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ABSTRAKT

Kupy galaxii jsou jedny z nejhmotnéjsich gravita¢né vdzanych struktur ve vesmiru,
které se skladaji ze stovek az tisict jednotlivych galaxii. Studium téchto masivnich
objektti mtize odhalit poznatky o vyvoji velkorozmérovych struktur, povaze temné
hmoty nebo tepelnych i netepelnych procesech v mezigalaktickém prostfedi. Pochope-
ni sloZitych fyzikdlnich procestt v kupdch galaxii vS8ak vyZaduje podrobnou spek-
trdlni analyzu rentgenového zéfeni, kterd je Casové ndro¢nd a se soucasnymi meto-
dami obtizné proveditelnd. V této praci zkoumadme piistup strojového uceni vyuzi-
vajici Analyzu hlavnich komponent s Random Forest klasifikatorem k analyze viceteplot-
nich oblasti v kupach galaxii s vyuZitim dat z rentgenové observatofe Athena, ktera
poskytne tisice spekter ke zpracovani.

Efektivita metody byla také testovana na simulovanych a redlnych datech rentgen-
ové observatofe Chandra, pro porovndni soucasnych pozorovacich moZnosti, a na
simulovanych datech rentgenové zobrazovaci a spektroskopické mise XRISM, kterd
ma své zahdjeni napldnované mnohem dfive neZ mise Athena a jeji parametry cili k
vyssimu spektrdlnimu rozliSeni neZ ma observatof Chandra. Nasim cilem je vyvinout
a prozkoumat méné vypocetné a ¢asové naro¢nou metodu zpracovani dat, kterd by
mohla byt v budoucnu implementovdna do spektralni analyzy redlnych pozorovani

2 v 2z

jako prvni krok pro nalezeni zddoucich a zajimavych oblasti.

ABSTRACT

Galaxy clusters are the most massive gravitationally bound structures in the universe,
consisting of hundreds to thousands of individual galaxies. Studying these massive
objects can reveal insights into the evolution of large-scale structures, the nature of
dark matter, or the thermal and non-thermal processes in the intra-cluster medium.
However, understanding the complex physical processes in galaxy clusters requires
detailed spectral analysis of the X-ray emission, which is time-consuming and chal-
lenging to do with current methods. In this study, we explore a machine learning
approach based on Principal Component Analysis with Random Forest Classifier to an-
alyze the multi-temperature regions in galaxy clusters using data from the Athena
X-ray observatory, which will provide thousands of spectra to process.

The effectiveness of the method was also tested on simulated and real data from the
Chandra X-ray Observatory to compare the current observational capabilities and on
simulated data from the upcoming X-ray Imaging and Spectroscopy Mission XRISM,
which is scheduled to launch earlier than the Athena mission and whose parameters
aim for higher spectral resolution than Chandra. Our aim is to develop and study
a less computationally and time-consuming method of processing spectral data that
could be in the future implemented in the spectral analysis of real observations as the
tirst step to finding desired and interesting regions.
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The universe is like a safe to which there is a combination,
but the combination is locked up in the safe.

— Richard Feynman
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INTRODUCTION

The majority of baryonic matter in galaxy clusters (GCs) exists in the form of hot gas
emitting X-ray radiation. The origin of this emission was proposed only recently and
was initially met with skepticism (Gorenstein P. et al., 1973; Gursky H. et al., 1971).
First observations proving this theory were done by Ariel V Sky Survey Experiment,
which discovered a bump in the spectrum corresponding to an iron line and thus
confirmed that the X-ray emission originates from thermal plasma within the cluster
(Mitchell R. J. et al., 1976).

The confirmation of the origin of this emission marked a significant breakthrough in
our understanding of the intracluster medium (ICM). The ICM is a dynamic and com-
plex environment, and its properties are shaped by various physical processes such as
heating, cooling, and turbulence (Bohringer H. et al., 2007; Fujita Y. et al., 2020). By
studying the heating and cooling balance of the ICM, we can gain insight into the pro-
cesses that regulate its temperature, pressure, and entropy profiles. These properties
can provide us with a deeper understanding of the formation and evolution of GCs,
as well as the role of feedback from active galactic nuclei, supernovae explosions, or
thermal conduction in shaping them (Yang H.-Y. K. and Reynolds Ch. S., 2016).

Scheduled for launch in the early 2030s, the Athena mission promises to deliver un-
paralleled capabilities for investigating the heating and cooling balance in GC. With
cutting-edge X-ray spectroscopy, imaging, and timing technologies, Athena will enable
high-resolution mapping of the thermodynamic properties of the ICM with excep-
tional precision, facilitating deeper exploration and understanding of the characteris-
tics of GC (Nandra K. et al., 2013). Moreover, the Athena instruments are designed
to perform with remarkable sensitivity and broad energy coverage, which will allow
the detection of faint X-ray lines and thus unlock a profound understanding of the
underlying properties and dynamics of GC (Lotti S. et al., 2021).

This study is motivated by the large number of high-resolution spectra that are
expected to be produced by Athena’s deep observations with an X-IFU detector. Ana-
lyzing all these spectra manually using current XSPEC analysis procedures would be
a very demanding and time-consuming task. In response to this challenge, machine
learning (ML) techniques have gained popularity in astrophysics for analyzing such
large datasets. The ability of ML algorithms to quickly and accurately identify trends
and patterns in complex data sets has made them an invaluable tool in various fields
(Belabbas M. A. and Wolfe P. J., 2021; Ntampaka M. et al., 2019; Rhea C. et al., 2021;
VanderPlas J. et al., 2012).



INTRODUCTION

In order to gain a better understanding of the thermodynamic state of GC, itis
crucial to identify thenumber of underlying components intheir spectra. In this the-
sis, weaim toadvance our understanding of thethermodynamic properties of galaxy
clusters by utilizing machine learning techniques to identify the multi-temperature
components present inspectra simulated for the Athena mission. Additionally these
techniques were investigated onsimulated spectra forthe Chandra and XRISM satel-

lites to compare their capabilities.

In Chapter 1, we outline the fundamental characteristics of galaxy clusters, high-
lighting thesignificance of their intracluster medium and X-ray emission indetermin-
ing their thermal structure. This Chapter also explores the theoretical background of
the heating and cooling processes in these clusters, as well as the challenges posed
by existing theories. Chapter 2 is dedicated to the observatories Chandra, XRISM and
Athena, their description, and technical specifications. The analysis techniques we used
for data handling are presented inChapter 3. Chapter 4 gives a detailed insight into
the methodology andourmodels, as well as their application to real observations
and comparison with the XSPEC platform. Finally, inChapters 5 and 6, weprovide
a summary of ourresearch, including the key takeaways anddirections for future

investigation.



