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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. 



C L U S T E R S O F G A L A X I E S 

G a l a x y Clusters (GC) are massive, gravi ta t ional ly b o u n d structures that conta in h u n 
dreds to thousands of galaxies. The total mass of these objects goes f r o m 1 0 1 4 to above 
1 0 1 5 M 0 (Peterson J.R. a n d F a b i a n A . C . , 2006). To depict a f u l l image of the G C s , such 
as their mass d i s t r i b u t i o n or the i n f o r m a t i o n about a l l the obscured p h y s i c a l processes, 
the observat ional studies deve loped into b r o a d , m u l t i - w a v e l e n g t h f ields. O n e of the 
fields focuses o n the br ight X-ray emiss ion , w h i c h is a g o o d tracer of hot, intracluster 
p l a s m a t r a p p e d i n the G C s potent ia l w e l l a n d represents most of the baryonic matter 
i n the cluster (see F igure 1.1). The t r a p p e d gas has a temperature u p to several keV (~ 
m i l l i o n s of K e l v i n ) , thus m a k i n g G C s one of the most l u m i n o u s X-ray emitters i n the 
universe (Bohringer H . , 2002). 
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Figure 1.1: Observations of Abel l 1689 galaxy cluster obtained by Hubble Space Telescope (on 
the left) and the same image combined wi th X-ray observation from Chandra X-ray 
Observatory (on the right). Hot intracluster gas is represented by the purple color. 
Adapted from N A S A et al., 2022. 

E a r l y observations s h o w e d the hot intracluster m e d i u m ( ICM) at a t y p i c a l tempera
ture a r o u n d T ~ 10 8 K (Sarazin C . L . , 1986). The re lat ion between the cluster temper
ature a n d their total X-ray l u m i n o s i t y Lx i n the absence of gas coo l ing a n d heat ing 
emerging f r o m s imula t ions of cluster f o r m a t i o n is p r o p o r t i o n a l to T 2 . H o w e v e r , obser
vations a n d recent studies u s i n g methods to correct selection bias f o l l o w L - T relat ion 
Lx oc T 3 (Connor T. et a l . , 2014; E t tor i S. et a l . , 2004; G i l e s P. A . et a l . , 2016). N u m e r o u s 
possible scenarios were presented to e x p l a i n this d e v i a t i o n f r o m theoretical expecta
tions, i n c l u d i n g m a i n l y non-gravi ta t ional energy i n p u t , such as supernovae feedback, 
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4 C L U S T E R S OF G A L A X I E S 

pre-heat ing, t h e r m a l c o n d u c t i o n , or heat ing f r o m active galactic n u c l e i ( A G N ) . M o s t of 
these mechanisms were a n d st i l l are b e i n g invest igated (Fujita Y. et a l . , 2020; Jennings 
F. et a l . , 2022; U b e r t o s i F. et a l . , 2022). A l t h o u g h satellites have made signif icant efforts 
to collect data w i t h sufficient resolut ion, there is s t i l l a need for better data acquis i t ion 
capabil i t ies , par t i cu lar ly i n the softer energy b a n d , to enable a more t h o r o u g h analysis . 

W i t h current satellites, s u c h as the Chandra X-ray observatory, the temperature mea
surements a n d ident i f icat ion of mult i - temperature p l a s m a i n G C s are technical ly chal 
l eng ing . H o w e v e r , future X - r a y miss ions w i l l be able to p r o v i d e the necessary resolu
t ion a n d thus revolut ionize o u r u n d e r s t a n d i n g of the energy transfer into the I C M a n d 
the processes b e h i n d it (see Chapter 2). 

1.1 T H E I N T R A C L U S T E R M E D I U M 

The intracluster m e d i u m consists of hot, di f fuse , X - ray-emi t t ing p l a s m a representing 
approx imate ly 85% of the baryonic matter i n the cluster. The c o m p o s i t i o n of the I C M 
is m a i n l y i o n i z e d h y d r o g e n a n d h e l i u m . The m e d i u m is also enr iched w i t h heavier 
elements (Sparke L . S. S., 2007), w h o s e quant i ty rises towards the center of G C a long 
w i t h the X-ray brightness (see F igure 1.1). 

The diss ipat ive phys ics of baryons a n d detai led m o d e l i n g of the non-gravi ta t ional 
processes i n the core are the key requirements for the f u l l descr ip t ion of cluster for
m a t i o n (Kravtsov A . V. a n d B o r g a n i S., 2012), a n d this f ie ld s t i l l faces more o p e n 
questions regarding the energy transport between the cluster core a n d the I C M than 
answers. However , some p r o m i s i n g theories suggest that part of the energy m i g h t be 
transported by bubble-generated turbulence ( N o r m a n M . L . a n d B r y a n G . L . , 1999) 
or s o u n d waves ( R u s z k o w s k i M . a n d B e g e l m a n M . C , 2002). A d d i t i o n a l l y , the obser
vations of I C M revealed a c o m p l e x mul t i -phase structure w i t h i n several tens of kpc 
f r o m the cluster 's center (see F igure 1.2), conta in ing v o l u m e - f i l l i n g hot X-ray emi t t ing 
gas (> 10 8 K ) w i t h dense c o l d co-exist ing structures (> 10 4 K ) , poss ib ly f o r m e d b y 
local thermal instabil i t ies (Das H . K . et a l . , 2021; Y a n g H . - Y . K . a n d R e y n o l d s C h . S., 
2016). The existence of these c o l d gas c l o u d s is closely related to one of the biggest 
o p e n p r o b l e m s of cluster phys ics k n o w n as cooling flow problem, descr ibed i n deta i l i n 
Sect ion 1.4.3. 

O n large scales, the I C M p l a s m a can be descr ibed by m a g n e t o - h y d r o d y n a m i c ( M H D ) 
equations w h i l e a s s u m i n g a n o p t i c a l l y - t h i n p l a s m a i n co l l i s iona l e q u i l i b r i u m (more i n 
Sect ion 1.3). The equations can be s igni f icant ly s i m p l i f i e d for the case of u n m a g n e t i z e d 
single subsonic f l o w i n a steady state w i t h neglect ion of viscosity, resistivity, conduc
t ion terms, a n d a s s u m p t i o n of spher ica l symmetry . The first equat ion 1.1 is the mass 
conservat ion equat ion o u t l i n i n g the constant mass of the f l u i d as: 

V • (pv) = 0. (1.1) 



1.1 T H E I N T R A C L U S T E R M E D I U M 5 

Figure 1.2: Schematic illustration of gas clouds wi th different temperature distributions due to 
local cooling (represented by arrows) and heating flows. Adapted from Haghighi 
M . H . Z . et al. , 2019. 

The second equat ion 1.2 expresses m o m e n t u m conservat ion w i t h gravi tat ional c o m 
press ion t e r m o n the left side a n d t h e r m a l pressure t e r m o n the r ight side: 

The t h i r d equat ion 1.3 is the energy equat ion, w h e r e the left s ide describes the 
compress ion a n d energy of the p l a s m a , a n d the r ight s ide outl ines the energy loss due 
to radiat ive coo l ing w i t h the potent ia l interactions between other matter (cosmic rays, 
dust , d a r k matter) a n d s t u d i e d p l a s m a : 

The last, f o u r t h equat ion 1.4, sets the gravi tat ional f ie ld w i t h the cont r ibut ion of bo th 
the p l a s m a a n d d a r k matter: 

The i n d i v i d u a l variables descr ib ing the four M H D equations are the densi ty p, the 
f l u i d veloci ty v, the gravi tat ional potent ia l O , the temperature T express the energy 
per part ic le , the electron a n d h y d r o g e n n u m b e r densit ies ne, tin, the coo l ing func t ion 
A ( T , Z ) , the densi ty p a n d the d a r k matter densi ty PDM (Peterson J.R. a n d Fab ian 
A . C . , 2006). U n d e r s t a n d i n g these equations a n d their i m p l e m e n t a t i o n for more generic 
models is c ruc ia l for e x p l a i n i n g future observations w i t h more sensitive detectors. 

(i-3) 

(14) 
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1.2 X - R A Y E M I S S I O N 

T h o r o u g h observations a n d i m a g i n g of the heart of G C s revealed the presence of m a n y 
exci t ing features, such as cavities, l ine -emit t ing f i laments , a n d w e a k shocks. In theory, 
X-ray instruments c o u l d enable d i s t i n g u i s h i n g some of these n o n - t h e r m a l processes. 
H o w e v e r , i n practice, the detect ion of their s ignature X-rays is l i m i t e d b y the ins t ru
ment 's resolut ion, a n d most of their e m i s s i o n is overshadowed b y the d o m i n a n t ther
m a l I C M s ignal . Th is obscured f ie ld thus opens m a n y opportuni t ies for future X-ray 
miss ions , i n c l u d i n g the Athena a n d XRISM observatory. W i t h their n e w spectrome
ters, it w i l l be possible to detect the fine resonant scattering effect, n o n - e q u i l i b r i u m , 
n o n - t h e r m a l i o n i z a t i o n , or l ine emissions yet unseen. 

Three f u n d a m e n t a l emiss ion processes contribute to the r a d i a t i o n f r o m I C M : B r e m -
strahlung r a d i a t i o n (free-free emission) , recombinat ion (free-bound emission) , a n d de-
excitat ion ( b o u n d - b o u n d emission) . The first two processes p r o d u c e c o n t i n u u m r a d i 
at ion, a n d the f ina l process gives rise to l ine r a d i a t i o n (Fabian A . C . a n d Ross R. R., 
2010). The I C M ' s v e r y l o w p l a s m a densi ty a l lows for the occurrence of a l l ' f o r b i d 
d e n ' transitions. Consequent ly , to accurately m o d e l the spectral spec t rum of thermal 
p l a s m a , w e have to take into cons iderat ion a l l the ion-electron co l l i s iona l rates a long 
w i t h their b r a n c h i n g ratios (Bohringer H . a n d Werner N . , 2010). 

In the l o w - d e n s i t y I C M , the c o l l i s i o n rates between electrons a n d ions i n the thermal 
p l a s m a d e p e n d o n the temperature. The shape of the resul t ing spec t rum is dictated b y 
the temperature a n d chemica l c o m p o s i t i o n of the p l a s m a , w h i l e its n o r m a l i z a t i o n is 
direct ly p r o p o r t i o n a l to the densities of electrons a n d ions u n d e r the a s s u m p t i o n of a 
l o w p l a s m a densi ty l i m i t . 

1.2.1 Thermal Bremsstrahlung 

In the I C M of a galaxy cluster, the essential source of c o n t i n u u m e m i s s i o n a n d thus 
the most cruc ia l contr ibutor to the coo l ing m e c h a n i s m for high-temperature p l a s m a 
is the Bremstrahlung or free-free emission. R a d i a t i o n f r o m this process arises f r o m an 
acceleration of a charged part ic le i n the C o u l o m b f ie ld of another charged particle . 
P o w e r radiated b y a single particle P is g i v e n by L a r m o r ' s f o r m u l a first stated i n 1897 
( L a r m o r J., 1897): 

P = 3 ^ ' ( 1 ' 5 ) 

where e is the elementary charge, v its p r o p e r acceleration d e r i v e d f r o m C o u l o m b ' s 
l a w v = Ze11 (mex2), w h e r e Z is the ion 's charge, me is the mass of the lightest part ic le 
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(electron i n our case), x is the distance between the electron a n d the nucleus , a n d c is 
the speed of l ight (see F igure 1.4). The total energy emit ted i n the interact ion is: 

PAt = ^(-^L) 2 r , (1.6) 
3c 3 \mex2J y ' 

where r represents the c o l l i s i o n t ime def ined as r = b/v. Parameter b is the distance of 
the closest a p p r o a c h between the two interact ing particles, a n d v is the relative veloci ty 
at w h i c h the particles a p p r o a c h each other before the interaction. 

Figure 1.3: Schematic illustration of Bremsstrahlung produced by a deflection of a high-energy 
electron i n the Coulomb field of an atomic nucleus (own illustration). 

Since the emiss iv i ty is def ined as the energy emit ted per frequency v, v o l u m e V, 
a n d uni t t ime, the emiss iv i ty of free-free interact ion is def ined as: 

£ f f  = ^ { ^ t f ) Z2nenigff(Z,T,v)exp(-hv/kBT), (1.7) 

where k is the B o l t z m a n constant, T is the kinet ic temperature of electrons ne, rij 
are the electron a n d i o n n u m b e r densities, a n d g(AZ,T,v) is the G a u n t factor. This 
factor corrects for the q u a n t u m mechanica l effects, a n d its values for the intracluster 
p l a s m a can be f o u n d i n N o z a w a S. et a l . , 1998. The equat ion 1.7 indicates that the 
X-ray s p e c t r u m is near ly exponent ia l ly dependent o n the frequency, m e a n i n g that the 
emiss ion s h o u l d q u i c k l y fa l l off at h i g h frequencies, as is observed. 

1.2.2 Line emission 

A l t h o u g h current instruments for spectral analysis are k n o w n to have l i m i t e d reso
l u t i o n for detecting fine structures of spectral l ines, s ignif icant improvements were 



8 C L U S T E R S OF G A L A X I E S 

m a d e i n s t u d y i n g the intercluster m e d i u m ( I C M ) . These i n c l u d e the discovery of f u n 
damenta l elements i n the I C M ( M u s h o t z k y R. et a l v 1996), the absence of c o l d gas i n 
the cores of galaxy clusters observed b y XMM-Newton (PetersonJ. R. et a l . , 2001), a n d 
the recent detect ion of Fe-peak elements b y the micro-calor imeter o n b o a r d the Hitomi 
observatory ( H i t o m i C o l l a b o r a t i o n et a l v 2018a). 

In the energy range of 1 — 10 keV, w h e r e most of the r a d i a t i o n of a t y p i c a l G C 
is emit ted, the emiss ion l ines arise f r o m transit ions between the inner shel l states of 
heavy elements such as oxygen, neon , a n d i r o n . These transit ions can originate f r o m 
several processes, s u c h as i o n i z a t i o n , excitat ion, resonant scattering, a n d f o l l o w i n g 
radiat ive cascades (Bonamente M . et a l . , 2002). In the soft X-ray range, the Fe-L a n d 
F e - K l ines are par t i c u lar ly i m p o r t a n t d u e to their s trong e m i s s i o n a n d characteristic 
propert ies that can be e x a m i n e d ( L i n d t r o t h E . a n d Indelicato P., 1993). 

The Fe-L complex , w h i c h spans the energy range of 0.7 — 1.1 keV, is a m i x of m a n y 
l ines f r o m different charge states of i r o n . The ratios of Fe -L l ines to themselves a n d 
other l ines s u c h as the H - l i k e a n d H e - l i k e o x y g e n lines can be u s e d as diagnost ic tools 
for d e t e r m i n i n g the temperature a n d metal l ic i ty of the I C M (Werner N . a n d M e r n i e r F , 
2020). O n the other h a n d , the F e - K l ine at 6.7 keV is p r o d u c e d by transit ions between 
the K a n d L shells of i r o n a n d can p r o v i d e i n f o r m a t i o n about the i o n i z a t i o n state of 
the gas a n d the presence of a turbulence ( U r d a m p i l l e t a I. et a l . , 2019). 

i .0 

Oxygen (O) 

0.01 1 eV 10 eV 
Electron Temperature 7e 

lOkeV 

Figure 1.4: Example of ion fraction for Oxygen and Iron i n collisional ionization equilibrium 
as a function of temperature, where the different ionization states are represented 
by different colors. Adapted from Ezoe Y. et al., 2021 
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If the gas can be descr ibed as a single-temperature p l a s m a i n co l l i s iona l i o n i z a 
t ion e q u i l i b r i u m (see Sect ion 1.3), the temperature d e t e r m i n e d f r o m the m e n t i o n e d 
ratios s h o u l d match the temperature obta ined f r o m the c o n t i n u u m shape. A n y d e v i 
ations f r o m a single-temperature C I E p l a s m a m a y indicate the existence of a m u l t i -
temperature or n o n - e q u i l i b r i u m i o n i z a t i o n reg ion ( H i t o m i C o l l a b o r a t i o n et a l v 2018b). 

1.3 C O L L I S I O N A L I O N I Z A T I O N E Q U I L I B R I U M 

The X-ray e m i s s i o n f r o m i o n i z e d atoms can exhibit c o m p l e x behavior. However , w h e n 
it comes to p l a s m a o n larger scales s u c h as i n the G C s , several approx imat ions , collec
t ively k n o w n as the coronal approximation, can effectively capture its propert ies . These 
approx imat ions depict an image of o p t i c a l l y - t h i n p l a s m a i n co l l i s iona l e q u i l i b r i u m . 

The first estimate assumes that photons d o not interact w i t h ions or electrons, mak
i n g photo-exci tat ion a n d p h o t o - i o n i z a t i o n processes relat ively rare c o m p a r e d to c o l l i 
s ional processes. Th is statement is suitable for descr ib ing larger scales i n galaxy clus
ters, w h e r e r a d i a t i o n densities are very low. H o w e v e r , some strong e m i s s i o n l ines m a y 
st i l l exhibi t spectral a n d spat ia l distort ions due to resonant scattering. 

The second estimate assumes that a l l electrons are i n their g r o u n d state, w h i c h 
cannot be descr ibed u s i n g the c o m m o n l y u s e d B o l t z m a n n d i s t r i b u t i o n i n the local 
t h e r m o d y n a m i c e q u i l i b r i u m (LTE) a p p r o x i m a t i o n . However , this a p p r o x i m a t i o n o n l y 
h o l ds w h e n excitations dependent o n densi ty are less frequent than radiat ive decays 
at densities b e l o w < 1 0 1 0 c m ~ 3 . This c o n d i t i o n is met i n the I C M as b o t h the electron 
a n d r a d i a t i o n densit ies are < 1 0 _ 1 c m ~ 3 (Dekel A . a n d Ostr iker J.P., 1999). 

The f ina l a s s u m p t i o n is that the plasma 's age or c o o l i n g t ime (see section 1.4.2) 
s ignif icant ly exceeds the t ime scale of elastic col l is ions between particles. A s a result, 
the free particles w i l l eventual ly relax to a M a x w e l l i a n d i s t r i b u t i o n a r o u n d a single 
kinet ic temperature, k n o w n as the general kinet ic temperature. 

Despite their usefulness, these appr o x imat io n s l i m i t our abi l i ty to s t u d y obscured 
n o n - t h e r m a l processes, w h i c h are tangled i n the w e b of hot intracluster p l a s m a . 

1.4 S T A N D A R D C O O L I N G F L O W M O D E L 

The S tandard C o o l i n g F l o w M o d e l is a w i d e l y accepted theoretical m o d e l suggested 
to occur i n var ious environments , f r o m clusters of galaxies (Fabian A . C . et a l . , 2022) 
to accreting w h i t e d w a r f s i n b i n a r y systems ( G o l d m a n S. R. et a l . , 2022; M u n a r i U . et 
al . , 2022), w h e r e the coo l ing f l o w is present i n the mater ia l , w h i c h is sett l ing onto the 
surface f r o m the accretion d i s k a n d has to dissipate its rotat ional energy. The m o d e l 
was first p r o p o s e d b y F a b i a n i n 1984 (Fabian A . C . et a l . , 1984) a n d has since been 
ref ined a n d i m p r o v e d b y m a n y authors. 
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The m o d e l s impl i f ies the phys ics of general f lows based o n the a s s u m p t i o n that 
the gas is i n hydrostat ic e q u i l i b r i u m a n d is coo l ing d o m i n a n t l y t h r o u g h radiat ive p r o 
cesses, w h i c h i n G C s leads to a c o o l i n g f l o w that transports mass a n d energy f r o m 
the center of the cluster to the outer regions. The m o d e l also neglects any heat ing 
processes, w h i c h can transport thermal energy into c o l d gas c louds . 

1.4.1 Hydrostatic equilibrium 

H y d r o s t a t i c e q u i l i b r i u m is a n inseparable part of the S tandard C o o l i n g F l o w M o d e l . It 
is the state i n w h i c h the gravi tat ional forces act ing i n w a r d are balanced by the pressure 
of the hot gas p u s h i n g o u t w a r d , resul t ing i n a stable system. In spher ica l symmetry , 
the equat ion descr ib ing this balance is: 

dPgas . s G M ( r ) 

where ^ is the gradient of the gas pressure to the r a d i u s , p(r) is the gas densi ty as a 
f u n c t i o n of rad ius , G is the gravi tat ional constant, M ( r ) is the mass enclosed w i t h i n a 
rad ius r , a n d r is the distance f r o m the center of the cluster. 

1.4.2 Cooling rates 

The I C M is depic ted as a hot, i o n i z e d , dense env i ronment that emits photons m a i n l y i n 
the X - r a y b a n d . This leads to substantial energy losses a n d coo l ing (radiative cool ing) , 
par t i cu lar ly i n the central brightest X - r a y regions of the galaxy cluster. The s i m p l e 
est imat ion of I C M ' s suscept ibi l i ty to radiat ive c o o l i n g can be obta ined b y a n a l y z i n g 
the timescale, d u r i n g w h i c h the gas can cont inuous ly release energy at its present rate 
(Sanderson A . J. R. et a l . , 2006). The timescale for the I C M to dissipate a l l its energy 
t h r o u g h c o o l i n g is ca l led the ' c o o l i n g t ime ' . If the pressure i n the I C M is constant, the 
coo l ing t ime of a p l a s m a tcoo\ is d e t e r m i n e d as: 

= 3nkBT 
c o o l _ 2nineA(T,zy U ' 9 j 

where n is the part ic le n u m b e r density, kB is the B o l t z m a n n ' s constant, T is the gas 
temperature, n , a n d ne are the i o n a n d electron n u m b e r density, a n d A ( T , Z ) is the 
coo l ing f u n c t i o n dependent o n b o t h temperature T a n d metal l ic i ty Z . D e f i n e d coo l ing 
t ime can be interpreted as the thermal energy ^k^T d i v i d e d b y energy loss per u n i t 
v o l u m e . 

The gas i n the central part of G C s has a radiat ive c o o l i n g t ime a p p r o a c h i n g 5 x 10 8 

y r ( H a g h i g h i M . H . Z . et a l . , 2019), w h i c h is m u c h shorter than the age of the cluster 
itself. F r o m the v i e w of the s tandard c o o l i n g f l o w m o d e l , this indicates the presence of 
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cool ing flows. The c o o l i n g rate (mass d e p o s i t i o n rate w i t h i n the c o o l i n g flow model) 
i n the absence of heat ing M c o o i can be calculated f r o m the excess X - r a y l u m i n o s i t y L x 
as: 

2 um 

where ]im is the m e a n mass per particle a n d T is the gas temperature. T y p i c a l c o o l i n g 
rates are predic ted to range between 10 to 100 M 0 y r _ 1 , w h i c h w o u l d result i n strong 
spectral l ine e m i s s i o n i n the soft X-ray b a n d ( L i u H . , 2021). H o w e v e r , no evidence of 
such extreme c o o l i n g is evident f r o m the current h i g h - r e s o l u t i o n spectroscopy obser
vations (see Sect ion 1.4.3). 

1.4.3 Cooling flow problem 

The c o o l i n g flow p r o b l e m i n galaxy clusters is a long-s tanding issue i n astrophysics 
that refers to the discrepancy between the predic ted a n d observed a m o u n t of gas 
cool ing i n the center of clusters. Theoret ical models indicate that the gas located i n the 
central regions of galaxy clusters s h o u l d go t h r o u g h r a p i d c o o l i n g a n d condensat ion, 
resul t ing i n a h i g h star f o r m a t i o n rate i n this reg ion , w h i c h is not observed ( M c D o n a l d 
M . et a l . , 2013; M c N a m a r a B.R. a n d N u l s e n P.E.J., 2007; Werner G . R. et a l . , 2018). 
Observat ions also suggest that w h i l e the c o o l i n g flow m o d e l seems to agree w i t h 
the data at h igher temperature ranges, it falls short i n the soft X-ray b a n d . A t lower 
temperatures, the m o d e l captures Fe X V I I l ines that are not evident i n the observed 
data, (see F igure 1.5). 

M a t h e m a t i c a l l y the c o o l i n g flow p r o b l e m c o u l d be descr ibed b y a set of equations 
(continuity equat ion, m o m e n t u m equat ion, energy equat ion, radiat ive transfer equa
tion) that m o d e l the e v o l u t i o n of the I C M a n d take into account var ious p h y s i c a l 
processes s u c h as radiat ive c o o l i n g a n d heat ing (Voit G . M . , 2005). 

O n e p r o m i s i n g s o l u t i o n to the c o o l i n g flow p r o b l e m is a m e c h a n i s m that heats the 
gas i n cluster cores a n d prevents it f r o m coo l ing as q u i c k l y as expected. Therefore, 
the energy equat ion can be m o d i f i e d to i n c l u d e heat ing sources, w h i c h can p r o v i d e 
a d d i t i o n a l energy to the gas a n d counteract the coo l ing . A n o t h e r potent ia l s o l u t i o n to 
the c o o l i n g flow p r o b l e m c o u l d be p r o v i d e d b y n o n - t h e r m a l mechanisms i n the I C M . 
For example , magnetic f ields or cosmic rays c o u l d impact the detected X-ray radia t ion 
a n d d i m i n i s h the apparent c o o l i n g rates of the gas (Peterson J.R. a n d F a b i a n A . C , 
2006). 
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Figure 1.5: Spectra from Chandra satellite of M87 and NGC533 (blue line) fitted w i t h standard 
cooling flow model (green line), where the red line represents fit that allows the 
normalization of the cooling flow model to be adjusted for several temperatures. 
Adapted from Peterson J. R. et al., 2003 

1.4.4 Heating vs cooling 

The first t h o r o u g h o v e r v i e w of the temperature structure of the G C s was depic ted 
i n Pratt G . W . et a l . , 2007, w h i c h a n a l y z e d X-ray temperature prof i les of 15 nearby 
representative clusters (see F igure 1.6). 

These results a n d other observations of the cores of galaxy clusters have revealed 
their several u n d e r l y i n g X - r a y properties . A t s m a l l r a d i i , w e observe p r o f o u n d changes 
i n the temperature prof i les , w h i c h are specific for two types of observed clusters: cool 
core (CC) clusters w i t h h igh-dens i ty cores a n d decreasing temperatures towards the 
center, resul t ing i n short coo l ing t imes for the I C M ; a n d n o n - c o o l core ( N C C ) clusters, 
w i t h moderate densities (below 10~ 2 c m - 3 ) , flat temperature prof i les a n d longer cen
tral c o o l i n g times. A d d i t i o n a l l y , coo l core clusters s h o w a very br ight peak i n X-ray 
surface brightness. The C C cluster scenarios were f o u n d i n at least 50% of the ob
served G C s (Fabian A . C , 1994) a n d i m p l y the existence of c o o l i n g f lows. Since the 
s tandard c o o l i n g f l o w scenario does not represent w e l l the spectra i n the entire X-ray 
b a n d of the G C as we established earlier, recent research has focused o n f i n d i n g a suit
able m e c h a n i s m that w o u l d f i l l these m i s s i n g gaps i n our theories. H o w e v e r , before 
d e l v i n g into potent ia l solut ions , let us examine the issue more closely. 

The basic a s s u m p t i o n for the c o o l i n g f l o w m o d e l was that the X-ray photons come 
f r o m the t h e r m a l energy content of the I C M . If the gas at the center of clusters were not 
d i s t u r b e d or m i x e d w i t h the outer part of I C M , the gas w o u l d cool radiat ively. Thus 
a l l the energy that escapes f r o m the core is i n the f o r m of X-ray photons w h i c h w e 
detect (Sarazin, C . L . , 2007). A s the center of G C s loses e n o r m o u s amounts of energy, 
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Figure 1.6: Projected temperature profiles of 15 nearby GCs , normalized by a global tempera
ture of the cluster T*. Adapted from Pratt G . W. et al., 2007. 

the temperature of the at tending gas d r o p s , a n d the pressure w i l l decrease s i m u l t a 
neously concerning the state equat ion pV = nRT. The weight of the s u r r o u n d i n g gas 
w i l l compress the central coo l ing gas, a n d it w i l l start to fa l l t o w a r d the center of G C . 
The densi ty i n the core increases, caus ing the gas to heat u p a n d thus emit more X-ray 
photons c a r r y i n g away the core's energy, further c o o l i n g the center. If this scenario 
was correct a n d n o heat ing processes were present to balance the c o o l i n g , w e s h o u l d 
observe catastrophic c o o l i n g i n the central regions of G C . However , this extreme cool 
i n g a n d associated star f o r m a t i o n have not yet been observed, thus g i v i n g rise to the 
theoretical research of possible heat ing sources present i n the system (see for example , 
L e y F. et a l . , 2022; N a t h B. B. a n d R o y c h o w d h u r y S., 2002; Petrosian V. a n d East W . E. , 
2008). 

D u r i n g the early stages of hierarchica l structure f o r m a t i o n s imula t ions , the models 
considered o n l y the gravi tat ional effects, but soon it became clear that clusters d i d not 
f o l l o w these predic ted sel f -s imilar relations. Consequent ly , non-gravi ta t ional heat ing 
effects, s u c h as supernovae a n d A G N feedback, were necessary to be incorporated . 
Recent m o d e l s a n d observations suggest that the A G N is the most probable source of 
heat ing, capable of prevent ing the I C M ' s r u n a w a y c o o l i n g (refer to F igure 1.7). The 
feedback is p r o v i d e d t h r o u g h the accretion of i n f a l l i n g mater ia l onto a supermassive 
black hole ( S M B H ) , w h i c h self-regulates its fue l s u p p l y by either r a d i a t i o n pressure or 
mechanica l energy ( C a l z a d i l l a M . S. et a l . , 2022). 
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A l t h o u g h heat ing is cons idered a feasible a p p r o a c h to counterbalance c o o l i n g f lows, 
its effectiveness relies h e a v i l y o n precise adjustments. Excessive heat generat ion can 
disperse b o t h the dense gas cores a n d coo l ing f lows that have been observed. M o r e 
over, the presence of entropy prof i les that progress ively increase towards the cluster 's 
outer regions (refer to F igure 1.8) raises yet another quest ion: h o w can the heat ing 
sources operate w i t h o u t d i s r u p t i n g these entropy prof i les a n d , subsequently, caus ing 
heat d i s s ipa t ion t h r o u g h convect ion (Bohringer H . a n d Werner N , 2010). These dis 
coveries emphas ize the importance of d e l v i n g deeper into u n d e r s t a n d i n g h o w nature 
achieves s u c h a delicate balance, m a k i n g this a n exci t ing topic. 

1 . • 1 • 1 1 1 1 
1 0 - 2 10-1 1 0 0 1 Q I [ 0 2 1 0 3 

L 1 C M (</•„„,) (1042 erg S-') 

Figure 1.7: A G N heating expressed by the cavity power P c a v as a function of the X-ray luminos
ity i n the I C M within the cooling radius for a sample of 33 cluster central dominant 
galaxies. The radiative losses are balanced by A G N i n over half of the systems. 
Adapted from Rafferty D . A . et al., 2006. 
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Figure 1.8: Entropy profiles of 239 galaxy clusters. Adapted from Cavagnolo K . W. et al., 2009. 
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In this Chapter , we w i l l explore the capabil i t ies of Chandra, XRISM, a n d Athena obser
vatories for detect ing mult i - temperature gas as w e l l as their structure a n d technical 
characteristics. 

A l l m e n t i o n e d X-ray observatories u t i l i ze the Wolter-I type nested m i r r o r s , des igned 
to collect a n d focus X - r a y photons t h r o u g h g r a z i n g incidence reflection onto a detec
tor. The detectors e m p l o y e d i n these observatories are t y p i c a l l y fabricated u s i n g semi
conductors (Chandra) or, more recently, microcalor imeters (XRISM a n d Athena). They 
p r o v i d e i n f o r m a t i o n about the energy a n d intensity of the detected X-ray photons , 
a l l o w i n g us to g a i n a deeper u n d e r s t a n d i n g of the f u n d a m e n t a l propert ies of h i g h -
energy objects (more details i n Sect ion 2.1.1 a n d 2.2.1). The m i r r o r s themselves are 
arranged i n nested c y l i n d r i c a l shells, each w i t h a s l ight ly different rad ius of curvature 
to achieve the des i red g r a z i n g incidence angles. The m i r r o r d e s i g n enables efficient 
p h o t o n col lect ing a n d enables the satellites to detect faint a n d distant X-ray sources 
(see F igure 2.7). H o w e v e r , each observatory has different m i r r o r sizes, coat ing mater i 
als, a n d detector technology, resul t ing i n different capabil i t ies a n d scientific goals. 

Figure 2.1: Graphical illustration of Walter-I type nested mirror assembly (own illustration). 

W h i l e a l l three observatories share some elements, there are essential differences i n 
their designs a n d instruments that affect their performance . 

15 
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2.1 C H A N D R A X - R A Y O B S E R V A T O R Y 

The Chandra X - ray Observatory is a N A S A satellite that has p l a y e d a cruc ia l role i n our 
u n d e r s t a n d i n g of the high-energy universe. Its ab i l i ty to detect X-rays f r o m celestial 
objects w i t h relat ively g o o d reso lut ion a n d sensi t ivi ty has made it , i n the past years, 
an idea l tool for s t u d y i n g the hot gas that f i l ls G C s . 

Figure 2.2: Graphical illustration of Chandra X-ray observatory. Adapted from N A S A , 2022a. 

O n e of the key structure components enabl ing Chandra to focus a n d detect X-ray 
photons is the H i g h - R e s o l u t i o n M i r r o r A s s e m b l y ( H R M A ) , w h i c h consists of four pairs 
of nested mir rors that focus the X-rays onto detectors. The m i r r o r s are coated w i t h a 
t h i n i r i d i u m layer a n d can focus photons w i t h energies r a n g i n g f r o m 0.08 to 10 keV 
onto the focal p lane of Chandra's detectors (Weisskopf M . C . et a l . , 2000). 

2.1.1 ACIS 

For i m a g i n g a n d spectroscopic studies , Chandra is e q u i p p e d w i t h a n X-ray detector 
k n o w n as the A d v a n c e d C C D I m a g i n g Spectrometer (ACIS) . The detect ion of X-ray 
photons u s i n g the A C I S ins t rument is done t h r o u g h a set of ten C h a r g e - C o u p l e d D e 
vices ( C C D s ) . 

C C D s comprise a large array of i n d i v i d u a l p ixe ls , each conta in ing a photosensit ive 
mater ia l capable of convert ing X-ray photons into a n electrical charge that can be read 
out a n d processed to f o r m a n image. M o r e explic i t ly , w h e n a n X-ray p h o t o n strikes the 
photosensit ive mater ia l , it ionizes atoms w i t h i n the mater ia l , p r o d u c i n g free electrons 
that are then collected b y a potent ia l w e l l i n each p i x e l . The n u m b e r of electrons 
collected b y each p i x e l is p r o p o r t i o n a l to the intensity of the X - r a y r a d i a t i o n that the 
p i x e l was exposed to ( L i J. et a l . , 2004). A f t e r the electrons are collected, they are read 
out f r o m each p i x e l u s i n g a series of shift registers that transfer the charge f r o m one 
p i x e l to another. This process, k n o w n as charge-coupl ing , a l l o w s for the transfer of the 
charge f r o m the photosensit ive mater ia l to the readout electronics w i t h o u t the need of 
p h y s i c a l contacts or w i r e s (Garmire G . P. et a l . , 2003). 

10 m long 
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Since the C C D detector can effectively transfer charge, its noise i n the s ignal has an 
average value of a r o u n d 2 electrons (Burke B .E . et a l . , 1997), a n d the A C I S detector can 
achieve a moderate spectral reso lut ion of about 150 — 200 electron volts (eV) at 1 k e V 
( C X C , 2023). The C C D s also impact the spat ia l reso lut ion , w h i c h is l i m i t e d by their 
p h y s i c a l size (~ 0.429 arcsec). 

Figure 2.3: Illustration of A C I S focal plane (own illustration). 

Chandra's A C I S is c o m p o s e d of two detector arrays: A C I S - S (Spectroscopic) a n d 
A C I S - I (see F igure 2.7). A C I S - S contains more sensitive b a c k - i l l u m i n a t e d C C D s , a n d 
due to its smal ler f ie ld of v i e w (8.3x8.3 arcmin) b u t better energy resolut ion, it is 
o p t i m i z e d for spectroscopic observations. O n the other h a n d , A C I S - I has o n l y front-
i l l u m i n a t e d chips a n d w i t h a c o m b i n a t i o n of its more extensive f ie ld of v i e w (16.9x16.9 
arcmin) it is o p t i m i z e d for i m a g i n g observations (Chartas G . et a l . , 1998). 

2.2 X - R A Y I M A G I N G A N D S P E C T R O S C O P Y M I S S I O N ( X R I S M ) 

The X - R a y I m a g i n g a n d Spectroscopy M i s s i o n (XRISM) is one of the latest a d d i t i o n 
to the fleet of X-ray observatories des igned to s t u d y the high-energy universe u n d e r 
J A X A - N A S A col laborat ion a n d is p l a n n e d to l a u n c h i n s p r i n g 2023. A s a successor to 
the H i t o m i satellite, w h i c h suffered an unfortunate m a l f u n c t i o n short ly after l aunch , 
XRISM a ims to continue the s t u d y of h igh-energy astrophysical p h e n o m e n a (Ishisaki 
Y. et a l . , 2018). 

S i m i l a r l y to the Chandra X - ray Observatory, XRISMs m i r r o r s are arranged i n a Wolter 
Type-I conf igura t ion cal led X - r a y M i r r o r A s s e m b l y ( X M A ) . The X M A consists of 203 
nested shells coated w i t h a t h i n layer of g o l d , w i t h a m a x i m a l diameter of 45 c m 
( J A X A , 2018). The angular reso lut ion attained by XRISM is 17 arcseconds, w h i c h is 
substantial ly worse than the 0.5 arcsecond reso lut ion achieved by Chandra. The m i s s i o n 
is e q u i p p e d w i t h a soft X-ray spectrometer Resolve (see 2.2.1) a n d a soft X-ray imager 
Xtend. E a c h ins t rument has its o w n X M A w i t h a focal length of 5.6 m (Tashiro M . et a l . , 
2020). 
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X M A 

Anti-sun 
radiator panel 

Figure 2.4: Graphical illustration X-Ray Imaging and Spectroscopy Mission. Adapted from 

2.2.1 Resolve 

The Reflect ion G r a t i n g Spectrometer (Resolve) is one of the two p r i m a r y detectors o n 
b o a r d XRISM. The instrument consists of an array of 6x6 microcalor imeters , each w i t h 
4x4 c m i n size ( X R I S M Science Team, 2020). O n e microcalor imeter comprises more 
than 128 transi t ion edge sensor (TES) pixe ls made of a s u p e r c o n d u c t i n g t h i n f i l m , 
w h i c h are connected to a readout circuitry. The T E S pixe ls are des igned to detect X -
ray photons by conver t ing their energy into heat, w h i c h is then measured by a h i g h l y 
sensitive thermometer (see F igure 2.5). 

Figure 2.5: Illustration of TES microcalorimeters working principles (own illustration). 

M o r e specifically, the temperature rise, caused b y i n c o m i n g photons , causes a change 
i n resistance o n T E S , w h i c h is m o n i t o r e d b y a q u a n t u m interference device (SQUID) . 
To ensure that the T E S pixe ls r e m a i n i n their s u p e r c o n d u c t i n g state, a n d thus m a i n 
ta in their eV level energy resolut ion, the detector is cooled to a temperature close 
to an absolute zero (around 50 m K ) ins ide a d e w a r w i t h a c o m p l e x c o o l i n g system 
(Ezoe Y. et a l . , 2020). The coo l ing system can use two methods to achieve the f ina l 
operat ional temperature, the l i q u i d h e l i u m a n d a d d i t i o n a l J o u l e - T h o m s o n coolers. To 
prevent the m i s s i o n fa i lure due to the loss of l i q u i d h e l i u m , the c o o l i n g system was 
des igned w i t h a n secondary uni t of adiabatic demagnet iza t ion refrigerator that c o u l d 

N A S A , 2022b. 

JT Thermal link 
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use a J o u l e - T h o m s o n cooler as a heat s ink to m a i n t a i n c o o l i n g even after the l i q u i d 
h e l i u m is depleted (Sato K . et a l v 2023). 

Focused X-ray photons 

Figure 2.6: Cooling chamber for XRISM mission (own illustration). 

This architecture w i l l a l l o w XRISM to surpass Chandra satellite i n b o t h sensi t ivi ty 
a n d reso lut ion (see Table 1) a n d enable us to address f u n d a m e n t a l questions i n astro
physics . 

2.3 A D V A N C E D T E L E S C O P E F O R H I G H - E N E R G Y A S T R O P H Y S I C S ( A T H E N A ) 

The Athena X - r a y Observatory is a next-generation space observatory deve loped by 
the E u r o p e a n Space A g e n c y (ESA) des igned to s t u d y the hot a n d energetic universe 
w i t h unprecedented sensi t ivi ty a n d spectral resolut ion. S i m i l a r to Chandra a n d XRISM 
miss ions , the Athena is e q u i p p e d w i t h a segmented Wolter-I conf igurat ion m i r r o r as
sembly w i t h a n effective area of near ly 2 m 2 . 

Figure 2.7: Graphical illustration of Athena Mission (own illustration). 
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Scheduled for l a u n c h i n the early 2030s, Athena w i l l be the largest X-ray observatory 
ever b u i l t , w i t h a col lect ing area five t imes larger than its predecessor, the Chandra 
X-ray Observatory. 

A t the heart of Athena's science capabil i t ies is the X-ray Integral F i e l d U n i t (X- IFU) , 
an advanced cryogenic i m a g i n g spectrometer that offers h i g h - r e s o l u t i o n spectroscopy 
over a w i d e range of energies, f r o m 0.2 to 12 keV (see Sect ion 2.3.1). The second i m 
portant ins t rument that the m i s s i o n carries o n b o a r d is the W i d e F i e l d Imager (WFI), 
w h i c h p r o v i d e s a v i e w of the sky w i t h a n angular reso lut ion of 5 arcseconds ( N a n d r a 
K . et a l . , 2013). 

2.3.1 X-IFU 

The X-ray Integral F i e l d U n i t (X-IFU) is a n X - r a y spectrometer that w i l l be p l a c e d o n 
b o a r d the Athena observatory. L i k e Resolve detector, the X - I F U is based o n a Transi t ion 
E d g e Sensor (TES) technology, w h i c h involves u s i n g a s u p e r c o n d u c t i n g mater ia l to 
detect s m a l l temperature changes caused b y i n c o m i n g X-rays (see Section 2.2.1). H o w 
ever, the X - I F U detector has a m u c h larger array of T E S pixe ls (2376 pixels) , a l l o w i n g 
for m u c h h igher spat ia l resolut ion. The detector is stored i n a c o o l i n g chamber (see 
F igure 2.6), w h i c h keeps it at a temperature of 55 m K (Castel lani F. et a l . , 2022). M o r e 
over, the X - I F U is des igned to have a w i d e r energy range, cover ing X-rays f r o m 0.2 keV 
to 12 keV. 

O n e of the m a i n advantages of the X - I F U is its h i g h energy resolut ion, w h i c h is 
current ly est imated to be 2.5 eV at 7 k e V (Gottardi L . a n d S m i t h S., 2022). Its h i g h 
reso lut ion w i t h a w i d e f i e ld of v i e w a l l o w s for s imul taneous observat ion of m u l t i p l e 
sources a n d better ident i f icat ion of X-ray e m i s s i o n l ines. These capabil i t ies make X - I F U 
a p o w e r f u l too l , that c o u l d be used for deta i led studies of the p h y s i c a l processes tak ing 
place i n the hot universe , i n c l u d i n g the d y n a m i c s of galaxy clusters, the feedback of 
supermassive b lack holes, a n d the f o r m a t i o n a n d e v o l u t i o n of galaxies. 

Specif icat ion C h a n d r a X R I S M A t h e n a 

E n e r g y range [keV] 0.2 - 10 0.3 - 12 0.2 - 12 

E n e r g y reso lut ion @ l k e V [eV] 140 5 2.5 

A n g u l a r reso lut ion [arcsec] 0.5 17 5 

F i e l d of v i e w [arcmin] 60 3 40 

Effective area @ l k e V [cm 2 ] 120 160 2000 

Foca l length [m] 10 5.6 12 

Table 1: Selected specifications for satellites introduced i n the Chapter 2. Adapted from C X C , 
2023; Gottardi L. and Smith S., 2022; Ishisaki Y. et al., 2022; N A S A , 2022b; Sato K. et al., 
2023 
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3.1 M A C H I N E L E A R N I N G A P P R O A C H 

The p o w e r of machine l e a r n i n g ( M L ) i n spectral analysis has been p r o v e n i n m u l t i 
ple studies (Belabbas M . A . a n d Wolfe P. J., 2021; K e r b y S. et a l v 2021; N t a m p a k a M . 
et a l v 2019; V a n d e r P l a s J. et a l . , 2012). However , the most relevant s t u d y to this w o r k 
was presented by Carter Rhea , w h o invest igated hot intracluster m e d i u m s u r r o u n d 
i n g the center of galaxy clusters u s i n g Principal component analysis (see Sect ion 3.1.1), 
c o m m o n l y used i n the spectral analysis for d i m e n s i o n a l i t y r e d u c t i o n of the data, a n d 
then the Random forest classifier (see Sect ion 3.1.2) used for categor iz ing the n u m b e r of 
u n d e r l y i n g components (Rhea C . et a l . , 2020). Since the results of his s t u d y d e m o n 
strated a very reliable a n d efficient estimate of mult i - temperature p l a s m a i n G C , w e 
w i l l a p p l y a s i m i l a r M L technique to our data as w e l l . 

3.1.1 Principal Component Analysis 

P r i n c i p a l C o m p o n e n t A n a l y s i s ( P C A ) is a s tandard data r e d u c t i o n too l i n m o d e r n data 
analysis that extracts relevant i n f o r m a t i o n f r o m complex , confus ing datasets. The tech
nique u n f o l d s compl i ca ted relations between variables into their p r i m a r y components . 
In other w o r d s , the P C A reduces the n u m b e r of d i m e n s i o n s a n d reveals obscured s i m 
p l i f i e d structures that often under l ie the data (Bro R. a n d S m i l d e A . K . , 2014). In more 
detai l , P C A rotates the o r i g i n a l data to a new, o r t h o n o r m a l basis i n w h i c h the projec
t ion of data, w i t h m a x i m i z e d variance, is i n c l u d e d i n the first p r i n c i p a l component 
(the first coordinate) , the data, w i t h the second most s ignif icant variance, is i n c l u d e d 
i n the second p r i n c i p a l component , a n d so o n (see f igure 3.1). Th is m e t h o d is closely 
related to the mult ivar ia te statistical technique S ingular Value D e c o m p o s i t i o n (SVD) , 
w h i c h calculates values of eigenvectors (Shlens J., 2014). 

Mathemat ica l ly , P C A transforms the correlated data f r o m its o r i g i n a l basis of v a r i 
ables to a base w h e r e the data isn't correlated. F o l l o w i n g the w o r k of M u r t a g h F. a n d 
H e c k A . , 1987, w e out l ine this tool . Let us consider a spec t rum represented as an 
M - d i m e n s i o n a l vector, X , a n d a dataset c o m p o s e d of N of these i n d i v i d u a l spectra. 
The first p r i n c i p a l component Xo represents the d i rec t ion of m a x i m u m variance i n 
M - d i m e n s i o n a l vector space, S, generated by the spectra. In general notat ion, the z'-fh 
component , f r o m the total of M p r i n c i p a l components i n the p e r p e n d i c u l a r subspace, 
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Component 1 

Component 2 

Component 3 

Figure 3.1: Graphical illustration of P C A i n 3D vector space. Adapted from Barnett R. M . , 2017. 

is i n the d i rec t ion of the z-th highest variance. The correspond ing equations descr ib ing 
the spectra are, therefore: 

2 N 
(ri) = üLrij' (3-i) 

i=i 

X y = r« - (r,-), (3-2) 

where r,y are the i n i t i a l spectra measurements , i n c l u d i n g the spectrum's n u m b e r rep
resented b y i a n d the wavelength b i n represented b y j. The covariance matr ix w i l l be 
then constructed as: 

1 N 
Cjk ~ ft E XijXjk> 

where M > i,j > 1. The first p r i n c i p a l component is then def ined as: 

Ce[ = Mel, 

(3-3) 

(34) 

where e[ is the first eigenvector a n d A i is the first eigenvalue. Since o u r w o r k focuses 
o n e m i s s i o n spectra f r o m I C M , the equations above can be rewri t ten a n d descr ibed i n 
terms of spectra: 

N 

;'=i 
(3-5) 

where %{ corresponds to a g i v e n spec t rum, fi represents the m e a n spec t rum evaluated 
f r o m the w h o l e dataset, a n d a^Vi are the d e c o m p o s e d eigenspectra (Yip C . W . et a l . , 
2004). 
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3.1.2 Random Forest classifier 

The R a n d o m Forest (RF) classifier, i n t r o d u c e d b y L e o B r e i m a n i n 2001, is a n ensemble 
a l g o r i t h m that b u i l d s u p o n a f u n d a m e n t a l set of uncorrelated dec i s ion trees (Breiman 
L . , 2001). The m e t h o d extends the concept of dec i s ion trees b y generat ing a n ensemble 
of dec i s ion trees w o r k i n g together to make predic t ions (see Figure 3.2). The R F e m 
ploys a seemingly counter- intui t ive strategy that ensures the divergence of i n d i v i d u a l 
trees w i t h i n the forest. It achieves this t h r o u g h two dist inct steps (Yi Z . a n d P a n J., 
2010). 

In the first step, each dec i s ion tree is constructed u s i n g different bootstrap samples 
of the o r i g i n a l dataset. B y generat ing these boots t rapped samples , R F introduces diver
sity into the ensemble, enabl ing each tree to capture u n i q u e patterns a n d i n f o r m a t i o n 
f r o m the data. In the second step, at each node of every tree, the a l g o r i t h m r a n d o m l y 
selects a subset of predictors f r o m the available features. Th is subset of predictors is 
again r a n d o m l y chosen for each tree, a n d the spl i t is d e t e r m i n e d based o n the best 
fit of selected variables (see F igure 3.2). This r a n d o m selection of predictors further 
enhances the divers i ty of the trees w i t h i n the forest, s u p p o r t i n g its robustness a n d 
r e d u c i n g the r isk of overf i t t ing (Hastie T. et a l . , 2009). 

The process v i a w h i c h the R F m o d e l learns its parameters is k n o w n as training. D u r 
i n g t ra in ing , each tree i n the ensemble i n d e p e n d e n t l y learns f r o m the data, a n d their 
decisions are then integrated to f o r m the f ina l pred ic t ion . B y c o m b i n i n g the predic 
tions of m u l t i p l e trees, the R F classifier can effectively h a n d l e c o m p l e x patterns a n d 
capture the u n d e r l y i n g relat ionships w i t h i n the data (Belgiu M . a n d Dragut; L . , 2016). 

Dataset 

Class A Class B Class A Class A 

- f Predictions 
Major i ty voting 

F i n a l prediction 

Figure 3.2: Simplified working principle of RF classifier (own illustration). 

R F s are one of the most p o p u l a r machine l e a r n i n g techniques available due to their 
advantages, s u c h as speed, s i m p l i c i t y of i m p l e m e n t a t i o n , a n d robustness to overf i t t ing. 
O n the other h a n d , the m e c h a n i s m is extremely c o m p l e x a n d comprises several d r i v i n g 
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forces, m a k i n g the result a l l the more di f f icul t to interpret (Biau G . , 2012; L i a w A . a n d 
Wiener M . , 2001). 

Despite its l imitat ions , the R F classifier w i t h the c o m b i n a t i o n of P C A has s h o w n 
to be a valuable tool for classif ication prob lems , d i s p l a y i n g outs tanding accuracy a n d 
robustness i n var ious scientific d o m a i n s . B y harness ing the collective d e c i s i o n - m a k i n g 
p o w e r of m u l t i p l e trees a n d leveraging the insights f r o m P C A , the R F classifier w i t h 
P C A offers a comprehensive a p p r o a c h to s o l v i n g c o m p l e x classif ication tasks. 

3.2 X S P E C M O D E L S 

The X S P E C software package is w i d e l y used i n X - r a y as t ronomy for m o d e l l i n g a n d fit
t ing the spectra of astrophysical sources a n d w a s deve loped b y K e i t h A r n a u d at N A S A 
G o d d a r d Space F l ight Center ( A r n a u d K . A . , 1996). The p l a t f o r m offers an extensive 
l i b r a r y of spectral m o d e l s that can mathemat ica l ly describe X-ray emissions f r o m dif 
ferent p h y s i c a l processes. These m o d e l s can be c o m b i n e d to b u i l d a n d investigate the 
p h y s i c a l propert ies of any requi red sources i n deta i l ( A r n a u d K . A . , 1996-2021). 

To s t u d y mult i - temperature gas i n G C s , the most relevant models for synthetic spec
tra are P H A B S , w h i c h represents the absorpt ion of X-rays b y neutra l h y d r o g e n , a n d 
A P E C , w h i c h represents the t h e r m a l e m i s s i o n f r o m diffuse hot gas. The phys ics b e h i n d 
these X S P E C m o d e l s w i l l be discussed i n the f o l l o w i n g section. 

3.2.1 PHABS model 

The P H A B S m o d e l i n X S P E C is a photoelectric absorpt ion m o d e l that calculates the 
absorpt ion of X-ray photons b y interstellar gas or dust (Wi lms J. et a l . , 2000). The m o d e l 
is based o n the cross-sections for photoelectric absorpt ion , calculated f r o m the atomic 
cross-sections a n d energy levels of the absorbing atoms a n d ions. It assumes that the 
absorbing mater ia l is f u l l y i o n i z e d a n d can be descr ibed b y o n l y one parameter: the 
h y d r o g e n c o l u m n density, w h i c h describes the total n u m b e r of h y d r o g e n atoms a long 
the l ine of sight to the X-ray source a n d is a measure of the a m o u n t of mater ia l capable 
of absorbing X-ray photons . The equat ion expressing this m o d e l is: 

M ( E ) = exp[-NH<r(E)\, (3.6) 

where NH is the h y d r o g e n c o l u m n densi ty i n units of 1 0 2 2 c m ~ 2 a n d c ( E ) is the ab
s o r p t i o n cross-section of neutra l h y d r o g e n as a f u n c t i o n of p h o t o n energy (Balucinska-
C h u r c h M . a n d M c C a m m o n D . , 1992). 
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3.2.2 APEC model 

The A P E C (As t rophys ica l P l a s m a E m i s s i o n Code) m o d e l i n X S P E C is based o n the 
a s s u m p t i o n that the X-ray emi t t ing dif fuse gas is i n i o n i z a t i o n e q u i l i b r i u m (Brickhouse 
N . S. a n d S m i t h R. K . , 2005). The m o d e l calculates the X-ray s p e c t r u m emit ted by the 
p l a s m a as a f u n c t i o n of temperature a n d elemental abundances f r o m the AtomDB 
atomic database (Foster A . a n d S m i t h R. K . , 2017). 

The m o d e l is characterized b y several parameters: temperature k^T, abundance Z 
cosmologica l redshif t z , a n d n o r m a l i z a t i o n N, w h i c h is g i v e n as 

1 ( T 1 4 f 
N = A r r w i 1 M 7 / nenndV, (3.7) 4 T T [ D A ( 1 + Z ) ] 2 

where D A is the angular diameter distance to the source i n c m , ne a n d TTH are the 
electron a n d h y d r o g e n densities i n c m ~ 3 , a n d V is the v o l u m e of the emi t t ing region 
i n c m 3 . The m o d e l assumes that the p l a s m a is opt ica l ly t h i n so that a l l the radia t ion 
escapes f r o m the emi t t ing reg ion (Heuer K . et a l . , 2021). The X - r a y emiss iv i ty A , ( E , T) 
of an i o n i is calculated as 

A , ( E , T ) = ^-hViAiijk(EfT)f (3.8) 

Aijk(E,T) = ( 2 . 3 0 x 1 0 - 6 ) ^ C ; 1 ( ), (3.9) 
gk ' V Ei 

where n , is the n u m b e r densi ty of the i o n i , hvj is the energy of the emit ted p h o t o n , 
A j ( E , T) is the Einstein 's A coefficient for the transi t ion between levels j a n d k of i o n i, 
where gj a n d g^ are the statistical weights , C,^ is t ransi t ion probab i l i ty coefficient a n d 
E, is the ion 's i o n i z a t i o n energy. The n u m b e r densi ty of the i o n i is g i v e n b y the Saha 
equat ion 

ni+i ne {2nmekvT\3/2 ( E{ \ 

where me is the electron mass, k^ is the B o l t z m a n n constant, T is the temperature, h is 
the P l a n c k constant, a n d E, is the i o n i z a t i o n potent ia l of the i o n i (Peacock J. A . , 1999). 

The total X-ray emiss iv i ty of the i o n i is then calculated by s u m m i n g over a l l possible 
transitions, whereas the p o p u l a t i o n of level j to the level k is g i v e n by the B o l t z m a n n 
d is t r ibut ion 

/ , l ( E , T ) = | e x p ( ^ ) , ( 3 . » ) 

where E ^ is the energy difference between levels j a n d k. The A t o m D B database p r o 
v ides the necessary atomic data for the A P E C m o d e l calculat ions, i n c l u d i n g energy 
levels, t ransi t ion probabi l i t ies , a n d co l l i s iona l excitat ion a n d i o n i z a t i o n rates (Brick-
house N . S. et a l . , 2000). 
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In this chapter, w e w i l l in troduce the procedures , process ing, a n d results of our s t u d y 
that focuses o n a machine l e a r n i n g a p p r o a c h to analyze mult i - temperature regions 
i n the I C M a n d the capabil i t ies of the selected miss ions (Athena, XRISM, Chandra) to 
recognize different temperature components i n the X-ray spec t rum. O u r focus w i l l be 
directed towards the hot gas i n the V i r g o a n d Perseus clusters, w h i c h are a m o n g the 
first p r o p o s e d targets for the Athena observatory. 

4.1 D A T A S I M U L A T I O N 

Since the n u m b e r of u n d e r l y i n g temperature components i n these clusters is u n k n o w n , 
a n d Chandra does not p r o v i d e sufficient reso lut ion of real observations to ident i fy 
them accurately, w i t h the fact that Athena a n d XRISM have not yet been launched , w e 
s imula ted sets of synthetic spectra for each cluster w i t h des i red parameters a n d t ra ined 
our models o n these datasets. This a p p r o a c h enables us to explore the observatories ' 
sensit ivity i n the soft X-ray bands i n a more contro l led a n d precise manner. 

4.1.1 Synthetic spectra 

The synthetic spectra were constructed u s i n g C I A O ' s m o d e l l i n g a n d f i t t ing package 
Sherpa ( C X C , 2022b) w i t h fake_pha tool . To p r o d u c e m o c k spectra, the tool takes a 
response matr ix file ( R M F ) a n d a n anc i l lary response file ( A R F ) representing the de
tectors' propert ies o n b o a r d s t u d i e d miss ions . These files are consistently u p d a t e d as 
the detectors' performances are steadi ly d e g r a d i n g (case of Chandra) or are s t i l l i n 
development (case of XRISM a n d Athena). 

For consistency between a l l three satellites, w e selected response files that were 
cal ibrated on-axes of the telescopes, a n d to m a x i m i z e the spectroscopic capabil i t ies 
for Chandra, w e selected response files for the A C I S - S detector, w h i l e for XRISM a n d 
Athena, w e e m p l o y e d the response files for the Resolve a n d X - I F U detectors, acquired 
f r o m C X C , 2022a; J A X A , 2022; X - I F U , 2020 (see F igure 4.1). W h e n s i m u l a t i n g the spec
tra, w e used the w h o l e range of energies that are covered b y i n d i v i d u a l files. However , 
i n order to ensure consistency a m o n g the satellites, w e established a m a x i m u m energy 
range of 4 k e V for a l l observatories d u r i n g the t r a i n i n g process. A d d i t i o n a l l y , for the 
C h a n d r a satellite, w e i n t r o d u c e d a m i n i m u m l i m i t of 0.5 keV (see Sect ion 4.2.2). 

27 
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For each m o d e l (described i n section 4.2), w e generated 10,000 single-temperature 
component spectra for the V i r g o Clus ter i n the energy range of 1 — 4 keV a n d for 
the Perseus Clus ter i n the range of 2 — 5 keV. In a d d i t i o n , w e generated 10,000 two-
temperature component spectra for each m o d e l , w i t h the first t h e r m a l component cov
er ing the same energy range as the s ingle-temperature spectra, w h i l e the second ther
m a l component for the V i r g o Clus ter ranged f r o m 0.5 — 0.75 k e V a n d for the Perseus 
Clus ter ranged f r o m 0.6 — 0.85 keV. E a c h temperature was r a n d o m l y s a m p l e d f r o m a 
u n i f o r m d i s t r i b u t i o n (see F igure 4.2). 
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Figure 4.1: Selected on-axis A R F (upper) and R M F files (lower) for observatories i n this study. 

The parameter values of the p r i m a r y t h e r m a l component were selected b y d r a w i n g 
u p o n the f i n d i n g s of m u l t i p l e studies invest igat ing the temperature characteristics of 
the clusters (such as Ichinohe Y. et a l . , 2019; Y o u n g A . J. et a l . , 2002), w h i l e the temper
ature range for the second component was d e r i v e d f r o m more deta i led examinat ions 
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of i n t r i g u i n g f i laments w i t h i n these cluster cores (Sanders J. S. a n d F a b i a n A . C , 2007; 
Simionescu A . et a l . , 2017). It is impor tant to note that these values d o not cover the 
complete s p e c t r u m of temperatures observed i n the clusters i n the past years. However , 
to investigate the characteristics of satellites to their utmost l i m i t s , these parameters 
were del iberately selected. 

Normalization 

Selecting an o p t i m a l n o r m a l i z a t i o n range for our clusters is c ruc ia l as it greatly i n f l u 
ences the count statistics w i t h i n the resul t ing spec t rum a n d impacts its signal-to-noise 
ratio (SNR) . In this regard, the p r i m a r y component ' s n o r m a l i z a t i o n N for the two 
chosen clusters was d e r i v e d u s i n g E q u a t i o n 3.7. The respective densi ty prof i les were 
adopted f r o m F a b i a n A . C . et a l . , 1981; K a r t u n - G i l e s A . et a l . , 2018; Plšek T. et a l . , 
2022; Taylor G . B. et a l . , 2006. In the calculat ions w e assume the redshift a n d h y d r o g e n 
c o l u m n densi ty of V i r g o cluster z y = 0 . 0 0 4 , n^v = 0 . 2 x 1 0 2 1 c m ~ 2 , the redshift a n d 
h y d r o g e n c o l u m n densi ty of Perseus cluster zp = 0 . 0 2 , n^p = 1 .4 x 1 0 2 1 c m ~ 2 a n d the 
s tandard A C D M m o d e l w i t h parameters H0 = 7 0 k m s _ 1 M p c - 1 , Cim = 0 .3 , Q A = 0 . 7 . 

The d e r i v e d n o r m a l i z a t i o n values for b o t h of the clusters v a r y between 1 0 ~ 3 a n d 
1 0 ~ 5 . Consequent ly , the n o r m a l i z a t i o n of the p r i m a r y temperature component was 
adjusted accordingly, w h i l e the secondary component n o r m a l i z a t i o n s were selectively 
set for each m o d e l . This strategic a p p r o a c h enabled us to careful ly a n d effectively 
explore the satellite's abi l i ty to discr iminate the mult i - temperature regions. In order to 
m i n i m i z e the l i k e l i h o o d of generat ing p r i m a r y data that c o u l d be too easily ident i f ied 
by the satellites (higher n o r m a l i z a t i o n = less noise a n d more recognizable features), 
each n o r m a l i z a t i o n was r a n d o m l y s a m p l e d f r o m a l o g u n i f o r m dis t r ibut ion , (see F igure 
4.2). 

2.5 
Values 

10-4 

Values 

Figure 4.2: Example of 500 temperatures (on the left) and normalizations (on the right), gener
ated from a uniform and logarithmic distribution for single-temperature spectrum 
i n Virgo cluster. 

The selection of a suitable n o r m a l i z a t i o n for a g i v e n spec t rum is closely l i n k e d to 
the n u m b e r of counts it comprises (see Table 2). To generate realistic observat ion, w e 
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established m i n i m u m a n d m a x i m u m count thresholds for the spectra. In d o i n g so, 
we can adjust the n o r m a l i z a t i o n factor to reflect the count values , w h i c h can be feasi
b l y observed by Chandra X - ray observatory. To better u n d e r s t a n d the extent to w h i c h 
satellites are able to d i s t i n g u i s h mult i - temperature components w i t h v a r y i n g n o r m a l 
i z a t i o n ratios, w e m u s t also consider the effects of exposure t ime o n the count rate. 
H o w e v e r , w h i l e n o r m a l i z a t i o n is inherent ly t ied to the structure of celestial objects, ex
posure t ime can be adjusted as needed. We m a i n t a i n e d a constant exposure t ime of 100 
ks i n a l l models to secure a realistic n u m b e r of counts i n spectra a n d to guarantee any 
variat ions i n count rate were p r i m a r i l y dependent o n the n o r m a l i z a t i o n parameter. 

To ensure a n unbiased performance c o m p a r i s o n between a l l miss ions , w e a d o p t e d 
the same parameters also for XRISM a n d Athena. B o t h satellites offer a s igni f icant ly 
higher spectral reso lut ion c o m p a r e d to C h a n d r a , w h i c h means that a h igher signal-to-
noise ratio (SNR) is requi red to resolve the spectral l ines proper ly . H o w e v e r , X R I S M 
has o n l y a s l ight ly larger effective area than C h a n d r a , w h i c h can l i m i t the col lect ion of 
counts a n d u l t imate ly affect the S N R . W i t h our specif ications, p r i m a r y n o r m a l i z a t i o n 
set to 10~ 4 a n d exposure t ime 100 ks, A t h e n a is capable of col lect ing a r o u n d 500 counts 
per channel , w h i l e X R I S M can collect a p p r o x i m a t e l y 2 counts per channel a n d C h a n d r a 
22 counts per channel . The specific count values c o r r e s p o n d i n g to the m i n i m u m a n d 
m a x i m u m thresholds a n d their cor respond ing S N R are presented i n Table 2. The S N R 
was calculated f r o m P o i s s o n statistics as fo l lows : 

S N R = - £ L = y/N, (4.1) 
VN 

where N is the n u m b e r of photons i n one spec t rum. 

C h a n d r a XRISM Athena 

n o r m S N R C o u n t s S N R C o u n t s S N R C o u n t s 

K T 5 22 500 33 1100 205 42000 

I O - 4 74 5500 114 13000 742 550000 

I Q " 3 265 70000 575 33000 3606 13000000 

Table 2: Comparison of signal-to-noise ratio and Counts for specified normalizations for Chan
dra, XRISM, and Athena satellites. 

By e m p l o y i n g the parameters descr ibed above into S H E R P A ' s fake_pha tool , w e con
structed spectra w i t h s ingle a n d two t h e r m a l components v i a the a p p l i c a t i o n of an 
absorbed t h e r m a l e m i s s i o n m o d e l sourced i n X S P E C as: 

P H A B S x ( A P E C ) 

P H A B S x ( A P E C l + A P E C 2 ) 
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where the A P E C (used vers ion 3.0.9) m o d e l s the t h e r m a l e m i s s i o n (see Section 3.2.2) 
a n d P H A B S represents the galactic absorpt ion (see Sect ion 3.2.1). Init ial ly, w e l i m i t e d 
our analysis to o n l y two t h e r m a l components , w i t h the p r i m a r y a i m of e x p l o r i n g 
the extent to w h i c h the satellites are capable of d i s t i n g u i s h i n g the cooler component 
based o n the n o r m a l i z a t i o n ratios between the first a n d second components . However , 
we also conducted a brief analysis of a three thermal component p l a s m a for the V i r g o 
cluster. 

Figure 4.3: Comparison of selected single-temperature and double-temperature spectra, gener
ated for Chandra, XRISM, and Athena observatories. 
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4.2 R F M O D E L S 

In this section, w e w i l l explore the R F models that were t ra ined for the selected 
satellites to ident i fy mul t iphase regions i n V i r g o a n d Perseus clusters. These models 
were de ve lope d i n order to s igni f icant ly speed u p the process of the t radi t ional m u l t i -
temperature analysis a n d to test the capabil i t ies of the future X - r a y miss ions XRISM 
a n d Athena i n c o m p a r i s o n to the present Chandra X - ray observatory. 

We w i l l discuss the t r a i n i n g process, the architecture of the models , a n d their per
formance o n s i m u l a t e d a n d real data. W e w i l l also examine the l imitat ions of our M L 
analysis c o m p a r e d to the X S P E C p l a t f o r m a n d the potent ia l for future developments 
i n this exci t ing f ie ld . 

4.2.1 Selected spectrum of training data 

A s descr ibed i n the p r e v i o u s chapter, w e have generated thousands of spectra w i t h var
ious parameters , w h i c h w i l l serve as i n p u t for the R F models . The a i m is to explore the 
abi l i ty of the Chandra, XRISM, a n d Athena observatories to d i s t i n g u i s h the presence of 
the cooler component , d e p e n d i n g o n the n o r m a l i z a t i o n ratio between the two temper
ature components presented i n the spectra. To achieve this objective, w e have d i v i d e d 
the s i m u l a t e d spectra into five dist inct categories for each satellite i n d i v i d u a l l y . 

N m i n Rmin 

i ( r 6 ( i ( r 5 ) 0.1 

5 - K T 7 ( 5 - l ( T 6 ) 0.05 

i o - 7 ( i o ~ 6 ) 0.01 

5 - 1 0 - 8 ( 5 - 1 0 - 7 ) 0.005 

10~ 8 (10 - 7 ) 0.001 

Table 3: Selected normalization parameters for double-temperature models. Nf1™, Nfax rep
resents the m i n i m u m and maximum of the normalization range for the main ther
mal component, Nfax, N£nn represents m i n i m u m and maximum of the normalization 
range for the second cooler thermal component and the Rmm parameter is the ratio 
between the m i n i m u m normalization values of the second and first components. The 
numbers i n brackets were selected for the second set of models for Chandra satellite. 

For the m a i n temperature component , w e set the n o r m a l i z a t i o n s the same for a l l 
the groups (10~ 3 — 10~ 5) since this parameter s h o u l d represent the realistic propert ies 
of the clusters. H o w e v e r , w e m a d e an except ion for the Chandra satellite a n d tra ined 
the models o n a more l i m i t e d range as w e l l (10~ 3 - 10~ 4) d u e to the p o o r accuracy of 
the m o d e l s o n spectra w i t h s u c h l o w count rates. For the second cooler component , 

N m a x N m m jymax 

10~ 3 
K T 5 10~ 5 

( H T 4 ) (10- 4 ) 
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these 5 categories are differentiated based o n the ratio of the m i n i m u m values for 
n o r m a l i z a t i o n ranges (see Table 3) 

A s can be d e d u c t e d f r o m Table 3, these categories differ i n the n o r m a l i z a t i o n ra
tios of the m i n i m u m values between the cooler thermal component a n d the first m a i n 
component . Since the n o r m a l i z a t i o n s were s i m u l a t e d w i t h a l o g u n i f o r m d is t r ibut ion , 
this a p p r o a c h can p r o v i d e insights into the extent to w h i c h the satellites can d is t in 
g u i s h the second component . In d o i n g so, it tests the l i m i t s of the satellites' abi l i ty to 
recognize mult i - temperature regions w i t h a signif icant acceleration of the t radi t iona l 
process. Fur thermore , it w i l l enable us to assess the effectiveness of future X - r a y mis 
sions s u c h as the XRISM a n d Athena i n c o m p a r i s o n w i t h the current Chandra X - ray 
Observatory. 

4.2.2 Training & Testing 

A total n u m b e r of 100000 spectra c o r r e s p o n d i n g to one cluster were generated for 
each satellite (twice as m u c h for Chandra for the second n o r m a l i z a t i o n ranges). To 
train a n d test the performance of o u r mode ls , w e u s e d the cross-val idat ion m e t h o d , 
w h i c h is c o m m o n l y used i n M L analysis , to estimate the accuracy for var ious splits 
into t r a i n i n g a n d testing data, a l l o w i n g us to estimate a n average accuracy together 
w i t h uncertainties. W e d i v i d e d our dataset of 20000 spectra (for each model) into five 
groups a n d i n d i v i d u a l l y t ra ined the m o d e l o n four of these groups . W e then tested 
al l of the tra ined m o d e l s o n the f i f th set, w h i c h h a d not been seen b y o u r m o d e l s t i l l 
then. The f ina l m e a n accuracy a n d uncertainty were d e t e r m i n e d b y s i m p l y f o l l o w i n g 
the s tandard average ca lcula t ion steps. 

In the t r a i n i n g process, w e adapted the P C A a l g o r i t h m for p r i n c i p a l component 
analysis a n d the s tandard R F classifier f r o m RandomForestClassifier for classif ication 
(see Sect ion 3.1.1 a n d 3.1.2), b o t h f r o m the Scikit-learn l ibrary. First ly, w e a p p l i e d the 
classifier to each spec t rum i n d i v i d u a l l y . N e x t , w e s u m m e d the probabi l i t ies over the 
entire ensemble u s i n g the d e f i n i t i o n of the classifier. The f ina l classif ication is based 
o n the class w i t h the highest s u m m e d probabi l i ty . 

D u e to the difference i n the energy range of the s i m u l a t e d spectra f r o m the var
ious miss ions , w e need to adjust t h e m for the sake of uni formi ty . To this e n d , w e 
adopted a m a x i m u m l i m i t i n g va lue of 4 keV, g u i d e d b y two factors. First ly, the h i g h 
spectral reso lut ion of XRISM a n d Athena satellites makes l o a d i n g a l l available chan
nels computa t iona l ly d e m a n d i n g a n d very t i m e - c o n s u m i n g (see F igure 4.1). Secondly, 
the p r i n c i p a l components d e r i v e d f r o m P C A exhibi ted the most var iab i l i ty i n the soft 
X-ray regime f r o m 0.5 — 2 keV, w h i c h is a n expected t rend since w e p r i m a r i l y m o d e l 
diffuse hot gas emi t t ing most ly i n these bands . The ' t a i l ' of the s p e c t r u m has almost 
no bear ing o n the accuracy of the models a n d is negl ig ib le (refer to F i g u r e 4.4). 
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To further o p t i m i z e our b o u n d e d resources a n d c o m p u t i n g power , as a n i n p u t for 
our mode ls , w e used a m a x i m a l energy l i m i t of 4 keV for b o t h XRISM a n d Athena 
satellites, w h i l e for Chandra X - ray observatory, the i n p u t for models was l i m i t e d i n the 
range of 0.5 — 4 keV. The lower l i m i t for Chandra is based o n the future a p p l i c a t i o n of 
the m o d e l s o n real data , w h i c h b e l o w 0.5 keV have relat ively l o w sensi t ivi ty a n d lower 
S N R . Moreover , the systematic cal ibrat ions of response files are cha l lenging i n these 
condi t ions , m a k i n g it di f f icul t to obta in accurate measurements . W i t h these criteria, the 
f ina l n u m b e r of channels that went into the m o d e l were for Chandra 245, for XRISM 
8000, a n d for Athena 11000 (see F igure 4.1). 

In F igure 4.4, w e v i s u a l i z e d the first 5 eigenspectra a n d m e a n spectra of the Chandra 
t ra in ing set (16000 synthetic spectra) w i t h o u t the l imitat ions set above. The i n d i v i d u a l 
components i n the g r a p h represent the eigenspectra projected onto the o r i g i n a l d o m a i n 
(VJ i n E q u a t i o n 3.5), a n d the m e a n e m i s s i o n spectra is their s u m . 

0 2 4 6 8 
T e m p e r a t u r e [keV] 

Figure 4.4: Visualisation of the first 5 principal components and their linear combination (mean 
emission) for the channel range extended beyond the limitations for our models of 
Chandra satellite for configuration Nf^ = 1CT 5 and R m i n = 0.1. 

In order to determine the n u m b e r of p r i n c i p a l components that w o u l d be the best to 
i n c l u d e , w e l o o k e d at h o w the n u m b e r of components affects the accuracy of models . 
The f ina l n u m b e r of components was chosen based o n the highest parameter v a r i 
ance coverage w h i l e s t i l l m a i n t a i n i n g great accuracy (see F igure 4.5). A s the n u m b e r 
of p r i n c i p a l components increases b e y o n d a certain po in t , the m o d e l ' s accuracy be
gins to d r o p , as can be seen i n F igure 4.5. The beauty of p r i n c i p a l components lies i n 
their abi l i ty to filter out the noise i n the data a n d capture the essential features i n the 
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spectra. Therefore, w h e n the n u m b e r of components becomes too large, i n our case, 
30 a n d more , the components i n c l u d e d after tend to contribute s ignif icant noise, lead
i n g to c o n f u s i o n i n the a l g o r i t h m . A f t e r this analysis , w e c o n c l u d e d that 25 p r i n c i p a l 
components w o u l d be u s e d as the i n p u t for our R F classifier. 

9 0 -

80 

— 70 

6 0 -

4 0 -

—\— CHANDRA: model accuracy 
- f - CHANDRA: components coverage 
—r— ATHENA: model accuracy 

ATHENA: components cov/erage 
—r— XRISM: model accuracy 
- f - XRISM: components coverage 

10 15 20 25 30 35 40 
N u m b e r of u n d c r l y n i n g components i n P C A 

45 50 

Figure 4.5: Investigation of the dependence between a number of components and the model's 
prediction accuracy, as well as parameter coverage for model configuration N™ m = 
1CT 5 and Rmkx = 0.1. 

T h r o u g h a careful process of e x p l o r i n g diverse architectures a n d exper iment ing w i t h 
var ious hyper-parameters , w e selected the most o p t i m a l conf igurat ion for the machine 
l earn ing m o d e l dependent o n the parameter coverage, a n appropr ia te n u m b e r of p r i n 
c ipa l components , a n d p r e d i c t i o n accuracy. The success of the m o d e l ' s predic t ions 
was evaluated u s i n g c o n f u s i o n matrices. In the e m p l o y e d cross-val idat ion technique, 
we c o m b i n e d results f r o m 4 c o n f u s i o n matrices to capture the d e v i a t i o n of the m o d e l ' s 
predic t ions (one matr ix f r o m each m o d e l is s h o w n i n A p p e n d i x A ) . 

The complete t r a i n i n g procedure for b o t h Chandra n o r m a l i z a t i o n l imi ts , i n c l u d i n g 
the l o a d i n g of synthetic spectra, the a p p l i c a t i o n of P C A , a n d the actual t r a i n i n g stage, 
requi red 0.4 hours for a single cluster. W h i l e for XRISM a n d Athena, the c o m p u t i n g 
t ime was 24.2 hours a n d 17.4 h o u r s for a single cluster, respectively. H o w e v e r , The 
most t i m e - c o n s u m i n g part was the l o a d i n g of synthetic spectra, w h i c h took about 95% 
of the entire process. 

In s u m m a r y , w e first s imulate X - r a y spectra for b o t h single a n d double- temperature 
p lasma. W i t h the i m p l e m e n t a t i o n of P C A , w e reduce the n u m b e r of free parameters by 
creating project ion matrices for each t r a i n i n g spect rum. Subsequently, w e t ra in our R F 
a l g o r i t h m to classify the i n p u t spectra based o n the u n d e r l y i n g n u m b e r of components . 
F inal ly , w e val idate the success of the tra ined a l g o r i t h m o n a test set (see F igure 4.6) 
that h a d been f ine- tuned u s i n g the same a p p r o a c h as the t r a i n i n g dataset. 
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Figure 4.6: Graphical illustration of prediction accuracy (upper graph) and parameter coverage 
(lower graph) for all models plotted as a function of the normalization ratio between 
second and first thermal components. 

F r o m the results v i s u a l i z e d i n F igure 4.6, it is evident that the performance of Athena 
surpasses that of Chandra a n d XRISM satellites for b o t h galaxy clusters. The Chandra 
satellite's abi l i ty to d i s t i n g u i s h between single-temperature a n d double- temperature 
spectra remains the poorest for b o t h of the invest igated n o r m a l i z a t i o n ranges. A l 
t h o u g h the p r i n c i p a l component coverage varies between the clusters for a l l mode ls , it 
is not reflected i n the m o d e l ' s accuracy. 
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M i s s i o n M a
y

c c [ % ] C v a r [ % ] M f c c [ % ] C v a r [ % ] 

0.1 65.62 ± 0.43 76.92 ± 0.30 64.20 ± 0.56 55.29 ± 0.54 

0.05 62.82 ± 0.66 76.92 ± 0.34 60.43 ± 0.94 55.08 ± 0.33 
Chandra 

0.01 56.21 ± 0.77 76.85 ± 0.36 55.30 ± 0.73 54.98 ± 0.48 
(10- 5) (10- 5) 

0.005 54.75 ± 0.96 76.95 ± 0.29 53.21 ± 0.54 55.09 ± 0 . 1 8 
0.001 52.77 ± 0.64 76.46 ± 0.07 52.16 ± 0.48 55.02 ± 0.30 

0.1 88.69 ± 0.72 91.98 ± 0 . 0 4 86.46 ± 0.43 61.61 ± 0 . 2 4 

0.05 81.11 ± 0 . 3 5 91.80 ± 0 . 0 7 80.59 ± 0.74 60.68 ± 0 . 1 9 
Chandra 

0.01 69.77 ± 1 . 0 0 91.66 ± 0 . 1 2 69.76 ± 0.51 59.80 ± 0 . 1 7 
( l O - 4 ) ( l O - 4 ) 

0.005 66.99 ± 0.65 91.63 ± 0 . 0 8 65.86 ± 0.41 59.48 ± 0.37 

0.001 61.81 ± 0 . 5 7 91.63 ± 0 . 1 3 62.18 ± 1 . 1 8 59.16 ± 0 . 2 5 

0.1 87.38 ± 0.32 41.22 ± 0.43 87.25 ± 0.71 29.69 ± 0.29 

0.05 83.47 ± 0.29 39.92 ± 0.51 82.05 ± 0.71 28.46 ± 0.32 
XRISM 0.01 72.39 ± 0.83 39.14 ± 0 . 5 1 74.00 ± 0.42 28.24 ± 0.33 

0.005 69.57 ± 0.56 38.69 ± 0.23 69.84 ± 0.54 28.14 ± 0.43 

0.001 62.91 ± 0.81 38.63 ± 0.3 65.26 ± 0.44 28.03 ± 0.38 

0.1 92.53 ± 0.43 94.12 ± 0 . 1 0 95.87 ± 0.56 86.34 ± 0.33 

0.05 89.12 ± 0 . 1 6 93.59 ± 0.09 93.31 ± 0.43 85.39 ± 0.28 
Athena 0.01 79.51 ± 0.24 92.80 ± 0.24 87.62 ± 0.39 83.84 ± 0.42 

0.005 76.52 ± 0.34 92.67 ± 0 . 1 5 84.46 ± 0.37 82.94 ± 0.38 

0.001 69.53 ± 0.85 92.36 ± 0.21 77.39 ± 0.57 82.71 ± 0.50 

Table 4: Results of our trained models for all satellites and their configurations. Prediction 
accuracy of Virgo and Perseus cluster is represented by M^cc, M f c c and parameter 
coverage is represented by C^ar, C^ar. Listed accuracy values were calculated from the 
cross-validation method. 

4.2.3 Triple-temperature model 

In a d d i t i o n , w e conducted a test o n tr iple-temperature component spectra s i m u l a t e d 
for the V i r g o cluster to evaluate the per formance of our a l g o r i t h m o n more than 
double- temperature p l a s m a . This analysis was mot iva ted by the fact that, according to 
the current literate (Frank K . A . et a l . , 2013; Rhea C . et a l . , 2020; de Plaa I. et a l . , 2010), 
i n some clusters, w e can detect u p to 4 thermal components . The dataset for each 
m o d e l consists of 30000 synthetic spectra, w i t h 10000 spectra of s ingle , d o u b l e , a n d 
triple-temperature components i n c l u d e d . The temperature ranges were aga in selected 
by d r a w i n g u p o n studies invest igat ing mul t ip le -phase characteristics of the V i r g o clus
ter ( L i u H . et a l . , 2020; Werner N . et a l . , 2013). The single-temperature component 
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spectra were generated w i t h temperature 1 — 4 keV, the double - thermal component 
spectra w i t h temperature 0.5 — 1.5 keV, a n d the t r ip le - thermal component spectra w i t h 
temperature 0.3 — 0.7 keV. 

Nmax Nmax gmm Rmm 

1 Q - 3 1 Q - 5 l Q - 5 ( 1 C ) - 4 ) 5 - 1 0 - 6 ( 5 . 1 0 - 5 ) 1 Q - 5 ( 1 0 - 4 J l Q - 6 ( l Q - 5 ) Q 5 Q 1 

Table 5: Selected normalization parameters for triple-temperature models. N™ m , N™ a x repre
sents the m i n i m u m and maximum of the normalization range for the third thermal 
component. The R^™1, R™m parameter is the ratio between the min imum normaliza
tion values of the second-first and third-first components. The numbers i n brackets 
were selected for the second model for Chandra satellite. 
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Figure 4.7: Selected confusion matrices for all triple-temperature component models . 

F r o m the selected c o n f u s i o n matrices i n F igure 4.7 for each m o d e l , it is apparent that 
the a l g o r i t h m is capable of detect ing more than two thermal components i n the spec
t r u m . H o w e v e r , the m o d e l c o u l d not achieve the same accuracy as the two-temperature 
mode ls , even t h o u g h the n o r m a l i z a t i o n ranges were set s l ight ly h igher (see Table 3 a n d 
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Table 5). Despi te these observations, the trend a m o n g satellites remains consistent: the 
Athena satellite continues to p e r f o r m the best, w h i l e the Chandra satellite lags b e h i n d 
i n the last place i n b o t h presented models . 

M i s s i o n M a
y

c c [ % ] C v a r [ % ] 

Chandra 
10 

10 

- 5 

-4 

53.38 ± 0.38 

67.47 ± 0.52 

81.73 ± 0 . 2 8 

94.71 ± 0.04 

XRISM 10" - 5 68.89 ± 0.77 45.49 ± 0.36 

Athena 10 - 5 78.72 ± 0.30 96.01 ± 0.09 

Table 6: Result prediction accuracy M^cc and component coverage C^ a r for triple-temperature 
models. 

4.3 C O M P A R I S O N W I T H X S P E C 

To val idate the performance of our t ra ined R F models , w e w i l l compare t h e m w i t h the 
w i d e l y - u s e d X-ray spectral analysis p l a t f o r m , X S P E C . For the evaluat ion , w e generated 
a set of test data w i t h a specif ied S N R (see Table 7) o n w h i c h w e examine the accuracy 
a n d speed of the m o d e l s i n c o m p a r i s o n w i t h X S P E C . 

Chandra XRISM Athena 

n o r m S N R C o u n t s S N R C o u n t s S N R C o u n t s 

I O - 3 250 62500 350 122500 2100 4410000 

5•10~ 4 170 28900 250 62500 1500 2250000 

5 • K T 5 50 2500 80 6400 550 302500 

Table 7: Signal-to-noise specifications for generated test sets of spectra for Chandra, XRISM, 
and Athena satellites. 

The test spectra were generated as descr ibed i n section 4.1.1, w i t h the m a i n t h e r m a l 
component m a t c h i n g the c o r r e s p o n d i n g G C temperature (1—4 k e V for V i r g o a n d 2 — 5 
keV for Perseus) a n d the second thermal component m i m i c k i n g the cooler temperature 
f i laments (0.5 — 0.75 keV for V i r g o a n d 0.6 — 0.85 k e V for Perseus). To ensure consistent 
signal-to-noise ratios for each test set, w e f ixed the n o r m a l i z a t i o n values N\ a n d N2. 
For the i s t - t h e r m a l component , w e u s e d N\ = 10~ 3 , 5 • 10~ 4 , 5 • 10~ 5 , w h i l e for the 
2 n d - t h e r m a l component , w e t ied the n o r m a l i z a t i o n s to the i s t - t h e r m a l component w i t h 
ratios N2/N1 = R 2 / i = 0.1, 0.05, 0.01, 0.005, 0.001. For each conf igurat ion , a total of 
one h u n d r e d single-temperature a n d double- temperature spectra were generated. 
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4.3.1 XSPEC evaluation 

Extrac t ing p h y s i c a l parameters of astrophysical sources, s u c h as temperature or metal -
l icity, requires the spectral f i t t ing of the observed X-ray spectra. A cruc ia l aspect of 
spectral analysis is the abi l i ty to d i s t i n g u i s h between single a n d mult i - temperature 
p l a s m a components for w h i c h X S P E C p l a t f o r m is a w i d e l y - u s e d a n d p o p u l a r tool . 

To evaluate the goodness of a fit a n d ident i fy potent ia l u n d e r l y i n g components 
i n the p l a s m a , w e used the x2 test statistic i n our analysis . This statistical m e t h o d 
compares the predic ted fit to the spectral data a n d quantif ies the differences between 
the two. To ensure the v a l i d i t y of the test, w e b i n n e d the data to have at least one 
count per b i n a n d have adequate degrees of f r e e d o m (Chandra: b i n n i n g = 1, XRISM: 
b i n n i n g = 20, Athena: b i n n i n g = 500). The b i n n i n g a l lows the independent r a n d o m 
variables i n each b i n to be a p p r o x i m a t e d b y P o i s s o n d i s t r ibut ion . This enables the 
calculat ion of the expected counts for each b i n , w h i c h are subsequently u s e d i n the 
calculat ion of the x2 va lue u s i n g the f o r m u l a : 

x = L —p— ' (4-2) 
! = 1 C ' 

where k is the n u m b e r of classes a n d A , , E , is the n u m b e r of observed a n d predic ted 
counts i n the z'-th class ( L i u H . a n d Setiono R., 1995). In order to obta in a precise 
evaluat ion of the goodness of the fit, it is necessary to calculate the r e d u c e d x2 statistic, 
w h i c h is de f ined as: 

X2 

Xr = t - ( — - j • (4-3) 
degrees of f r e e d o m 

In this section, w e analyze the prec i s ion of X S P E C p l a t f o r m i n i d e n t i f y i n g m u l t i -
temperature regions. To achieve this , w e m o d e l b o t h s ingle a n d double- temperature 
spectra, p e r f o r m spectral f i t t ing analysis , a n d compare the results of i n d i v i d u a l fits. 
We introduce three cri teria for c lass i fy ing the synthetic test spectra as either s ingle 
or double- temperature . First ly, a g o o d fit is indica ted b y a reduced x\ va lue between 
0.8 — 1.2; o therwise , the a l g o r i t h m does not i n c l u d e the fit i n the f ina l results. Secondly, 
the selection of the better fit, either s ingle- or double- temperature , is based o n the 
smal ler value of the Xr statistic. T h i r d l y , i f the difference between the Xr values of 
b o t h fits for a g i v e n spec t rum is less than 1 % of the m a x i m u m difference a l l o w e d b y 
the first c o n d i t i o n , the s i m p l e r m o d e l (single-temperature) is chosen as, the better fit. 

For the spectral f i t t ing process, w e u s e d the default levmar m e t h o d i n X S P E C . O u r ap
proach i n v o l v e d f i t t ing the n o r m a l i z a t i o n , temperature, a n d abundance independent ly . 
A l t h o u g h X S P E C offers more advanced a n d precise methods for spectral f i t t ing, w e 
chose this m e t h o d due to its super ior speed a n d sufficient fit statistics, w h i c h met our 
first criteria i n 99.9% of the 12000 test spectra. 



G C S N R R2/i X S E P C M a
0 . i W W M a

0 . 0 1 
Ma 

m 0.005 
Ma 

m 0.001 
< . 0 5 < . o i m 0.005 m 0.001 

0.1 61.5 60.0 55.0 59.0 57.0 59.0 50.5 54.5 54.5 52.0 55.0 

0.05 53.5 52.0 51.0 53.5 54.0 56.5 55.0 48.5 50.5 51.0 54.0 
50 0.01 50.5 52.0 51.0 53.5 54.0 61.0 51.5 51.0 49.5 51.0 55.0 

0.005 51.0 47.5 47.5 53.5 45.5 48.0 51.5 52.0 53.5 52.5 50.5 

0.001 49.0 47.0 50.5 52.5 45.0 48.5 51.0 50.5 53.5 50.5 53.0 

0.1 95.0 76.5 65.5 58.0 52.5 58.5 57.5 67.0 66.0 58.0 59.5 

0.05 90.0 59.0 56.0 54.0 60.0 49.0 69.5 50.5 49.5 52.0 50.5 
Virgo 170 0.01 56.5 59.0 56.0 54.0 60.0 49.0 51.5 51.0 50.0 45.5 50.5 

0.005 54.5 53.5 47.0 48.0 52.5 52.5 53.5 49.5 46.5 47.0 49.5 

0.001 51.0 50.5 48.5 52.5 53.0 49.5 51.0 48.5 46.5 43.5 46.5 

0.1 95.5 76.5 61.0 63.0 64.0 62.0 65.0 73.5 68.5 70.0 65.5 

0.05 94.0 57.5 56.5 52.5 56.0 54.0 74.0 52.0 52.0 52.5 54.0 
250 0.01 62.0 57.0 56.5 52.5 56.0 54.0 50.0 50.5 48.0 48.5 51.0 

0.005 53.5 49.5 49.0 55.0 56.0 56.0 51.0 52.0 51.5 49.0 47.5 

0.001 52.5 52.5 47.0 57.0 57.0 48.5 54.0 53.5 51.5 49.5 47.0 

0.1 64.5 72.0 71.5 61.0 55.0 58.5 66.5 69.0 71.0 72.0 66.5 

0.05 53.0 64.0 63.5 52.5 49.0 56.5 59.0 64.0 65.5 66.0 61.0 
50 0.01 49.0 49.5 50.5 44.5 47.5 50.5 46.0 47.0 45.5 48.5 47.0 

0.005 49.0 48.5 54.0 44.5 45.0 52.0 51.5 55.5 53.0 53.5 54.0 

0.001 51.0 49.0 52.0 46.5 47.5 46.5 49.0 46.5 49.5 49.0 48.0 

0.1 97.0 75.5 71.5 64.5 72.0 59.0 89.5 92.5 87.5 84.0 85.0 

0.05 92.0 69.0 66.0 59.5 60.5 56.5 75.5 82.5 80.5 73.0 76.5 
Perseus 170 0.01 52.5 60.5 49.5 56.0 62.0 51.5 57.0 58.0 58.0 57.0 62.5 

0.005 49.0 50.0 51.0 55.0 57.0 55.5 46.5 48.5 48.5 49.5 50.5 

0.001 49.0 49.5 48.0 54.0 52.5 52.0 44.5 47.0 53.0 50.0 52.5 

0.1 97.5 75.5 74.0 66.5 68.0 56.0 94.0 96.0 80.5 76.0 85.5 

0.05 95.0 70.5 71.5 57.0 59.5 53.0 88.5 92.5 78.5 75.0 84.0 
250 0.01 58.0 56.5 58.5 57.0 50.5 44.5 56.5 62.0 58.5 56.0 62.0 

0.005 52.5 55.0 51.5 53.5 52.5 49.5 52.0 55.0 50.0 47.0 51.5 

0.001 48.5 47.0 56.0 54.0 49.5 44.5 56.0 57.0 48.5 48.0 61.5 

Table 8: The capability of the XSPEC platform to distinguish between spectra containing single and double-temperature components, as 
well as the accuracy of our RF models on the same spectra evaluated for the Chandra mission. The M parameter represents the 
performance of RF models on test data based on their signal-to-noise ratio and R2/1 parameter. The bottom numbers at parameter 
M are the R m ; n values, described i n Section 4.2.1. 

a model trained on data w i t h N™m = 10 5 

b model trained on data w i t h Nf™ = 10~ 4 



Mission SNR « 2 / 1 XSEPC" M V M"o.01 M " 0 . 0 0 5 MVooi XSEPC 6 
M a i M"o.oi M"o.ooi 

0.1 94.0 99.0 99.0 96.5 81.0 95.5 48.5 47.0 56.0 54.0 49.5 44.5 
0.05 93.5 98.5 97.5 93.5 94.5 93.5 95.0 97.5 98.5 94.0 94.0 94.0 

80 0.01 93.5 59.5 64.5 71.0 68.5 68.5 74.5 56.5 64.0 68.0 72.0 71.0 
0.005 68.0 53.5 57.5 57.0 65.5 58.5 63.5 51.0 54.5 50.5 58.5 56.0 
0.001 48.5 49.5 51.5 51.0 48.5 49.0 53.0 49.0 52.0 51.5 51.5 50.5 
0.1 98.0 86.5 86.0 80.5 85.0 79.5 99.5 87.5 87.5 83.5 81.0 79.5 
0.05 99.5 86.5 86.0 80.5 85.0 79.0 99.5 87.5 87.5 83.5 81.0 79.5 

250 0.01 97.0 82.0 81.0 75.5 81.0 75.0 96.0 82.5 85.0 82.0 80.0 78.0 
0.005 86.5 72.5 71.0 67.0 70.0 63.5 73.5 68.5 73.0 71.5 71.0 68.0 
0.001 53.5 52.5 55.5 54.0 58.5 53.5 51.5 56.0 54.0 50.5 53.0 51.5 
0.1 100.0 81.5 76.5 75.0 81.5 76.0 100.0 83.5 79.5 77.5 78.5 75.5 
0.05 98.5 81.0 76.5 75.0 81.5 76.0 100.0 83.5 79.5 77.5 78.5 75.5 

350 0.01 98.5 79.0 72.5 73.5 78.0 70.0 97.5 83.0 78.5 77.0 77.5 73.5 
0.005 87.5 75.5 68.0 66.0 70.0 66.0 82.5 74.5 73.5 71.5 72.0 67.5 
0.001 53.0 57.0 51.5 56.0 60.5 59.0 50.0 52.0 50.0 48.5 50.5 51.5 
0.1 96.5 99.0 96.5 96.5 93.5 92.5 95.0 99.0 100.0 99.0 99.0 95.0 
0.05 97.0 99.0 96.5 96.5 93.5 92.0 95.0 99.0 100.0 99.0 99.0 95.0 

550 0.01 96.5 83.0 83.5 87.5 85.0 82.0 94.5 85.5 88.5 97.5 98.0 94.0 
0.005 96.5 65.5 67.5 67.5 72.0 75.5 92.5 61.5 64.0 86.5 92.5 92.0 
0.001 81.0 54.5 55.5 54.0 52.0 57.0 67.0 51.0 52.0 53.0 54.5 62.5 
0.1 99.5 96.0 92.5 91.5 91.5 84.0 100.0 98.0 98.0 97.0 94.0 87.5 
0.05 100.0 96.0 92.5 91.5 91.5 83.5 100.0 98.0 98.0 97.0 94.0 87.5 

1500 0.01 99.5 90.5 91.0 89.0 91.0 80.5 100.0 98.0 98.0 96.5 94.0 87.5 
0.005 99.5 80.0 81.0 80.0 83.5 74.5 100.0 92.5 95.5 94.0 93.5 87.5 
0.001 94.5 51.0 56.5 59.5 60.5 62.5 92.5 54.5 54.5 67.0 71.0 74.0 
0.1 100.0 96.5 94.5 93.5 94.0 85.0 100.0 98.5 94.0 95.5 97.0 91.0 
0.05 100.0 96.5 94.5 93.5 94.0 84.5 100.0 98.5 94.0 95.5 97.0 91.0 

2100 0.01 100.0 94.5 93.5 91.5 92.0 82.0 100.0 98.5 94.0 95.5 97.0 91.0 
0.005 99.5 84.5 87.5 86.5 88.5 77.5 100.0 96.5 93.5 94.0 97.0 91.0 
0.001 98.5 51.5 53.5 60.5 59.0 57.0 94.0 56.0 59.5 72.5 76.5 79.0 
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hJ 
13 
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Table 9: The capability of the XSPEC platform to distinguish between spectra containing single- and double-temperature components, as 
well as the accuracy of our models on the same spectra evaluated for the XRISM and Athena missions. The M parameter represents 
the performance of our models on test data based on their signal-to-noise ratio and R2/1 parameter. The bottom numbers at 
parameter M are the Rmin values, described i n Section 4.2.1. 

a values for Virgo-like spectra 
b values for Perseus-like spectra 
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4.4 T E S T S O N R E A L O B S E R V A T I O N S 

To further evaluate the performance a n d effectiveness of our mode ls , w e conducted a 
test o n real observations of the V i r g o a n d Perseus clusters (see Table 10). Since f r o m 
the invest igated miss ions , Chandra is the o n l y satellite w i t h available observations, w e 
explored o n l y this m i s s i o n i n the test. For the p u r p o s e of this analysis , w e chose to 
examine the observations of M 8 7 (member of the V i r g o cluster) a n d N G C 1 2 7 5 galaxy 
(member of the Perseus cluster). These two objects are one of the brightest a n d most 
massive exemplars i n each cluster a n d comprise a w i d e range of temperatures, m a k i n g 
them idea l targets for deta i led mul t i - temperature studies. 

G C Object O b s I D Detector E x p o s u r e t ime [ks] Date 

V i r g o M 8 7 18856 A C I S - S 25.46 2016 

Perseus N G C 1 2 7 5 1513 A C I S - S 24.88 2000 

Table 10: Selected observations for objects i n Virgo and Perseus cluster. 

Both observations were obta ined f r o m Chandra Search & Retr ieval archive ChaSeR 
( H a r v a r d - S m i t h s o n i a n Center for A s t r o p h y s i c s , 2021) a n d were selected for several 
reasons: their exposure t ime is comparable a n d l o n g e n o u g h for g o o d count statistics, 
a n d i n b o t h of the cases the detector device A C I S - S matches the ins trument chosen 
for generat ing the synthetic spectra. O u r a i m is to extract real spectra f r o m selected 
regions (see F igure 4.9), use X S P E C p l a t f o r m to determine the n u m b e r of u n d e r l y i n g 
components , a n d subsequently a p p l y our m o d e l s to the same spect rum. 

4.4.1 Data processing 

The process ing of the data, start ing w i t h the in i t i a l level I file p r o v i d e d b y the C X C , was 
done u s i n g the Chandra Interactive A n a l y s i s of Observat ions (CIAO) software package 
(version 4.15) that stores requi red ca l ibrat ion files i n Chandra C a l i b r a t i o n Database 
C A L D B (version 4.10.2). In order to create qua l i ty spectra f r o m selected regions, w e 
f o l l o w e d the r e d u c t i o n a n d c leaning procedures descr ibed below. 

The data w a s reprocessed to create level 2 event file u s i n g chandra_repro too l , f o l 
l o w e d b y the detect ion of b a c k g r o u n d a n d br ight sources u s i n g vtpdetect rout ine 
a n d their subtract ion f r o m the o r i g i n a l image (see F igure 4.9). In a d d i t i o n , w e used 
lc_s igma_cl ip rout ine to filter r e m a i n i n g flares w i t h 3(7 factor. The f ina l exposure times 
corrected by the f i l ter ing were for V i r g o 25.21 ks a n d for Perseus 24.29 ks. 

Moreover , a b a c k g r o u n d file was created for each observat ion u s i n g the A S I C - S cal
ibra t ion files stored i n the C A L D B w i t h blansky script. These files were subsequently 
used as b a c k g r o u n d files i n later analyses. A total of 20 regions were chosen for spec
t r u m extract ion u s i n g the contour analysis feature i n the SAOImageDSg i m a g i n g tool , 
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w i t h 10 regions b e i n g selected for each cluster. The selection was m a d e based o n the 
cluster 's ex is t ing temperature m a p s a n d the n u m b e r of counts i n each region , w h i c h 
ranged f r o m 800 to 6000 counts (see Table n ) . The spectra for each reg ion were ex
tracted f r o m the processed event file a n d the created b a c k g r o u n d file u s i n g specextract 
tool a n d a n a l y z e d w i t h Sherpa f i t t ing package. 

126.( 

31.5 

(a) Original data for Virgo (b) Original data for Perseus 

19 

15 

11 

Iii. o 

2.1 

(c) Cleaned data for Virgo (d) Cleaned data for Perseus 

Figure 4.8: Selected Chandra observations (upper row) and reprocessed images wi th subtracted 
bright and background sources and outlined regions, later used i n the analysis 
(lower row) visualized i n SAOImageDSg application. 
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4.4.2 Data fitting and comparison with models 

In order to determine the n u m b e r of u n d e r l y i n g components present i n the extracted 
spectra, w e e m p l o y e d a f i t t ing a p p r o a c h u s i n g X S P E C , w h i c h was s i m i l a r to that de
scribed i n section 4.3.1 w i t h few adjustments. 

6 x i r r 1 ' 10° 2 x 10° 3 x 1 0 ° 4 x 1 0 ° 
Energy (keV) 

(a) Spectrum from region B i n Virgo cluster 

Energy (keV) 

(b) Spectrum from region A i n Perseus cluster 

Figure 4.9: Selected spectra that were classified as double-temperature. Upper parts of the 
graphs: Extracted spectra fitted wi th single (orange) and double-temperature (red) 
models using Sherpa application. Lower parts of the graphs: Difference between ob
served data and single (blue), double-temperature (orange) models. 
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A f t e r the b i n n i n g was a p p l i e d to the data, the b a c k g r o u n d s p e c t r u m was subtracted 
f r o m each region. A p o w e r - l a w m o d e l w i t h a p h o t o n i n d e x f ixed to 1.56 w a s i n c l u d e d 
i n the f i t t ing procedure to account for potent ia l n o n - t h e r m a l processes ( I rwin J. A . 
et a l . , 2003). The r e m a i n i n g parts of the a l g o r i t h m were kept unchanged . The X S P E C 
m o d e l , w h i c h w a s characterized b y better statistics, was subsequently cons idered to 
be the g r o u n d t ruth , a n d the R F m o d e l predic t ions were c o m p a r e d to this established 
m o d e l . Table 11 shows the f ina l classifications d e r i v e d f r o m the best fits of the X S P E C 
m o d e l s for spectra i n each selected region. 

V i r g o Perseus 

R e g i o n Class C o u n t s Class C o u n t s 

A Single 2106 D o u b l e 2757 

B D o u b l e 2636 D o u b l e 3662 

C Single 1268 D o u b l e 4864 

D Single 1362 Single 1225 

E Single 1047 Single 4815 

F Single 865 D o u b l e 5425 

G Single 1462 Single 2446 

H Single 1718 Single 4971 

I Single 1682 Single 3140 

J Single 2315 Single 3026 

Table 11: Classification results from XSPEC on selected regions and their number of counts. 

The overal l p r e d i c t i o n accuracy of o u r models o n a l l selected regions i n real obser
vations is presented i n Table 12. The results indicate that the m o d e l s c o u l d ident i fy 

G C M 0 . i [ % ] M 0 .o 5 [%] M 0 .o i [%] M 0 .oo 5[%] M 0 .ooi[%] 

I Q " 4 
Virgo 80 80 60 40 40 

Perseus 60 60 50 40 40 

u r 5 
Virgo 70 70 60 50 50 

Perseus 60 50 50 40 40 

Table 12: Accuracy of models on all regions selected from real Chandra observations. 

some of the key features i n the synthetic data , successfully a p p l y those f indings to 
the real observat ion, a n d predic t the presence of mult i - temperature components w i t h 
reasonable accuracy. A l t h o u g h the m o d e l s demonstrated comparable per formance o n 
the synthetic data (see F igure 4.6), their per formance differs w h e n a p p l i e d to real data, 
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as can be seen i n Table 12, where the m o d e l s deve loped for the V i r g o cluster outper
f o r m e d those deve loped for the Perseus cluster. 

The results for the Perseus cluster c o u l d be at tr ibuted to the relat ively lower cov
erage of parameter variance i n the m o d e l s for the Perseus cluster c o m p a r e d to those 
for the V i r g o cluster (see F igure 4.6). A n o t h e r potent ia l factor cont r ibut ing to the con
f u s i o n of the a l g o r i t h m c o u l d be our a s s u m p t i o n of s ingle-temperature a n d double -
temperature p l a s m a w i t h i n the clusters. The selected regions i n the Perseus cluster 
c o u l d conta in more than two thermal components (see Sect ion 4.2.3), w h i c h w o u l d 
introduce a d d i t i o n a l uncertainty to the outcome. Nonetheless , a l l the f i n d i n g s suggest 
that the models have the potent ia l to ident i fy c o m p l e x spectral components i n a variety 
of as trophysical environments . 
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The results obta ined i n this s t u d y p r o v i d e ins ight into the performance of the machine 
l earn ing technique u s e d for i d e n t i f y i n g the n u m b e r of u n d e r l y i n g components i n X-ray 
spectra for galaxy clusters. B y s i m u l a t i n g b o t h single a n d double- temperature p l a s m a 
a n d t r a i n i n g the R F a l g o r i t h m o n the spectra processed b y P C A , w e were able to 
successfully classify i n p u t spectra based o n the n u m b e r of t h e r m a l components . The 
v a l i d a t i o n o n a test set demonstra ted the efficacy of the a l g o r i t h m a n d the super ior i ty 
of Athena observatory over Chandra a n d XRISM satellites for b o t h galaxy clusters. In 
this Chapter , w e l o o k into the l imi ta t ions of our methodology, the factors that can 
impact the outcomes of the m o d e l s w e constructed, a n d out l ine the potent ia l avenues 
of future research. 

5.1 P R I N C I P A L C O M P O N E N T S 

A s discussed i n Sect ion 3.1.1, the p r i n c i p a l component analysis ( P C A ) m e t h o d effec
t ively reduces the challenge of h i g h d i m e n s i o n a l i t y b y t rans forming the data into a 
l inear c o m b i n a t i o n of eigenspectra v; a n d m e a n e m i s s i o n ft (see E q u a t i o n 3.5). The 
eigenspectra represent the p r i m a r y components projected onto the i n i t i a l basis, a n d 
the selected sample for each satellite is s h o w n i n F igure 5.1. N o t a b l y , the P C A success
f u l l y captures the m a i n variat ions i n the soft X-ray reg ion (ranging f r o m 0.5 to 2 keV), 
w h i c h is expected to occur due to the m o d e l l i n g of most ly dif fuse gas that p r i m a r i l y 
emits i n this regime. 

The p h y s i c a l interpretat ion of the i n d i v i d u a l eigenspectra is often an issue i n the 
P C A . The p r o b l e m lies i n that the n e w l y def ined variables are u s u a l l y l inear funct ions 
of a l l the o r i g i n a l variables . Therefore, m a n y n e w variables have n o n - t r i v i a l coeffi
cients, m a k i n g the components di f f icul t to interpret. H o w e v e r , w i t h a t h o r o u g h rev iew 
of the relevant l i terature a n d a close examinat ion of the eigenspectra presented i n F i g 
ure 5.1 (Folkes S. et a l . , 1999; Jolliffe I. T. a n d C a d i m a J., 2016; Rhea C . et a l . , 2021), it is 
possible to suggest that the first two p r i n c i p a l components captured by the a l g o r i t h m 
for the Chandra satellite represent the F e - L / N e e m i s s i o n l ine c o m p l e x close after 1 keV, 
resul t ing f r o m the instrument ' s relat ively p o o r energy resolut ion. H o w e v e r , the fea
tures captured b y other d i s p l a y e d p r i n c i p a l components for this satellite m a y require 
further invest igat ion to be clearly interpreted. 

The energy reso lut ion of the XRISM a n d Athena satellites is u n d o u b t e d l y better 
than that of the Chandra m i s s i o n . This is reflected also i n the eigenspectra a n d m e a n 
emiss ion , w h i c h captured fine e m i s s i o n l ine structures v is ib le i n F igure 5.1 (see also 
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Figure 5.1: Visualization of the first four principal components and the linear combination of 
all 25 components (mean emission) for investigated observatories. The components 
corresponds to model wi th N™ m = 10~ 5 and K m u l = 0.1. 
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A p p e n d i x C ) . H o w e v e r , in terpret ing the eigenspectra for these satellites is s t i l l very 
di f f icul t a n d requires a d d i t i o n a l invest igat ion. Despi te this, it is clear f r o m the f igure 
that Athena outper forms b o t h XRISM a n d Chandra satellites a n d therefore has great 
potent ia l to advance our u n d e r s t a n d i n g of obscured f ields. 

5.2 S A T E L L I T E S P E R F O R M A N C E 

The resul t ing p r e d i c t i o n accuracy presented i n F igure 4.6 a n d Table 4 demonstrates 
that the Athena observatory has p e r f o r m e d except ional ly w e l l across a l l models c o m 
p a r e d to the Chandra a n d XRISM satellites. Th is result was anticipatable a n d m a y be 
attr ibuted to the outs tanding spacecraft architecture of Athena, w h i c h has a n effective 
area of 2 m 2 , enabl ing it to capture a s igni f icant ly h igher n u m b e r of photons a n d h o l d 
a better energy reso lut ion as i l lustrated i n Table 1. Athena's favorable per formance a n d 
the underper formance of the other satellites can be further d r a w n f r o m the dependen
cies of the p r i n c i p a l components (see A p p e n d i x B). 

Since w e invest igated double temperature spectra w i t h careful ly ba lanced n o r m a l 
i z a t i o n ratios between their t h e r m a l constituents, the p r i n c i p a l components d i d not 
segregate into v i s u a l l y dist inct regions. Nonetheless , w e can observe specific trends 
for the different n u m b e r of u n d e r l y i n g temperatures. For example , one of the trends 
can be observed i n F igure B . i generated for Chandra satellite, where the second p r i n 
c ipa l component i n s ingle-temperature spectra g r a d u a l l y descends towards a negative 
value of —2 before changing d i rec t ion a n d ascending towards a posi t ive va lue . If a 
test s p e c t r u m falls near this t rend l ine , it is h i g h l y probable to be categorized as a 
single-temperature spec t rum. S i m i l a r or more intricate trends can also be seen i n the 
component dependencies graphs of the XRISM a n d Athena satellites. 

A noteworthy f i n d i n g is that the strength of correlat ion a m o n g p r i n c i p a l c o m p o 
nents is heightened as the signal-to-noise ratio of the t h e r m a l components increases 
(marked b y the Rmm va lue , c or re sponding to the n o r m a l i z a t i o n ratios). Th is pattern 
is consistently observed across a l l satellites a n d is noticeable f r o m the graphs i n A p 
p e n d i x B. 

In a d d i t i o n , w e tested the a l g o r i t h m o n tr iple-temperature p l a s m a u s i n g the same 
architecture as for double- temperature spectra. A l t h o u g h the achieved accuracy was 
lower than that of the two-temperature models , the successful a p p l i c a t i o n of the algo
r i t h m o n more c o m p l e x datasets h igh l ights its potent ia l for further deve lopment a n d 
o p t i m i z a t i o n to achieve greater accuracy i n the future. 

5.2.1 Accuracy and speed 

To further evaluate our mode ls , w e c onducted a d d i t i o n a l tests to compare their accu
racy a n d efficiency w i t h the current spectral analysis too l , X S P E C p l a t f o r m . W h i l e our 
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m o d e l s were not des igned to o u t p e r f o r m the X S P E C b u t rather to expedite the clas
s i f icat ion process, they s t i l l achieved remarkable accuracies, w h i c h are a p p r o a c h i n g 
the same level of accuracy as X S P E C a n d , i n some cases, are almost comparable . The 
results of these tests are presented i n Tables 8 a n d 9. 

A l t h o u g h none of the m o d e l s for the Chandra satellite were able to surpass the per
formance of X S P E C p l a t f o r m , most of t h e m were a p p r o a c h i n g its accuracy, especial ly 
those a p p l i e d o n spectra w i t h the highest n o r m a l i z a t i o n ratios of the first a n d second 
thermal component (R2/1 = 0.1) a n d the highest signal-to-noise ratios ( S N R = 250). 
The m o d e l ' s best p r e d i c t i o n accuracy of 96.0% was achieved for the Perseus- l ike clus
ter, w h i c h is o n l y s l ight ly b e l o w the X S P E C ' s accuracy of 97.5%. For the V i r g o - l i k e 
cluster, w e achieved the best p r e d i c t i o n accuracy of 76.5%, w h i c h is s t i l l a h i g h l y accu
rate result. 

A s i m i l a r analysis p e r f o r m e d for XRISM a n d Athena observatories (see Table 9) re
vealed signif icant improvements c o m p a r e d to the Chandra satellite. The m o d e l s s h o w e d 
p r o m i s i n g results a n d even o u t p e r f o r m e d X S P E C i n some scenarios, m a i n l y for spec
tra w i t h the highest n o r m a l i z a t i o n ratios of the first a n d second thermal component 
(-R2/1 = 0.1) a n d the lowest signal-to-noise ratios ( S N R = 80,550). Specifically, the 
XRISM mode ls attained a n impress ive 99.0% accuracy a n d the Athena m o d e l s 99.5% 
accuracy, w h i l e the prec i s ion of the X S P E C p l a t f o r m was o n l y 94.0% a n d 96.5%, respec
tively. However , the models experienced a decrease i n accuracy for spectra w i t h lower 
R2/1 values a n d were unable to achieve the same level of prec i s ion as X S P E C i n most 
cases. 

O u r mode ls , w h i l e i n most cases not ach iev ing the same or h igher accuracy as the 
X S P E C p l a t f o r m , demonstrated a remarkable advantage i n terms of speed for analysis . 
In c o m p a r i s o n to the s tandard f i t t ing procedure u s i n g the levmar m e t h o d i n S H E R P A 
that took a p p r o x i m a t e l y 9 seconds to classify one spec t rum for Chandra, 25 seconds for 
XRISM, a n d 122 seconds for Athena, o u r M L a p p r o a c h was able to classify 100 spectra 
i n o n l y 0.5 seconds for Chandra (~ 1800x faster), 23 seconds for XRISM (~ H O x faster), 
a n d 14 seconds for Athena (~ 870x faster). Th is s ignif icant decrease i n analysis t ime 
h ighl ights the potent ia l of M L a lgor i thms to enhance the efficiency of spectral analysis 
i n astrophysics , especial ly w h e n d e a l i n g w i t h large datasets s u c h as those ant ic ipated 
f r o m future satellite miss ions l ike Athena. 

In part icular , this m e t h o d c o u l d facilitate the p r e l i m i n a r y data analysis phase b y 
q u i c k l y i d e n t i f y i n g regions of interest i n the observations, w h i c h c o u l d then be sub
jected to more deta i led analysis u s i n g more accurate convent ional f i t t ing procedures . 
A p r o m i s i n g strategy for a d v a n c i n g our analysis c o u l d be integrat ing a feature that 
can precisely determine the temperature of each u n d e r l y i n g component . Th is m o d i f i 
cat ion c o u l d also speed u p the process of f i n d i n g the regions of interest, resul t ing i n 
increased efficiency. 
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5.2.2 Chandra performance on real observation 

The performance of the models o n synthetic data seems to be unaffected b y the p r i n c i 
p a l component variance coverage, w h i c h is s igni f icant ly different for each galaxy clus
ter for a l l satellites, w i t h models for the Perseus cluster cover ing less dataset variabi l i ty . 
However , w h e n w e test the Chandra m o d e l s o n the real observations (see Section 4.4 
a n d A p p e n d i x D ) , the m o d e l s a p p l i e d to the V i r g o cluster p e r f o r m e d noticeably better 
than the m o d e l s a p p l i e d to Perseus. 

The observed differences between the two clusters m a y be attr ibuted to the divers i ty 
between the m o d e l ' s parameter variance coverage (see F igure 4.6) or to the fact that 
we selected regions w i t h i n the Perseus cluster that m i g h t have contained a d d i t i o n a l 
thermal components b e y o n d the ones w e accounted for (see Sect ion 4.2.3), a l though 
this hypothes is w o u l d require further inspect ion. Nonetheless , it s h o u l d be noted that 
the models deve loped for b o t h the V i r g o a n d Perseus clusters successfully f o u n d the 
same features they were tra ined o n i n real observations. 

To further enhance the accuracy of the models , a d d i t i o n a l p h y s i c a l parameters can 
be incorpora ted , a n d different M L a lgor i thms a n d techniques c o u l d be explored . M o r e 
over, it w o u l d be i n s i g h t f u l to extend the a p p l i c a t i o n of the m o d e l s to a w i d e r range 
of galaxy clusters a n d compare the results. 
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In order to expedite the current analysis process, w e explored a machine l e a r n i n g ap
p r o a c h based o n Principal Component Analysis a n d Random Forest Classifier to analyze 
the mult i - temperature regions i n V i r g o - l i k e a n d Perseus-l ike galaxy clusters u s i n g s y n 
thetic data f r o m the Athena, XRISM a n d Chandra X - ray observatories. O u r research 
was p r i m a r i l y mot ivated b y the e n o r m i t y of data that is expected to be collected by 
the f o r t h c o m i n g Athena observatory a n d the challenge of a n a l y z i n g these vast datasets 
u s i n g convent ional f i t t ing methods , w h i c h are b o t h t i m e - c o n s u m i n g a n d computa t ion
al ly expensive. To t h o r o u g h l y investigate the capabil i t ies of i n d i v i d u a l satellites, w e 
trained m u l t i p l e m o d e l s for each observatory, d i f f e r ing i n the n o r m a l i z a t i o n ratio of 
the first a n d second t h e r m a l components (Rmin). 

The m o d e l s were i n i t i a l l y t ra ined a n d tested o n synthetic single a n d d o u b l e tem
perature spectra as o u t l i n e d i n Section 4.2.2, w h e r e the resul t ing accuracy of the pre
d i c t i o n demonstrates the Athena observatory 's superiori ty. Specifically, the accuracies 
of Athena's mode ls range f r o m a p p r o x i m a t e l y 92% — 69% for the V i r g o cluster a n d 
95% — 77% for the Perseus cluster, respectively. In c o m p a r i s o n , the XRISM satellite 
fo l lows closely b e h i n d Athena w i t h accuracies r a n g i n g f r o m 87% — 62% for the V i r g o 
cluster a n d 87% — 65% for the Perseus cluster. Lastly, the Chandra satellite's perfor
mance falls b e h i n d w i t h accuracies of 65% — 52% for the V i r g o cluster a n d 64% — 52% 
for the Perseus cluster, i n case of the same n o r m a l i z a t i o n ratio. The exact values of 
i n d i v i d u a l m o d e l s are l is ted i n Table 4. 

A d d i t i o n a l l y , the per formance of the a l g o r i t h m w i t h ident ica l architecture was tested 
o n tr iple- temperature p l a s m a , w h i c h successfully demonstrated its abi l i ty to effectively 
process more c o m p l e x data sets a n d its potent ia l for further i m p r o v e m e n t a n d a p p l i 
cation. 

In Sect ion 4.3, w e compare the performance of our m o d e l s w i t h the w i d e l y - u s e d 
X-ray spectral analysis p l a t f o r m , X S P E C . For this p u r p o s e , w e generated a n e w testing 
dataset w i t h a specif ied signal-to-noise ratio (SNR) (see Table 7). The m o d e l ' s pre
d i c t i o n accuracy was evaluated w i t h the c o n f u s i o n matrices i n the same w a y as i n 
prev ious measurements . W i t h i n the X S P E C p l a t f o r m , we used a s tandard f i t t ing p r o 
cedure to ident i fy potent ia l u n d e r l y i n g components i n the p l a s m a w i t h r e d u c e d x2 

statistics. In cases of h i g h S N R data, the bes t -per forming R F m o d e l s for XRISM a n d 
Athena achieved impress ive 99.0% a n d 99.5% accuracy, respectively, whereas the prec i 
s ion of the X S P E C p l a t f o r m w a s o n l y 94.0% a n d 96.5%. A s the S N R decreased, a l l the 
R F m o d e l s a n d X S P E C experienced a decrease i n accuracy. H o w e v e r , the m o d e l s ' ac
curacy d r o p p e d more rap id ly , l e a d i n g to better per formance by X S P E C i n most cases. 
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A l t h o u g h it was ant ic ipated that the X S P E C p l a t f o r m w o u l d o u t p e r f o r m our models , 
they exhibi ted p r o m i s i n g results a n d demonstrated except ional advantage i n the speed 
of the analysis process. The speed gains w i t h the Athena mode ls were a p p r o x i m a t e l y 
870 t imes faster, XRISM 110 t imes faster, a n d Chandra 1800 times faster. Th is notewor
thy reduct ion i n analysis t ime suggests that the m e t h o d c o u l d be i m p l e m e n t e d i n the 
early analysis phase, a l l o w i n g for the r a p i d ident i f i ca t ion of regions of interest that 
c o u l d be further invest igated u s i n g convent ional f i t t ing techniques to achieve greater 
accuracy. 

F inal ly , the performance of the Chandra m o d e l s was v a l i d a t e d u s i n g real observa
tions of M 8 7 (for the V i r g o cluster) a n d N G C 1 2 7 5 (for the Perseus cluster). The obser
vat ional data were processed a n d cleaned u s i n g s tandard methods o u t l i n e d i n Section 
4.4.1. Ten selected regions i n each observat ion (see F igure 4.9) were then subjected to 
our models . The n u m b e r of u n d e r l y i n g thermal components was d e t e r m i n e d b y the 
more precise f i t t ing procedure i n X S P E C , f o l l o w i n g the a p p l i c a t i o n of our R F models . 
The i m p l e m e n t e d models were successfully a p p l i e d to the selected regions, a n d the 
t o p - p e r f o r m i n g models , w h i c h h a d the highest R m m va lue c o m p a r e d to the X S P E C 
classif ication, achieved a n 80% accuracy for the V i r g o cluster a n d a 60% accuracy for 
the Perseus cluster (see Table 12) 

In s u m m a r y , our s t u d y has revealed that machine l e a r n i n g techniques offer the ca
paci ty to efficiently classify mult i - temperature regions i n galaxy clusters w h i l e s igni f i 
cantly r e d u c i n g the analysis t ime c o m p a r e d to t radi t ional f i t t ing procedures . Further
more , the f i n d i n g s demonstrate the extraordinary capabil i t ies of the Athena satellite 
to advance our u n d e r s t a n d i n g of the propert ies a n d e v o l u t i o n of hot gas i n galaxy 
clusters. 



A P E N D I X A : C O N F U S I O N M A T R I C E S 
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(a) R m i n = 0.1 (b) R m n = 0.05 (c) R m i n = 0.01 (d) Rmm = 0.005 (e) Rmm = 0.001 

Figure A . i : Confusion matrices for Chandra models w i t h N™m = 1 0 - 5 for Virgo cluster. 
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Figure A .2: Confusion matrices for Chandra models wi th N™ m = 1 0 - 4 for Virgo Cluster. 

0.14 

0.12 0.88 

0.70 

0.50 

0 30 

(a) R m i n = 0.1 

0.20 0.63 0.37 

0.19 0.81 

0.56 0.43 

0.19 0.81 

0.50 j 

(b) R™* = 0.05 (c) R m i n = 0.01 (d) Rmin = 0.005 (e) R m i n = 0.001 

Figure A . 3 : Confusion matrices for XRISM models for Virgo Cluster. 
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Figure A . 4 : Confusion matrices for Athena models for Virgo Cluster. 
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Figure A .5 : Confusion matrices for Chandra models wi th Nfm = 1 0 - 5 for Perseus cluster. 
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Figure A.6 : Confusion matrices for Chandra models w i t h Nfm = 1 0 - 4 for Perseus Cluster. 
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Figure A.7: Confusion matrices for XRISM models for Perseus Cluster. 
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Figure A.8 : Confusion matrices for Athena models for Perseus Cluster. 
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Figure B . i : The interdependence of the initial four principal components for 500 single (circle) and 
double (triangle) temperature spectra of the Chandra satellite pertaining models wi th 
N m i r , = 1 Q - 5 f o r t h e V i r g o cluster. 
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;ure B.2: The interdependence of the initial four principal components for 500 single (circle) and double 
(triangle) temperature spectra of the Chandra satellite pertaining models wi th N™m — 10~ 4 for the 
Virgo Cluster. 
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Figure B.3: The interdependence of the initial four principal components for 500 single (circle) and double 
(triangle) temperature spectra of the X R I S M satellite models for the Virgo Cluster. 
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Perseus Cluster. 
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;ure B.7: The interdependence of the initial four principal components for 500 single (circle) and double 
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;ure B.8: The interdependence of the initial four principal components for 500 single (circle) and double 
(triangle) temperature spectra of the Athena satellite models for the Perseus Cluster. 
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;ure B.9: The interdependence of the initial 4 principal components for 500 single (circle), double (triangle), 
and triple (square) temperature spectra of the Chandra satellite models for the Virgo cluster. 
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;ure B. io : The interdependence of the initial 4 principal components for 500 single (circle), double (triangle), 
and triple- (square) temperature spectra of the X R I S M and Athena satellite models for the Virgo 
cluster. 



A P E N D I X C : I N D I V I D U A L P R I N C I P A L C O M P O N E N T S & 
V A R I A N C E C O V E R A G E 

C 

fe inperature [keVj Cúmpl Comp2 C amp 3 Comp4 Comp5 

Figure C . i : First few individual components (left) and their variance coverage 
(right). Chandra N^n = 1CT 4, Rmkx = 0.1 for Virgo. 

Figure C . 2 : First few individual components (left) and their variance coverage 
(right). Chandra iV{™n = 10" 4 , Rmin = 0.001 for Virgo. 

Temperature [keV] Compl Comp2 Comp3 Comp4 Comp5 

Figure C.3: First few individual components (left) and their variance coverage 
(right). Chandra = 10" 4 , Rmkx = 0.1 for Perseus. 

Figure C.4: First few individual components (left) and their variance coverage 
(right). Chandra N™n = 10" 4 , Rmkx = 0.001 for Perseus. 
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Figure C.5: First few individual components (left) and their variance coverage (right). 
Chandra Nf1™ = 1 C T 5 , Rmin = 0.1 for Virgo. 

Figure C.7: First few individual components (left) and their variance coverage (right). 
Chandra A/™" = 1 C T 5 , Rmin = 0.1 for Perseus. 

Figure C.8: First few individual components (left) and their variance coverage (right). 
Chandra N f 1 to = 1 0 " 5 , Rmkx = 0 .001 for Perseus. 
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Figure C .9: First few individual components (left) and their variance coverage (right). 
XRISM N f 1 to = 10" 5 , R m i n = 0.1 for Virgo. 

Figure C.10: First few individual components (left) and their variance coverage (right). 
XRISM A/™" = 1 0 - 5 , Rmin = 0.001 for Virgo. 
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Figure C . n : First few individual components (left) and their variance coverage (right). 
XRISM A/™" = 10" 5 , Rmin = 0.1 for Perseus. 

Figure C.12: First few individual components (left) and their variance coverage (right). 
XRISM N f 1 to = 10" 5 , R m i n = 0.001 for Perseus. 
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Figure C.13: First few individual components (left) and their variance coverage (right). 
Athena Nf^ = 10" 5 , R m i n = 0.1 for Virgo. 
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Figure C.14: First few individual components (left) and their variance coverage (right). 
Athena Nf1^ = 10" 5 , R m i n = 0.001 for Virgo. 
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Figure C.15: First few individual components (left) and their variance coverage (right). 
Athena N f ^ = 10" 5 , R m i n = 0.1 for Perseus. 

Figure C.16: First few individual components (left) and their variance coverage (right). 
Athena Nf" = 10" 5 , R m i n = 0.001 for Perseus. 



A P E N D I X D : R F M O D E L P R E D I C T I O N S O N 
S E L E C T E D R E G I O N S 

The correct a n d incorrect predic t ions of the Chandra R F m o d e l s o n se
lected regions f r o m real observations. The Y-axis labels correspond to 
i n d i v i d u a l regions, w h i l e the X-axis values represent parameter R 
of mode ls , w i t h the i n d e x values a, b c o r re sp o n din g to Nf*m (a = 10 
a n d b = 10~ 5). False m o d e l predic t ions are m a r k e d by the s y m b o l 'x' 
i n the cells. 

mm 
4 

0.1 s 0.05 s 0.01 s 0.005 s 0.001 s Q.lb 0.05 b 0.01 b 0.005 b 0.001 b 

A 
B 
C 
D 
E 
F 
G 
H -
I-

J 

Figure D . i : Visualization of the correct (empty yellow cells) and incorrect 
(green cells w i t h symbol V ) classification of Chandra models on 
real spectra for Virgo cluster. 
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