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Klíčová slova: zpětná vazba aktivních galaktických jader; rentgenové dutiny;
vícedutinové systémy; rentgenová observatoř Chandra; výkony
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Abstrakt

Tato studie se zaměřuje na radiomechanickou zpětnou vazbu aktivních galaktických
jader v blízkých obřích eliptických galaxiích, které vykazují více generací rentgenových
dutin. Zpracováním a analýzou dat z rentgenového dalekohledu Chandra pro vybraný
vzorek galaxií kvantifikujeme výkon výtrysků, které vytvářejí rentgenové dutiny a přis-
pívají k ohřevu horké atmosféry. Představujeme vylepšený postup pro odhad stáří dutin
a energie, která je v nich obsažena. Dále hodnotíme vliv inklinace na naše měření
a zkoumáme její potenciál ovlivnit pozorované trendy výkonu výtrysků v našich sys-
témech. Zjistili jsme, že inklinace může vést k nadhodnocení výkonu jetu až o řád.
Také jsme zjistili, že projekční efekty jsou výraznější u zploštělých dutin a u těch, které
se nacházejí dále od centra. Navíc u systému s výrazně nevyrovnanými generacemi
dutin zkoumáme možné vysvětlení této nevyrovnanosti.

Abstract

This study focuses on radio-mechanical feedback of active galactic nuclei in nearby
giant elliptical galaxies that showcase multiple generations of X-ray cavities. By pro-
cessing and analysing data from Chandra X-ray Observatory for a selected sample of
galaxies, we quantify the jet powers excavating the X-ray cavities that contribute to the
heating of the X-ray atmospheres. We present an improved procedure for estimating
cavity ages and the energy they encompass. We also assess the impact of inclination
on our measurements and probe its potential to shift the observed trends in jet powers
in our systems. We find that inclination can lead to the jet power overestimation by up
to an order of magnitude. Moreover, we find that projection effects are more signifi-
cant for oblate cavities, as well as for those that are further away from the centre. For
a system with significantly misaligned cavity generations, we also examine potential
explanations for the misalignment.
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"Astronomy?
Impossible to understand
and madness to investigate."
— Sophocles, 420 BC





Notations & abbreviations

The following section presents an overview of abbreviations and notation used through-
out this work.

AGN active galactic nuclei

gEs giant elliptical galaxy

GGr galaxy group

GC galaxy cluster

SMBH supper-massive black hole

(N)CC (non)-cool-core

CCA chaotic cold accretion

ICM intra-cluster medium

CGM circum-galactic medium

IGrM intra-group medium

D distance of a galaxy

d ,d 0 intrinsic and projected cavity distance, respectively

¿,¿0 intrinsic and radial elongation, respectively

tss sound-speed timescale

tbuo buoyancy timescale

tage corrected cavity age

Rl ,R0
l intrinsic and projected semi-axis in the galactocentric direction

Emea measured cavity energy, considered the cavity's enthalpy H

Einj injected energy

Pjet ,P0
jet intrinsic and projected cavity jet power

Pjet cumulative jet power
gPjet time-averaged cycle-corrected jet power

¢ Prel
jet relative jet power change

– xvii –





Introduction

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

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

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

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

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

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

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

– 1 –





Chapter 1

Hot atmospheres

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

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

The masses of such atmospheres range between 1014 – 1015 M ¯ in galaxy clusters
and 1013 ¡ 1014 M ¯ in giant ellipticals (Forman et al., 1985). The typical temperature
of the hot gas is about » 106 K in gEs, increasing to » 2 ¢107 K and higher in GCs. In
good approximation, the atmosphere as a whole can be considered to be in hydrostatic
equilibrium.

The existence of hot atmospheres around galaxy clusters, galaxy groups (GGr) and
around early-type galaxies is linked to the hierarchical structure formation in the Uni-
verse. In the framework of the ¤ -CDM model, the baryonic matter fell into gravitational
potential wells of dark matter halos. During the infall, the baryonic gas was shock-
heated to the temperatures of 10 7 ¡ 108 K and continued to accrete onto the central re-
gions. The heated accreted gas formed the �rst X-ray atmospheres of the “red nuggets”,
early-type galaxies' predecessors observed at redshift z > 2 (Werner et al., 2019). Red
nuggets then grew by accretion and mergers into the present-day ellipticals.

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

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

– 3 –
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