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A B S T R A K T 

K u p y galaxií j sou j edny z nejhmotnějších gravitačně vázaných s t ruktur ve vesmíru, 
které se skládají ze stovek až tisíců jednotlivých galaxií. S t u d i u m těchto masivních 
objektů může odhal i t p o z n a t k y o vývoji velkorozměrových struktur, povaze temné 
h m o t y nebo tepelných i netepelných procesech v mezigalaktickém prostředí. Pochope­
ní složitých fyzikálních procesů v kupách galaxií však vyžaduje p o d r o b n o u spek­
trální analýzu rentgenového záření, která je časově náročná a se současnými meto­
d a m i obtížně proveditelná. V této práci zkoumáme přístup strojového učení využí­
vající Analýzu hlavních komponent s Random Forest klasifikátorem k analýze víceteplot-
ních oblastí v kupách galaxií s využit ím dat z rentgenové observatoře Athéna, která 
poskytne tisíce spekter ke zpracování. 

Efekt iv i ta m e t o d y b y l a také testována na simulovaných a reálných datech rentgen­
ové observatoře C h a n d r a , p r o porovnání současných pozorovacích možností , a na 
simulovaných datech rentgenové zobrazovací a spektroskopické mise X R I S M , která 
má své zahájení naplánované m n o h e m dříve než mise Athéna a její parametry cílí k 
vyššímu spektrálnímu rozlišení než má observatoř C h a n d r a . Naším cílem je v y v i n o u t 
a p r o z k o u m a t méně výpočetně a časově náročnou m e t o d u zpracování dat, která by 
m o h l a být v b u d o u c n u implementována d o spektrální analýzy reálných pozorování 
jako první k r o k p r o nalezení žádoucích a zajímavých oblastí. 

A B S T R A C T 

G a l a x y clusters are the most massive gravi ta t ional ly b o u n d structures i n the universe, 
consist ing of h u n d r e d s to thousands of i n d i v i d u a l galaxies. S t u d y i n g these massive 
objects can reveal insights into the e v o l u t i o n of large-scale structures, the nature of 
dark matter, or the t h e r m a l a n d n o n - t h e r m a l processes i n the intra-cluster m e d i u m . 
However , u n d e r s t a n d i n g the c o m p l e x p h y s i c a l processes i n galaxy clusters requires 
detai led spectral analysis of the X - r a y emiss ion , w h i c h is t i m e - c o n s u m i n g a n d chal­
l e n g i n g to d o w i t h current methods . In this study, w e explore a machine l e a r n i n g 
approach based o n Principal Component Analysis w i t h Random Forest Classifier to an­
alyze the mult i - temperature regions i n galaxy clusters u s i n g data f r o m the A t h e n a 
X-ray observatory, w h i c h w i l l p r o v i d e thousands of spectra to process. 

The effectiveness of the m e t h o d was also tested o n s i m u l a t e d a n d real data f r o m the 
C h a n d r a X-ray Observatory to compare the current observat ional capabil i t ies a n d o n 
s imula ted data f r o m the u p c o m i n g X-ray I m a g i n g a n d Spectroscopy M i s s i o n X R I S M , 
w h i c h is scheduled to l a u n c h earlier than the A t h e n a m i s s i o n a n d w h o s e parameters 
a i m for h igher spectral reso lut ion than C h a n d r a . O u r a i m is to develop a n d s t u d y 
a less c o m p u t a t i o n a l l y a n d t i m e - c o n s u m i n g m e t h o d of process ing spectral data that 
c o u l d be i n the future i m p l e m e n t e d i n the spectral analysis of real observations as the 
first step to f i n d i n g des i red a n d interesting regions. 
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The universe is like a safe to which there is a combination, 
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I N T R O D U C T I O N 

The majori ty of baryonic matter i n galaxy clusters (GCs) exists i n the f o r m of hot gas 
emit t ing X-ray radia t ion . The o r i g i n of this emiss ion was p r o p o s e d o n l y recently a n d 
was i n i t i a l l y met w i t h skept i c i sm (Gorenstein R et a l . , 1973; G u r s k y H . et a l v 1971). 
First observations p r o v i n g this theory were done b y A r i e l V S k y Survey Exper iment , 
w h i c h discovered a b u m p i n the s p e c t r u m c o r r e s p o n d i n g to a n i r o n l ine a n d thus 
c o n f i r m e d that the X-ray e m i s s i o n originates f r o m t h e r m a l p l a s m a w i t h i n the cluster 
( M i t c h e l l R. J. et a l . , 1976). 

The c o n f i r m a t i o n of the o r i g i n of this emiss ion m a r k e d a signif icant b r e a k t h r o u g h i n 
our u n d e r s t a n d i n g of the intracluster m e d i u m ( I C M ) . The I C M is a d y n a m i c a n d c o m ­
plex envi ronment , a n d its propert ies are shaped b y var ious p h y s i c a l processes s u c h as 
heat ing, c o o l i n g , a n d turbulence (Bohringer H . et a l . , 2007; Fujita Y. et a l . , 2020). B y 
s t u d y i n g the heat ing a n d c o o l i n g balance of the I C M , w e can g a i n ins ight into the p r o ­
cesses that regulate its temperature, pressure, a n d entropy profi les . These propert ies 
can p r o v i d e us w i t h a deeper u n d e r s t a n d i n g of the f o r m a t i o n a n d e v o l u t i o n of G C s , 
as w e l l as the role of feedback f r o m active galactic n u c l e i , supernovae explos ions , or 
thermal c o n d u c t i o n i n s h a p i n g t h e m (Yang H . - Y . K . a n d R e y n o l d s C h . S., 2016). 

S ch edu led for l a u n c h i n the early 2030s, the Athena m i s s i o n promises to del iver u n ­
para l le led capabil i t ies for invest igat ing the heat ing a n d c o o l i n g balance i n G C . W i t h 
cutt ing-edge X-ray spectroscopy, i m a g i n g , a n d t i m i n g technologies, Athena w i l l enable 
h igh-reso lut ion m a p p i n g of the t h e r m o d y n a m i c propert ies of the I C M w i t h excep­
t ional prec i s ion , fac i l i tat ing deeper explora t ion a n d u n d e r s t a n d i n g of the characteris­
tics of G C ( N a n d r a K . et a l . , 2013). Moreover , the Athena instruments are des igned 
to p e r f o r m w i t h remarkable sensi t ivi ty a n d b r o a d energy coverage, w h i c h w i l l a l l o w 
the detect ion of faint X-ray l ines a n d thus u n l o c k a p r o f o u n d u n d e r s t a n d i n g of the 
u n d e r l y i n g propert ies a n d d y n a m i c s of G C (Lott i S. et a l . , 2021). 

This s t u d y is mot iva ted b y the large n u m b e r of h i g h - r e s o l u t i o n spectra that are 
expected to be p r o d u c e d b y Athena's deep observations w i t h a n X - I F U detector. A n a ­
l y z i n g a l l these spectra m a n u a l l y u s i n g current X S P E C analysis procedures w o u l d be 
a very d e m a n d i n g a n d t i m e - c o n s u m i n g task. In response to this challenge, machine 
l earn ing ( M L ) techniques have ga ined p o p u l a r i t y i n astrophysics for a n a l y z i n g such 
large datasets. The abi l i ty of M L a lgor i thms to q u i c k l y a n d accurately ident i fy trends 
a n d patterns i n c o m p l e x data sets has m a d e t h e m a n invaluable tool i n var ious f ields 
(Belabbas M . A . a n d Wol fe P. J., 2021; N t a m p a k a M . et a l . , 2019; Rhea C . et a l . , 2021; 
VanderPlas J. et a l . , 2012). 
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2 I N T R O D U C T I O N 

In order to g a i n a better u n d e r s t a n d i n g of the t h e r m o d y n a m i c state of G C , it is 
cruc ia l to ident i fy the n u m b e r of u n d e r l y i n g components i n their spectra. In this the­
sis, w e a i m to advance our u n d e r s t a n d i n g of the t h e r m o d y n a m i c propert ies of galaxy 
clusters by u t i l i z i n g machine l e a r n i n g techniques to ident i fy the mult i - temperature 
components present i n spectra s i m u l a t e d for the Athena m i s s i o n . A d d i t i o n a l l y these 
techniques were invest igated o n s i m u l a t e d spectra for the Chandra a n d XRISM satel­
lites to compare their capabil i t ies . 

In C h a p t e r 1, w e out l ine the f u n d a m e n t a l characteristics of galaxy clusters, h i g h ­
l i g h t i n g the significance of their intracluster m e d i u m a n d X-ray emiss ion i n d e t e r m i n ­
i n g their t h e r m a l structure. Th is Chapter also explores the theoretical b a c k g r o u n d of 
the heat ing a n d c o o l i n g processes i n these clusters, as w e l l as the challenges p o s e d 
by exist ing theories. C h a p t e r 2 is dedicated to the observatories Chandra, XRISM a n d 
Athena, their descr ipt ion , a n d technical specifications. The analysis techniques w e u s e d 
for data h a n d l i n g are presented i n Chapter 3. Chapter 4 gives a deta i led ins ight into 
the m e t h o d o l o g y a n d our models , as w e l l as their a p p l i c a t i o n to real observations 
a n d c o m p a r i s o n w i t h the X S P E C p l a t f o r m . F inal ly , i n Chapters 5 a n d 6, w e p r o v i d e 
a s u m m a r y of our research, i n c l u d i n g the key takeaways a n d direct ions for future 
invest igat ion. 


