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ABSTRACT

CHEMICAL ENRICHMENT HISTORY AND GAS MASS

FRACTION OF THE GALAXY CLUSTER ABELL 3112

Clusters of galaxies are the largest concentrations of confined matter in the

Universe. Their deep potential well locks all metals produced by stars and galaxies

within the intra-cluster medium. The spatial distribution of the metals residing in

the intra-cluster medium records all the information on a cluster’s nucleosynthesis and

chemical enrichment history. In this work, we constrain the radial distribution of

supernova enrichment via supernova type Ia and core collapse supernova explosions

from a total of 1.2 Ms Suzaku XIS and 72 ks Chandra observations of the cool-core

galaxy cluster Abell 3112 out its virial radius (∼ 1470 kpc).

We adopt a recently developed snapec XSPEC model for this study. In this

study, it is found that the ratio of the observed supernova type Ia explosions to the

core collapse supernova explosions has a uniform distribution at a level of 0.12 – 0.16

out to the cluster’s virial radius. The observed fraction of type Ia supernova explo-

sions is in agreement with the corresponding fraction found in our Galaxy and the

chemical enrichment of our Galaxy. The non-varying supernova enrichment suggests

that the intra-cluster medium in cluster outskirts was enriched by metals at an early

stage before the cluster itself was formed during the period of intense star formation

activity. Additionally, we find that the 2D delayed detonation model CDDT produces

significantly worse fits to the X-ray spectra compared to simple 1D W7 models.

An explicit investigation with these X-ray observations can also be used to probe

the approximate baryon fraction of the cluster. In this study, the gas mass fraction is

determined as fgas = 0.21+0.16
−0.11 at R500.



vi

ÖZET

GALAKSİ KÜMESİ ABELL 3112’NİN KİMYASAL

ZENGİNLEŞME TARİHİ VE GAZ KÜTLE ORANI

Galaksi kümeleri evrendeki en büyük ve birbirine bağlı olarak hareket eden

yapılardır. İçinde bulundukları derin potansiyel kuyu, galaksi kümesinde bulunan

yıldızlar ve galaksiler tarafından üretilmiş tüm metalleri küme içi ortamda hapseder.

Bu özelliklerinden dolayı, küme içi ortama dağılmış metallerin uzaysal dağılımı nükleo-

sentezin ve kimyasal zenginleşmenin kayıda alınmasına ve incelenmesine olanak sağlayan

eşsiz ortamlardır. Bu çalışmada, 1.2 Ms Suzaku XIS ve 72 ks Chandra uydularından

alınan verilerle Abell 3112 soğuk merkezli galaksi kümesinin halkalanma yarıçapını kap-

sayacak şekilde (1470 kpc) tip Ia süpernova ile tükenmiş çekirdeği çöken süpernova pat-

lamalarının oluşturduğu kimyasal zenginleşmenin yarıçapa bağlı dağılımı ölçülmüştür.

Bu çalışma için, kısa süre önce geliştirilen snapec XSPEC modeli uygun bu-

lunmuştur. Bu çalışmada, gözlemlenen tip Ia patlamalarının çekirdeği çöken süpernova

patlamalarına oranının kümenin halkalanma yarıçapına kadar sabit bir dağılım göster-

diği ve bu değerin 0.12 – 0.16 aralığında olduğu gözlemlenmiştir. Bu oran, bizim galak-

simizdeki oran ve kimyasal zenginleşmesiyle uyumludur. Değişmeyen süpernova zengin-

leşmesi, küme içi ortamın eteklerinde yıldız oluşumunun maksimuma ulaştığı küme

oluşum döneminden evvel erken dönem metal zenginleşmesine uğradığına işaret etmek-

tedir. Buna ilaveten, X-ışını tayf modellemesinde kullanılan iki boyutlu CDDT modelin

diğer 1 boyutlu W7 modellere kıyasla daha kötü sonuçlar verdiği tespit edilmiştir.

X-ışını gözlemleri ile yapılan bu detaylı analizler kümenin yaklaşık baryonik madde

oranını hesaplamak icin kullanılabilir. Gaz kütlesinin toplam kütleye oranı R500 yarıça-

pında fgas = 0.21+0.16
−0.11 ölçülmüştür.
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1. INTRODUCTION

Clusters of galaxies are the largest virialized structures in the Universe, whose

mass range is about 1014 M� to 1015 M�. In the light of the standard hierarchical

structure formation model, they form from the merge of the less massive objects such

as galaxies and subsclusters, covering a few Mpc [1, 2]. Since 1930s the theories and

observations have provided that a cluster of galaxies is a multicomponent system with

several galaxies; X-ray emitting hot dilute gas; and dark matter. The matter compo-

nents, i.e. galaxies and hot dilute gas, account for ∼3% and ∼13% of the total mass

respectively. The rest is the dark matter component contributing with a fraction of

84% to the total cluster’s mass [3]. The galaxy clusters are of great interest as the cos-

mological probes since their dynamical timescale are comparable to the age of Universe

and so they map the structure of the Universe on very large, i.e. a few hundred Mpc,

scales. As being formed at an early epoch and retaining all the imprints of the for-

mation history, they provide fundamental information on the history of the Universe.

The observables from the clusters such as temperature and metallicity allow us to com-

pare the theoretical predictions and thus probe into many phenomena such as metal

enrichment history and the dark matter and matter distribution in the Universe. The

cluster surveys constructed from new generation X-ray satellites, optical telescopes and

mm wavelength satellites which are sensitive to Sunyaev-Zel’dovich Effect (SZ) have

provided the statistical power to test and constrain cosmological models with accuracy.

1.1. Historical Background of the Clusters of Galaxies

With technological and scientific developments and advanced measurements in

optical, radio and X-ray observations, our understanding of the galaxy clusters evolves

significantly in time. The historical background of the galaxy clusters are well sum-

marized in the work titled “From Messier to Abell: 200 Years of Science With Galaxy

Clusters” of Andrea Biviano [4] and in this section, we will give brief information based

on this study.
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The first discovery of galaxy clusters dates back to the 18th century, when the

French astronomer Charles Messier and the German astronomer F. Wilhelm Herschel

independently noticed the existence of concentrations of nebulae on the sky and con-

structed the first catalogues of these nebulae. The discussion on the galactic or extra-

galactic nature of the nebulae took decades and it could be revealed through the works

of V. M. Slipher and E. Hubble in the 20th century.

With the development of photography techniques in 1900s, the scientists were able

to observe more on clusters of galaxies. In 1906, Max Wolf mapped a very detailed

description of the Coma and Perseus clusters and thereafter with the investigations

of Curtis in 1918, a total of 300 nebulae in the Coma cluster was reached. All these

investigations were to question the location of these objects. The discovery of Cepheids

in M31 by Edwin Hubble ended the discussions and pointed that these objects are far

from our galaxy. In 1929, he published the paper [5] on the relation between distance

and radial velocity as a proof of receding nature of extragalactic objects.

The advances in optical techniques opened a new era in the observations. Zwicky

and Abell’s catalog can be called as the milestones of this era. In 1937, the published

paper by Fritz Zwicky pointed out that the ratio of mass to light for galaxies in Coma

cluster was too much larger than the stars in the local Milky Way and thereafter this

discrepant additional mass without emitting light has been explained by the existence

of large amount of dark matter in the clusters [6]. The later landmark paper belongs

to George Ogden Abell in 1958. When it is first published, this catalogue contained

2,712 rich clusters of galaxies with north of declination −27◦ -hence, it is also called

“The Northern Survey”. This survey was the collection of photographs from Palomar

Observatory Sky Survey. Figure 1.1 is taken from Abell’s catalog. The distribution of

clusters are shown and the empty oval region is not covered by Palomar Observatory

Sky Survey. The selection criteria were to be to have at least 30 members with a defined

radius 1.5 Mpc (it is also called “Abell Radius”) and each has a magnitude range m3 to

m3+2, where m3 is the magnitude of the third brightest cluster member. Afterwards,

the catalogue was extended by adding 1,361 rich clusters from the Southern Sky Survey.
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In 1960s, the radio sources in the clusters were in the center of the attention.

The relativistic electrons inside a magnetic field emits synchrotron radiation and this

mechanism is the main source of the radio emission in clusters of galaxies. The similar

properties of the observed clusters at radio wavelength have importance. Those clusters

generally have either high mass with higher overall power output or radio galaxies with

large synchrotron jets. The radio source found in Abell clusters at a frequency 1400

MHz, a so-called WAT, has been surveyed such as [8–10]. There also exist a quite

number of low frequency catalogs such as [11–15].

The opacity of the atmosphere prevents all kinds of ground based X-ray mea-

surements. The very first X-ray observations were made with balloons and sounding

rockets. In the most recent development, satellites orbiting around the Earth are the

most advanced tools of the present. In 1949, sounding rocket with a detector in the

nose cone was launched to an altitude above the atmosphere and collected X-ray data

from the Sun. The first extragalactic object observed in X-ray emission was M87, which

is a galaxy located at the centre of the Virgo cluster. In the following years, X-ray

sources in the direction of Coma and Perseus as being the nearest richest clusters were

also identified [16–19]. The first X-ray sky survey was established after the launch of

Uhuru Satellite [20, 21]. And soon after, it is well agreed that the brightness of the

X-ray emission from the galaxy clusters is not dependent on time and the mechanism

behind the X-ray emission from clusters is well fitted with thermal bremsstrahlung

from a hot plasma. From 1970s to today, there are still ongoing missing pieces of these

objects and new design X-ray missions such as Chandra and Suzaku are continuously

taking data. With the light of these observations, our understanding of these objects

has been dramatically extended and now we use clusters as cosmological probes for

such as the history of the formation, nucleosynthesis and the baryonic content of the

Universe.

1.2. The Overview of the Clusters of Galaxies

All sky surveys and multi wavelength observations prove that Universe follows a

hierarchal model with scaled up to superclusters and filaments. The galaxy clusters are
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prominent constituents of the large scale structure (LSS) since these structures evolve

from the mostly dark matter driven gravitational collapse of the rare high peaks of

primordial perturbations in density. It is known that primordial fluctuations in the

early history of the Universe are assumed to be the source of all structures. The most

important aspect of the galaxy clusters is that they have enough time to reach the virial

equilibrium. The term dynamical timescale can be considered as the elapsed time for

a cluster to communicate with itself via its own potential and hence for a cluster with

radius R, it is given by:

τdyn =
R

Vr
∼=
( R

Mpc

)( Vr
1000 km s−1

)−1

Gyr (1.1)

where Vr is the radial component of the velocity dispersion. For a typical cluster with

R = 1 Mpc and Vr = 103 km s−1, the crossing time for a galaxy from side to the

other is 1 Gyr. By reason of the fact that the dynamical time is much shorter than

the Hubble time (tH = 1/H0 = 13.5 Gyr, where H0 = 0.074 Gyr−1), the system is

accepted to be in the dynamical equilibrium. The state of equilibrium implies that the

gas pressure balances the gravitational force, where the strength of gravity decides the

amount of average kinetic energies gained by the gas particles. Hence, the temperature

of the gas is the measure of the average kinetic energy and so the average speed of

the X-ray emitting gas particles. Despite the dynamically relaxed clusters, however,

a great number of observations manifest the recent existence of turbulent regions by

jets, sloshing and merging within the many of the clusters, which infers ongoing energy

feedback activities. Thus, clusters can be assumed to be quasi-relaxed structures and

provide a fair local sample of our Universe.

Luminous matter makes up ∼ 16% of the galaxy cluster. The great percentage

of this luminous matter is in the form of hot diffuse gas. The gas is trapped due

to the gravitational potential well of the cluster and this structure is called intra-

cluster medium (ICM). As soon as the gas is trapped in the cluster’s potential well, it

reaches the tenuous densities, ne = 10−4 − 10−2 electrons cm−3, and temperatures up

to 107 − 108 K. At such conditions, the gas constitutes a nearly fully ionized optically
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thin plasma, which produces X-rays via processes given in detail in Section 2. Except

than some heavier elements, the most of the elements are entirely stripped of their

electrons. The ICM luminosity is in the order of 1043 − 1045 ergs s−1. The primordial

cosmic gas contains 75% hydrogen (H), %24 helium (He) and the rest of light elements

such as lithium (Li) and beryllium (Be). However, X-ray observations have proven that

the gas is not purely in primordial state, but a comprehensive amount of it has been

reprocessed in the stellar populations and injected into the ICM through supernova

explosions (SNe) since the total metal abundance found in the ICM is greater than the

abundance found in the stellar population [22,23]. The ICM contains all the elements

from the history of the cluster’s formation up to today and therefore represents a fossil

record of the cluster. The importance of revealing the chemical enrichment history of

clusters is to illuminate us on nucleosynthesis and formation history of the Universe.

The density in the core of the cluster is higher than the cluster’s outskirts, which

foresees strong X-ray emissions from the center (see Figure 1.2). These X-ray emission

mechanisms account for the cooling of the ICM. If we define the cooling time by the

equation,

tcool ∝ Tαg /ne,where -1/2 < α < 1/2 (1.2)

when the cluster’s cooling time is shorter than the cluster’s age, the cooling flow occurs

[24]. One of the main characteristics of cool core (CC) clusters is the presence of gas

with a cooling time less than the age of the universe leading to both a centrally peaked

surface brightness radial profile and a central temperature gradient that rises with

radius and mostly flattens in the outskirts [25,26].

Entropy is another measure of cooling flow in galaxy clusters, which is calculated

by,

K = kBTgn
−2/3
e (KeV cm2) (1.3)
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The entropy as the measure of the thermodynamic state of the ICM ensures that low

entropy points cool and dense region. Therefore, for CC clusters we expected to have

steep increasing radial profile, whereas non-cool core (NCC) clusters have flatter radial

profiles.

The mass of the cluster determines the depth of the gravitational potential well

so evidently it has direct impact on cluster’s temperature. In the CC clusters, another

indicator of the cooling flow is to have the mass deposition rates, which is expected

to be large in the center where the cooling time is sharply short. Typical value is in

the order of Ṁ = 10 − 100 M� yr−1, or even greater than those [27]. On the other

hand, NCC clusters have either none or very small cooling radii with insignificant mass

deposition values.

Figure 1.2. The figure on left belongs to CC Abell 2029 cluster, which has strong

peak at the center, whereas NCC Abell 2319 cluster on the right has flattened surface

brightness distribution [28].

Moreover, X-ray observations of galaxy clusters have been extremely successful

at explaining and revealing the existence of dark matter (see Figure 1.3). This picture

should drive the attention to that all dust and gas collected in the center and collided

with each other during the interaction. We already mention that the vast majority

of the cluster’s mass is made from dark matter. Therefore, galaxy clusters are unique
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reservoirs to study the nature of the gravitational interaction. Temperature and matter

density of the ICM are helpful observables since they form by the shape and depth of

the cluster’s potential well [29].

Figure 1.3. The 1E0657-56 cluster (the bullet cluster) is shown with superimposed

X-ray, optic and gravitational lensing maps. The blue parts represent the weakly

interacting dark matter, the pink colour is for hot ICM and stellar objects are shown

by yellow [30,31].

1.3. Significance of our studies

The thesis attempts to use the results from a series of analysis to discuss two

challenging phenomena. The main aim is to discuss the foundations of the evolution of

the metals in large scale structures such as galaxy clusters spanning from the cluster’s

core out to the virial radius. The existence of large fraction of dark matter generates

a deep gravitational potential well, and hence ICM locks all the metals produced via

SNe in the stellar populations. Therefore, ICM as being a unique reservoir records all

the imprints of chemical evolution history. Metals originate from star burst at z∼ 2−3

and are injected into ICM via Type Ia and core collapse SNe, and the abundance
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measurements in the ICM can reveal the history of the nucleosynthesis of billions of SNe

since the epoch of the star formation peak (z∼ 2-3). There are a comprehensive number

of supernova (SN) yields in literature from a comprehensive number of progenitor

theories. By using the observed element abundances and their relative ratios, we can

discuss and make a conclusion on the progenitor theory supporting the produced yields

within the cluster. The main goal of this study is to investigate chemical enrichment

history of Abell 3112 galaxy cluster out to R200, which is the radius within which the

average density is 200 times higher than the critical density. This study is unique since

it will be the first time measurement of supernova contributions from cluster core to

the outskirts at this high redshift (z = 0.0752).

In order to achieve a deep understanding on the evolution history of metals in

the ICM, we will derive and confirm the fraction of gas mass, which has been measured

for our cluster before. Galaxy clusters as being large enough to assume representative

volume of the Universe are expected to have a nearly cosmic mix of baryonic and dark

matter. The gas mass ratio of the cluster is given by,

fgas = Mgas/Mtot (1.4)

where Mgas and Mtot are the gas mass within and total mass of the cluster. This

quantity is expected to be invariant with respect to redshift. If we can accurately

measure the gas mass fraction of our cluster, this quantity will also reflect the baryonic

matter fraction of the Universe, since

fgas = Mgas/Mtot ≈ ΩB/ΩM (1.5)

where ΩB refers to baryonic matter density and ΩM is the matter density of the Uni-

verse.

Abell 3112 is a perfect sample by being an archetypal cool-core cluster and satis-

fying the conditions of studying these two phenomena by having a relaxed morphology.
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It is a distant cluster located at 0.0752. The cluster has a strong radio source, PKS

0316–44, located in the cluster center [32]. The mass deposition rate of 10+7
−5 M� yr

−1

indicated by XMM-Newton observations is much less than the expected rate from cool-

ing flow clusters [33, 34]. It was also reported that a soft X-ray gas was present in the

ICM above the contribution from the diffuse 4–5 keV hot gas. This soft excess was

first thought to be well described with an additional non-thermal power-law model or

with a 1 keV thermal model of low metal abundance [35–37]. However, [34] ruled out

the thermal origin of this soft excess using XMM-Newton RGS observations, leaving

the possibility for non-thermal interpretation of a potential population of relativistic

electrons with ∼7% of the cluster’s gas pressure. The peaked Fe, Si, and S abundances

in the core region reported in [34,38] imply an ongoing Type Ia supernova contribution

towards the immediate cluster core (< 0.5′) followed by a more uniform core collapse

supernova contribution. Finally, [38] used higher resolution XMM-Newton RGS ob-

servations of Abell 3112 to constrain the SNe models using a new method, snapec,

and reported that 30.3%± 5.4% of the total SN which enriched the ICM are Type Ia

within the immediate core (∼ 50 kpc) of the cluster. It was also reported that the

total number of SNe required to create the observed metals is (1.06 ± 0.34) ×109 in

the cluster core [38].

In this study, we take a further step to investigate the radial distribution of

SN enrichment in Abell 3112 out to the cluster’s virial radius by comparing deep

Suzaku and Chandra X-ray observations with the nucleosynthesis models available in

the literature. We will also recalculate the gas mass fraction from Suzaku observations

and confirm our results by XMM-Newton study [34].

At the cluster’s redshift, 1′ corresponds to∼ 82 kpc. The cosmological parameters

used in the analysis are H0 = 73 km s−1 Mpc−1, ΩM = 0.27, ΩΛ = 0.73. Unless

otherwise stated, reported errors correspond to 68% confidence intervals.
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1.4. Thesis Outline

The thesis is organized as follows: a brief introduction to galaxy clusters and the

thermodynamic properties of ICM physics have been discussed in Chapter 1. To ana-

lyze the spectrum of ICM of Abell 3112, the fundamental X-ray emission mechanisms

of hot plasma and available codes that utilizes these mechanisms have been reviewed in

Chapter 2. In Chapter 3, an overview of the physics of supernova explosions is given.

The Chapter 4 contains the technical description and details on instruments that we

used in these analyses; namely Suzaku and Chandra X-ray satellites. Observations

and basic data reduction are discussed in Chapter 5. The background and systematic

uncertainties relevant to Suzaku are described in Chapter 6 and 7. The analysis pro-

cedure and the results of global spectral properties of Abell 3112 cluster are given and

well explained in Chapter 8. The Chapter 9 provides the robust model and its results

revealing the chemical enrichment history of Abell 3112 galaxy cluster. To estimate

the baryonic mass fraction of this cluster, we introduce deprojection techniques and

obtain results in Chapter 10 and 11. We summarize our foundings in Chapter 12.
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2. EMISSION MECHANISMS IN GALAXY CLUSTERS

It is already mentioned that the plasma of the ICM is very tenuous medium

in thermal equilibrium from the core to the outskirts. We also know that plasma is

optically thin, which means that emitted X-rays leave the cluster without scattered or

absorbed. The collisional de-excitation is also negligible in these low density plasmas.

Therefore, the modelling of X-ray spectra is trivial by fundamental emission processes.

For high temperatures, since almost all the electrons of the elements in the plasma are

stripped off, Bremsstrahlung as being a continuum emission determines the shape of

the X-ray spectrum. On the other hand, for low temperatures, the line emissions by

mainly transitions from K and L shells contribute to the radiation.

Corresponding to these emission processes, there are publicly available codes that

can be used to calculate the radiation from plasma in thermal equilibrium. A detailed

description of the codes adopted in these analyses is also given.

2.1. Continuum X-ray emission

The continuum emission in galaxy clusters mainly results from thermal brems-

strahlung (free-free), radiative recombination (free-bound) and two photon emission

(bound-bound). In this thesis, the emissivity is described as a measure of the emitted

power per unit volume and per unit frequency.

Bremsstrahlung is radiation emitted by accelerated electrons under the electro-

static fields of ions and nuclei. This process is also called free-free emission due to

the fact that electron and ion are free before and after the collision. The velocity

distribution of these electrons follows Maxwellian distribution, therefore this radiation

is described as thermal. Since the thermal motion is not direction dependent, the

radiation resulting from the thermal motion of these particles is unpolarized. The
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Maxwellian speed distribution of electrons imposes that,

fe(v) ∝ e
− mev

2

2kBTgas v2dv (2.1)

where me is the mass of the electron, kB is the Boltzmann constant and Tgas is the

temperature of the plasma. The thermal Bremsstrahlung radiation emissivity of the

plasma calculated by integration from the so called minimum and maximum impact

parameter is found by,

εffν ∝ nenig
ff (ν, Tgas, Zi)Z

2
i T
−1/2
gas exp−hν/kBTgas erg s−1cm−3Hz−1 (2.2)

where Zi is ion charge, ne and ni are the electron and ion density of the plasma, ν is

the frequency of the emitted photon. The classical treatment gives this result and gff

is known as Gaunt factor responsible for quantum mechanical corrections [39]. The

average value of the Gaunt correction factor is close to unity. The emission has main

dependence on the temperature of the plasma and the density of the ions. For an

optically thin plasma, ne ≈ ni, sum over frequency gives the total emissivity,

ε ∼ n2
eT

1/2
gas (2.3)

Thermal Bremsstrahlung is the most dominant mechanism, which gives the shape of

the X-ray spectra. There is also a small contribution form radiative recombination and

two photon emission. However, at high temperatures (> 107 K), this process is the

most dominant driven mechanism for producing X-ray radiation.

Radiative Recombination is a free-bound transition. This process involves the

recapture of a free electron by an ion into a quantized bound state by a photon emission.

Hence, this requires the medium to be highly ionized, similar to free-free emission. The

continuum emissivity due to the radiative recombination is given by the equation,

εbfν ∝ nenj
∑
l

ωl,i
ωgs,j

alν,iν
3T−3/2

gas exp−(hν−χl,i)/kBTgas (2.4)
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where l sums over all energy levels of ion i, ω refers to statistical weights of atomic levels

and gs stands for ground state of the recombining ion j, alν,i is the photoionization cross

section and χl,i is the ionization potential at each energy level of the ion i [40,41]. We

may summarize that when the ICM temperature kBTgas << 0.1 keV, the free-bound

emission becomes the most dominant continuum emission mechanism. On the other

hand, Bremsstrahlung dominates the continuum contribution at the ICM temperatures

kBTgas >> 1.0 keV.

The final component is the two photon emission process. Two photon emission

occurs when an electron in an excited state of 2s can not undergo direct downward

transition (1s) since it is forbidden, however this transition becomes very high probable

for low density ionized gas so the electron decays from the 2s to the 1s orbit by emitting

two photons. Two photon emissivity is defined by the equation,

ε2qν ∝ npneγν(2q) (2.5)

where np and ne are the number density of protons and electrons respectively, the

function γnu(2q) is given in [40].

The sum of thermal Bremsstrahlung, radiative recombination and two photon

emission gives the total continuum emissivity and it is expressed as,

εcontν = εffν + εbfν + ε2qν (2.6)

2.2. Line X-ray emission

Line emission is also a primary X-ray radiation source in the plasma, especially

at lower temperatures. The production of X-ray radiation due to the line emission

originates from the electron transition between two different energy states. The calcu-

lated line emission from a plasma considers all energy levels of all ionization levels at a

specific temperature, therefore the calculation is highly nontrivial. The line emissivity
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due to a collisionally excited plasma is given by the equation,

∫
εlineν dν ∝ nine

Ω(Tgas)B

ωgs,i
T−1/2
gas νe−∆E/kBTgas (2.7)

where B is the branching ratio which is the probability of decay into the lower state, Ω

is the collisional strength, hν is the energy of the transition and ∆E is the excitation

energy above the ground state of the excited level.

The strong line emission at 6.7 keV, which is identified as Fe-K line, is first discov-

ered in Perseus cluster [42] and thereafter it is discovered in almost all of the clusters.

In general, the spectra contain K-shell transitions from H/He-like Fe at higher tem-

peratures since all the other elements are fully ionized, whereas at lower temperatures

K-shell transitions from other elements such as O, S and Si contribute to the total

radiation.

Figure 2.1 shows X-ray spectra of clusters at two different temperatures, where

individual contributions from both continuum and line emissions are plotted. The blue

line represents thermal Bremsstrahlung where for the higher temperature it gives the

most dominant contribution to the total shape of the spectrum. Radiative recombina-

tion is indicated by the green line, whereas the two photon process is plotted by the

purple. The most prominent line emissions are also labelled. This figure identifies the

most relevant emission lines in clusters and it is clearly seen that at lower temperatures

line emissions are predominant as the elements are not fully ionized.

2.3. The Modelling of the Collisionally Ionized Plasma

To model the hot dilute plasma, there are many spectral codes available in lit-

erature. In our analysis, the cluster emission is modelled with ATOMDB version

2.0.2 [44,45]. XSPEC v12.9.0 is used to perform the spectral fits [46] with the extended

C-statistic as an estimator of the goodness-of-fit. We may give brief information on

the main features of the models that we use to model the ICM of Abell 3112.
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Figure 2.1. Comparison of X-ray spectra at two different temperatures which contain

the total continuum and strong line emissions [43].

2.3.1. Astrophysical Plasma Emission Code (APEC)

The apec code, written in C language, principally calculate the line emissions and

the continuum emissions from a hot and collisionally ionized plasma. The temperature

in keV range is valid in galaxy clusters. Thermal bremsstrahlung is the dominant pro-

cess for this range. However, considering thermal bremsstrahlung as the only process

will cause the underestimation of modelling the plasma at lower temperatures. There-

fore, we use apec code including both thermal bremsstrahlung, radiative recombination

and two photon emissions. To estimate the line emissions, apec code utilizes the APED

(Astrophysical Plasma Emission Database), which consists of all possible atomic rates

and wavelengths to calculate the line emissions from an optically thin thermal plasma.

This code calculate a four set of parameters; plasma temperature kT in keV, the

metallicity in solar units, the redshift of the sample and the normalization in (cm−5) by

using the comparison of theoretical emission model with input spectrum. It is essential

to note that the temperature of the X-ray emitting plasma determines the shape of the

spectrum. The normalization parameter refers to emission measure of the plasma,



16

Norm =
10−14

4π[DA(1 + z)2]

∫
ne(r)nH(r)dV (2.8)

where DA is the angular diameter distance to the source, z is the cluster’s redshift, ne

and nH are the number densities of electron and hydrogen, respectively. This equation

ensures that normalization factor is directly proportional to emission measure of the

X-ray emitting plasma.

2.3.2. Variable Astrophysical Plasma Emission Code (VAPEC)

The vapec has the same origin with apec model so that it also uses the atomic

data from APED. The main difference is that the vapec model allows to calculate

the abundances of He, C, N, O, Ne, Mg, Al, Si, S, Ar, Ca, Fe, and Ni in solar units

individually. The element abundances retained in the ICM can be depicted as the

fossil records of the formation history, since it results from the contribution of different

supernova explosions in the stellar population to the nucleosynthesis of heavy elements.

We will discuss the origin of these metals in the following chapter.
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3. THE PHYSICS OF SUPERNOVA EXPLOSIONS

3.1. Supernova Explosions

A supernova (SN) occurs when a star at the end of its life cycle explodes and

releases most of its energies. This phenomenon is considered as the most luminous

recorded event after the Big-Bang and the burst of the radiation expelled from the

explosion can make the entire galaxy shine for weeks or even months. The amount of

energy provided by SNe is in the order of ∼ 1051 erg, which is 1010 times energitic than

our Sun. The energy is ejected in the form of kinetic energy and electromagnetic radi-

ation and the ejecta contains heavy element synthesis. Therefore, SNe are responsible

for the transportation and cycle of the elements through the galaxies, stars and life.

The chemical composition of the ejecta is strongly depended on the progenitor star.

However, specific elements play crucial role to differentiate between the nature of the

explosion, and so the type of the SN.

3.2. Classification

The classification of SN explosions is broadly possible with respect to two ob-

servable features: the presence or absence of distinct chemical element lines in their

spectra and their light curves. According to the absence or presence of the H lines,

the SN explosions can be historically classified in two types; Type I and Type II re-

spectively. If the spectrum of the SN ejecta contains H lines, this is called Type II

(hereafter SN II). However, the absence of H lines is introduced as a primary indicator

for Type I (hereafter SN I). Furthermore, with the advances in scientific observations,

each of these classes is subdivided into subclasses. Type I class is divided into three

subclasses; silicon (Si) rich Type Ia (hereafter SN Ia), non-ionized helium (He) rich

Type Ib (hereafter SN Ib), and neither Si nor He line Type Ic (hereafter SN Ic). Figure

3.1 gives a schematic view of classification of SN types. The existence or absence of

distinct absorption lines of specific elements lead a broad classification between super-

nova types. This figure also divides SNe with respect to their explosions mechanisms.
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Additionally, although there are numerous exceptional examples, the well known sub-

classification of SN II can be done by the shape of the light curve. A deep distinction

between SN II explosions is possible by having rapid decrease in the light curve after

the maximum light (Type II-P, hereafter SN II-P) and presenting a linear luminosity

drop (Type II-L, hereafter SN II-L) [48]. To understand the nature of the classification,

the measured features are demonstrated in Figure 3.2; where SN1996X and SN1994I

are used for SN Ia, and SN1997B and SN1999dn are used for SN Ic, and SN1990I is

for SN Ib, and SN1987A is for SN II [48].

Figure 3.1. The schematic view of classified supernova types with peculiar

examples [47].
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The main classification is possible through the explosion mechanisms; core col-

lapse SN (hereafter SN cc), and thermonuclear SN (SN Ia). Unlike SN Ia explosions,

SN Ib and SN Ic are discovered in very near the star forming regions and thus accepted

as having explosion mechanism ignited by the gravitational collapse of a massive star.

Therefore, together with SN II, these two types of SN are collected under the same cat-

egory named SN cc. On the other hand, SN Ia is started from thermonuclear explosions

of white dwarfs near the Chandrasekhar mass limit. Although these two classes are

two diverse phenomena, they have the same order of magnitude explosion energy (∼

1051 erg) and enhance the metallicity of the interstellar medium in common [49]. We

are going to discuss the physical foundations of these two SN classes in the following

sections.

Figure 3.2. The typical optical spectra of the SN types at maximum brightness, and

three weeks and one year after maximum [48].



20

3.3. Core Collapse Supernova Explosions (SN cc)

Massive stars with a zero-age-main-sequence mass (ZAMS) heavier than 8 – 10

M� turns into core collapse SNe at the end of their lives. The onion-like structure (see

Figure 3.3) illustrates that a massive star at the end of its life left with various layers,

where nuclear burning still continues. As having the most stable nuclei (Fe) in the

core, nuclear fusion can not take place. Besides that Fe or Ni has the highest binding

energy, and hence with no nuclear source to balance the inward gravitational force, the

Fe in the core is compressed. The density increases so that the electrons constitute

relativistic degenerate gas.

Figure 3.3. Onion-like structure of a star at the end of its life with nuclear burning

stages at different layers [50].

The maximum mass for the electron degeneracy pressure of the iron core to

balance the gravitational force is known as Chandrasekhar limit,

MCh = 5.8Ye
2M� (3.1)

where Ye is the number of free electrons per baryon. Above this limit the core starts to

contract. Once the gravitational collapse of the core starts up, at ultra-high densities
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electron capture by heavy nuclei arises, which leads the diminishing of the degenerate

gas pressure against the gravitational attraction. The rise in the temperature up to

109 K ignites the photo-disintegration in Fe,

56Fe+ γ → 134He+ 4n− 124.4 MeV (3.2)

4He+ γ → 2p+ 2n+ 2e− 28.3 MeV

where we should highlight that both reactions are endothermic and simultaneously

electron capturing,

p+ e→ n+ νe (3.3)

occurs, which can not help the core to be collapsed. The core consists of mostly

neutrons in this stage and hence two possible consequences with respect to neutron

degeneracy pressure and gravitation await for the end of the star. If the initial mass of

the star is greater than 25M�, the neutron degeneracy can not resist to gravitational

attraction. Therefore, the star collapses into a singularity, which is called a black-hole.

It is still missing that if this black hole formation can lead to a supernova explosion.

However, if the neutron degeneracy pressure defeats the gravitational attraction, the

core stays as a ball of neutrons, which is so-called neutron star.

The outer layers of the star fall inward and reflect by the surface of the newly born

neutron star. The velocity of this flow is much greater than the speed of sound so this

creates a shock wave. And soon the resulting shock wave disrupts the star dramatically.

The expansion of the wave is damped due to energy losses via dissociation of heavy

elements within its path and grand neutrino production. After the time the shock stalls,

there is thought to be a revived sequence which results the explosion. In final stage,

inner core ultimately cools down, all the remnants are fully dispersed in the interstellar

medium (ISM) and leaves newly born a neutron star or a black hole depending on the

initial mass of the star.
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3.4. Type Ia Supernova Explosions (SN Ia)

The basic model on SN Ia explosions are based on a carbon (C) and oxygen (O)

rich white dwarf (hereafter CO WD) gaining mass from a companion and approaching

a critical mass which causes the thermonuclear explosion. A nearby companion can

ignite carbon fusion in the CO WD by dumping mass onto it. Accretion mass from the

companion causes the CO WD to near the Chandrasekhar mass, which is also called

the critical mass (MCh ∼ 1.4M�). The presence of heavy elements in the SN Ia spectra

can be explained by this model since the CO WDs do not contain elements lighter than

C. There are variety of scenarios suggested to unveil observational features of SN Ia

explosions. The proposed progenitor theories for the Type Ia SN explosions, which

reproduce theoretical framework of the explosions and unveil observational features,

are briefly explained in the following section. However, it should be noted that there

is still no accepted progenitor theory and hence it remains as an open question.

3.4.1. Progenitor Theory

We can recall that thermonuclear explosions (Type Ia) occur when a carbon-

oxygen (CO) white dwarf nears the critical Chandrasekhar mass. There are two basic

models that explain the mass gain mechanism of the CO white dwarf, which leads to

thermonuclear explosion at the end.

The first well known model is single degenerate (hereafter SD) [52]. In this SD

scenario, the CO white dwarf has a non-degenerate living star as companion (See Figure

3.4). There are variety of options for the type of the donor. The companion can be

a main sequence star (e.g., [54]), a subgiant (e.g., [55]), a helium star ( [56]) or also

a red giant ( [57]). As it orbits close enough to its partner, it pulls mass (gas) from

the surface of the companion star and accretes onto itself [52]. There are also different

point of views for the mass transfer mechanism [58]. Roche lobe overflow is one of the

proposed mechanism, where the Roche lobe is the maximum radius a star can reach

before there will be a mass transfer. When this two-body system exceeds this critical

radius, the material flows from the Roche lobe star to its companion via Roche lobe



23

Figure 3.4. The illustration of one of the proposed progenitor theory of

thermonuclear explosions, single degenerate scenario [53].

overflow (RLOF). Another possible mass transfer mechanism is via stellar winds. It

is known that stars occasionally lose their masses via stellar wind, and this loss can

be captured by the accretor. All these proposed configurations are still valid and have

different impacts on observational outcomes.

The second proposed model is doubly degenerate (hereafter DD). In DD model,

two CO white dwarfs, initially combined mass near the critical mass, orbit around each

other. If this binary CO white dwarf pair is close enough, they may merge within less

than a Hubble time via the emission of gravitational waves [59,60]. Another possibility

is the heavier CO white dwarf disrupts the lighter companion and then accretes matter

onto itself [61]. The recent accepted explanation is that when one of them exceeds the
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Roche-lobe radius, the permission to accrete material is ignited. The stable or unstable

nature of the mass transfer between two CO white dwarfs depends on the initial mass

ratio. If the mass difference between primary and secondary is large, transfer happens

to be smooth. The best ratio for stable transfer is determined as 2/3 [62]. In this

content, it has similar procedure as in SD scenario due to the stable nature of mass

transfer, primary CO white dwarf accreting mass onto itself and explosion. However,

if the masses of primary and secondary CO white dwarfs are comparable, the transfer

is so unstable. When one of them starts the accretion, the tidal forces becomes so

effective on the secondary CO white dwarf and forms a hot thick accretion disk around

the primary CO white dwarf. The very high accretion rate causes to ignite carbon on

the surface and the primary white dwarf turns into an oxygen-neon white dwarf. Some

studies claim that the fate of this oxygen-neon white dwarf is to collapse to a neutron

star (e.g., [63, 64]).

Likewise, for the explosion constituents, the propagation of ignited flame is also

under discussion. It is clear that the first stage of the explosion starts with C burn-

ing. The extreme dense core of CO white dwarf, 109 g cm−3, allows this burning as

thermal runaway. The proposed mechanisms for the propagation of burning fronts are

deflagration and detonation. Deflagration refers that the front propagation is medi-

ated by thermal conduction at subsonic speed, whereas detonation offers that the front

propagation is mediated by shock compression at supersonic speed.

Pure detonation model [65] is ruled by the detection of intermediate-mass ele-

ments in the SN Ia spectra, since this model predicts the productions of Fe group ele-

ments only. The problem was that the supersonic propagation of burning front inciner-

ate the whole star at very high density and leaves only Fe group elements. On the other

hand, the 1D pure deflagration models (such as W7 & W70) give promising results, if

the turbulent flame accelerates up to 30% of the speed of sound. Moreover, the combi-

nation of detonation and deflagration is also in use as delayed detonation models or the

deflagration-detonation transition (hereafter DDT) models (e.g. [66, 67]). This model

starts with the initial slow burning (deflagration), which is a requirement to expand

at small densities, and follows by a supersonic combustion to produce intermediate-
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mass elements. Although, the 1D delayed detonation simulations come up with better

results than the pure deflagration, there are still many missing parts of the model.

Therefore, the underlying nature of Type Ia SNe is an intriguing phenomenon

in astrophysics and yet virial radial observations have great importance to address all

of these issues. It is acknowledged that different types of SN have different progeni-

tors, leading different amount of heavy elements dependent on the effective time-scale

during the chemical evolution of galaxy clusters. Due to the theoretical uncertainties

mentioned above, this work considers as many SN yields in literature as possible to

unravel the observational outcomes.

3.5. The applied supernova yields

The SN yields adopted for our work is represented in Table 3.1. We compare

the fits of different models and investigate the best model that represents chemical

enrichment history of Abell 3112 galaxy cluster. The very brief instructive definition

of the models are listed below.

• Pure deflagration models of SN Ia are W7 & W70.

• The delayed-detonation models are WDD1, WDD2, WDD3 & CDD1, CDD2,

CDD3, where the numbers represent the density in the time of the transition (in

units of 107 g cm−3); the C refers the central density at 1.37 ×109 g cm−3, and

W infers the central density at 2.12 ×109 g cm−3.

• A pure deflagration model with a global spherical symmetry, where the deflagra-

tion is ignited within the c3-shape boundary, is C-DEF.

• A delayed detonation model with the 2D spherical deflagration C-DEF is C-DDT.

• An off-center delayed-detonation explosion (O-DDT), where the ignition is slightly

shifted from the WD center.
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3.6. A Robust Model to Constrain Supernova Fractions (SNAPEC)

The hot gas in ICM is a grand reservoir of metals produced by SN explosions.

Spatially resolved X-ray spectra from intracluster medium permit to stack metal con-

tent of the ICM. It is known that Fe and Ni are mainly synthesized by SN Ia, whereas

O, Ne and Mg are predominantly produced by SN cc explosions. Si-group (Si, S, Ca

and Ar) or the so called α elements are produced by both types of SN explosions in

similar portions. The precise combination of present observational data with various

theoretical predictions of SN yields requires special care due to large uncertainties.

snapec is a recently developed XSPEC model [70, 71]. A unique feature of the

model is that snapec calculates the total number of SN explosions and measures the

spatial distribution of the ratio of SN Ia to SN cc by directly fitting the X-ray spectra.

The model calculates the mass of the ith element (MSNe
i ) as,

MSNe
i = N IayIai +N cc 〈ycci 〉 (3.4)

where the number of SN explosions N Ia and N cc and the yields yIa and ycc of SN Type

Ia and SN core-collapse are given respectively. If we denote the number ratio of SN Ia

to SN cc as R and the total number of SN explosions as NSNe = N Ia + N cc, we may

rewrite the Equation 3.4 as,

MSNe
i = NSNe(1 +R)−1(RyIai + 〈ycci 〉). (3.5)

The given mass range for SN II yields on Table 3 from [68] uses Salpeter Initial Mass

Function (hereafter IMF) averaged SN II yields. The assumption of Salpeter IMF

indicates that,

〈ycci 〉 =

∫ 50M�
10M� y

cc
i (m)m−αdm∫ 50M�

10M� m
−αdm

. (3.6)
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where the slope α = 2.35 for Salpeter IMF [72].

snapec model has five set of free parameters: electron temperature (kTe), total

number of SNe (NSNe) responsible for the enrichment of the ICM, the percentage of SN

Ia contribution (R) in the extracted region, the cluster’s redshift and apec normalization

factor (see Equation 2.8). Moreover, two additional SN Ia model index and SN II model

index parameters are required to specify the models of which SN yields to be used in

calculations.

The advantages of this model are that it fits the spectrum with apec simultane-

ously so that provides a single set of diminished uncertainties and it is straightforward

to include or exclude yields available in literature.
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4. X-RAY INSTRUMENTS

The astronomical X-ray sources have energy ranges between 0.1 keV to several

tens of keV, where the incoming radiation is blocked by even the thin layers of earth’s

atmosphere due to atmosphere’s opacity. Figure 4.1 illustrates the attenuation of the

incoming photons in different energy ranges. This brings limitations for X-ray mea-

surements and limits all the ground based experiments. Therefore, the most efficient

way of X-ray observations is to use X-ray satellites located in the Earth’s orbit.

Figure 4.1. The deposition depth of the incoming sources into the Earth’s

atmosphere [73].

The main working principle of X-ray satellites is to collect the incoming photons

by using the grazing incidence telescope to focus and charged-coupled devices (CCD)

in the focal plane to determine the energy, position and arrival time of each photon.

The measured energy and spatial information of incoming photons do not directly give

the distribution of the source since the instrumental response should also be taken into

account. All these fundamental components build up the so-called spatially resolved

X-ray spectroscopy. As for now, there are many onboard X-ray observatory satellites

in use, in this thesis we currently focus on two main operating observatories, Suzaku

and Chandra.
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4.1. SUZAKU Satellite

Astro-EII is a joint Japanese-US mission X-ray astronomy satellite, designed to

detect various X-ray sources with high sensitivity over a spread energy range from 0.2

to 600 keV. It was launched by Japan Aerospace Exploration Agency (JAXA) with

the M-V launch vehicle from JAXA’s Uchinoura Space Center (USC) on 2005 July 10,

right after renamed as Suzaku, a red bird guarding the sky in Asian mythology [74]. It

has a near circular orbit with 96 minutes long period. It is located at 570 km altitude

with 31◦ inclination angle. Figure 4.2 shows the schematic view of Suzaku in orbit.

Figure 4.2. An illustrative view of Suzaku satellite in near circular orbit [75].

The technical details of Suzaku satellite is taken from The X-ray Observatory

Suzaku Guide [74] and summarized in details.

• The total mass at launch was 1706 kg. The spacecraft length along the telescope

axis is 6.5 m after the deployment of extensible optical bench (EOB).

• Three gyroscopes and two star trackers measure the spacecraft attitude regularly.

The position is stabilized by four sets of wheels, where one is redundant.
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• The electronic boxes of both scientific instruments and the spacecraft bus are

located in the side panels.

• Suzaku has two wings of solar array paddles (SAP). Total power provided by solar

paddles is ∼ 660 W. The pointing accuracy is 0.24′. Power constraint of the solar

paddle results 65◦ – 115◦ limitation from the Sun. Therefore, except the objects

near the orbital pole, any part of sky is observed at least twice a year.

• The mean efficiency of the satellite is about 43%. South Atlantic Anomaly (here-

after SAA) interrupts the operations and this causes decrease in efficiency. The

SAA is the area near Brazil which has an anomalous magnetic field. Thus the

area contains many charged particles hitting the detectors and the provided so-

lution is to exclude the data from this area.

• At higher altitudes, proton flux contaminates the CCDs and causes serious in-

strumental background in general. In the case of Suzaku, the charged particle

background is very low and stable due to being in low altitude.

Suzaku is equipped with three on-board instruments; X-Ray Imaging Spectrometer

(hereafter XIS) consisting of four X-Ray Imaging CCD cameras located in the focal

plane of X-Ray Telescope (hereafter XRT), Hard X-Ray Detector (HXD) which is a

non-imaging instrument that aims to increase the energy bandpass, and X-Ray Spec-

trometer (XRS) which is no longer active due to a meteoroid hit. For this work,

spatially resolved X-ray spectroscopy is performed using XIS device. Hence, our main

focus is on this instrument.

4.1.1. Telescope: X-Ray Telescope (XRT)

Observing high energy photons are not trivial due to penetrating nature of those

particles. Therefore, some advanced telescopes are required to guide and focus X-rays

onto the detector. XRT is a thin-foil nested Wolter-I type telescope, see Figure 4.3. In

space observations, Wolter-I type telescopes provide advantages such as compactness
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and free space for nested objects. In Suzaku, there are four XRTs (XRT-I) correspond-

ing to each CCD and there is also XRT-S with shorter focal length to be used on the

high resolution spectrometer. However, XRT-S is no longer in use due to cryogenics

problems occurred in the system. The mirrors, which are used to reflect X-Rays at

small grazing angles (<1◦), are made of thin-foils. In Suzaku, each XRT consists of 175

nested mirrors per quadrant. These layers are called to be partially Wolter-I type, due

to the geometrical reasons. Thin-foil layers can not perfectly construct Wolter-I type

telescope so that cylindrical section of a cone is usually taken as an approximation.

Figure 4.3. Left Figure: An illustrative slice of Wolter Type-I mirror. Incident

X-Rays are reflected twice by mirrors sequentially and concentrated at the focal

point. Right Figure: A Suzaku X-Ray Telescope [76].

Nested layers provide large effective collecting area. However, conical approxima-

tion limits the angular resolution. Another important aspect is the smoothness of the

reflective surface. Replication technique was preferred to construct smooth reflective

surface [78]. XRT has gold coated front surface onto aluminium substrate. The spatial

resolution is constraint to 1′. The field of view is about 17′ at 1.5keV and 13′ at 8keV.

XRTs’ good angular/imaging resolutions with 0.1′ uncertainty are in the range of 1.8′

to 2.3′ .

4.1.2. CCDs: X-Ray Imaging Spectrometer (XIS)

It has great importance to understand working principle of these charged-coupled

devices for X-ray analysis. A CCD is comprised of an array of linked (“coupled”) capac-

itors. When an incident photon interacts within the semiconductor subtrate (depletion
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layer), it is converted into a cloud of electrons whose total charge is proportional to

the incoming photon energy. Applied electric field (clock voltages) between the gates

creates potential wells and these electrons are then concentrated and stored into the

pixels. Three-phase (self-induced drift, thermal diffusion, and fringing field drift) elec-

tric potential clocking yield to transfer these packets of charges to the neighbouring

gates and finally to the read-out node.

Figure 4.4. Left Figure: XIS sensor (CCD+Camera Body) [79]. Right Figure: Cross

Section of XIS sensor [79].

Suzaku has four X-Ray Imaging Spectrometers (XIS0, XIS1, XIS2 and XIS3)

and each located in the focal plane of an XRT (XRT-I0, XRT-I1, XRT-I2 and XRT-I3)

respectively. A sample of XIS and its schematic cross section are shown in the Figure

4.4. Each spectrometer employs a single MOS-type X-Ray sensitive silicon CCD chip

operating in photon-counting mode [79].

XIS1 CCD is a back-illuminated (hereafter BI) type and it covers the energy

range of 0.2 to 12 keV, whereas the rest (XIS0, XIS2 and XIS3) is front-illuminated

(hereafter FI) CCDs and has a range of 0.4 to 12 keV. The front gate structure of

the FI CCDs, made of thin Si (thickness of 0.28 µm) and SiO2 (thickness of 0.44 µm)

layers, limits the sensitivity to soft X-rays, while the very thin surface dead layers of
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Figure 4.5. Difference in photon interaction path for FI and BI CCDs.

the BI CCD, consisting of 5nm HfO2, 1nm Ag, and 3nm SiO2, prevents sensitivity to

hard X-rays.

Figure 4.5 reveals that absence of gate structural layers in BI CCDs gives op-

portunity to measure even low energetic photons and gain high quantum efficiencies

for particles below ∼ 1 keV. Due to longer path for incoming particles, FI CCDs have

high quantum efficiencies for high energy photons. Quantum Efficiencies (QE) of XIS

CCDs, which is the detection percentage of incoming photon producing charge cloud

in the sensitive area, are given in the Fig 4.6. The efficiency is calculated through the

best estimate values of the thickness of dead layers and depletion layers.

55Fe are used as calibration sources, of which are located on a side wall of the

bonnet. The main property of 55Fe is to decay 55Mn, which produces 5.899 and 5.88

keV (Kα1 and Kα2) and 6.490 keV (Kβ) lines with a half-life of 2.73 years. Since these

sources illuminate two far corners from the read-out nodes, they have to be taken into

consideration during data analysis.

XIS CCDs are sensitive to photons in wide energy range. Therefore, optical

block filters (OBF) are laid on 20 mm above of each CCD to block both optical and

UV photons. These filters are made of polyimide (C22H10N2O4) film, thickness ∼ 1400

Å, with vapour-deposited Al on both sides.
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Figure 4.6. The QE as a function of incident energy is shown [79]. The black line

represents the FI CCD (XIS0) and the red line is for the BI CCD (XIS1).

Figure 4.7. Top schematic view of the XIS CCD. It has four segments (A, B, C, and

D), each with a dedicated read-out node [79].
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Table 4.1. Suzaku XIS CCD parameters with combined effects of OBF and XRT.

Item Value

Field of View 18′ × 18′

Energy Range 0.2 – 12 keV

Format 1024×1024 pixels

Pixel Size 24µm × 24µm

Energy Resolution 130 eV (FWHM) at 5.9 keV

Effective area 330 cm2 (FI)/370 cm2 (BI) at 1.5 keV

160 cm2 (FI)/110 cm2 (BI) at 8 keV

Readout noise ∼2.5 electrons (RMS)

Time Resolution 8 s (Normal) - 7.8 ms (Parallel Sum Clocking)

In summary, Suzaku with its low orbit provides low and stable background and

makes it sufficient to probe objects with low surface brightness such as outskirts of

the galaxy clusters. The combined parameters of XIS CCDs with OBF and XRT are

summarized in the Table 4.1 [79].

4.2. CHANDRA Satellite

Chandra is NASA’s X-ray observatory, designed to detect distinctive X-ray sources

with high resolution within 0.1 to 10.0 keV energy range. The satellite was launched

from Cape Canaveral on 1999 July 23, as being the NASA’s flagship mission for X-ray

astronomy. By a built-in propulsion system, the spacecraft was boosted to an unusual

high Earth elliptical orbit with 64 hours and 18 minutes period. It is located at an

altitude of approximately 139,000 km with 76.7◦ inclination angle. Figure 4.8 shows

the schematic view of Chandra in orbit.
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Figure 4.8. An illustrative view of Chandra satellite in high Earth elliptical orbit [80].

The technical details of Chandra satellite is taken from Chandra X-ray Observa-

tory Guide and summarized in details.

• The total mass at launch was 4,790 kg. The long focal length of the telescope

requires the spacecraft length along the telescope axis to be 12 m.

• The position is balanced with the momentum unloading thrusters, by which the

control of Chandra’s altitude is provided.

• Solar arrays provide total power, which is ∼ 2350 W. Thereafter this energy is

stored in three banks of batteries and distributed to the Observatory.

• The mean efficiency of the satellite also depending on the solar activities is be-

tween % 65 and %70. Charged particle background interrupts the data quality so

that the data is not available at the location of the satellite above the radiation

belts, which covers % 75 of the orbital period. However, as an advantage, two

days lasting observations are possible.
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Chandra is equipped with four on-board instruments; Advanced CCD Imaging

Spectrometer (hereafter ACIS) which provides a good spectral resolution, whereas High

Resolution Camera (HRC) is responsible for high spatial resolution. Two transmission

grating spectrometers, the High Energy Transmission Grating (HETG) and the Low

Energy Transmission Grating (LETG), are also in operation to improve spectral reso-

lution. In this thesis, the data taken from ACIS will be in use so we will only focus on

ACIS instrument.

4.2.1. Telescope: High Resolution Mirror Assembly (HRMA)

The HRMA is a Wolter Type-I design telescope comprised of nesting concentric

X-ray mirror segments, where the nested segments are to enlarge the collecting area.

The mirror elements are fabricated from Zerodur glass due to its low coefficient of

thermal expansion and ability of producing very smooth polished surfaces. All the

mirror elements are also coated with iridium.

Figure 4.9. A schematic cross sectional view of HRMA showing four nested

concentric mirrors and the location of the focus [81].

As can be seen from the Figure 4.9, the focal length is 10 m and the total length of

the assembly is 2.76 m covering pre to post collimator. Outer diameters are extended

from 1.23 to 0.65 m. The most important gain is the half width at half maximum

(HWHM) of the point spread function (PSF) for HRMA, which is 0.5′′, the same size

as a pixel in the ACIS. This gain offers to measure source positions with 0.5′′ accuracy.
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4.2.2. CCDs: Advanced CCD Imaging Spectrometer (ACIS)

ACIS composes of ten planar CCDs with 1024 × 1024 pixel sizes. The layout of

the CCDs are divided into two types, ACIS-I and ACIS-S chips. Four CCDs tangent

to the focal surface are designed as 2 × 2 array and it is called “ACIS-I” chip. The

primary use of the ACIS-I chip is imaging. The other six CCDs are constructed as

1 × 6 array and it is called “ACIS-S” chip. The purpose of the ACIS-S chip is to

make measurements in both imaging and grating read-out. The ACIS in total has

the opportunity to determine high resolution spectra and moderate resolution spectra

simultaneously.

Figure 4.10. A schematic drawing of ACIS-I and ACIS-S chips [82].

Figure 4.10 shows the schematic view of Chandra ACIS chips. ACIS-I chips

are composed of FI CCDs, while two of the ACIS-S chips (S1 and S3) are BI type.

Quantum efficiencies of ACIS CCDs are FI chips are bigger than %30 between 0.7 and

11.0 keV and the same efficiency is reached by the BI CCDs between 0.4 and 10.0 keV

(see Figure 4.11). The efficiency is calculated through the best estimate values of the

thickness of dead layers and depletion layers.
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Figure 4.11. The QE as a function of incident energy is shown [82]. The solid line

represents the FI CCDs and the dashed line is for the BI CCDs.

To prevent from the radiation from UV and optical lights, the ACIS-I and S chips

are shielded by polyamide layers with a layer of aluminium coated on each side. In

summary, very high spatial resolution with small PSF (0.5′′) of Chandra provide ex-

cellent sensitivity to distinguish between point sources from cluster’s emission. Hence,

we use overlapping Chandra observations for point source detection. Most of the char-

acteristics of Chandra ACIS chips are summarized in Table 4.2.

Table 4.2. Chandra ACIS CCD parameters combined with HRMA.

Item Value

Field of View ACIS-I:16.9′ × 16.9′

ACIS-S: 8.3′ × 50.6′

Energy Range 0.2 - 12 keV

Format 1024×1024 pixels

Pixel Size 24µm × 24µm

Readout noise ∼2.0 electrons (RMS)

Time Resolution 3.2s (Normal)
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5. OBSERVATIONS AND DATA REDUCTION

5.1. Observations

Abell 3112 was observed with Suzaku with five different pointings between May

2008 and Dec 2014.1 Table 5.1 gives detailed information on the data analyzed in this

thesis. It would be good to mention that the awarded observations taken between 2013

and 2014 aiming to provide information on chemical enrichment history of the Universe

have been analyzed and successfully completed in this thesis.

5.2. The Basic Data Reduction of Suzaku Observations

The unfiltered Suzaku data are analyzed by using HEASOFT version 6.17 and

the latest calibration database (CALDB) as of November 2015. The details of the

Suzaku data reduction are as follows:

• The FTOOL aepipeline is used to reprocess the unfiltered event data files us-

ing the latest calibration and screening criteria [84]. Additionally, we require

elevation angles above 5◦ and 20◦ for the night and day Earth rim and the ge-

omagnetic cut off rigidity of > 6 GV. The data taken when the satellite passes

through the regions affected by South Atlantic Anomaly (SAA) and the 55Fe cal-

ibration sources at two far corners of CCD chips are excluded from the analysis.

The event files in the 3 × 3 and 5 × 5 editing modes are combined.

• We precisely check all the light curves to distinguish our data from background

flares.

• For observations taken in 2013, one-eight of XIS0 detector due to micro-meteorite

hit in June 2009 is also excluded.

1The materials in this chapter are based on the work [83].
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• An additional correction for the comparable fraction of flickering pixels is applied

to the data which are taken after January 2014 [85].

• Besides main procedure of data reduction, we also apply filtering on point sources,

which contaminate the cluster emission measure. The advanced cleaning tech-

nique from point sources is explained in detail in Section 5.4.

• The total filtered exposure time of Suzaku XIS0/XIS1/XIS3 is 390.5/390.5/390.5

ks respectively. 67.3 ks of the exposure time is lost through our strict filtering

procedure.

5.3. The Basic Data Reduction of Chandra Observations

To detect X-ray point sources unresolved by Suzaku, we use the two overlapping

Chandra pointing of the cluster. Chandra archived ACIS-I data are cleaned by using

Chandra analysis software CIAO version 4.7, with CALDB version 4.6.7. The details

of the Chandra data reduction are as follows:

• Chandra ACIS-I data are filtered from background flares using LC CLEAN.

• The filtered light curves are confirmed not to show left-over significant back-

ground flares.

• The total filtered exposure time is 71.9 ks.

5.4. The Unresolved Point Sources

We use the two overlapping Chandra observations (both on-axis and offset) to

detect X-ray point sources unresolved by Suzaku. The PSF sizes of Suzaku and Chandra

are quite different. Therefore, the extents of the point sources detected by wavdetect

using Chandra observations can not be used directly to exclude point sources in the

Suzaku FOV. We use the same procedure described in detail in [86] to determine a
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conservative exclusion radii for point sources detected by Chandra pointings.

The background image is extracted from the blank-sky observations. To account

for variations in the particle background, we use count rates detected in the 9 - 12 keV

band to match Abell 3112 observations as described in [87]. The CIAO’s wavdetect

tool is used to determine the locations of the point sources in the FOV. Point sources

are identified by running wavdetect tool with source threshold parameter at 10−6 cor-

responding to one spurious source in a 1000 ×1000 pixel map and the scanned list of

radii are 2.0, 4.0, 6.0, 8.0, 16.0 pixels, where these scales correspond to the radius of

the core of the Mexican hat function. Then we extract the spectrum of each point

source using the specextract tool in CIAO. The spectrum of the source is fitted with an

absorbed power-law with a fixed index set to 1.4 and variable normalization from [88],

SCXB = phabs ∗ powerlaw. (5.1)

We compare the flux of each point source in 0.5 and 2.0 keV energy band. We select

the brightest point source in the Suzaku FOV (J2000; R.A.: 49.342◦; DEC: -44.173◦),

which is located in a fairly faint region of the cluster (shown in the green circle in

Figure 8.1).

We then simulate Suzaku observations of the point source based on the best-fit

flux (3.47 × 10−5 photons keV−1 cm−2 s−1) and power-law index obtained from the

Chandra observations using the FTOOL xissim. To estimate the effect of the point

source contamination to the surrounding cluster ICM gas, we add simulated diffuse

emission to the spectrum with a total net counts of 2000. Our goal is to measure the

plasma temperature with better than < 20% accuracy in these simulations. We extract

the spectrum around the point source with incremental extraction radii to determine

the radius where the cluster emission is not affected by the point source contamination.

It is given in Figure 5.1, we find that excluding r > 40′′ around the point source

has a minimal effect on the cluster plasma temperature, abundance, and normalization.

Since this point source is in a faint region of the cluster and all our spectra include
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at least 104 counts, the exclusion radius of 40′′ is a conservative estimate for all point

sources detected by Chandra observations in the Suzaku FOV.
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Figure 5.1. The use of Chandra overlapping observations is to detect point sources

that contaminate the cluster emission. The optimum radius of extraction is chosen

40′′.
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6. THE BACKGROUND

6.1. Introduction

The Suzaku XIS CCDs are affected by four different background components: i)

non X-ray background; ii) solar wind charge exchange; iii) cosmic X-ray background;

iv) soft foreground.2 While X-ray background is produced via the interaction within the

XRT field-of-view (FOV), non X-ray background causes indirect production of X-rays

via the interaction of the charged particles or γ rays hitting onto the detector from any

directions. It is essential to note that the non X-ray background is the only background

that can be directly subtracted from the observed spectrum, whereas the rest of the

background components must be modelled. Therefore, we use the most powerful tool

to model the cosmic X-ray background, solar wind charge exchange and soft foreground

by a joint fit of ROSAT All Sky Survey data (RASS) and local background extracted

beyond R200 region. The best-fit parameters are given in Section 6.3.

6.2. The Background Components

6.2.1. Non X-ray Background

Suzaku XIS CCDs are designed to collect X-rays in energy range 0.2 - 12.0 keV

so that they are sensitive to any photons satisfying this condition. Therefore, the fake

X-ray signals produced by the charged particles or γ rays are also recorded by XIS

and these are the primary constituents of the so-called non X-ray background (NXB).

The location of the satellite due to the radiation environments determines the amount

of NXB that CDDs are exposed to. The low altitude design of Suzaku satellite gives

great advantageous of low and stable intensities of charged particles and γ rays.

Suzaku XIS team created the FTOOL xisnxbgen, which utilizes the weighted

sum of the night-time-earth observations (NTE) when the satellite points to the Earth

2The materials in this chapter are based on the work [83].
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at night, to estimate the NXB spectra and images. In our analysis, cutoff-rigidity-

weighted NXB spectra are extracted from the NTE data for each detector using the

xisnxbgen tool. Due to the time varying nature of NXB and steady decay of 55Fe source,

the exposure time of NXB event files are set to cover before 150 and after 150 days

from the initial exposure time. NXB event files are reprocessed following the same

criteria described in Section 5.2. The same annular sections in SKYREG mode are

used to produce NXB spectra in FTOOL XSELECT after the calibration sources are

removed. An additional correction for the comparable fraction of flickering pixels is

applied to the data which are taken after Jan 2014 [85].

6.2.2. Solar Wind Charge Exchange

Solar wind charge exchange process, hereafter SWCX, has been observed at many

locations such as the solar system including magnetosheath and the corona of comets

by many satellites (ROSAT, XMM-Newton, Chandra and Suzaku) [89].

The solar wind is a continuous flow of magnetized plasma of charged particles,

radially outward from the Sun. This flow interacts with the neutral particles in the

interstellar medium (ISM) via charge exchange process. The charge exchange process

occurs when an ion interacts with a neutral particle;

Aq+ + B = A(q−1)+∗
+ B+ (6.1)

A(q−1)+∗
= A(q−1)+ + hν. (6.2)

When heavy ions such as O7+ and O8+ encounter the neutral atoms (H or He), they

transfer their charge and jump to the excited state so that eventually de-excite and

emit X-ray or UV photons.

The observations revealed that SWCX spectrum is dominated by line spectrum

rather than continuum. The most prominent SWCX originated lines are O VII (∼
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0.56 keV) and O VIII (∼ 0.65 keV). In our analysis, we add two Gaussian components

associated emission lines from O VII and O VIII,

SSWCX = gaussian+ gaussian (6.3)

where the centeral line of gaussian functions are fixed at the potential line energies,

0.56 keV and 0.65 keV respectively. The widths of gaussian functions are set to 0.0

since these sources are unresolved but broadened by the instrumental response and

we measure the normalizations which are left free. The fluxes of these lines could be

calculated, however it requires higher spectral resolution to determine precise values.

6.2.3. Cosmic X-ray Background

The Cosmic X-ray Background, hereafter CXB, refers to the total sum of emis-

sions from extragalactic sources -mostly Active Galactic Nuclei (AGNs)- in the energy

range of 2.0-10.0 keV. These point sources are in general below our detection limit but

they still have significant contribution onto the background level. The origin of this

phenomenon has been discussed in many studies [90,91]. Since the hard X-ray emission

from the CXB shows almost isotropic distribution over the sky, this component can

be modelled. It is validated that these unresolved sources are well represented by an

absorbed power law;

SCXB = phabs ∗ powerlaw, (6.4)

with a photon-index of ∼ 1.4 [88]. In Equation 6.4, phabs model requires the galactic

hydrogen column density (NH) as an input, which is set to Leiden/Argentine/Bonn

(LAB) value, 1.33× 1022 cm−2 in our analysis [92].
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6.2.4. Soft Foreground

The soft local foreground includes three components: i) local hot bubble (LHB);

ii) galactic halo (GH); and iii) hot foreground (HF).

The LHB is hot low-density plasma (kT ∼ 0.1 keV) surrounding the Sun from

50 pc to 150 pc, which is the reason of being called local. The environment of this

X-ray emitting gas is called bubble since the only constituents are the plasma and a

few partially ionized cloudlets. The map of the LHB is illustrated in Figure 6.1. It

is apparent that the emission from hot plasma can not be absorbed by the hydrogen

column density of the Galactic interstellar medium (ISM). Therefore, this background

is represented by an unabsorbed thermal model,

SLHB = apec, (6.5)

where the temperature is fixed to 0.1 keV. Since this source of background has galactic

origin, the abundance of this apec model is set to 1.0 Z�, whereas the redshift is fixed

at 0.0.

The GH background infers the emission from the hot thermal plasma, 3 × 106

K, in the halo of the Milky Way [94]. The distance of this X-ray emitting plasma is

located several hundred pc above the Galactic plane so it is away from our disk [95].

Therefore, we represent this component by an absorbed thermal model,

SGH = phabs ∗ apec, (6.6)

where the the temperature is fixed to 0.25 keV. Since this source of background has

galactic origin, the abundance of this apec model is set to 1.0 Z�, whereas the redshift

is fixed at 0.0.

The HF background is an additional hot component to GH, which is thought to

have main contribution from faint dM stars [96]. This additional hot thermal compo-
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Figure 6.1. This image is illustrative map of the local hot bubble [93].

nent (0.6-0.8 keV) is also used in other studies [97] and in our analysis, it is described

by an absorbed thermal model,

SHF = phabs ∗ apec, (6.7)

where the temperature is fixed to 0.75 keV. This temperature is obtained from our

background fits, where it is required to add an additional apec component to get the

best-fit parameters. Since this source of background has galactic origin, the abundance

of this apec model is set to 1.0 solar, whereas the redshift is fixed at 0.0.

6.3. Results

Understanding temporal and spatial variations in the local X-ray background

is crucial in analyses of faint cluster outskirts. The variable soft X-ray background

must be determined carefully before the spectral fits are performed. To determine the

local background parameters to be used in the spectral analysis, we first extract a

local background spectrum from the outermost region (Region 6 in Figure 6.2, 18′ -
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24′ which is beyond R200) where the expected contribution from the cluster thermal

emission is minimal.

5 arcmin

200
R

500R

5 arcmin

r = 40arcsec

Region 6

Region 5

Region 4
Region 3

Region 2

Region 1

r = 40arcsec

Figure 6.2. Exposure corrected, NXB background subtracted Suzaku XIS image of

Abell 3112 (see Section 8.1). The local background is extracted from the region

shown in dashed lines.

We also extract the ROSAT All Sky Survey (RASS) data from a 1 – 2 degree

annulus surrounding the central sub-cluster’s centroid by using the HEASARC X-ray

background tool [98]. Energy range of RASS data is specified in between 0.1 – 2.0 keV.

The spectral features of local background fit is shown in Figure 6.3. As described

in the previous sections, the NXB subtracted local X-ray spectrum is jointly fitted

with RASS data. The rest of the X-ray background components are modelled: two

Gaussian models to eliminate the O VII and O VIII lines from SWCX at 0.56 keV and

0.65 keV respectively; one power-law component for unresolved point sources (CXB);

an unabsorbed thermal model for the LHB; and two absorbed thermal components

(apec) for GH and HF. We find a good-fit with C -stat value of 507.3 for 341 degrees-

of-freedom (d.o.f).
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Figure 6.3. The spectral features of RASS data and combined FI & BI Suzaku XIS

observation from beyond R200 region. The best fit model parameters are summarized

in Table 6.1.

The best-fit values of the rest of soft background components are given in Table

6.1. In addition to Table 6.1, the best-fit normalization of the power-law (CXB) is

1.41+0.14
−0.14 × 10−7 photons keV−1 cm−2 s−1 arcmin−2 at 1 keV, corresponding to a CXB

flux of 4.3 +/- 0.4 × 10−12 ergs s−1 cm−2 deg−2 in the 0.5 – 2.0 keV band.

Table 6.1. Best-fit Parameters from fits to Soft X-ray Background.

Component kT (fixed) Normalization Flux (0.5 – 2.0 keV)

(keV) 10−8 cm−5 10−16 ergs s−1 cm−2

GH 0.25 0.8+0.7
−0.6 0.14+0.09

−0.09

HF 0.75 1.2+0.3
−0.3 0.34+0.07

−0.07

LHB 0.1 68.4+6.2
−6.4 1.29+0.12

−0.11
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7. SYSTEMATIC UNCERTAINTIES

The analyses of low-surface brightness regions of clusters with Suzaku may be

subject to systematic uncertainties.3 To estimate the magnitude of these, we consider

the following potential sources of uncertainties: i) systematics associated with the CXB

level; ii) systematics due to variations in the soft X-ray and particle background; iii)

contamination due to stray light and the large size of the PSF of Suzaku’s mirrors. We

describe how we estimate and handle these in detail below.

7.1. The Cosmic X-ray Background

The variations in the unresolved CXB within the XIS FOV can be a source of

serious systematic uncertainty. Following the same approach in [86], the detection limit

in our observations is found 6.7 × 10−14 ergs cm−2 s−1 in the 2.0 − 10.0 keV energy

band. This procedure contains the extraction of the spectrum of the point sources

and the background from the surrounding annulus. We then fit each point source’s

spectrum with,

SFlux = phabs ∗ powerlaw (7.1)

where the normalization of the hydrogen column density is fixed to lab value 1.33 ×

1022 cm−2 and the power-law photon index is freeze to 1.4. flux command allows us to

measure the flux at given energy range. For all point sources, we compare their fluxes

and determine the our Suzaku observations’ detection limit as 6.7 × 10−14 ergs cm−2

s−1 in the 2.0 − 10.0 keV energy band. The contribution of unresolved point sources

to the total flux is calculated using the formula given in [99]:

FCXB = (2.18± 0.13)× 10−11−
∫ Smax

Sexcl

(
dN

dS
)× S dS ergs cm2 s−1 deg−2 (7.2)

3The materials in this chapter are based on the work [83].
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where the cumulative number of point sources per flux indicated as dN/dS is integrated

over the detection limit from the lower bound Sexcl = 6.7× 10−14 ergs cm−2 s−1 to the

upper bound Smax = 8.0 × 10−12 ergs cm−2 s−1 given in [99]. We use a total flux of

(2.18±0.13)×10−11 erg cm−2 s−1 deg−2 obtained from Swift data [100]. This flux is also

consistent with the total CXB flux from Chandra and XMM-Newton observations [99,

101]. For the populations of the point sources we adopt an analytical model provided

in [99]:

N(> S) = N0

[ (2× 10−15)α

Sα + Sα−β0 Sβ

]
. (7.3)

where the best-fit parameters are N0 = 5300+2850
−1400, S0 = (4.5+3.7

−1.7)×10−15 ergs cm−2 s−1,

α = 1.57+0.10
−0.08, and β = 0.44+0.12

−0.13. Using the best-fit parameters of hard energy band

given in [99], we find that the unresolved flux contribution in the 2 − 10 keV band to

the CXB flux is (1.38± 0.62)× 10−11 ergs cm−2 s−1 deg−2.

Table 7.1. Estimated 1σ Fluctuations in the CXB level due to unresolved point

sources in the Suzaku FOV in units of 10−12 ergs cm−2 s−1 deg−2.

Region 1 Region 2 Region 3 Region 4 Region 5

CXB Fluctuations 10.10 5.78 4.48 3.78 2.12

The deviations from the expected CXB level due to the unresolved point sources

are,

σB
2 =

1

Ω

∫ Sexcl

0

(
dN

dS
)× S2 dS, (7.4)

where Ω is the solid angle. We then calculate 1σ RMS CXB fluctuations using Equa-

tions 7.2 and 7.3 for each region. The results are shown in Table 7.1. We find that a

typical 1σ uncertainty on the measured CXB level is comparable to the RMS value of

CXB fluctuations. We note that this uncertainty is used in Section 7.2 to account for

the CXB variations. These systematics are included in the final systematic errors on

the observable quantities.
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7.2. Systematics due to Variations in the Soft X-ray and Particle

Background

We model the soft X-ray background by jointly fitting the ROSAT data with the

local X-ray background spectra (including LHB, GH, HF), and CXB obtained from

the annuli encompassing the 18′-24′ region. To take into account the spatial variations

which may dominate the background, we perform 1000 Markov Chain Monte Carlo

(MCMC) realizations of the best-fit background model. The model parameters are

allowed to vary within their 1σ uncertainty range. An uncertainty up to 3.6% on the

NXB level is also taken into account in these realizations [102].

We find that the systematic variations in the soft foreground, CXB, and the

particle background level has an effect of < 1% on the best-fit temperatures and nor-

malizations of Regions 1 and 2. Variations up to 2%, 6%, and 16% are measured in

Regions 3, 4, and 5. The uncertainties due to the variation in the soft X-ray back-

ground are taken into account in the total error budget calculations by adding them

in quadrature.

7.3. Systematics due to Scattered light and PSF Scattering

The relatively large size of the Suzaku mirror PSF (∼ 2′) may cause photons

emitted from a particular region in the sky to be detected elsewhere on the detector.

We note that the size of each spectral extraction region used in this work is larger than

the PSF size, minimizing the effect of PSF scattering in this analysis. To estimate

the magnitude of this uncertainty, we use the ray-tracing simulator xissim to generate

Suzaku event files using [103]. The Chandra ACIS images and the best-fit Suzaku

spectral models are used to simulate event files of each XIS sensor with 1×106 photons.

The image of each sector shown in Figure 6.2 (left panel) is extracted from the simulated

event files.

The percentile contribution of the flux on each sector from adjacent regions are

shown in Table 7.2. Columns refer to the percentage fluxes providing the flux, while the
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Table 7.2. Percentage Contribution of PSF Scattering.

Region 1 Region 2 Region 3 Region 4 Region 5

Region 1 68.5 15.6 3.47 1.33 0.33

Region 2 14.3 65.6 16.4 2.25 0.38

Region 3 0.24 17.7 64.5 13.7 0.82

Region 4 0.26 1.52 15.2 66.8 6.81

Region 5 0.09 0.27 0.79 7.06 89.2

Note: The regions in different columns represent the origins of the fluxes

and the rest of the rows represent the percentage contamination from

neighbouring annuli.

rows refer to the percentage fluxes receiving the flux in Table 7.2. For instance, 3.47%

(first row, third column) is the fraction of photons leaked from Region 1 contaminating

Region 3. As clearly seen in Table 7.2, most of the photons which originate from

one particular annulus in the sky are detected in the same region on the detector,

while up to 17% of the photons may be detected in surrounding annuli. However, the

fraction of photons which are detected in the outermost annulus that scatter from the

inner regions is negligibly small (< 1%). The results are consistent with the fractions

reported in [104] and [86].

To estimate the effect of the PSF scattering and the scattered light contribution

to the variables, e.g. temperature and metallicity, we jointly fit the spectra of each

sector with the normalizations scaled according to the reported fractions in Table 7.2.

Although the uncertainty on the measured temperature is smaller than the statistical

errors in each sector, we added these in quadrature to the total error budget of the

thermal model variables.
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8. ANALYSIS

8.1. Image Analysis

8.1.1. Suzaku Image Analysis

We combined the images from XIS0, XIS1, and XIS3 of Abell 3112 cluster in

the 0.5 – 7.0 keV energy band.4 For each observation we extract images of each XIS

detector by using XSELECT and mosaic each of the five pointings in sky coordinates.

The NXB images are created by using xisnxbgen, where the same basic cleaning criteria

applied in Section 5.2 and before the exposure correction, we subtract these images from

the mosaicked images.

Merging images from multiple pointings requires proper treatment of generation

of exposure maps. Therefore, we follow the same procedure for the generation of expo-

sure maps given in [86,104]. First of all, for each detector and pointing a monochromatic

photon list is simulated by using XRT ray- tracing simulator xissim [103] as if the as-

sumption of 20′ uniform extended source. These vignetting corrected maps are used

as the input for xisexpmapgen to create exposure maps. Prior to exposure correction,

underexposed regions with < 15% of the maximum exposure time are removed. An

exposure corrected and particle background subtracted Suzaku mosaic image is shown

in the left panel of Figure 8.1. In this figure, the spectral extraction regions out to

R200 are shown in white, and the region which is used to extract the local background

spectrum is shown in dashed lines. The figure also shows the location of the overdensity

radii R500 and R200, which are marked with green bars in the figure. The point source

exclusion radius of 40′′ is shown in the lower corner of the image.

4The materials in this chapter are based on the work [83].
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8.1.2. Chandra Image Analysis

We extract image in the 0.5 – 7.0 keV band from two pointings. The background

image is extracted from the blank-sky observations. The background subtracted and

exposure corrected image is obtained by using merge-obs algorithm in CIAO. To ac-

count for variations in the particle background, we use count rates detected in the 9

– 12 keV band to match Abell 3112 observations as described in [87]. The CIAO’s

wavdetect tool is used to determine the locations of the point sources in the FOV. The

point sources detected by Chandra in the Suzaku FOV are shown in the right panel of

Figure 8.1. The figure is important that it shows the Chandra pointings used to detect

point sources within the Suzaku FOV, and the brightest point source, which is used in

estimating point-source exclusion extent, is shown in the green.
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Figure 8.1. Left panel: Exposure corrected, NXB background subtracted Suzaku XIS

image of Abell 3112. The image is extracted in the 0.5 – 7.0 keV energy range. Right

panel: Background subtracted Chandra image of Abell 3112 is given in 0.5 – 7.0 keV

energy band.
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8.2. Spectral Analysis

To examine the spectral properties of Abell 3112, we extract spectra in five regions

as shown in Figure 1 (Region 1, 0′ – 2′; Region 2, 2′ – 4′; Region 3, 4′ – 6′; Region 4, 6′

– 8′; and Region 5, 8′ – 18′) surrounding the cluster’s centroid from the filtered event

files in XSELECT for each XIS sensor (XIS0, XIS1, and XIS3). The radius of these

regions are selected to be 2′ and larger considering the large PSF size of the Suzaku

XIS detectors (half-power diameter of 2′). The regions are also selected based on the

total source counts (> 104 counts) in each. The over density radii R500 and R200 are

also marked in Figure 8.1.

The contamination due to the point sources are taken into account and we sub-

tract all point sources resolved by Chandra with an exclusion radius fixed to 40′′ (see

Section 5.4). Cutoff-rigidity-weighted NXB spectra are registered as background in

XSPEC and extracted prior to fitting. The FTOOLS xissimarfgen and xisrmfgen are

used to generate the effective area ancillary response file (ARF) and detector redis-

tribution matrix file (RMF), respectively. For each annulus and each observation, we

merge data and NXB from FI XIS0 and XIS3 detectors. The BI XIS1 data are fit

simultaneously with the FI spectra. Spectral fitting is performed in the 0.7 – 7.0 keV

energy band where the Suzaku XIS detectors are the most sensitive.

Table 8.1. The best-fit Parameters of the 1T apec Model.

Region kT Abundance Normalization C -stat

(keV) (Z�) (10−6 cm−5) (dof)

Region 1 4.27 ± 0.02 0.54 ± 0.01 881.0 ± 2.4 1260.9 (849)

Region 2 4.81 ± 0.04 0.36 ± 0.01 204.1 ± 2.9 1383.6 (1135)

Region 3 4.66 ± 0.05 0.26 ± 0.03 71.7 ± 0.14 997.3 (844)

Region 4 4.26 ± 0.10 0.25 ± 0.05 22.3 ± 2.3 397.9 (279)

Region 5 3.37 ± 0.77 0.22 ± 0.08 1.1 ± 0.2 264.9 (136)
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8.2.1. Global Spectral Properties of Abell 3112

To examine the global temperature and abundance out to R200 of Abell 3112, we

first fit the spectra with 1T apec model. The NXB background is subtracted prior to

fitting, the rest of the background parameters are tied to the best fit values given in

Table 6.1. The complete model can be written as;

Stot = constant ∗ (gaussian+ gaussian+ apec

+ (apec+ apec+ powerlaw + apec) ∗ phabs)
(8.1)

where the first six components represent the background and the last absorbed thermal

model is for the cluster. The initial constant term is added to check the measure of the

deviations, where different type CCDs have different quantum efficiencies. The model

parameters between different observations are tied to each other. The best-fit projected

temperature together with their 1σ statistical uncertainties are shown in Table 8.1 and

the samples for the spectral features are given in the Figure 8.2, where the goodness

of 1T apec model fits can be seen in Table 8.1.

The Figure 8.3 shows the best fit temperature and abundance radial profiles of

cool-core galaxy cluster Abell 3112. In the same figure, the Suzaku temperature results

are compared with the previous measurements from the XMM-Newton observations

[34]. The Suzaku and XMM-Newton results are in agreement with each other at the

1σ confidence level from the cluster core out to R500. While previous observations were

able to measure the temperature only out to R500, we are able to measure the ICM

temperature to R200 owing to Suzaku’s lower particle background.

We also compare the abundance profiles obtained from XMM-Newton and Suzaku

observations in Figure 8.3 . While XMM-Newton observations can accurately constrain

the profiles in the core of the cluster out to ∼ 0.5R500, Suzaku observations are able to

constrain abundances at radii out to R200. The regions which are covered by XMM-

Newton and Suzaku are in agreement with each other at the 1σ level. The abundance

profile is peaked at the center, and remains fairly constant beyond ∼ 0.5R500. The



59

1 5
Energy (keV)

0.001

0.01

0.1

1

Fl
ux

 (C
ou

nt
s s

-1
 k

eV
-1

)

803054010 XIS-FI
803054010 XIS-BI
808068010 XIS-FI
808068010 XIS-BI
808068020 XIS-FI
808068020 XIS-BI

Region 1

1 5
Energy (keV)

0.001

0.01

0.1

1

Fl
ux

 (C
ou

nt
s s

-1
 k

eV
-1

)

Region 2

Figure 8.2. The spectral features of 1T apec model fits of combined FI and BI Suzaku

XIS observations from Region 1 (0′ – 2′, upper panel ) and Region 2 (2′ – 4′, lower

panel) are shown.
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Figure 8.3. The radial profile of temperature (upper panel) and abundance (lower

panel) for Abell 3112 obtained from a single temperature apec model. The statistical

errors (68% confidence level) together with systematics on the Suzaku results are

overplotted.
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Table 8.2. The best-fit Parameters of the 2T apec Models.

Region kT 1 kT 2 Abundance Normalization1 Normalization2 C -stat (dof)

(keV) (keV) (Z�) 10−4cm−5 10−4cm−5

Region 1 3.24+0.20
−0.16 5.94+0.15

−0.16 0.55 ±0.01 4.32+0.90
−0.78 4.46+0.78

−0.77 1135.5 (847)

Region 2 3.41+0.09
−0.07 5.63 ± 0.10 0.37 ± 0.01 0.65+0.08

−0.06 1.41+0.15
−0.26 1366.2 (1133)

overall abundance of the ICM (mostly driven by the Fe lines) in the outskirts of the

galaxy cluster is 0.25 ± 0.05 Z� and 0.22 ± 0.08 Z� in Regions 4 and 5 which cover

the region between 0.5R500 and R200. These measurements are consistent with the

abundances found in low-mass systems [86].

In order to investigate the multi-phase gas in the ICM, we fit the spectra with a

two temperature (2T) apec model. The best-fit temperature of the ICM in Region 1

becomes 5.94+0.15
−0.16 keV, with a lower kT component of 3.24+0.20

−0.16 keV. The temperature

in Region 2 is 5.63±0.10 with a lower kT component of 3.41+0.09
−0.07 keV. The abundances

remain unchanged in both regions with an addition of the second apec model. Adding

the second thermal component improves the statistics of the fit to the spectra of Region

1 and Region 2 significantly (∆C-stat=126 for 2 dof in Region 1; ∆C-stat=17 for 2

dof in Region 2), while the fits to the other regions are insensitive. C -statistics do not

provide a statistical test to quantify the significance of the improvement in adding the

secondary apec component. We therefore calculate the corresponding χ2 values from

the best-fits (which are obtained using C –statistics). The improvement in χ2 values are

114 and 12 in Region 1 and Region 2 for two extra dof (temperature and normalization

of the second apec model). This corresponds to F-test values of 40.8 and 4.9 with null

hypothesis probabilities of 10−25 and 0.7% in Regions 1 and 2. The best-fit 1T and

2T apec model parameters are summarized in Table 8.2. The limited statistics of the

spectra extracted from Regions 3, 4, and 5 do not allow to test the multi-phase nature

of the plasma in these regions. We, therefore, do not provide the 2T results from those

fits here.
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8.2.2. Chemical Properties of Abell 3112

We further investigate the radial abundance distributions of individual α-elements,

such as Si, S, Fe, and Mg out to R200 (see Figure 8.4 ). The fits are performed with a

single temperature vapec model.

Stot = constant ∗ (gaussian+ gaussian+ apec

+ (apec+ apec+ powerlaw + vapec) ∗ phabs)
(8.2)

The Fe, Si, S, and Mg elemental abundances are allowed to vary independently while

other elemental abundances which cannot be measured, (e.g. Ca and Ar) are fixed

to the measured Fe abundance at the outskirts, 0.25Z�. We find that Si, S, and Fe

abundances show an increasing trend towards the core of the cluster, confirming the

results from XMM-Newton observations. We are also able to extend the detection of Si

out to ∼ 0.5R200 in the Suzaku observations, while previous XMM-Newton observations

report the detection of these metals only in the very central region (< 0.06R200; see

[34]).

SN Ia produce large amounts of Fe, while lighter elements, such as Mg, is produced

mainly by SN cc. Measurements of the radial profile of Mg and Fe abundances within

the ICM provide clues on the relative contribution of different types of SNe to the

chemical enrichment. For instance, SN cc products are thought to be produced in

early in the formation history of clusters at z∼2 – 3 [105]. We, therefore, investigate

distributions of these elements in the outskirts of Abell 3112. We perform fits to the

observed Mg and Fe profiles with phenomenological models to quantify the change in

their distribution with radius. In a power-law model fit to the observed Mg profile, the

best-fit normalization is 0.35±0.12 and index of 0.11±0.15. We find a good fit with

overall χ2 of 0.62 (3 d.o.f.). Although, the power-law index in this fit indicate a slight

decline with radius, it is consistent with zero. This indicates that the distribution of

the Mg is consistent with a uniform profile. However, due to large uncertainties neither

the uniform profile, nor the peaked profile can be excluded based on the Suzaku data.
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We observe a steeper decline in the Fe abundance profile with a power-law index

of 0.54±0.15, normalization of 0.13±0.03. The overall χ2 is 1.37 for 3 d.o.f. The

observed slope of the Fe profile is steeper compared to the Virgo cluster [105]. The Fe

abundance peaks in the core of Abell 3112 (similar to those of S and Si), however it

becomes uniform beyond 0.2R200 at a level of ∼ 0.22 – 0.25 Z�. The uniform abundance

in the outskirts of the cluster is consistent with the Fe abundance observed in the Suzaku

observations of the nearby clusters, e.g. the Perseus cluster [106]. Additionally, the

mean observed value at the outskirts of Abell 3112 is consistent with both the Perseus

and Virgo clusters.
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Figure 8.4. The radial distribution of elemental abundances of α-elements, Si, S, Mg,

and Fe. We are able to determine Mg and Fe abundances out to R200. The

uncertainties are for ∆C=1.



64

9. CHEMICAL ENRICHMENT HISTORY OF ABELL 3112

GALAXY CLUSTER

9.1. Introduction

X-ray spectra of the ICM contain emission lines of heavy elements, which can

only be produced by the late evolutionary stage of stars.5 From the observational

results, the enriched abundance in the ICM is found to be larger than the total metal

abundances found in the stellar population within the cluster [22, 23]. This implies

that the gas is not purely in the primordial state, but a considerable amount of it has

been reprocessed within the galaxies and injected into the ICM.

ASCA observations provided the first measurements of spatial distributions of

heavy element abundances, e.g., Fe and Si, in clusters of galaxies [107]. This pioneering

result triggered studies for testing supernova models based on measured supernova (SN)

yields. Using the limited ASCA measurements of abundance ratios, several studies

investigated the efficiency of SN Ia and SN cc enrichment in the ICM [108–111]. These

earlier studies suggest an early homogeneous enrichment by SN cc shortly after the

cluster formation with its products well-mixed throughout the ICM.

The launch of satellites such as XMM-Newton and Chandra, with improved spa-

tial and spectral resolutions, enabled more precise measurements of elemental abun-

dances, and allowed determination of supernovae contribution to the metal enrichment

in galaxy clusters’ cores out to R500 [112–114,116,117].6 The subsequently discovered

centrally peaked Fe abundance at the center of cool core clusters may be explained

by a more extensive period of enrichment by SN Ia explosions in the brightest cluster

galaxy [118, 119]. This Fe enhancement in cluster cores is also seen in high spatial

resolution observations with XMM-Newton [38, 120,121].

5The materials in this chapter are based on the work [83].
6R500 is the radius at which the mean density of the cluster is 500 times the critical density of the

Universe at the cluster’s redshift.
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Studies of azimuthal spatial distributions of metal abundances out to cluster out-

skirts have become possible with the launch of Suzaku. Due to its low particle back-

ground, deep observations of clusters of galaxies with Suzaku provide the measurements

of elemental abundances and SN ratio out to R200 in nearby clusters (z < 0.02), e.g.,

the Perseus and Virgo clusters [105,106]. These results suggest a uniform distribution

of SN Ia and SN cc yields in the cluster outskirts, thus favoring an early enrichment

by SN Ia started in the early stages of the cluster formation.

In this study, we take a further step to investigate the radial distribution of

SN enrichment in Abell 3112 out to the cluster’s virial radius by comparing deep

Suzaku and Chandra X-ray observations with the nucleosynthesis models available in

the literature.

9.2. Radial Distribution of SN Ia to SN cc Fraction

A commonly used method to constrain the distribution of SN enrichment in

clusters of galaxies is to examine the relative abundances of metals which are produced

by SN Ia and SN cc [114]. Detailed studies of high signal-to-noise Suzaku data of

nearby Perseus cluster (z =0.018) and Virgo cluster (z= 0.004) have provided tight

constraints on the fractional distribution of SN enrichment out to R200 using S, Si,

and Mg abundance ratios with respect to Fe [105, 106]. However, it is challenging to

perform this method for higher redshift clusters, such as Abell 3112 since the detection

of abundances of key elements, e.g., Si and S, extends only out to an intermediate

radius (∼ 0.5R200). Additionally, the uncertainty of the observed Mg abundance is

large in our observations. Therefore, we use an alternative approach here to measure

the SN fraction out to the virial radius.

To investigate the percentage contribution of SN explosions that enrich the ICM,

we fit the spectra with the snapec model implemented in the XSPEC fitting package

(for details, see Section 3.6). The snapec model compares the SN yields available in

the literature to X-ray spectra in a given energy band. After the fit is performed the

goodness of the fit can be used as a test for SN yields.
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The advantage of this model is that it uses all available elements to constrain

the fractional contribution of SNe to chemical enrichment of the ICM as opposed to

determining SN enrichment from individual elemental abundance ratios. The snapec

model provides a self-consistent set of physical parameters, SN fraction and the total

number of SNe. Therefore, statistical uncertainties on these parameters are greatly

reduced because of the larger number of elemental abundance measurements used in

deriving the constraints. Additionally, the method allows the user to choose between

different SN enrichment models, and the goodness of the overall fit can be used to test

SN enrichment models when finer resolution X-ray observations are available (see for

Hitomi simulations [38]). This method is specifically helpful for the case here where

we have low signal-to-noise data.

Table 9.1. Best-fit Parameters of snapec Model to the Suzaku Spectrum of Region 1.

SN Ia Model NSNe R C -stat

(×109) (dof)

W7 3.61 ± 0.16 0.10 ± 0.01 1112.4 (840)

W70 3.59 ± 0.25 0.10 ± 0.02 1108.9 (840)

WDD1 2.79 ± 0.14 0.20 ± 0.019 1110.0 (840)

WDD 3.24 ± 0.10 0.12 ± 0.02 1108.1 (840)

WDD3 3.42 ± 0.19 0.10 ± 0.004 1110.9 (840)

CDD1 2.66 ± 0.18 0.24 ± 0.030 1111.2 (840)

CDD 3.18 ± 0.15 0.12 ± 0.01 1108.8 (840)

CDDT 3.08 ± 0.28 0.41 ± 0.09 1173.3 (840)

ODDT 3.06 ± 0.21 0.18 ± 0.03 1112.3 (840)
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We use a variety of SN yields from the literature in this work (for details, see

Table 3.1). Among the SN Ia yields are one dimensional spherically symmetric slow

deflagration models W7 and W70; delayed detonation models referring to WDD and

CDD from [68] and [115] (I99 and N06 hereafter); and two dimensional delayed deto-

nation models including symmetric (CDDT) and asymmetric (ODDT) explosions from

(hereafter M10, [69]). Meanwhile, for the SN cc yields, we use the [68] Salpeter-IMF-

average yields calculated for a large range of progenitor masses (10 – 50 M�) and

metallicities (0 – 1 Z�).

We first fit the spectrum extracted from Region 1 (0′′ – 120′′ ) using a set of yields

from various SN enrichment models. The goodness of the fits of various SN Ia yields

are shown in Table 9.1. We find that I99 WDD model describes the Suzaku data of

the immediate core region the best, with C-stat of 1108.13 (840 dof), where we have

the highest signal-to-noise data. The I99 W7, CDD, and WDD SN Ia models produce

equally good fits to the data with ∆C-stat of 3–4 for the same number of d.o.f. Indeed,

W7, WDD, and CDD models predict similar amounts of Fe and Mg. Since the most

significantly detected lines in our spectra are Fe-L and Fe-K shell lines, they are likely

to be responsible for the similar observed C-stat values in our fits with W7, CDD, and

WDD models. Slight C-stat discrepancy between W7 and WDD (and CDD) model

can be due to the under-predicted Si abundance in W7 models. However, due to the

saddle difference in abundance yields of elements which are available to us in CCD

resolution observations, we cannot distinguish between W7, W70, CDD, and WDD

models in this work.

Additionally, we find that M10 CDDT model produces a significantly worse fit

to the data (∆C-stat=65 for 840 dof) compared to the 1D deflagration and detonation

SN Ia models. The current Suzaku CCD observations can already confirm that there

is a disagreement between the Suzaku observations core region of Abell 3112 and the

M10 CDDT model. The underlying reason is the over-predicted Si abundance and

under-predicted Mg abundance in the M10 CDDT model compared to observations

in the core region (Region 1). A similar tension in XMM-Newton observations of a

large sample of clusters is reported by [122]. The authors suggest that the observed
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discrepancy is due to high Si/Fe ratio requested by the CDDT model similarly to our

conclusion. Lastly, we find a better agreement with the ODDT model and the Suzaku

data as compared to the M10 CCDT model. This agreement is also noted in [122].

Table 9.2. Best-fit Parameters of the snapec Model Obtained Using I99 WDD SN Ia

and I99 SN cc yields.

Region NSNe R C -stat

(×109) (dof)

Region 1 3.24 ± 0.10 0.12 ± 0.02 1108.1 (840)

Region 2 1.96 ± 0.36 0.16 ± 0.02 1079.9 (842)

Region 3 1.48 ± 0.13 0.12 ± 0.04 1008.9 (850)

Region 4 1.22 ± 0.12 0.13 ± 0.05 337.3 (259)

Region 5 0.87 ± 0.17 0.11 ± 0.06 244.2 (151)

To determine the distribution of SN fraction out to R200 rather than individual

testing the SN Ia models, we use the I99 WDD SN Ia and I99 SN cc yields providing the

best-fit to the highest signal-to-noise data we have here in determining SN fractions. In

the snapec model fits of Region 1 the model parameters NSNe, R, kT, redshift, and nor-

malization are left free. The best-fit parameters of the snapec models are given in Table

9.2. The temperature measurements between 2T snapec (5.29 ± 0.2 keV, 3.24 ± 0.12

keV) and 2T apec fits are consistent with each other within the 1σ confidence level.

The best-fit NSNe and R are respectively (3.24 ± 0.10) ×109 and 0.12 ± 0.02. To

calculate the total number of SN explosions that enrich the ICM, the parameter NSNe

should be rescaled with the projected gas mass within the spectral extraction region

(see for details [38]). The gas mass within 0 – 2′ is 3.3 ×1012M� (see for mass pro-

files [34]). Applying a conversion factor of 3.3 (in the units of 1012 M�), we find that

the ICM of the core of Abell 3112 has been enriched by a total of 1.00 ± 0.03 ×109 SN



69

0 5 10 15
Radius (arcmin)

0.02

0.06

0.1

0.14

0.18

0.22

R
 (S

N
 Ia

 / 
SN

 c
c) R500 R200

Figure 9.1. The radial distribution of the SN Ia to SN cc ratio in Abell 3112 out to

R200 obtained from the fits of X-ray spectra with I99 WDD SN yields. The statistical

errors corresponding to ∆C = 1 with the systematic uncertainties are added to the

total error budget.
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explosions within a 12.5 billion year period. This result is consistent with the reported

total number of SN explosions (1.06 ± 0.34 ×109) from XMM-Newton observations [38].

The observed fraction R in the Suzaku observations corresponds to a SN Ia frac-

tion of 11% in the 0 – 2′ region of the cluster. We note that in their results [38] report

a SN Ia fraction of ∼ 30% in the inner 52 kpc (0.6′) core region of the cluster. The

discrepancy in the SN Ia fraction indicate that SN fraction is diluted by the large PSF

size of the Suzaku mirrors. The observed difference of the radial profiles of SN Ia

products, e.g., S and Si between the XMM-Newton and Suzaku observations, indeed,

indicates a similar offset.

Using the I99 WDD models in the snapec fits of Region 2, we find thatNSNe is 1.96

± 0.36× 109, while R is 0.16 ± 0.02 with C-stat=1079.9 (for 842 dof). The reported

enclosed gas mass is 7×1012 M� in Region 2 based on the [132] models (see [38]).

Normalizing the NSNe with a factor of 7, we find that the total number of SN explosions

enriching the ICM in Region 2 is (2.8± 0.5)× 108 within 12.5 billion years.

The low signal-to-noise data in the spectra of Regions 3, 4, and 5 do not allow

us to determine of both NSNe and normalization of the snapec model simultaneously

due to the degeneracy between these variables. The normalization of the snapec model

is essentially determined from the continuum level, and it should be consistent with

the normalization parameter of the apec model. We therefore use the normalization

constrained from the apec model fits for the spectra of Regions 3, 4, and 5 and allow

them to vary within their 1σ ranges. The best-fit parameters of the snapec model

obtained with this method are shown in Table 9.2. For all the spectra we find acceptable

fits to the snapec model.

The distribution of R (=SN Ia/SN cc) is shown in Figure 9.1 from the cluster

core out to R200. We note that the systematic uncertainties are included in the error

bars shown in the figure. We find that the SN Ia and SN cc ratio, R, is consistent

with a uniform SN Ia contribution to the enrichment, with R ∼ 0.13. The SN Ia

fraction of 11 – 14% (of the total SN explosions) are consistent with the enrichment
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of the solar neighborhood [123]. This uniformity suggests that both SN Ia and SN

cc enrichment of the ICM outside of the core occurred at an early epoch. Since star

formation in galaxy clusters occurs at z > 2 [124], this implies that the SN Ia that

enrich the ICM are of the prompt variety, exploding with short delay following this

early epoch of star formation. A similar conclusion is inferred from measurements

in the low redshift Perseus and Virgo clusters [105, 106], and the early enrichment

timescale is consistent with studies of mass-selected samples of galaxy clusters with

redshift 0 < z < 1.5 [125,126].
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10. DEPROJECTED PROFILES

The clusters of galaxies are three dimensional objects on the sky, however our

observations of optically thin ICM can only cover two dimensional images of them. To

recover three dimensional information, one has to assume a certain shape for the gas

distribution such as spherical symmetry. In this chapter, we will analyze and discuss

the deprojected temperatures and densities of our cluster, and we will later use our

deprojected results to calculate gas mass fraction of Abell 3112 galaxy cluster.

10.1. DSDEPROJ: The method for Deprojection

For deprojection analysis, we adopt the method “Direct Spectral Deprojection

(DSDEPROJ)” [127]. This code is based on a model-invariant algorithm and hence uses

spherical symmetry and purely geometric procedure to calculate deprojected spectrum

[128,129].

This python based code requires spectra and background for each shell with em-

bedded header keywords (e.g. outer radius, initial and final angles, which are necessary

to calculate the volume and area elements). In our analysis, we used BACKFILE key-

word and prefer background subtracted spectrum to be used. As illustrated in Figure

10.1, this code starts from the outermost annulus and assumes the emission comes

from a spherical shell. The volume normalized spectrum of the outermost region is

then scaled by the volume projected onto the next neighbouring inner spherical shell

and subtracted from the spectrum of that annulus, hence for this neighbouring region

a new spectrum is created. This procedure continues by subtraction of outer pro-

jected emissions from inner regions with successive iterations and generate a new set

of deprojected spectra.
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Figure 10.1. Illustration of the contamination of the extracted spectrum [130].

10.2. The Application to Abell 3112 Galaxy cluster

The source and background are extracted following the same procedure as ex-

plained in Section 5.2 and Chapter 6 respectively. Dsdeproj code requires some exter-

nal parameters and these parameters are added manually by using ftool fparkey. The

outer boundary (in arcmin), the starting angle (in degrees), and the stopping angle (in

degrees) of each annular region are specified by the three additional keywords respec-

tively, where XFLT0001, XFLT0004, and XFLT0005, are added to both the spectrum

and background files. Adding the BACKFILE to each spectrum is also done manually

by using fparkey.

The observed deprojected spectra are then fitted by using a single-temperature

apec model. The resulted spectrum of 0 – 2′ and 2′ – 4′ regions are given in the Figure

10.2 to demonstrate the spectral features. For both figures; the solid lines represent
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the best fit line of the single temperature apec model (for details, see Equation 8.1)

and data points are denoted by circles. The goodness of the fits can be checked by the

lower panels showing the residuals. To calculate the baryonic mass fraction, we need

to determine the deprojected temperature and density. The best fit parameters by

using deprojected spectra give us deprojected temperature and the emission measure.

To obtain the electron density, we use the best-fit normalization Norm (or emission

measure) given in Equation 2.8 of the apec model. The resulting deprojected electron

density and temperature are summarized in Table 10.1.
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Figure 10.2. The deprojected spectra are shown to demonstrate the spectral features

of single temperature model from Region 1 (0 – 2′, upper panel) and Region 2 (2′ –

4′, lower panel).

Table 10.1. 1T Apec Model with 1σ statistical errors.

Region
1T Apec

kT Electron Density χ2/d.o.f

(keV) (10−3× cm−3)

0′ – 2′ 4.16± 0.03 38± 3.2 2681.20/2426

2′ – 4′ 4.76± 0.05 8.1± 0.81 2519.85/2427

4′ – 6′ 4.56± 0.1 2.8± 0.38 2506.66/2427

6′ – 8′ 3.89± 0.07 0.80± 0.10 2428.32/2427

8′ – 13.3′ 3.16± 0.50 0.55± 0.17 737.26/617

13.3′ – 18.3′ 2.82± 0.20 0.37± 0.092 1000.18/617
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The radial profiles of deprojected temperature and electron density are given in

the Figure 10.3. We are able to obtain temperature and density profile out to R200 (∼

1470 kpc). This central drop of the temperature provides the first clue that Abell 3112

is a cool core cluster.
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Figure 10.3. Upper Panel: Deprojected radial temperature profile is obtained from

single temperature apec model in 0.7 – 7.0 keV energy range. Lower Panel: The

deprojected radial density profile from the single temperature apec model in the 0.7 –

7.0 keV range. Both figures contain the statistical errors at 68% confidence level.
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11. GAS MASS FRACTION IN GALAXY CLUSTERS

Galaxy clusters as being a fair volume representative of the Universe are the

most important objects to constraint cosmological models and thus they are effective

probes in cosmology. In particular, galaxies and intracluster gas are trapped in the

gravitational potential well of the dark matter, which is also called “dark matter halo”.

The relation between the total mass of the cluster and the mass of the gas are highly

nontrivial. In this chapter, we will use results of Section 10.2.

11.1. The Model for Gas Mass Fraction

There are various methods (such as β and double β models [131]) to discriminate

the contribution of the baryonic mass to the total mass of the cluster. In this work, we

adopt Bulbul et al. Model given in [132], and the detailed discussion of the adopted

model is briefly explained.

Hot gas in the ICM can be observed through the direct measurement of the X-

ray emission [41], or through its effects on the Cosmic Microwave Background (CMB),

which is so-called Sunyaev-Zeldovich Effect [133]. The S-Z effect is effectively used for

observing clusters at high redshifts since it is independent from the distance.

It is known that the pressure gradient in the ICM drifts the gas particles outward

from the center, whereas the gravitational force pulls them towards the center. Hy-

drostatic equilibrium states the balance of theses forces, pressure differences and the

gravity.

The generalized 3-dimensional mass density equation obtained from Navarro-

Frenk-White model (NFW model, [134]) is given by

ρtot(r) =
ρi

(r/rs)(1 + r/rs)β
(11.1)
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where ρi is the normalization constant and rs is the scale radius which refers the size

of the dark matter halo. The spherically symmetric distribution leads the total mass

of the cluster within radius r,

M(r) = 4πρirs

∫ r

0

r′

(1 + r′/rs)β
dr′ (11.2)

With the result of the integral, total mass of the cluster is obtained as,

M(r) =
4πρir

3
s

(β − 2)

(1/(1− β)− r/rs
(1 + r/rs)β−1

+
1

β − 1

)
(11.3)

The gravitational potential at a point r is defined as,

φ(r) =

∫ r

∞

GM(r)

r2
dr (11.4)

When we insert M(r) into the Equation 11.4, the gravitational potential takes the form

as,

φ(r) = φ0

[ (1 + r/rs)
β−2 − 1

(β − 2)r/rs(1 + r/rs)β−2

]
(11.5)

where φ0 is the central potential with,

φ0 = (−4πGρir
2
s)/(β − 1) (11.6)

Under the assumption of hydrostatic equilibrium,

dPe(r)

dr
= −ρ(r)

dφ(r)

dr
(11.7)

where Pe(r) is the electron pressure and ρ(r) can be expressed in terms of ρ(r) =

µmpne(r) of which µ is the mean molecular weight, mp is the mass of a proton and ne

is the number of electron density. If the ideal gas law where Pe(r) = ne(r)kBT (r) is



78

used, the Equation 11.7 becomes,

k

µmp

(
T (r)

dne(r)

dr
+ ne(r)

dT (r)

dr

)
= −ne(r)

dφ(r)

dr
(11.8)

For our analysis, we will use polytropic equation which states that:

ne,poly(r) =
ne0
T n0

Tpoly(r)
n (11.9)

and leads to radial temperature distribution as:

dT (r)

dr
= − µmp

k(n+ 1)

dφ(r)

dr
(11.10)

and using gravitational potential given in Equation 11.5 yields:

Tpoly(r) = T0

[ (1 + r/rs)
β−2 − 1

(β − 2)r/rs(1 + r/rs)β−2

]
(11.11)

where T0 = 4πGµmpρir
2
s

k(n+1)(β−1)
and if we insert this quantity into the polytropic equation, we

will obtain the value of electron number density,

ne,poly(r) = ne0

[ (1 + r/rs)
β−2 − 1

(β − 2)r/rs(1 + r/rs)β−2

]n
(11.12)

Now the crucial part for the cool core cluster is to introduce cooling temperature for

the central region. This requires a small modification in the measured temperature,

T (r) = Tpoly(r)τcool(r) (11.13)

where τcool(r) described by,

τcool(r) =
α + (r/rcool)

γ

1 + (r/rcool)γ
(11.14)
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rcool is the cooling radius and α is the measure of central cooling constraint to 0< α <1.

Hence, the explicit temperature for the cool core clusters is derived as:

T (r) = T0

[ (1 + r/rs)
β−2 − 1

(β − 2)r/rs(1 + r/rs)β−2

]α + (r/rcool)
γ

1 + (r/rcool)γ
(11.15)

Right now, we can derive the electron gas pressure from the ideal gas law:

Pe(r) = Pe0

[ (1 + r/rs)
β−2 − 1

(β − 2)r/rs(1 + r/rs)β−2

](n+1)

(11.16)

where Pe0 = kne0T0 and this left the electron gas pressure equation with four free

parameters. When we adopt the polytropic pressure distribution, the gas density is

driven as follows.

ne(r) =
Pe(r)

kT (r)

= ne0

[ (1 + r/rs)
β−2 − 1

(β − 2)r/rs(1 + r/rs)β−2

]n
τ−1
cool (11.17)

Therefore, the modified mass distribution for cool core clusters is given:

M(r) =
4πρir

3
s

(β − 2)

(1/(1− β)− r/rs
(1 + r/rs)β−1

+
1

β − 1

)
τcool(r) (11.18)

where the additional τcool(r) term is considerable effect for small radii, however at large

radii the term becomes insignificant and the state approaches to polytropic equation

of state. The gas mass within the cluster’s volume is equal to:

Mgas =

∫
ρgasdV = 4πµemp

∫
ne(r)r

2dr (11.19)

The gas mass fraction is defined as the ratio of the gas mass to the total mass within

a fixed radius and given by the expression:

fgas =
Mgas

Mtot

(11.20)



80

Since the stars together with the gas are the only interacting constituents via the

Standard Model and stars have very small fraction compared to the gas, the gas mass

fraction can be considered as baryonic mass ratio of the cluster. Therefore, by consid-

ering the clusters as a fair representative of the Universe, we may roughly rewrite the

Equation 11.20,

fgas =
Mgas

Mtot

' ΩB

ΩM

(11.21)

where ΩM is the matter density, ΩB is the baryon density and ΩB

ΩM
term is the baryon

fraction of the Universe.

11.2. The Application to Abell 3112 Galaxy Cluster

We present the gas mass fraction of the Abell 3112 galaxy cluster, as being one of

the relaxed cool core described in Section 1.3. For this cluster, we use obtained profiles

and fit them with modified temperature and gas density distributions derived in the

previous section to calculate modified mass distribution for our Abell 3112 cool core

galaxy cluster.

We use the deprojected temperature values and gas densities found in Section

10.2. Since these two sets have common parameters, it requires to perform simultane-

ous fit to obtain the best fit values. Markov Chain Monte Carlo Metropolis Hastings

(hereafter MCMC M-H) code is used to perform the fit, because this algorithm allows

the simultaneous estimation of the parameters for complex models with multi param-

eter space. The model in total has five set of free parameters of which are common for

both temperature and density profiles (β, rs, γ, α, rcool) and three separate parameters

(T0, ne0, n).
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Figure 11.1. The radial deprojected temperature profile of Suzaku observations of

Abell 3112 galaxy cluster with the best fit to Bulbul et al. Model [132] and 90 %

confidence limit.
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Figure 11.2. The radial deprojected gas density profile of Suzaku observations of

Abell 3112 galaxy cluster with the best fit to Bulbul et al. Model [132] and 90 %

confidence limit.
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The resulting deprojected temperature measurements of Suzaku observations and

applied model to fit the radial profile are given in the Figure 11.1. Furthermore, the

measured deprojected normalizations are used to calculate electron density and the

results of deprojected density measurements of Suzaku observations with applied model

to fit the radial profile of gas density are given in the Figure 11.2.

Table 11.1. The best fit parameters of Bulbul et al. Model [132], with all errors at the

90% confidence level.

ne0 β n rs rcool α γ T0 χ2/dof

(×10−2 cm−3) (arcsec) (arcsec) (keV)

3.50+0.80
−0.35 2.11+0.01

−0.04 3.30+0.15
−0.12 87.0 +11.0

−15.0 161.8+17.0
−13.0 0.03 0.85+0.05

−0.01 17.5+1.50
−0.50 11 / 5

By using the best fit parameters given in Table 11.1, the total mass and gas

mass within a specific volume are calculated by using Equations 11.18 and 11.19. The

derived gas mass, total mass and gas mass fraction of the cool core Abell 3112 galaxy

cluster are utilized in Table 11.2.

Table 11.2. The derived gas mass, total mass and gas mass fraction of Suzaku

measurements of Abell 3112 galaxy cluster at R2500 and R500 with errors at 90%

confidence levels.

∆ r∆ r∆ Mgas Mtot fgas

(arcsec) (kpc) 1013 M� 1014 M�

2500∗ 331.0+16.1
−14.2 452.5+26.4

−49.9 3.05+1.90
−1.36 1.69+0.39

−0.28 0.18+0.12
−0.08

500 ∗ 708.8+43.7
−36.5 968.9+59.7

−68.2 7.05+5.08
−3.59 3.31+0.77

−0.63 0.21+0.16
−0.11

Note: ∗ indicates the parameters adopted from [34].

We can compare our foundings with the results from 9-year Wilkinson Microwave

Anisotropy Probe (hereafter WMAP). By using the results from [135] as ΩBh
2 =

0.02264 ± 0.00050 and Ωch
2 = 0.1138 ± 0.0045, we can derive the baryon fraction of
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the Universe;

fB =
ΩBh

2

ΩBh2 + ΩCh2
= 0.166± 0.0065 (11.22)

The derived gas mass fraction at R500 is found to be fgas = 0.21+0.16
−0.11, which overesti-

mates the WMAP 9-year result. To ensure reasonable results, we require to have more

proper observations (more data points) for a detailed analysis.
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12. CONCLUSIONS

This work presents an analysis of deep Suzaku (1.2 Ms of total XIS exposure)

and Chandra (72ks) observations of Abell 3112, to constrain the distribution of SN

enrichment of the ICM from the cluster core out to the cluster’s virial radius using

various published SN yields [68, 69, 115]. To constrain the SN fraction we use an

XSPEC model, which is capable of fitting X-ray spectra with pre-defined SN yields

from the literature.

Deep Suzaku observations of this relaxed archetypal cluster allow us to measure

the plasma temperature and metal abundance out to cluster’s virial radius. We find

that temperature constraints from Suzaku observations are in agreement with previ-

ous XMM-Newton observations within R500. The temperature profile peaks around

∼ 4.8 keV and declines to 3.37 ± 0.77 around the virial radius of the cluster.

We are also able to extend the measurements of metal abundances out to the

cluster’s virial radius. We find that the metallicity of the ICM is 0.22 ± 0.08 Z� in

the outskirts of the cluster near the virial radius and is consistent with the reported

metallicities in nearby clusters [86,105,106]. The observed decline in the Fe abundance

is steeper compared to the Mg profile, however, the Fe profile becomes uniform beyond

the overdensity radius of 0.2R200.

We find that the W7, CDD, and WDD SN Ia models produce similar goodness-of-

fit to the Suzaku data. The best-fit SN fraction and the total number of SN parameters

obtained from these models are consistent with each other. However, a 2D delayed

detonation SN Ia model M10 CDDT produces significantly worse fits to the X-ray

spectrum of the central region of the cluster. This suggests that the CDDT models are

insufficient to reproduce observed metal abundances (e.g. Si and Mg) in the cores of

cluster of galaxies. Nonetheless, accurate testing of SN Ia models using galaxy cluster

spectroscopy requires higher spectral resolution. Unfortunately, it will have to wait for

the launch of the next calorimeter mission (see [38,136]).
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The distribution of the SN Ia fraction to the total number of SN explosions

changes between 11 – 14% based on the I99 WDD delayed detonation models, which

produce the best-fit to the X-ray spectra. This fraction is consistent with the observed

fraction in our Galaxy and proto-solar abundances (13 – 20%) [123]. We find that the

distribution of the SN Ia fraction is fairly uniform out to the cluster’s virial radius.

The homogenous SN fraction points to an early (z∼2–3) metal enrichment and mixing

originating from an intense period of star formation activity in the cluster outskirts, and

it also suggests that the metals are well-mixed into the ICM. Furthermore, our results

are in agreement with the early enrichment timescale inferred from nearby Perseus

and Virgo clusters [105, 106] and a mass-selected sample of galaxy clusters reported

by [126].

Furthermore, we also investigate the gas mass fraction of this cool core Abell 3112

cluster by using our observational results. The deprojected temperatures and densities

of the Suzaku XIS spectra are fitted with [132] model which considers modification on

temperature profile for cool core clusters. We calculate the total mass of the cluster at

R500 as 3.31+0.77
−0.63 ×1014M� and our results are consistent with [34]. Additionally, we

derive the gas mass fraction at R500 as fgas = 0.21+0.16
−0.11, which is comparable with the

9-year WMAP result for the baryon fraction of the Universe.
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62. Paczyński, B., “Gravitational Waves and the Evolution of Close Binaries”, Acta

Astronautica, Vol. 17, p. 287, 1967.

63. Saio, H. and K. Nomoto, “Evolution of a merging pair of C + O white dwarfs

to form a single neutron star”, Astronomy and Astrophysics, Vol. 150, No. 1, pp.

L21-L23, 1985.



93

64. Nomoto, K. and Y. Kondo, “Conditions for accretion-induced collapse of white

dwarfs”, Astrophysical Journal, Vol. 367, pp. L19-L22, 1991.

65. Arnett, W. D.,“A possible model of supernovae: Detonation of 12C”,Astrophysics

and Space Science, Vol. 5, No. 2, p. 180, 1969.

66. Khokhlov, A. M., “Delayed detonation model for type IA supernovae”, Astronomy

and Astrophysics, Vol. 245, No. 1, pp. 114-128, 1991.

67. Yamaoka, H., K. Nomoto, T. Shigeyama and F. Thielemann, “Late detonation

models for the type IA supernovae SN 1991T and SN 1990N”, The Astrophysical

Journal, Vol. 393, No. 2, pp. L55-L58, 1992.

68. Iwamoto, K., F. Brachwitz, K. Nomoto, N. Kishimoto, H. Umeda, W. R. Hix and

F. K. Thielemann, “Nucleosynthesis in Chandrasekhar Mass Models for Type IA

Supernovae and Constraints on Progenitor Systems and Burning-Front Propaga-

tion”, The Astrophysical Journal Supplement Series, Vol. 125, No. 2, pp. 439-462,

1999.
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