcav,bouy (erg/s)
IC 4296 Radio SE1 243 3.24 · 1064 1.9+1.9

−1.0 · 1059 448 1.3+1.4
−0.7 · 1043 998 6.0+6.7

−2.7 · 1042

Radio NW1 158 4.70 · 1064 2.8+2.8
−1.5 · 1059 291 3.0+3.2

−1.5 · 1043 491 1.8+2.0
−0.8 · 1043

X-ray visual SE1 0.461 3.21 · 1057 8.1+8.2
−4.3 · 1054 1.02 2.5+2.7

−1.2 · 1041 1.21 2.1+2.3
−1.0 · 1041

X-ray visual NW1 0.548 3.67 · 1057 7.9+4.1
−8.0 · 1054 1.2 2.1+2.2

−1.0 · 1041 1.54 1.6+1.8
−0.8 · 1041

X-ray CADET SE1 1.27 1.43 · 1059 8.0+8.1
−4.2 · 1055 2.74 9.2+9.6

−4.7 · 1041 2.94 8.6+9.0
−4.2 · 1041

X-ray CADET NW1 1.35 9.49 · 1058 5.1+5.2
−2.7 · 1055 2.91 5.6+5.8

−2.8 · 1041 3.46 4.7+4.9
−2.3 · 1041

NGC 507 Radio NW1 11.1 2.73 · 1062 2.6+2.6
−1.3 · 1058 19 4.4+4.5

−2.1 · 1043 24.2 3.4+3.7
−1.6 · 1043

Radio SE1 19.9 6.11 · 1062 4.1+4.1
−2.1 · 1058 35.9 3.6+3.7

−1.8 · 1043 50.7 2.6+2.7
−1.2 · 1043

X-ray visual N1 6.71 1.47 · 1061 2.3+2.3
−1.2 · 1057 11.5 6.4+6.6

−3.1 · 1042 18.5 3.9+4.3
−1.8 · 1042

X-ray visual SW1 7.77 2.71 · 1061 3.7+1.9
−3.7 · 1057 13 9.0+9.3

−4.4 · 1042 20.8 5.6+6.1
−2.5 · 1042

X-ray CADET SW1 3.34 4.09 · 1060 1.2+1.2
−0.6 · 1057 6.07 6.4+6.6

−3.1 · 1042 8.04 4.8+5.2
−2.2 · 1042

X-ray CADET NE1 3.9 2.53 · 1060 6.8+6.8
−3.5 · 1056 7.01 3.1+3.2

−1.5 · 1042 11 2.0+2.1
−0.9 · 1042

X-ray visual NW2 17.2 5.82 · 1061 4.2+4.2
−2.1 · 1057 31.3 4.3+4.4

−2.1 · 1042 60.6 2.2+2.3
−1.1 · 1042

X-ray visual SE2 16.6 1.38 · 1062 1.1+0.5
−1.1 · 1058 30.2 1.1+1.1

−0.5 · 1043 49.6 6.7+7.2
−3.1 · 1042

X-ray CADET SW2 6.96 7.84 · 1061 1.1+1.1
−0.6 · 1058 11.8 2.9+3.0

−1.4 · 1043 14.8 2.3+2.5
−1.0 · 1043

X-ray CADET N2 14.4 6.80 · 1062 5.0+5.0
−2.5 · 1058 25.8 6.1+6.3

−3.0 · 1043 30.7 5.1+5.5
−2.4 · 1043

NGC 708 Radio NE1 2.73 1.02 · 1059 6.7+6.7
−3.4 · 1055 5.29 4.0+4.1

−1.9 · 1041 14.5 1.5+1.5
−0.7 · 1041

Radio W1 2.39 1.04 · 1059 7.2+7.2
−3.6 · 1055 4.63 4.9+5.0

−2.4 · 1041 11.8 1.9+2.0
−0.9 · 1041

X-ray visual E1 4.05 2.30 · 1060 1.2+1.2
−0.6 · 1057 7.71 5.0+5.1

−2.5 · 1042 15.6 2.5+2.6
−1.2 · 1042

X-ray visual W1 5.4 2.85 · 1060 1.3+0.6
−1.3 · 1057 9.86 4.0+4.1

−2.0 · 1042 23.2 1.7+1.8
−0.8 · 1042

X-ray CADET W1 12 1.04 · 1061 2.6+2.6
−1.3 · 1057 18.5 4.4+4.4

−2.2 · 1042 61.7 1.3+1.3
−0.6 · 1042

X-ray CADET E1 5.39 9.37 · 1060 4.2+4.2
−2.1 · 1057 9.84 1.3+1.4

−0.7 · 1043 18.9 7.0+7.1
−3.4 · 1042

Radio E2 5.63 7.28 · 1060 3.1+3.1
−1.6 · 1057 10.2 9.7+9.8

−4.8 · 1042 21.1 4.7+4.8
−2.3 · 1042

Radio W2 6.15 6.79 · 1060 2.8+2.8
−1.4 · 1057 11 8.1+8.2

−4.0 · 1042 24.3 3.7+3.7
−1.8 · 1042

NGC 1316 Radio E1 3.82 2.46 · 1059 2.2+2.2
−1.1 · 1055 8.84 7.8+8.5

−3.4 · 1040 20.6 3.4+3.8
−1.4 · 1040

Radio NW1 3.5 2.79 · 1059 2.4+2.4
−1.2 · 1055 7.97 9.4+10.2

−4.2 · 1040 17.7 4.2+4.8
−1.8 · 1040

X-ray visual SE1 0.733 2.39 · 1058 2.1+2.1
−1.1 · 1055 1.63 4.0+4.2

−2.0 · 1041 2.55 2.6+2.7
−1.2 · 1041

X-ray visual NW1 0.745 1.65 · 1058 1.4+0.7
−1.4 · 1055 1.66 2.7+2.8

−1.3 · 1041 2.79 1.6+1.7
−0.8 · 1041

X-ray CADET SE1 0.849 5.08 · 1058 3.6+3.6
−1.8 · 1055 1.87 6.1+6.3

−3.0 · 1041 2.81 4.1+4.3
−1.9 · 1041

X-ray CADET NW1 0.746 1.98 · 1058 1.7+1.7
−0.9 · 1055 1.66 3.3+3.4

−1.6 · 1041 2.71 2.0+2.1
−1.0 · 1041

X-ray CADET SE2 2.87 2.43 · 1060 2.4+2.4
−1.2 · 1056 6.35 1.2+1.3

−0.5 · 1042 9.14 8.4+9.5
−3.6 · 1041

X-ray CADET N2 2.55 5.69 · 1060 5.6+5.7
−2.9 · 1056 5.57 3.2+3.4

−1.4 · 1042 6.65 2.7+3.0
−1.1 · 1042

NGC 1399 Radio S1 0.683 4.46 · 1057 8.5+8.5
−4.2 · 1054 1.38 1.9+1.9

−1.0 · 1041 2.04 1.3+1.3
−0.6 · 1041

Radio N1 0.899 6.60 · 1057 8.1+8.2
−4.1 · 1054 1.82 1.4+1.4

−0.7 · 1041 2.89 8.9+9.1
−4.4 · 1040

X-ray visual N1 0.624 3.07 · 1057 5.5+5.5
−2.8 · 1054 1.26 1.4+1.4

−0.7 · 1041 1.9 9.2+9.3
−4.5 · 1040

X-ray visual S1 0.649 3.59 · 1057 6.1+3.0
−6.1 · 1054 1.31 1.5+1.5

−0.7 · 1041 1.96 9.8+9.9
−4.8 · 1040

X-ray CADET S1 7.16 1.28 · 1060 1.4+1.4
−0.7 · 1056 12.2 3.5+3.6

−1.8 · 1041 26.9 1.6+1.7
−0.8 · 1041

X-ray CADET N1 6.35 1.24 · 1060 1.4+1.4
−0.7 · 1056 11 4.0+4.1

−2.0 · 1041 22.7 2.0+2.0
−0.9 · 1041

Radio S2 8.6 9.15 · 1060 1.0+1.0
−0.5 · 1057 14.5 2.2+2.2

−1.1 · 1042 25.6 1.2+1.3
−0.6 · 1042

Radio N2 8.01 8.84 · 1060 9.9+9.9
−5.0 · 1056 13.5 2.3+2.3

−1.1 · 1042 23.1 1.3+1.4
−0.6 · 1042

X-ray visual N2 6.79 1.11 · 1060 1.2+1.2
−0.6 · 1056 11.7 3.3+3.4

−1.6 · 1041 25.5 1.5+1.6
−0.7 · 1041

X-ray visual S2 7.58 2.79 · 1060 3.0+1.5
−3.0 · 1056 12.8 7.5+7.6

−3.7 · 1041 25.8 3.7+3.9
−1.8 · 1041

Table D1: To be continued.
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Galaxy Method Cavity d (kpc) V (m3) E (erg) tsound (Myr) Pcav,sound (erg/s) tbouy (Myr) Pcav,bouy (erg/s)
NGC 1407 Radio E1 2.26 4.35 · 1059 7.8+7.9

−4.0 · 1055 4.91 5.0+5.2
−2.5 · 1041 7.17 3.5+3.6

−1.7 · 1041

Radio W1 1.01 1.58 · 1059 5.6+5.6
−2.9 · 1055 2.1 8.4+8.7

−4.2 · 1041 2.52 7.0+7.4
−3.4 · 1041

X-ray visual NE1 1.69 7.52 · 1059 1.4+1.4
−0.7 · 1056 3.72 1.2+1.2

−0.6 · 1042 4.22 1.0+1.1
−0.5 · 1042

X-ray visual W1 2.66 7.15 · 1059 8.4+4.4
−8.5 · 1055 5.73 4.6+4.8

−2.4 · 1041 8.43 3.1+3.3
−1.6 · 1041

X-ray CADET SW1 2.54 3.80 · 1059 5.7+5.8
−3.0 · 1055 5.48 3.3+3.4

−1.7 · 1041 8.74 2.1+2.1
−1.1 · 1041

X-ray CADET NE1 2.4 9.42 · 1059 1.2+1.2
−0.6 · 1056 5.2 7.5+7.7

−3.9 · 1041 6.89 5.6+5.8
−2.9 · 1041

X-ray CADET S2 7.24 5.40 · 1060 2.0+2.1
−1.1 · 1056 13.9 4.6+4.8

−2.5 · 1041 27 2.4+2.5
−1.2 · 1041

X-ray CADET N2 7.56 7.36 · 1060 2.5+2.6
−1.4 · 1056 14.4 5.6+5.8

−3.0 · 1041 27.4 2.9+3.1
−1.5 · 1041

NGC 1600 Radio N1 1.08 2.39 · 1059 2.3+2.3
−1.2 · 1056 2.06 3.5+3.6

−1.7 · 1042 2.1 3.4+3.8
−1.5 · 1042

Radio S1 2 2.15 · 1059 1.2+1.2
−0.6 · 1056 3.84 9.5+10.0

−4.5 · 1041 5.39 6.8+7.5
−3.0 · 1041

X-ray visual N1 0.839 1.09 · 1059 1.1+1.1
−0.6 · 1056 1.59 2.3+2.4

−1.1 · 1042 1.63 2.2+2.4
−1.0 · 1042

X-ray visual S1 1.23 5.45 · 1058 4.9+2.5
−4.9 · 1055 2.35 6.6+6.9

−3.2 · 1041 3.26 4.8+5.2
−2.1 · 1041

X-ray CADET S1 1.34 4.77 · 1058 4.2+4.2
−2.1 · 1055 2.57 5.1+5.4

−2.4 · 1041 3.8 3.5+3.8
−1.5 · 1041

X-ray CADET N1 1.07 6.98 · 1058 6.9+6.9
−3.5 · 1055 2.03 1.1+1.1

−0.5 · 1042 2.52 8.7+9.6
−3.9 · 1041

NGC 4261 Radio E1 24.7 4.01 · 1062 1.3+1.3
−0.7 · 1058 41.1 9.9+10.5

−4.7 · 1042 74.1 5.5+6.3
−2.2 · 1042

Radio W1 20.7 3.34 · 1062 1.1+1.1
−0.5 · 1058 34.4 9.7+10.3

−4.6 · 1042 58.6 5.7+6.5
−2.3 · 1042

X-ray visual E1 0.302 1.04 · 1057 3.2+3.2
−1.6 · 1054 0.696 1.4+1.5

−0.7 · 1041 0.856 1.2+1.2
−0.6 · 1041

X-ray visual W1 0.43 2.34 · 1057 4.9+2.4
−4.9 · 1054 0.986 1.6+1.6

−0.8 · 1041 1.27 1.2+1.2
−0.6 · 1041

X-ray CADET E1 6.26 4.56 · 1061 1.6+1.6
−0.8 · 1057 11.9 4.1+4.4

−1.9 · 1042 13.6 3.6+4.1
−1.5 · 1042

X-ray CADET W1 6.9 3.69 · 1061 1.3+1.3
−0.7 · 1057 12.9 3.3+3.5

−1.5 · 1042 16.3 2.6+2.9
−1.1 · 1042

NGC 4374 Radio NE1 3.31 4.37 · 1060 4.1+4.2
−2.1 · 1056 7.17 1.8+1.9

−0.9 · 1042 8.28 1.6+1.6
−0.8 · 1042

Radio S1 4.06 2.81 · 1060 2.3+2.3
−1.2 · 1056 8.53 8.6+8.8

−4.2 · 1041 12.1 6.1+6.3
−2.9 · 1041

X-ray visual NE1 1.99 5.11 · 1059 8.0+8.0
−4.1 · 1055 4.7 5.4+5.6

−2.6 · 1041 5.51 4.6+4.8
−2.2 · 1041

X-ray visual S1 1.82 2.23 · 1059 3.9+2.0
−3.9 · 1055 4.33 2.8+2.9

−1.4 · 1041 5.53 2.2+2.3
−1.1 · 1041

X-ray CADET S1 3.94 1.21 · 1060 1.2+1.2
−0.6 · 1056 8.29 4.7+4.7

−2.3 · 1041 13.3 2.9+3.0
−1.4 · 1041

X-ray CADET NE1 1.88 4.72 · 1059 7.9+7.9
−4.0 · 1055 4.47 5.6+5.8

−2.7 · 1041 5.14 4.9+5.1
−2.3 · 1041

NGC 4472 Radio W1 0.594 8.60 · 1057 1.0+1.0
−0.5 · 1055 1.26 2.6+2.6

−1.3 · 1041 1.75 1.8+1.9
−0.9 · 1041

Radio NE1 0.889 1.42 · 1058 1.4+1.4
−0.7 · 1055 1.87 2.4+2.4

−1.2 · 1041 2.94 1.5+1.5
−0.8 · 1041

X-ray visual N1 0.638 8.67 · 1057 1.0+1.0
−0.5 · 1055 1.35 2.4+2.4

−1.2 · 1041 1.94 1.6+1.6
−0.8 · 1041

X-ray visual W1 0.591 3.03 · 1057 3.9+2.0
−3.9 · 1054 1.25 10.0+10.0

−4.9 · 1040 2.07 6.0+6.1
−3.0 · 1040

X-ray CADET W1 0.785 4.27 · 1057 4.1+4.1
−2.0 · 1054 1.65 7.9+7.9

−3.9 · 1040 2.99 4.3+4.4
−2.1 · 1040

X-ray CADET NE1 0.94 1.11 · 1058 8.6+8.6
−4.3 · 1054 1.97 1.4+1.4

−0.7 · 1041 3.33 8.2+8.2
−4.0 · 1040

Radio E2 4.22 1.90 · 1060 2.5+2.5
−1.2 · 1056 8.26 9.5+9.6

−4.7 · 1041 13.4 5.9+6.0
−2.9 · 1041

Radio W2 3.17 2.77 · 1060 4.8+4.9
−2.4 · 1056 6.37 2.4+2.4

−1.2 · 1042 8.25 1.9+1.9
−0.9 · 1042

X-ray visual NW2 3 9.18 · 1059 1.6+1.6
−0.8 · 1056 6.04 8.5+8.6

−4.2 · 1041 9.09 5.6+5.7
−2.8 · 1041

X-ray visual NE2 3.46 8.18 · 1059 1.4+0.7
−1.4 · 1056 6.9 6.4+6.4

−3.2 · 1041 11.5 3.8+3.9
−1.9 · 1041

X-ray CADET W2 2.77 1.67 · 1060 2.9+2.9
−1.5 · 1056 5.62 1.6+1.6

−0.8 · 1042 7.32 1.2+1.3
−0.6 · 1042

X-ray CADET E2 4.34 1.66 · 1060 2.2+2.2
−1.1 · 1056 8.47 8.2+8.2

−4.0 · 1041 14.4 4.8+4.9
−2.4 · 1041

NGC 4486 Radio SE1 1.8 7.89 · 1059 1.2+1.2
−0.6 · 1057 2.89 1.4+1.4

−0.7 · 1043 3.79 1.0+1.1
−0.5 · 1043

Radio W1 1.56 2.48 · 1059 4.3+4.3
−2.1 · 1056 2.64 5.1+5.2

−2.5 · 1042 3.7 3.7+3.8
−1.7 · 1042

X-ray visual E1 1.25 1.74 · 1059 3.3+3.3
−1.7 · 1056 2.28 4.6+4.6

−2.3 · 1042 2.82 3.7+3.8
−1.8 · 1042

X-ray visual W1 2.03 7.23 · 1058 1.2+0.6
−1.2 · 1056 3.15 1.2+1.2

−0.6 · 1042 6.74 5.5+5.7
−2.6 · 1041

X-ray CADET E1 0.43 2.12 · 1058 6.2+6.2
−3.1 · 1055 0.807 2.4+2.5

−1.2 · 1042 0.808 2.4+2.6
−1.1 · 1042

X-ray CADET W1 1.53 9.83 · 1057 1.7+1.7
−0.9 · 1055 2.61 2.1+2.1

−1.0 · 1041 6.17 8.7+9.1
−4.1 · 1040

Table D1: To be continued.
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Galaxy Method Cavity d (kpc) V (m3) E (erg) tsound (Myr) Pcav,sound (erg/s) tbouy (Myr) Pcav,bouy (erg/s)
NGC 4486∗ Radio E2 15.9 3.10 · 1061 2.1+2.1

−1.0 · 1058 22.7 2.9+2.9
−1.4 · 1043 54.1 1.2+1.2

−0.6 · 1043

Radio W2 8.82 1.65 · 1061 8.7+8.7
−4.4 · 1057 13.6 2.0+2.0

−1.0 · 1043 24.8 1.1+1.2
−0.5 · 1043

X-ray CADET SE2 1.8 2.05 · 1058 3.5+3.5
−1.8 · 1055 2.89 3.9+3.9

−1.9 · 1041 6.94 1.6+1.7
−0.8 · 1041

X-ray CADET W2 2.48 9.57 · 1057 1.5+1.5
−0.7 · 1055 3.9 1.2+1.2

−0.6 · 1041 12.8 3.6+3.7
−1.7 · 1040

NGC 4552 Radio E1 2.12 5.73 · 1059 9.5+9.5
−4.8 · 1055 5.65 5.3+5.6

−2.4 · 1041 6.6 4.5+4.8
−2.1 · 1041

Radio W1 2.15 5.48 · 1059 7.8+7.8
−3.9 · 1055 5.75 4.3+4.6

−2.0 · 1041 6.76 3.7+3.9
−1.7 · 1041

X-ray visual N1 0.487 1.49 · 1058 1.1+1.1
−0.6 · 1055 1.12 3.2+3.3

−1.5 · 1041 1.34 2.7+2.8
−1.3 · 1041

X-ray visual SW1 0.463 2.79 · 1058 2.1+1.1
−2.1 · 1055 1.06 6.2+6.5

−3.0 · 1041 1.11 5.9+6.3
−2.8 · 1041

X-ray CADET S1 0.322 1.68 · 1058 1.6+1.6
−0.8 · 1055 0.704 7.0+7.3

−3.4 · 1041 0.702 7.1+7.5
−3.3 · 1041

X-ray CADET N1 0.383 1.35 · 1058 1.2+1.2
−0.6 · 1055 0.87 4.3+4.5

−2.1 · 1041 0.947 3.9+4.2
−1.9 · 1041

X-ray visual E2 2.7 1.11 · 1060 1.0+1.0
−0.5 · 1056 7.82 4.1+4.5

−1.8 · 1041 8.5 3.8+4.1
−1.6 · 1041

X-ray visual W2 3.1 8.70 · 1059 6.0+3.0
−6.0 · 1055 9.18 2.1+2.3

−0.9 · 1041 10.9 1.7+1.9
−0.8 · 1041

X-ray CADET W2 3.4 6.77 · 1059 4.2+4.2
−2.1 · 1055 10.3 1.3+1.5

−0.6 · 1041 13 1.0+1.1
−0.4 · 1041

X-ray CADET E2 2.82 2.22 · 1060 1.8+1.8
−0.9 · 1056 8.2 6.8+7.6

−3.0 · 1041 8.06 6.9+7.6
−3.0 · 1041

NGC 4636 X-ray visual E1 0.15 5.73 · 1056 4.1+5.3
−2.4 · 1053 0.502 2.6+8.3

−0.3 · 1040 0.491 2.6+4.6
−0.3 · 1040

X-ray visual NW1 0.39 1.00 · 1057 8.4+5.0
−10.8 · 1053 1.17 2.3+6.6

−0.5 · 1040 1.88 1.4+2.5
−0.2 · 1040

X-ray CADET SE1 0.122 8.55 · 1056 6.1+7.9
−3.6 · 1053 0.41 4.7+15.3

−0.5 · 1040 0.336 5.7+10.1
−0.6 · 1040

X-ray CADET NW1 0.451 7.68 · 1056 6.7+6.7
−3.4 · 1053 1.28 1.7+1.8

−0.8 · 1040 2.45 8.7+9.2
−4.0 · 1039

Radio NE2 0.685 1.32 · 1058 1.0+1.0
−0.5 · 1055 1.67 1.9+2.0

−0.9 · 1041 2.85 1.1+1.2
−0.5 · 1041

Radio SW2 0.891 8.72 · 1057 6.0+6.0
−3.0 · 1054 2.14 8.9+9.1

−4.3 · 1040 4.53 4.2+4.3
−2.0 · 1040

X-ray visual NE2 0.654 5.97 · 1057 5.4+5.4
−2.7 · 1054 1.63 1.1+1.1

−0.5 · 1041 3.04 5.7+6.0
−2.6 · 1040

X-ray visual SW2 0.897 1.13 · 1058 7.7+3.9
−7.7 · 1054 2.16 1.1+1.2

−0.5 · 1041 4.38 5.6+5.7
−2.7 · 1040

X-ray CADET SW2 1.25 2.16 · 1058 8.7+8.7
−4.4 · 1054 3.06 9.0+9.2

−4.4 · 1040 6.46 4.3+4.4
−2.0 · 1040

X-ray CADET NE2 1.65 3.61 · 1058 9.2+9.2
−4.6 · 1054 4.19 6.9+7.3

−3.2 · 1040 9.01 3.2+3.4
−1.5 · 1040

X-ray visual E3 2.86 4.11 · 1059 6.5+6.5
−3.3 · 1055 7.15 2.9+3.0

−1.4 · 1041 13.7 1.5+1.6
−0.7 · 1041

X-ray visual W3 4.01 6.89 · 1059 9.3+4.7
−9.4 · 1055 9.02 3.3+3.3

−1.6 · 1041 20.9 1.4+1.4
−0.7 · 1041

X-ray CADET E3 2.18 1.71 · 1060 2.8+2.8
−1.4 · 1056 5.82 1.5+1.6

−0.7 · 1042 7.21 1.2+1.3
−0.6 · 1042

X-ray CADET NW3 1.78 1.92 · 1059 3.9+3.9
−2.0 · 1055 4.58 2.7+2.9

−1.3 · 1041 7.65 1.6+1.7
−0.8 · 1041

X-ray visual NE4 6.24 1.43 · 1060 1.5+1.5
−0.8 · 1056 13.3 3.6+3.7

−1.8 · 1041 35.9 1.4+1.4
−0.7 · 1041

X-ray visual SW4 5.9 1.28 · 1060 1.4+0.7
−1.4 · 1056 12.6 3.6+3.7

−1.8 · 1041 33.6 1.4+1.4
−0.7 · 1041

X-ray CADET SW4 6.05 5.86 · 1059 6.6+6.6
−3.3 · 1055 12.9 1.6+1.6

−0.8 · 1041 39.8 5.2+5.4
−2.5 · 1040

X-ray CADET NE4 6.11 8.75 · 1059 9.7+9.7
−4.9 · 1055 13 2.4+2.4

−1.2 · 1041 37.7 8.1+8.3
−3.9 · 1040

NGC 4649 Radio NE1 0.798 9.24 · 1057 8.7+8.7
−4.4 · 1054 1.64 1.7+1.7

−0.8 · 1041 2.3 1.2+1.2
−0.6 · 1041

Radio S1 1.31 1.01 · 1058 4.8+4.8
−2.4 · 1054 2.74 5.6+5.6

−2.8 · 1040 4.76 3.2+3.3
−1.6 · 1040

X-ray visual N1 1 1.06 · 1058 7.1+7.1
−3.6 · 1054 2.08 1.1+1.1

−0.5 · 1041 3.16 7.1+7.2
−3.5 · 1040

X-ray visual S1 1.02 1.03 · 1058 6.7+3.4
−6.7 · 1054 2.12 1.0+1.0

−0.5 · 1041 3.25 6.5+6.6
−3.2 · 1040

X-ray CADET S1 1.56 1.86 · 1058 7.1+7.1
−3.6 · 1054 3.27 6.9+7.0

−3.4 · 1040 5.59 4.0+4.1
−2.0 · 1040

X-ray CADET NE1 1.55 1.98 · 1058 7.8+7.8
−3.9 · 1054 3.24 7.7+7.7

−3.8 · 1040 5.47 4.5+4.6
−2.2 · 1040

NGC 4696 Radio E1 2.22 3.91 · 1059 3.6+3.6
−1.8 · 1056 4.52 2.5+2.6

−1.2 · 1042 7.77 1.5+1.6
−0.7 · 1042

Radio W1 3.75 5.00 · 1059 4.5+4.5
−2.3 · 1056 6.87 2.1+2.1

−1.0 · 1042 16.4 8.8+8.9
−4.3 · 1041

X-ray visual SE1 2.38 1.30 · 1060 1.2+1.2
−0.6 · 1057 4.8 7.9+8.3

−3.7 · 1042 7.05 5.4+5.9
−2.4 · 1042

X-ray visual W1 3.34 1.25 · 1060 1.1+0.6
−1.1 · 1057 6.28 5.7+5.7

−2.8 · 1042 11.8 3.0+3.1
−1.5 · 1042

X-ray CADET E1 1.84 1.12 · 1060 1.0+1.0
−0.5 · 1057 3.77 8.8+9.2

−4.1 · 1042 4.9 6.8+7.3
−3.0 · 1042

X-ray CADET W1 3.88 9.99 · 1059 9.0+9.0
−4.5 · 1056 7.04 4.0+4.1

−2.0 · 1042 15.3 1.9+1.9
−0.9 · 1042

Table D1: To be continued.
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Galaxy Method Cavity d (kpc) V (m3) E (erg) tsound (Myr) Pcav,sound (erg/s) tbouy (Myr) Pcav,bouy (erg/s)
NGC 4778 Radio SE1 3.79 3.20 · 1059 8.4+8.4

−4.3 · 1055 8.21 3.2+3.3
−1.6 · 1041 17.3 1.5+1.6

−0.7 · 1041

Radio N1 4.54 6.96 · 1059 1.6+1.6
−0.8 · 1056 9.74 5.1+5.2

−2.5 · 1041 19.9 2.5+2.6
−1.2 · 1041

X-ray visual N1 1.96 1.54 · 1059 7.0+7.0
−3.6 · 1055 4.28 5.2+5.5

−2.5 · 1041 7.26 3.0+3.3
−1.4 · 1041

X-ray visual SE1 1.6 3.65 · 1058 2.0+1.0
−2.0 · 1055 3.49 1.8+1.9

−0.9 · 1041 6.8 9.2+10.0
−4.2 · 1040

X-ray CADET SE1 1.23 3.46 · 1058 2.3+2.3
−1.2 · 1055 2.71 2.6+2.8

−1.3 · 1041 4.61 1.6+1.7
−0.7 · 1041

X-ray CADET N1 2.47 5.44 · 1058 2.1+2.1
−1.1 · 1055 5.37 1.2+1.3

−0.6 · 1041 12.2 5.5+5.7
−2.6 · 1040

X-ray visual S2 6.19 6.67 · 1060 1.1+1.1
−0.6 · 1057 13 2.8+2.8

−1.4 · 1042 21.8 1.6+1.7
−0.8 · 1042

X-ray visual NE2 11.2 1.32 · 1061 1.6+0.8
−1.6 · 1057 22.6 2.2+2.2

−1.1 · 1042 47.1 1.0+1.1
−0.5 · 1042

X-ray CADET S2 7.3 1.44 · 1061 2.2+2.2
−1.1 · 1057 15.2 4.7+4.7

−2.3 · 1042 24.5 2.9+3.0
−1.4 · 1042

X-ray CADET NE2 11.8 2.63 · 1061 3.0+3.0
−1.5 · 1057 23.7 4.0+4.0

−2.0 · 1042 45.6 2.1+2.1
−1.0 · 1042

NGC 5044 Radio NE1 0.521 2.72 · 1057 2.8+2.8
−1.4 · 1054 1.17 7.5+7.9

−3.5 · 1040 2.18 4.0+4.4
−1.8 · 1040

Radio SW1 0.532 2.78 · 1057 2.8+2.8
−1.4 · 1054 1.2 7.5+7.9

−3.5 · 1040 2.24 4.0+4.3
−1.8 · 1040

X-ray visual SE1 0.347 2.52 · 1057 2.9+2.9
−1.5 · 1054 0.783 1.2+1.3

−0.5 · 1041 1.2 7.7+8.7
−3.4 · 1040

X-ray visual NW1 0.582 4.36 · 1057 4.3+2.2
−4.3 · 1054 1.31 1.0+1.1

−0.5 · 1041 2.38 5.7+6.2
−2.6 · 1040

X-ray CADET SE1 0.329 4.60 · 1057 5.4+5.5
−2.8 · 1054 0.742 2.3+2.5

−1.1 · 1041 1 1.7+1.9
−0.8 · 1041

X-ray CADET NW1 0.447 4.07 · 1057 4.3+4.3
−2.2 · 1054 1.01 1.4+1.5

−0.6 · 1041 1.62 8.4+9.6
−3.7 · 1040

Radio E2 1.86 2.40 · 1059 1.3+1.3
−0.6 · 1056 4.15 9.6+9.9

−4.6 · 1041 6.96 5.7+6.0
−2.7 · 1041

Radio W2 2.65 1.62 · 1059 7.0+7.0
−3.5 · 1055 5.58 4.0+4.0

−1.9 · 1041 12.6 1.8+1.8
−0.8 · 1041

X-ray visual NE2 3.12 5.81 · 1058 2.2+2.2
−1.1 · 1055 6.47 1.1+1.1

−0.5 · 1041 19.2 3.6+3.7
−1.7 · 1040

X-ray visual SW2 2.98 1.11 · 1059 4.3+2.2
−4.3 · 1055 6.17 2.2+2.2

−1.1 · 1041 16.1 8.5+8.7
−4.1 · 1040

X-ray CADET SW2 3.11 3.25 · 1059 1.2+1.2
−0.6 · 1056 6.45 6.1+6.2

−3.0 · 1041 14.3 2.8+2.8
−1.3 · 1041

X-ray CADET N2 1.44 6.50 · 1058 4.0+4.0
−2.0 · 1055 3.26 3.8+3.9

−1.8 · 1041 5.91 2.1+2.2
−1.0 · 1041

X-ray visual S3 4.24 2.46 · 1060 7.9+7.9
−3.9 · 1056 8.85 2.8+2.9

−1.4 · 1042 16.3 1.5+1.6
−0.7 · 1042

X-ray visual NW3 4.04 2.54 · 1060 8.2+4.1
−8.2 · 1056 8.4 3.1+3.1

−1.5 · 1042 15 1.7+1.8
−0.8 · 1042

X-ray CADET S3 5.07 3.66 · 1060 1.1+1.1
−0.6 · 1057 10.6 3.3+3.3

−1.6 · 1042 20 1.8+1.8
−0.9 · 1042

X-ray CADET NW3 5.21 1.69 · 1060 5.0+5.0
−2.5 · 1056 10.8 1.4+1.4

−0.7 · 1042 23.6 6.6+6.7
−3.3 · 1041

X-ray visual E4 7.25 1.18 · 1061 2.8+2.8
−1.4 · 1057 14.8 5.9+6.0

−2.9 · 1042 28 3.1+3.2
−1.5 · 1042

X-ray visual W4 8.63 4.53 · 1060 1.0+0.5
−1.0 · 1057 17.6 1.8+1.8

−0.9 · 1042 42.7 7.5+7.5
−3.7 · 1041

NGC 5813 Radio SW1 1.52 5.64 · 1058 2.8+2.8
−1.4 · 1055 3.41 2.6+2.7

−1.3 · 1041 6.24 1.4+1.5
−0.7 · 1041

Radio N1 1.77 1.36 · 1059 5.8+5.8
−2.9 · 1055 4 4.5+4.7

−2.2 · 1041 6.76 2.7+2.8
−1.3 · 1041

X-ray visual N1 1.15 4.30 · 1058 2.6+2.6
−1.3 · 1055 2.56 3.2+3.3

−1.6 · 1041 4.31 1.9+2.0
−0.9 · 1041

X-ray visual SW1 1.11 6.89 · 1058 4.1+2.1
−4.1 · 1055 2.46 5.3+5.4

−2.6 · 1041 3.76 3.4+3.6
−1.6 · 1041

X-ray CADET SW1 1.12 1.41 · 1059 8.3+8.4
−4.2 · 1055 2.5 1.1+1.1

−0.5 · 1042 3.41 7.8+8.0
−3.7 · 1041

X-ray CADET N1 1.51 1.27 · 1059 6.6+6.6
−3.4 · 1055 3.39 6.2+6.3

−3.0 · 1041 5.39 3.9+4.0
−1.9 · 1041

X-ray visual NE2 4.63 8.82 · 1059 1.2+1.2
−0.6 · 1056 11.4 3.3+3.4

−1.6 · 1041 21 1.8+1.9
−0.9 · 1041

X-ray visual SW2 6.99 7.54 · 1060 7.1+3.6
−7.1 · 1056 16.9 1.3+1.4

−0.7 · 1042 27.2 8.3+8.5
−4.0 · 1041

X-ray CADET SW2 6.53 7.50 · 1060 7.1+7.1
−3.6 · 1056 15.8 1.4+1.4

−0.7 · 1042 24.6 9.1+9.4
−4.4 · 1041

X-ray CADET NE2 5.03 1.94 · 1060 2.5+2.5
−1.3 · 1056 12.3 6.4+6.6

−3.1 · 1041 20.8 3.8+3.9
−1.8 · 1041

X-ray visual NE3 18.9 2.57 · 1061 9.8+9.8
−4.9 · 1056 41.6 7.5+7.5

−3.7 · 1041 98.5 3.1+3.2
−1.6 · 1041

X-ray visual SW3 23.9 2.33 · 1061 6.5+3.3
−6.5 · 1056 52.9 3.9+3.9

−1.9 · 1041 143 1.4+1.4
−0.7 · 1041

X-ray CADET NE3 18.4 4.06 · 1061 1.7+1.7
−0.8 · 1057 40.6 1.3+1.3

−0.7 · 1042 87.7 6.1+6.1
−3.0 · 1041

X-ray CADET NE3 18.4 4.06 · 1061 1.7+1.7
−0.8 · 1057 40.6 1.3+1.3

−0.7 · 1042 87.7 6.1+6.1
−3.0 · 1041

Table D1: T be continued.
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Galaxy Method Cavity d (kpc) V (m3) E (erg) tsound (Myr) Pcav,sound (erg/s) tbouy (Myr) Pcav,bouy (erg/s)
NGC 5846 Radio NE1 0.567 5.00 · 1058 3.9+3.9

−2.0 · 1055 1.25 9.9+10.4
−4.6 · 1041 1.45 8.5+9.2

−3.9 · 1041

Radio S1 0.666 3.19 · 1058 2.5+2.5
−1.3 · 1055 1.46 5.4+5.7

−2.5 · 1041 1.98 4.0+4.3
−1.8 · 1041

X-ray visual NE1 0.612 3.48 · 1058 2.8+2.8
−1.4 · 1055 1.34 6.5+6.8

−3.1 · 1041 1.72 5.1+5.5
−2.3 · 1041

X-ray visual SW1 1.02 1.73 · 1058 1.1+0.6
−1.1 · 1055 2.25 1.6+1.7

−0.8 · 1041 4.18 8.7+9.4
−4.0 · 1040

X-ray CADET S1 0.843 1.08 · 1059 6.7+6.7
−3.4 · 1055 1.85 1.1+1.2

−0.5 · 1042 2.3 9.2+9.9
−4.2 · 1041

X-ray CADET NW1 1.73 2.79 · 1058 1.2+1.2
−0.6 · 1055 3.85 9.8+10.3

−4.6 · 1040 8.5 4.4+4.8
−2.0 · 1040

Radio SE2 3.53 3.40 · 1060 6.1+6.1
−3.1 · 1056 8.18 2.3+2.4

−1.1 · 1042 11.1 1.7+1.8
−0.8 · 1042

Radio NW2 3.32 2.70 · 1060 5.5+5.5
−2.8 · 1056 7.65 2.3+2.3

−1.1 · 1042 10.5 1.6+1.7
−0.8 · 1042

X-ray visual SE2 5.58 1.16 · 1060 1.2+1.2
−0.6 · 1056 12.9 2.9+2.9

−1.4 · 1041 26.4 1.4+1.4
−0.7 · 1041

X-ray visual W2 5.43 7.91 · 1059 8.2+4.1
−8.2 · 1055 12.5 2.1+2.1

−1.0 · 1041 27.1 9.5+9.8
−4.6 · 1040

X-ray CADET SE2 6.3 4.66 · 1060 4.1+4.2
−2.1 · 1056 14.4 9.1+9.3

−4.5 · 1041 25.2 5.2+5.4
−2.5 · 1041

X-ray CADET W2 4.73 3.42 · 1060 3.9+3.9
−2.0 · 1056 11 1.1+1.1

−0.6 · 1042 17.2 7.2+7.3
−3.5 · 1041

NGC 6166 Radio W1 3.62 3.64 · 1059 5.9+6.0
−3.0 · 1056 4.96 3.8+3.9

−1.8 · 1042 13.2 1.4+1.6
−0.6 · 1042

Radio E1 3.23 4.75 · 1059 8.0+8.1
−4.1 · 1056 4.45 5.7+6.0

−2.8 · 1042 10.6 2.4+2.8
−1.0 · 1042

X-ray visual W1 2.79 3.89 · 1059 6.8+6.8
−3.5 · 1056 3.86 5.5+5.8

−2.7 · 1042 8.81 2.4+2.8
−1.0 · 1042

X-ray visual NE1 2.91 5.87 · 1059 1.0+0.5
−1.0 · 1057 4.03 8.0+8.4

−3.9 · 1042 8.81 3.7+4.2
−1.5 · 1042

X-ray CADET E1 5.76 1.91 · 1060 2.5+2.5
−1.3 · 1057 7.69 1.0+1.1

−0.5 · 1043 20.1 4.0+4.5
−1.6 · 1042

X-ray CADET W1 2.82 6.39 · 1059 1.1+1.1
−0.6 · 1057 3.91 8.7+9.1

−4.3 · 1042 8.27 4.1+4.7
−1.7 · 1042

Radio E2 18.1 1.70 · 1062 1.2+1.2
−0.6 · 1059 21.9 1.7+1.8

−0.8 · 1044 53 7.0+8.0
−2.9 · 1043

Radio W2 18.4 2.44 · 1062 1.6+1.6
−0.8 · 1059 22.1 2.3+2.4

−1.1 · 1044 51 1.0+1.1
−0.4 · 1044

X-ray visual E2 20.5 9.76 · 1061 6.3+6.3
−3.2 · 1058 24.1 8.2+8.5

−4.0 · 1043 70.3 2.8+3.3
−1.1 · 1043

X-ray visual W2 23.2 9.22 · 1061 5.9+3.0
−5.9 · 1058 26.5 7.1+7.3

−3.4 · 1043 85.2 2.2+2.5
−0.9 · 1043

X-ray CADET W2 18.5 2.46 · 1062 1.6+1.6
−0.8 · 1059 22.2 2.2+2.3

−1.1 · 1044 51.6 9.6+11.0
−3.9 · 1043

X-ray CADET E2 21.3 1.23 · 1062 7.9+7.9
−4.0 · 1058 24.8 1.0+1.0

−0.5 · 1044 71.6 3.5+4.0
−1.4 · 1043

Table D1: Properties of individual cavities: method used for size estimation - either β-
modelling (X-ray) or radio contours (Radio), cavity direction with respect to galactic cen-
tre and corresponding generation (e.g. NW1), semi-axis along the jet direction (length)
rl, semi-axis perpendicular to the jet direction (width) rw, distance from galactic centre
d, total internal energy E, cavity age assuming inflation at speed of sound tsound, cor-
responding power required to inflate the cavity Psound, cavity age assuming inflation at
bouyant speed tbouy and corresponding jet power Pbouy.
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Appendix E: List of OBSIDs

Galaxy OBSID Instrument
Date Cleaned

(yyyy-mm-dd) exptime (ks)
IC 4926 3394 ACIS-S 2001-12-15 18.6

NGC 507 317 ACIS-S 2000-10-11 26.9
2882 ACIS-I 2002-01-08 43.6

NGC 708 2215 ACIS-S 2001-08-03 28.7
7921 ACIS-S 2006-11-20 110.7

NGC 1316 2022 ACIS-S 2001-04-17 28.4
20340 ACIS-S 2019-04-16 45.0
20341 ACIS-S 2019-04-22 51.4
22179 ACIS-S 2019-04-17 39.0
22180 ACIS-S 2019-04-20 13.6
22187 ACIS-S 2019-04-25 53.2

NGC 1399 319 ACIS-S 2000-01-18 56.0
9530 ACIS-S 2008-06-08 59.4
14527 ACIS-S 2013-07-01 27.8
14529 ACIS-S 2015-11-06 31.6
16639 ACIS-S 2014-10-12 29.7

NGC 1407 791 ACIS-S 2000-08-16 44.5
NGC 1600 4283 ACIS-S 2002-09-18 22.7

4371 ACIS-S 2002-09-20 26.8
21374 ACIS-S 2018-12-03 25.7
21375 ACIS-S 2019-11-28 42.2
21998 ACIS-S 2018-12-03 13.9
22878 ACIS-S 2019-11-25 45.0
22911 ACIS-S 2019-11-01 31.0
22912 ACIS-S 2019-11-02 35.6

NGC 4261 834 ACIS-S 2000-05-06 30.92
9569 ACIS-S 2008-02-12 100.9

NGC 4374 20539 ACIS-S 2019-04-05 39.5
20540 ACIS-S 2019-02-26 30.2
20541 ACIS-S 2019-04-10 11.3
20542 ACIS-S 2019-03-18 34.6
20543 ACIS-S 2019-04-27 54.3
21845 ACIS-S 2019-03-28 27.7
21852 ACIS-S 2019-02-18 15.6
21867 ACIS-S 2019-03-13 23.6
22113 ACIS-S 2019-02-20 21.8
22126 ACIS-S 2019-02-28 35.1
22127 ACIS-S 2019-03-02 22.8
22128 ACIS-S 2019-03-03 23.8
22142 ACIS-S 2019-03-14 20.8
22143 ACIS-S 2019-03-16 22.8
22144 ACIS-S 2019-03-15 31.8
22153 ACIS-S 2019-03-23 21.1
22163 ACIS-S 2019-03-29 35.6
22164 ACIS-S 2019-03-31 32.6
22166 ACIS-S 2019-04-06 38.6
22174 ACIS-S 2019-04-11 49.4
22175 ACIS-S 2019-04-12 27.2
22176 ACIS-S 2019-04-13 51.4
22177 ACIS-S 2019-04-14 36.6
22195 ACIS-S 2019-04-28 38.1
22196 ACIS-S 2019-05-07 20.6

Table E1: To be continued.
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Galaxy OBSID Instrument
Date Cleaned

(yyyy-mm-dd) exptime (ks)
NGC 4472 321 ACIS-S 2000-06-12 34.5

11274 ACIS-S 2010-02-27 39.7
12888 ACIS-S 2011-02-21 159.3
12889 ACIS-S 2011-02-14 133.5

NGC 4486 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
21075 ACIS-S 2018-04-22 9.1
21076 ACIS-S 2018-04-24 9.0
21457 ACIS-S 2019-03-27 14.1
21458 ACIS-S 2019-03-28 12.8

NGC 4552 2072 ACIS-S 2001-04-22 54.4
13985 ACIS-S 2012-04-22 49.4
14358 ACIS-S 2012-08-10 49.4
14359 ACIS-S 2012-04-23 48.1

NGC 4636 323 ACIS-S 2000-01-26 45.1
3926 ACIS-I 2003-02-14 74.7
4415 ACIS-I 2003-02-15 74.4

NGC 4649 785 ACIS-S 2000-04-20 26.9
8182 ACIS-S 2007-01-30 49.5
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

NGC 4696 504 ACIS-S 2000-05-22 31.8
505 ACIS-S 2000-06-08 10.0

4954 ACIS-S 2004-04-01 89.0
4955 ACIS-S 2004-04-02 44.7
5310 ACIS-S 2004-04-04 49.3
16223 ACIS-S 2014-05-26 179.0
16224 ACIS-S 2014-04-09 42.3
16225 ACIS-S 2014-04-26 30.1
16534 ACIS-S 2014-06-05 55.4
16607 ACIS-S 2014-04-12 45.7
16608 ACIS-S 2014-04-07 34.1
16609 ACIS-S 2014-05-04 82.3
16610 ACIS-S 2014-04-27 17.3

NGC 4778 921 ACIS-S 2000-01-25 48.5
10462 ACIS-S 2009-03-02 67.2
10874 ACIS-S 2009-03-03 51.4

Table E1: To be continued.
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Galaxy OBSID Instrument
Date Cleaned

(yyyy-mm-dd) exptime (ks)
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 88.5

NGC 5813 5907 ACIS-S 2005-04-02 48.4
9517 ACIS-S 2008-06-05 98.8
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 5846 788 ACIS-S 2000-05-24 23.4
7923 ACIS-I 2007-06-12 90.0

NGC 6166 497 ACIS-S 2000-05-13 19.5
498 ACIS-S 1999-12-11 17.9

10748 ACIS-I 2009-11-19 40.6
10803 ACIS-I 2009-11-17 30.2
10804 ACIS-I 2009-06-23 18.8
10805 ACIS-I 2009-11-23 30.3

Table E1: Parameters of individual Chandra ACIS observations of all the analysed galax-
ies.
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Brüggen M., Scannapieco E., Heinz S., 2009, MNRAS, 395, 2210

Burkert A., Tremaine S., 2010, ApJ, 720, 516

Cash W., 1979, ApJ, 228, 939

Cavagnolo K. W., McNamara B. R., Nulsen P. E. J., Carilli C. L., Jones C., Bı̂rzan L., 2010,
ApJ, 720, 1066

– 104 –

https://www.tensorflow.org/
http://dx.doi.org/10.3847/1538-4357/aaf888
https://ui.adsabs.harvard.edu/abs/2019ApJ...871..195A
http://dx.doi.org/10.1093/mnras/sty2038
https://ui.adsabs.harvard.edu/abs/2018MNRAS.480.2085A
http://dx.doi.org/10.1111/j.1365-2966.2006.10778.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.372...21A
https://ui.adsabs.harvard.edu/abs/2006MNRAS.372...21A
http://dx.doi.org/10.1086/172032
https://ui.adsabs.harvard.edu/abs/1992ApJ...400..699B
https://ui.adsabs.harvard.edu/abs/1978ComAp...8...27B
http://dx.doi.org/10.1086/383519
https://ui.adsabs.harvard.edu/abs/2004ApJ...607..800B
http://dx.doi.org/10.1093/mnras/199.4.883
https://ui.adsabs.harvard.edu/abs/1982MNRAS.199..883B
http://dx.doi.org/10.1093/mnras/179.3.433
https://ui.adsabs.harvard.edu/abs/1977MNRAS.179..433B
http://dx.doi.org/10.1086/323269
https://ui.adsabs.harvard.edu/abs/2001ApJ...558L..15B
http://dx.doi.org/10.1093/mnras/264.1.L25
https://ui.adsabs.harvard.edu/abs/1993MNRAS.264L..25B
https://ui.adsabs.harvard.edu/abs/1993MNRAS.264L..25B
http://dx.doi.org/10.3847/1538-4357/abd24d
https://ui.adsabs.harvard.edu/abs/2021ApJ...908...19B
http://dx.doi.org/10.1093/mnras/112.2.195
https://ui.adsabs.harvard.edu/abs/1952MNRAS.112..195B
http://dx.doi.org/10.1111/j.1365-2966.2009.14684.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.395.2210B
http://dx.doi.org/10.1088/0004-637X/720/1/516
https://ui.adsabs.harvard.edu/abs/2010ApJ...720..516B
http://dx.doi.org/10.1086/156922
https://ui.adsabs.harvard.edu/abs/1979ApJ...228..939C
http://dx.doi.org/10.1088/0004-637X/720/2/1066
https://ui.adsabs.harvard.edu/abs/2010ApJ...720.1066C


Bibliography 105

Cavaliere A., Fusco-Femiano R., 1976, A&A, 500, 95

Chollet F., et al., 2015, Keras, https://keras.io
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