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ABSTRACT

EFFECTS OF DUST SCATTERING HALOS ON TIMING PROPERTIES
OF GALACTIC BLACK HOLE TRANSIENTS

Ozan Toyran

Physics, M.Sc. Thesis, 2019

Supervisor: Prof. Emrah Kalemci

Keywords: Black holes, X-rays, Timing Analysis, Spectral Analysis, ISM

Sources with high column density of absorption have also been known to have high column

density of dust along the line of sight. The process of small angle scattering of X-rays by the

dust grains in the molecular clouds can produce delays on the order of days. Moreover, the

scattering cross-section scales as ∼ E−2 where E is the energy of the X-ray photon, which

means the low energy photons are heavily scattered. The differential delays caused by the

scattering process may cause loss of coherence and a decrease in the rms amplitude of vari-

ability, therefore may impact the studies that use the correlations between the rms amplitude

of variability and energy. We observed the Galactic black hole 1E 1740.7−2742 which has

very high column density (NH ∼ 1023) for ∼ 20 ks with XMM-Newton and RXTE simulta-

neously. We also used an archival Chandra observation to diagnose if the dust scattering

halo (DSH) is present. We characterized the DSH emission in 2.11−5.86 keV energy band

by spectral means and also by comparing the power spectra from XMM-Newton and RXTE.

We also investigated the possible location of the HCO+ cloud relative to the source. Finally,

we propose a correction method to obtain the “intrinsic” power spectra and rms amplitude of

variability values for XMM-Newton and RXTE observations that are behind ample amount

of interstellar medium.
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ÖZ

TOZ SAÇILIM HARELERİNİN GALAKTİK TRANSİT KARA
DELİKLERİN ZAMANSAL ÖZELLİKLERİNE ETKİLERİ

Ozan Toyran

Fizik, Yüksek Lisans Tezi, 2019

Danışman: Prof. Emrah Kalemci

Anahtar Kelimeler: Kara Delikler, X Işınları, Zamansal Analiz, Tayfsal
Analiz

Yüksek miktarda kesit emilim yoğunluğu gösteren kaynakların aynı zamanda görüş hattında

yüksek miktarda kesit toz yoğunluğuna sahip olduğu bilinmektedir. X-ışınları moleküler

bulutlardaki tozlardan dar açı saçılımı olayıyla günler mertebesinde gecikmeler

yaşayabilirler. Dahası, bu saçılım kesit-alanı, E X-ışını fotonunun enerjisi olmak üzere ∼E−2

şeklinde ölçekdiğinden, düşük enerjili fotonların yoğun biçimde saçılması beklenir. Bu

saçılım olayı sebebiyle meydana gelen diferansiyel gecikmeler sinyalin eşevreselliğini

azaltarak rms değişkenliği genliğinin de azalmasına sebep olabilir. Bu sebeple, rms

değişkenliği genliği ve enerji ilintisini kullanan araştırmaların saçılım olayı dolayısıyla

etkilenmiş olması beklenebilir. XMM-Newton ve RXTE X-ışını uydularını kullanarak

Galaktik bir kara delik olan ve çok yüksek kesit hidrojen yoğunluğu gösteren (∼1023 cm−2)

1E 1740.7−2742’yi ∼ 20 ks süresince eş zamanlı gözlemledik. Bu gözlemlere ek olarak,

Chandra uydusunun arşivindeki bir gözlemi de kullandık. Toz saçılım haresini

XMM-Newton ve RXTE verilerinin 2.11−5.86keV enerji aralığındaki tayfsal ve zamansal

ürünlerini karşılaştırmak suretiyle nitelendirdik ve sonucunda nicelendirmeyi denedik.

Bunlara ek olarak kaynağımızın civarındaki bir HCO+ bulutunun olası konumunu

araştırdık. Son olarak, bol miktarda yıldızlararası toz arkasında kalan kaynakların

XMM-Newton ve RXTE verilerinin incelenmesinde “esas” güç tayflarının ve rms değişkenlik

genliklerinin hesaplanmasına yönelik deneysel bir düzeltme yöntemi öneriyoruz.

vi



Contents

1 Introduction 1
1.1 Black Hole X-ray Binaries . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Definition and General Properties of a Black Hole . . . . . . . . 1
1.1.2 Finding Black holes . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Outburst and Transition Mechanisms . . . . . . . . . . . . . . . . . . . 5
1.3 Observational properties of black hole X-ray binaries . . . . . . . . . . 6

1.3.1 X-ray Timing-Spectral States . . . . . . . . . . . . . . . . . . . 6
1.3.2 Multi-wavelength emission properties . . . . . . . . . . . . . . . 9
1.3.3 Accretion models and emission mechanisms . . . . . . . . . . . 12

1.4 Dust Scattering Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.5 1E 1740.7−2742 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2 X-ray Instruments and Data Analysis 26
2.1 X-ray Instruments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.1.1 XMM-Newton Satellite . . . . . . . . . . . . . . . . . . . . . . . 26
2.1.2 The Rossi X-ray Timing Explorer Satellite . . . . . . . . . . . . 28
2.1.3 Chandra X-ray Observatory . . . . . . . . . . . . . . . . . . . . 30

2.2 Spectral Analysis and models . . . . . . . . . . . . . . . . . . . . . . . 32
2.2.1 Spectral Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.2.2 Spectral models . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.3 Timing Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.3.1 The Discrete Fourier Transformation (DFT) . . . . . . . . . . . 35
2.3.2 The power spectral density (PSD) . . . . . . . . . . . . . . . . . 35

3 X-ray observations of 1E 1740.7−2742 and data analysis 40
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.2 Observations and data analysis . . . . . . . . . . . . . . . . . . . . . . 42

3.2.1 XMM-Newton point source analysis . . . . . . . . . . . . . . . . 42
3.2.2 RXTE point source analysis . . . . . . . . . . . . . . . . . . . . 45
3.2.3 Chandra point source analysis . . . . . . . . . . . . . . . . . . . 46
3.2.4 Timing Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4 Results 48
4.1 1E 1740.7−2742 light curves and the source history . . . . . . . . . . . 48
4.2 The Energy spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

vii



4.3 Determination of the dead-time level for PSDs . . . . . . . . . . . . . . 53
4.4 Evidence of DSH effects on timing properties? . . . . . . . . . . . . . . 54
4.5 Connection to the molecular clouds . . . . . . . . . . . . . . . . . . . . 57
4.6 The surface brightness profile of XMM-Newton EPIC-PN . . . . . . . . 59

5 Discussions and Conclusion 61
5.1 Quantifying the DSH contribution and improving the background cor-

rection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.2 Conclusion and Future Work . . . . . . . . . . . . . . . . . . . . . . . . 64

viii



List of Figures

1.1 Top: Compact remnant masses measured in X-ray binaries. Neutron stars and
black holes are indicated in black and red colors, respectively. 4U 1700-37 is
plotted in dotted-style line because the nature of the compact star is uncertain.
The horizontal dotted line divides LXMBs/IMXBs from HMXBs. Bottom:
Observed distribution of neutron stars and black hole masses.(Adopted from
Casares et al. (2017)) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Energy and power spectra of Cyg X-1 in it’s hard and soft states(adopted from
Gilfanov (2009)) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3 Left: A sketch of general spectral and temporal behavior of GBHTs in the
HID and HRD. Right: HRD and HRD of black hole GX 339-4 in the energy
range 3.8−21.2 keV (adopted from Belloni (2009)). . . . . . . . . . . . . . . . 8

1.4 VLA radio map at 20 cm wavelength of 1E 1740.7−2742 (0.079 mKy per beam).
Thin and wider contours show the HCO+ map of the molecular cloud in the
Galactic center (adopted from Mirabel et al. (1992)) . . . . . . . . . . . . . . . 10

1.5 Radio, soft and hard X-ray lightcurves of the HS,SS and the quiescent states
of GX 339-4 (adopted from Fender (1999) . . . . . . . . . . . . . . . . . . . . 10

1.6 Radio and X-ray (1-10 keV) luminosities of GBHTs (adopted from Corbel
et al. (2013)) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.7 H-band (top) and RXTE lightcurves. Green open squares show where the data
was not simultaneous and are not categorized. Black solid squares correspond
to the hard state and red solid triangles correspond to the soft state. Blue data
correspond to PCA counts lower than 1.0 count s−1 (adopted from Buxton et al.
(2012) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.8 The figure is a 2D representation of the cross section (The Roche potential
contours calculated for two point mass M1 and M2) of φ(r) . . . . . . . . . . 13

1.9 The angular momentum contour lines. A vertical cross section of the accretion
disk (tilted in the figure) that was observed during the simulation of magneto-
rotational instabilities. (adopted from Hawley and Balbus (1991)) . . . . . . . 16

1.10 The main emission components from an accreting black hole (left) and a
schematic of the geometry of the accretion and the corona in the hard state
(right).(adopted from Gilfanov (2009)) . . . . . . . . . . . . . . . . . . . . . . 16

1.11 Compton scattering of a photon from an electron at rest. . . . . . . . . . . . 17

ix



1.12 Monte Carlo simulation of spectra of Comptonized seed photons with energy
E ∼ 50 keV from a point source at the center of the sphere (with a Thomson
optical depth of τ ∼ 5). The total spectrum (top) and emerging spectra of
scattering orders 1-5 can be seen (adopted from Wilms (1998)) . . . . . . . . . 20

1.13 A cartoon diagram of ADAF in different spectral states.(adopted from Chakrabarti
(2000)) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.14 Reflection spectra obtained by NKK simulation of incident photons for 6 dif-
ferent spectral indices Γ = 1.5,1.7, ...,2.5. As the spectra gets harder, higher
gas temperatures and ticker optical depths develop. (adopted from Done and
Nayakshin (2001)) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.15 Geometry of dust scattering mechanism from dust cloud. The source distance
is given by D, and the distance to the dust cloud from the observer is given
by xD. θ is the observed scattering angle, θsc is the physical scattering angle
and CT is the cloud thickness. Dust ring represents the halos seen in modern
instruments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.1 A schematic of the XMM-Newton spacecraft. . . . . . . . . . . . . . . . . . . . 27

2.2 A schematic of the Rossi X-ray Timing Explorer spacecraft. . . . . . . . . . . 28

2.3 A schematic of RXTE PCA assembly . . . . . . . . . . . . . . . . . . . . . . 30

2.4 A schematic of Chandra X-ray Observatory . . . . . . . . . . . . . . . . . . . 31

2.5 A schematic of ACIS arrays with their aimpoints marked with an ’X’. . . . . . 31

2.6 Biggest problem during fitting is getting trapped in local minima (Arnaud
2019). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.7 Several PSDs of XTE J1650–500 during it’s outburst decay are fitted with
Lorentzians (adopted from Kalemci et al. (2003)). . . . . . . . . . . . . . . . 39

3.1 (a) The correlation between rms amplitude and the spectral index in 2-6 keV.
(b) The correlation between rms amplitude and the spectral index in 6-15 keV.
(adopted from Kalemci (2002)) . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.2 XMM-Newton EPIC-PN image of 1E 1740.7−2742. Green circles are at 5”
and 30. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.3 Lightcurve with 16s resolution. Flare in the middle that comes from back-
ground is discarded . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.4 Modeled Energy Spectrums; Black: PN 0”− 30”, Red: PN 5”− 30”, Green:
PN 7”−30”, Blue: MOS2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.5 Images from the EPIC-MOS1 (left) and EPIC-MOS2 (right) detectors. . . . . 45

3.6 Image of 1E 1740.7−2742 from the Chandra instrument. . . . . . . . . . . . . 47

4.1 The rebinned light curve from the XMM-Newton’s EPIC-PN instrument . . . 49

4.2 The rebinned light curve from the RXTE instrument . . . . . . . . . . . . . . 49

4.3 The rebinned light curve from the Chandra instrument . . . . . . . . . . . . . 50

4.4 RXTE flux evolution of 1E 1740.7−2742 during 2 months period. . . . . . . . 50

4.5 Chandra flux evolution of 1E 1740.7−2742 during∼ 2monthsperiod.NotethattheModi f iedJulianDateisearlierthanthato f XMM-Newton andRXT Eobservations. 51

4.6 The confidence contours for 0”-30” EPIC-PN spectrum NH and Γ values for
72.58, 74.89 and 79.49 confidence levels. . . . . . . . . . . . . . . . . . . . . . 52

x



4.7 EPIC-PN energy spectrum modelled with tbabs × power-law in 2.11− 5.86
keV energy band. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.8 Chandra ACIS-I3 energy spectrum modelled with tbabs × power-law in 2−10
keV energy band. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.9 EPIC-PN power spectrum modelled with Lorentzians . . . . . . . . . . . . . . 55
4.10 EPIC-MOS2 power spectrum modelled with Lorentzians. . . . . . . . . . . . . 56
4.11 RXTE power spectrum modelled with Lorentzians. . . . . . . . . . . . . . . . 57
4.12 The position of molecular clouds in the Galactic Center and the relative posi-

tion of 1E 1740.7−2742 (shown as a star in the graph) in the LOS. . . . . . . 58
4.13 The exposure map of EPIC-PN in the 2.11−5.86 keV energy band. . . . . . 59
4.14 Unnormalized and normalized radial profiles of EPIC-PN in 2.11-5.86 keV

enrgy band. Blue lines show the 1D PSF. . . . . . . . . . . . . . . . . . . . . . 60

xi



List of Tables

3.1 Results for epatplot procedure . . . . . . . . . . . . . . . . . . . . . . . 43
3.2 Data 1: 0”−30”, Data 2: 5”−30”, Data 3: 7”−30” , Data 4:1−10 keV 43

4.1 Measured PN Poisson levels with different frequency bands . . . . . . . 54
4.2 Measured MOS2 Poisson levels with different frequency bands. . . . . . 54
4.3 EPIC PN power spectra fit results with average count rates in 2.11-5.86

keV energy band . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.4 EPIC-MOS2 power spectra and average count rates in 2.11-5.86 keV

energy range. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.5 Photon Counts between 0”−30” arcseconds. . . . . . . . . . . . . . . . 59

xii



List of Abbreviations

ADAF Advection Dominated Accretion Flow

AGN Active Galactic Nuclei

ARF Auxiliary Matrix Function

BH Black Hole

BHXB Black Hole X-ray Binary

DSH Dust Scattering Halo

EHT Event Horizon Telescope

EOS Equation of State

FRED Fast Rise Exponential Decay

GBHT Galactic Black Hole Transient

HID Hardness Intensity Diagram

HIMS Hard-Intermediate State

HMXB High Mass X-ray Binary

HRD Hardness RMS Diagram

HS Hard State

IMXB Intermediate Mass X-ray Binary

IR Infrared

ISM Interstellar Medium

LMXB Low Mass X-ray Binary

MJD Modified Julian Date

NIR Near Infrared

xi



NS Neutron Star

NSXB Neutron Star X-ray Binary

OIR Optical/Infrared

PSD Power Spectrum Density

QPO Quasi-Periodic Oscillation

RMF Response Matrix Function

RXTE Rossi X-ray Timing Explorer

SED Spectral Energy Distribution

SIMS Soft-Intermediate State

SS Soft State

WD White Dwarf

XRB X-ray Binary

xii



Chapter 1

Introduction

1.1 Black Hole X-ray Binaries

Black holes (BHs) are one of the most mysterious and compelling types of objects in the

Cosmos. Even though we were not able to observe them directly, in mid 2019 the Event

Horizon Telescope team managed to resolve the photosphere of some Super-massive black

holes. While this creates a new window for black hole studies, researchers mostly investigate

the influence of BHs on the matter and the space-time in their vicinity. BH masses can range

from a few to billion solar masses (M�). Since such high amounts of mass can squeeze into

such a small volume, BHs provides the best sites to test the General Relativity (GR) theory.

In this section, I will summarize the definition and general properties of BHs and review the

physical processes that affect the X-ray spectral and temporal properties.

1.1.1 Definition and General Properties of a Black Hole

It is useful to define the Compact Objects before defining BHs. Compact objects -Black Holes,

Neutron Stars (NS) and White Dwarfs (WD)- are born when their progenitor stars consume

all their nuclear fuel and collapse. Nuclear fusion in core of the star produces the thermal

radiation (pressure) which resists against the gravitational collapse. When the nuclear fuel

is depleted gravitational forces tip the balance in favor of a collapse under it’s gravity. WDs

and NSs are two special cases where total collapse can be prevented by different equation

of state (Eos) configurations. White dwarfs have degenerate electron pressure and neutron

stars have degenerate neutron pressure to counter the collapse. Contrarily, the black holes

are collapsed into singularities.

Even though BHs are peculiar objects, they can be described by three simple parameters:

Mass, spin and charge. Modern concept of a black hole comes from Karl Schwarzschild’s
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solutions (1916) to the Einstein’s theory of general relativity for a non-rotating, neutral

object. A non-rotating black hole is also called a ”Schwarzschild hole” and a rotating black

hole is called a ”Kerr hole” by the generalization of Schwarzschild’s solutions. According to

GR, a massive body’s gravity curves the fabric of space-time of it’s vicinity and that curvature

is called a “geodesic”. When the body is sufficiently massive and dense enough, geodesics

close in on themselves to a “singularity”. Schwarzschild showed that the radius (aka. Event

Horizon) of BHs is where the escape velocity is equal to the speed of light;

1
2

mc2 = G
Mm
Rs

(1.1)

Then the Schwarzschild radius (RS) is found as,

Rs =
2GM

c2 (1.2)

This region informs us that no information about the processes taking place inside that

radius can be transmitted outside. However, in 1975 Stephan Hawking breached this under-

standing. He found that BHs should emit particles like a black-body temperature (Hawking

Radiation). Since the level of this radiation is so insignificant compared to the dominant ra-

diation energies around BHs, the Hawking radiation has not been confirmed by observations

yet.

The mass of the progenitor star determines the type of compact object. If the mass of

the progenitor is less than 4 M� then resulting object is a white dwarf (Chandrasekhar mass

∼ 1.4 M� ). However, it is not easy to put a limit on mass to determine whether the end

result would be a NS or a BH. This is mainly due to the ambiguity of what happens at the

final stages of the collapse after the supernova. Maximum mass of a NS is also speculated

by many scientists and thought to be between 1.5-3 M� . The environment and the processes

that follow the formation of the compact object is also very crucial. Matter accretion onto

NS can help exceeding the critical mass and kick-start another gravitational collapse that

leads to a black hole.

Maximum mass of a black hole changes with every new discovery. But it is useful to

classify black holes according to their masses since the definitions above may vary depending

on the type of black hole. There are; stellar mass BHs with masses 3-10 M� , Intermediate

mass BHs with masses 102− 103 M� , and super-massive BHs with masses 106− 1010 M� .

Super-massive BHs are believed to be located at the center of nearly every galaxy. Those

that are active in the X-rays are called an active galactic nuclei (AGN). Most of the BHs are

found in binaries. If the ”companion” star is a high mass star (O- or B-star) then the binary

is named as high mass X-ray binary (HMXB). Likewise, if the companion star is a low mass

2



Figure 1.1 Top: Compact remnant masses measured in X-ray binaries. Neutron stars and
black holes are indicated in black and red colors, respectively. 4U 1700-37 is plotted in
dotted-style line because the nature of the compact star is uncertain. The horizontal dotted
line divides LXMBs/IMXBs from HMXBs. Bottom: Observed distribution of neutron stars
and black hole masses.(Adopted from Casares et al. (2017))

star then the binary is named as low mass X-ray binary (LMXB). Type of the companion

star heavily affects the physical processes in the vicinity of a BH. The effects of companion

stars on physical processes will be discussed in detail in section 1.3.3.

1.1.2 Finding Black holes

Until recently, the black holes were impossible to detect via direct imaging since they do

not emit photons, except Hawking radiation, and are so small to be resolved with modern

radio telescopes. With the introduction of the Event Horizon Telescope (EHT), it is now

possible to even directly image the black holes. As mentioned earlier, their influence in their

vicinity provides us the necessary means to find these objects. Matter, from the companion

star, accreting onto a BH slowly loses some of it’s potential energy in the form of radiation

(dominantly in X-rays). We can detect this radiation with our X-ray satellites if the mass

accretion rate is high enough. Such systems are called X-ray binaries (XRBs) and evidently,

best place to look for a BH is XRBs. However, this does not mean that the compact object

is a BH necessarily. There are many obstacles for such a claim. One has to show that the

object is smaller than it’s Schwarzchild radius. However, this is nearly impossible due to

small sizes and large distances.
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Calculating the mass of the compact object is the best indirect method so far. Assuming

no exotic particles exist in a NS that would prevent the collapse, most physicists agree that

3M� is a safe upper limit for the maximum mass of a NS. If the mass of the compact object

is greater than 3M� , it can be claimed as a BH.

To calculate the mass of a compact object one needs to use a dynamical method. XRBs

with a bright companion sometimes show absorption line in the optical spectrum of the com-

panion star. These lines are Doppler shifted due to the Keplerian motion of the companion

star around the compact object. One can find the radial velocity of the companion star from

the Doppler shift. Finally, using the calculated radial velocity and the orbital period of the

system, the mass function of the binary can be found:

f (M1,M2, i)≡
(M2 sin i)3

(M1 +M2)2 =
Porbυ3

1
2πG

(1.3)

where i is the inclination angle f the binary with respect to observer’s line of sight, υ1 is

the radial velocity of the companion star, M2 is the mass of the compact object and M1 is the

mass of the companion star. It can be seen that the mass function does not yield the mass of

the compact object rather allows for a lower limit for M2 by setting M1 = 0 and i=90◦. If this

limit is greater than 3M� , we can safely claim the existence of a BH in the binary system. In

Figure 1.1 a distribution of XRBs masses can be seen.

What if the companion star is not bright enough for a dynamical measurement? Then

one has to compare the similarity of their observational properties to the properties of known

black hole X-ray binaries such as;

• Characteristic X-ray spectrum (a hard or cut-off power-law and a soft blackbody com-

ponent from the disk)

• Quasi-periodic oscillations in 0.1-450 Hz range

• Radio and near-infrared (NIR) properties (e.g. radio/X-ray luminosity correlation )

• Variability properties of different states

Moreover, one can also make use of the spectral and temporal differences of NSs and BHs.

BHXBs are usually under-luminuous in X-rays with respect to NSXBs (McClintock et al.

2004). Periodic pulsations and Type-I thermonuclear bursts are only observed in NSs since

they have a hard surface unlike BHs. However, some NS may not show such characteristics.

Then, lack of hard surface can help us again through the differences in variability of the

signal. While power spectrum density (PSD) drops beyond frequencies >10 Hz for BHs, NSs

show aperiodic variability >100 Hz (Sunyaev and Revnivtsev 2000). Sunyaev and Revnivtsev
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claimed that the difference in power spectra (PSDs) arise from different dominant emission

regions of BHs and NSs.

1.2 Outburst and Transition Mechanisms

Due to the nature of LMXBs, we observe sharp increases in luminosity by many orders of

magnitude. This behavior is due to variable conditions in LMXBs. A dramatic increase of

mass accretion onto the compact object via Roche lobe overflow triggers an outburst. Before

going into physical and spectral details, it is useful to refer to ”outburst” definition employed

by Tanaka and Shibazaki (1996):

• The X-ray flux increases by more than two orders of magnitude within several days.

A more appropriate criterion would be an increase of X-ray intensity from below 1033 erg s−1

to well above 1037 erg s−1 in the range 1-10 keV, whenever a distance estimate is available.

• The flux declines on timescales of several tens of days to more than one hundred days,

and it eventually returns to the pre-outburst level.

The light curves are various: Some show a rather monotonic decline, but in many cases

the light curves are more complex than that. In some cases, the sources are ”turned on“ and

remain persistently visible for a year or longer after an outburst.

• In recurrent transients, the duration of an outburst is shorter than the quiescent period.

The duty ratio over a long time span is less than unity.

• There is no fixed periodicity of recurrence.

The increase of the X-ray illumination also brightens the disk in optical (radio outbursts)

that has a characteristic spectrum as well. As it was mentioned above, the light curve of the

outburst is usually different from source to source, but some may show similarities.

The mass accretion rate is a crucial parameter to determine whether a source is a tran-

sient or a persistent source. Tanaka and Shibazaki (1996) observed that it is not possible

to maintain a stable mas accretion onto the compact object below Ṁ ∼ 1016 g s−1. It is

thought that the mass accretion into the disk still continues even in the quiescent period.

The accumulated matter during the quiescence state might be powering the next outburst.

There are two competing models describing the outbursts: 1) The disk instability models (Lin

and Taam 1984; Cannizzo et al. 1985; Mineshige and Wheeler 1989), 2) The mass transfer

instability models (Osaki 1985; Hameury et al. 1990).
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According to the first model; during the quiescence, the disk is cool and neutral. As

matter accumulates, both the surface density and the temperature increases. When the

surface density reaches a critical point, a thermal instability kicks in. This instability arises

from a very steep temperature dependence of the opacity in a partially ionized accretion disk.

The disk jumps to a hot state with much higher viscosity causing rapid in-fall of the matter

onto the compact object, creating an X-ray outburst (Tanaka and Shibazaki 1996). When

the density is low again the disk returns to the cool state. This mechanism can explain the

fast rise, the exponential decay and the recurrence times of the X-ray outbursts.

The second model has a different approach on where and how the thermal instability

occurs. They claim that the sub-photospheric layers of a companion star are heated by

relatively hard (> 7 keV ) X-rays from the compact object. The heated, therefore expanded

layers bring the atmosphere to an unstable regime and leads to a sudden mass transfer. When

the L1 region (Fig. 1.8) is ”shielded” by the accretion disk, the swelling of the companion

star stops, ending the mass transfer. The outburst ends when all the mass in the accretion

disk is transferred onto the compact object. Even though this model can explain the FRED

and recurrence times, it can not physically describe how the trigger happens. To trigger

an outburst, the hard X-ray flux at L1 must exceed the intrinsic stellar flux. During the

quiescence, the X-ray luminosity is too low to induce and instability.

1.3 Observational properties of black hole X-ray bina-

ries

1.3.1 X-ray Timing-Spectral States

Decades of X-ray observations revealed that the GBHTs are found in several distinct spectral

states (Tanaka and Lewin 1995; van der Klis 1995). These spectral states are defined in

terms of relative strength of two sources of the X-ray emission: A soft black-body radiation,

originating from an optically thick accretion disk (Shakura and Sunyaev 1973) and a hard,

power-law like emission possibly originating as Compton Scattering emission from an optically

thin, hot accretion corona or ADAF. ”Soft state” (SS) is the state in which the soft disk

component dominates the spectrum. Likewise, during the ”Hard state” (HS) the hard power-

law component dominates the observed spectrum. Energy and power spectra of the main

states can be seen in Figure 1.2. Hard component is modelled by Componization of cold seed

photons (kT∼ 1 keV) , which are thought to be radiated from the accretion disk (Gilfanov

2009), in a hot corona (kT∼ 100 keV).
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Figure 1.2 Energy and power spectra of Cyg X-1 in it’s hard and soft states(adopted from
Gilfanov (2009))

It is important to point out that the main states apply to both persistent and transient

sources. For GBHTs, state transitions are deeply rooted into the evolution of the outbursts.

During the rise and decay phase of the outburst hard component is the dominant emission

while the soft component dominates the period in between. Belloni (2009) identified two

more states in addition to the main states. They are the hard-intermediate state (HIMS)

and the soft-intermediate state (SIMS) with their distinguishing timing properties. These

states show properties of both of the main states however cannot be modelled with solely

one of the main states. The distinguishing property of these intermediate states is that they

exhibit different types of quasi-periodic oscillations in their power spectrum densities (PSD).

There are two fundamental tools used to characterize the behavior of the black hole

transients; the hardness-intensity diagram (HID), where the total counts plotted as a function

of hardness, and the hardness-rms diagram (HRD). Hardness is calculated as the ratio of total

counts in the hard (6.3− 10.5 keV) and soft (3.8− 6.3 keV) energy bands. The four states

and evolution of them can be seen in Figure 1.3. The GBHTs are usually at quiescence state

before an outburst. During the rise period, spectra hardens with increasing flux. When the

outburst achieve it’s peak, it’s spectra starts to soften. The source moves to left on the top

branch in the HID, passes the HIMS and SIMS then reaches the soft state. After a while, flux

decreases significantly and the source transits back to the hard state and eventually goes back

to the quiescence state. Time scale of this cycle changes from months to years depending on

the source and the outburst. But that might not always be the behavior. Sometimes sources

return back to the quiescence without reaching the soft state. These outbursts are called

”failed outbursts” (Capitanio et al. 2010; Del Santo et al. 2016)
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Figure 1.3 Left: A sketch of general spectral and temporal behavior of GBHTs in the HID
and HRD. Right: HRD and HRD of black hole GX 339-4 in the energy range 3.8−21.2 keV
(adopted from Belloni (2009)).

The observational framework of the state characteristics and transition properties are

summarized below:

Hard State: This state describes the rise and decay part of an outburst and can be seen

as the vertical branch in the HID. It’s energy spectrum is characterized by a power-law with

a power-law index of 1.5−1.8 in the 3−25 keV energy band. Very high level of variability

with typical values of ∼ 30−40% is associated with the hard state. It can be seen from the

Fig. 1.3 that rms variability is anti-correlated with flux and positively correlated with the

hardness. The hard state PSD can be modelled with a number of Lorentzian components

(Pottschmidt et al. 2003; Belloni et al. 2002), one of which can take the form of a type-C

QPO. Duration of this state can be quite variable.

HS to HIMS: To distinguish the transition from the HID or HRD is very difficult. Most

obvious hint for the transition has been observed in the IR/X-ray correlation of GX 339-4

(Homan et al. 2005).

HIMS: Source moves along the top horizontal brunch in the HID while it’s energy spec-

trum softens with a steeper power-law that has a photon index up to ∼ 2.5. Energy spectrum

also shows a thermal disk component. It’s PSD exhibits band-limited noise and a strong type-

C QPO. The fractional rms is halved (∼ 10−20) compared to the HS. As the spectra softens,

rms variability continues to decrease. The hard-intermediate state PSD can again be decom-

posed in Lorentzian components but the peak frequencies are higher than that of the hard

state.
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HIMS to SIMS: This transition can only be identified via temporal means. The noise

and the rms continues to decrease as softening continues. A type-B QPO appears in the

PSD.

SIMS: Energy spectrum is slightly softer than HIMS but the main difference is in the

timing characteristics. The level of variability is as low as a few %. It’s PSD is often has

either a type-A or type-B QPO.

From and to SIMS: After the SIMS, the source can either return to HIMS or go to the

soft state. But the behavior can be much more complex. Either way, it’s PSD contains a

type-B QPO.

Soft State: This state has the softest spectrum that is dominated by a thermal disk

component with a very low contribution from the hard power-law component. The level of

rms variability is in the form of a steep component (∼ 1%) or even absent. Sometimes weak

QPOs can be observed in the 10-30 Hz range.

Soft to Hard State: This transition is associated with the lower horizontal branch in the

HID. The timing properties change smoothly compared to the top branch due to low levels

of flux. For a detailed description of decay phase of the outburst (Kalemci et al. 2005a).

Quiescent State: It can be seen from the HID that quiescent state seems like a mode

of the HS with lower luminosities. It’s spectrum can usually be fitted with a power-law.

However, some observations can be softer than typical hard state values (Plotkin et al. 2013).

1.3.2 Multi-wavelength emission properties

1.3.2.1 Radio emission and the Radio/X-ray correlation

The GBHTs generally exhibit discrete radio ejections during the outburst. Radio emission

is thought to originate from the scynchrotron emission in the jets. Ejected radio blobs and

their evolution have been observed directly with radio telescopes. An image of VLA radio

map can be seen in Fig. 1.4.

During the quiescence state, GBHTs are very radio quiet (Corbel et al. 2000). In the hard

state, radio emission is weak but steady with a flat/inverted radio spectrum. Observations

during the HS confirm the relation with jet ejections (Mirabel et al. 1992; Stirling et al. 1997;

Russell et al. 2010). Radio flux in the soft state drops even more by a factor of > 25 (Fender

1999). Low levels of radio emission at SS is attributed to the synchrotron emission as well.

Figure 1.5 shows the strong correlation of radio and X-ray emission. It is not very clear if

the jet is suppressed/cooled via the inverse Comptonization of the seed photons coming from

the disk. Nevertheless, the radio emission is thought to be the tail emission from the flare

event at the ignition of the outburst.
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Figure 1.4 VLA radio map at 20 cm wavelength of 1E 1740.7−2742 (0.079 mKy per beam).
Thin and wider contours show the HCO+ map of the molecular cloud in the Galactic center
(adopted from Mirabel et al. (1992))

Figure 1.5 Radio, soft and hard X-ray lightcurves of the HS,SS and the quiescent states of
GX 339-4 (adopted from Fender (1999)

).
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Figure 1.6 Radio and X-ray (1-10 keV) luminosities of GBHTs (adopted from Corbel et al.
(2013))

.

Radio/X-ray intensity correlation: The relation between the radio and X-ray inten-

sity correlation is in the form of a non-linear power-law, LRad ∝ Lb
X , where the correlation

index b ≈ 0.7± 0.1, LRad is the radio luminosity and LX is the X-ray luminosity. This has

become a ”canonical” correlation applied to both GBHTs and AGNs (Corbel et al. 2000,

2003, 2004; Gallo et al. 2003; Merloni 2002). However, further researches on GBHTs showed

that there is another correlation track (Outliers) with a b ∼ 0.6 (Corbel et al. 2003, 2004;

Rodriguez et al. 2007; Gallo et al. 2012). These two correlation tracks can ben seen in Fig-

ure 1.6. And more recent observations showed transitions from the outliers track back to the

standard track below a critical X-ray luminosity (LX ∼ 1036erg.s−1) (Coriat et al. 2009, 2010;

Ratti et al. 2012). In summary; while it is evident that the radio/X-ray correlation harbors

information about the disk-jet coupling in GBHTs, current understanding of accretion flows

stand challenged in the picture we see with the different tracks.

1.3.2.2 Optical and Infrared Radiation (OIR)

The optical and infrared radiation from GBHTs come from many different components,

therefore allows us to calculate various essential parameters that are used in dynamical mass

measurements, identification of companion star etc. Optical and IR emission from GBHTs

is radiated from the outer part wings of the disk, the jet and from the companion star.

The OIR emission during the soft state is dominated by a thermal blackbody component,

indicating an accretion disk origin. When the source transits from the HS to SS, the optical
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Figure 1.7 H-band (top) and RXTE lightcurves. Green open squares show where the data
was not simultaneous and are not categorized. Black solid squares correspond to the hard
state and red solid triangles correspond to the soft state. Blue data correspond to PCA
counts lower than 1.0 count s−1 (adopted from Buxton et al. (2012)

).

and infrared emission intensity drops significantly (Homan et al. 2005; Buxton et al. 2012).

OIR brightens again when the source goes back to the HS (Kalemci et al. 2005b). NIR spec-

trum is now very different from the optical spectrum and usually follows the radio spectrum

(Homan et al. 2005; Russell et al. 2006; Coriat et al. 2009). The OIR SEDs with a negative

slope of ∼ −0.6 and NIR/Radio correlation suggest a non-thermal component originating

from the jet ejections (Fender 2001; Fender et al. 2004, 2005; Kalemci et al. 2005b; Russell

et al. 2010; Dinçer et al. 2012). The hard state SEDs are shown to be fitted with a doubly

broken power-law that breaks in the IR and occurs when the X-ray flux changes (Nowak

2005). The OIR/X-ray relation of GX 339-4 can be seen in the Figure 1.6.

1.3.3 Accretion models and emission mechanisms

1.3.3.1 Mass transfer mechanisms and mass function

The extreme gravitational potential of BHs provide a natural laboratory to study General

Relativity (GR) and understand the physical processes it generates in it’s vicinity. The

accreting matter onto the compact object emits X-ray photons which then can be detected

by X-ray satellites in the orbit. Majority of the accreting compact objects show no evidence
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Figure 1.8 The figure is a 2D representation of the cross section (The Roche potential contours
calculated for two point mass M1 and M2) of φ(r)

for periodic pulsations in their persistent emission. In the case of accreting BHs, this is a

consequence of the presence of the event horizon. In the following sections, I will summarize

some of the physical processes that affect the X-ray spectral and timing properties of BHs.

It is useful to discuss the basic matter transfer mechanisms to understand the X-ray

production mechanisms. Black hole binaries (BHBs) contain an accreting black hole and a

non-degenerate secondary (companion/donor) star. Gravitational potential that character-

izes a binary system was derived by a French mathematician and astronomer who worked on

celestial mechanics, Edouard Roche. For two point masses M1 and M2 in Keplerian Orbits

around the center of their masses, the equipotential lines of the Roche potential has the form

of (Frank et al. 1992):

φ(r) =− GM1

| r− r1 |
− GM2

| r− r2 |
− (ω x r)2

2
(1.4)

Figure 1.8 displays the Roche potential contours of an X-ray binary. The innermost solid

line shows that each point mass has it’s own ”Roche Lobe”. The Roche lobe of each object

defines a volume within which a particle is bound to one of the two objects. The equilibrium

points (Lagrange points L1, .., L5) shows where no force acts on a particle at those locations.

L1 is a special point (a saddle point) where an outward momentum carrying matter can easily

enter the Roche lobe of the compact object. There are three known different mass transfer

mechanisms:
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• Wind accretion: If the companion star is of an early type, it usually generates powerful

stellar winds that can transfer matter into the Roche lobe of the compact object through

Lagrange points L1 and L2. Typical mass transfer rates are 10−11−10−8 M�/yr (Frank

et al. 1992).

• Roche Lobe overflow accretion: If the companion star is a LMXB, it may expand in size

until it’s Roche lobe is filled under the influence of gravitation of the compact object.

And then, mass transfer starts to occur through L1. Typical mass rate for Roche lobe

overflow accretion is 10−11−108 M�/yr.

• Be-stars: Be stars eject material at their equator, probably due to high spin of these

stars. The ejected material can pass into the Roche lobe of the compact object, usually

a NS for all known Be- companions.

No matter how the matter finds it’s way into the compact object’s Roche lobe, once it

is in, the accretting matter will follow an orbit around the compact object since it carries

angular momentum and will form an “accretion disk”. Before discussing the accretion disk

models, it is useful to have a look at some very important disk parameters. The accreting

material will slowly lose it’s potential energy and angular momentum. Most of the lost energy

is transferred into heat, resulting in a thermal emission from the heated disk. Disk luminosity

generated by accretion disk can be estimated by (Shapiro and Teukolsky 1983):

Lacc = 2η
GMṀ

RS
= ηṀc2 (1.5)

where η depends on the angular momentum of the compact object. Typical luminosity

obtained for an accreting BH system is ∼ 1037erg s−1. There is also a limit to the produced X-

ray luminosity from the accretion disk. The gravitational pull of the BH limits the radiation

pressure generated by X-ray emission from the disk. Sir Arthur Stanley Eddington assumed

a spherical accretion and derived the ”Eddington Luminosity” by:

GMmp

r2 = LEdd
σT

4πcr2 (1.6)

where mp is the proton mass and σT is the cross section for Thompson scattering. Solving

for LEdd for a BH mass M/M� ,

LEdd = 4π
cGMmp

σT
= 1.3x1038(

M
M�

) erg/s (1.7)

Then using the luminosity vs. mass accretion rate relation, L = εṀc2, the corresponding

mass accretion rate limit can be found as:
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˙MEdd = LEdd/c2 = 1.7x1017(
M
M�

) g s−1 (1.8)

1.3.3.2 The standard “α” Accretion Disk

The famous paper by Shakura and Sunyaev (1973) formulated the theory of standard accre-

tion disk or the α disk model. This model proposes a geometrically thin and optically thick

gaseous disk that orbits around the black hole. The disk is supported by the pressure, p,

of the disk against the gravitational forces. The viscous stress torques descend the material

inwards to lower orbits. The lost angular momentum energy is converted into heat. The

model formulates the viscous stress tensor by the disk pressure: trΦ = α p (α < 1), assuming

the matter is turbulent. Here, α is a free parameter however, the value it assumes is not

well established. Shapiro and Teukolsky (1983) tried to compute the α parameter via com-

parative observations and found a value between 0.1− 1. The radiation from the α disk is

in the form of multi-color blackbody (Mitsuda 1984; Merloni et al. 2000). The radial tem-

perature distribution of the spectrum is T (r)∼ r−3/4 . However, this theory fails to take into

account the general relativistic effects and the magneto-rotational instabilities. There have

been many studies focusing on understanding the angular momentum transfer in the disk,

some of which proposed improved models (Figure 1.9) (Gierliński et al. 2001; Balbus and

Hawley 1991; Hawley and Balbus 1991).

1.3.3.3 The Accretion Disk Corona

The α disk model can somewhat estimate the SS spectrum but fails to describe the hard X-

ray emission in the form of a power-law. Scientists proposed the presence of a hot, low density

plasma (Corona) where the soft seed photons coming from the cold accretion disk is Compton-

scattered to higher energies (Liang and Price 1977; Bisnovatyi-Kogan and Blinnikov 1977;

Sunyaev and Trümper 1979; Sunyaev and Titarchuk 1980). The standard model of ADC has

quickly become the one proposed by Sunyaev and Trümper (1979). This model explains the

observed luminosities and the hard spectra of GBHTs. Since the corona is optically thin,

some seed photons from the disk may not scatter, therefore can explain both the hard and

the soft components in the spectrum. Commonly accepted sombrero geometry and emission

components of the disk and the corona can be seen in Figure 1.10. Comptonization corona,

coupled with the disk, is a very complex structure and has been studied extensively (Hua and

Titarchuk 1995; Wilms et al. 1997; Wilms 1998; Zdziarski 1998; Malzac 2003; Meyer et al.

2000; Psaltis 2001). Since the Comptonization is very important explaining the hard X-ray

spectra of GBHTs, I will now explain it’s theory.
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Figure 1.9 The angular momentum contour lines. A vertical cross section of the accretion
disk (tilted in the figure) that was observed during the simulation of magneto-rotational
instabilities. (adopted from Hawley and Balbus (1991))

Figure 1.10 The main emission components from an accreting black hole (left) and a schematic
of the geometry of the accretion and the corona in the hard state (right).(adopted from
Gilfanov (2009))
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Figure 1.11 Compton scattering of a photon from an electron at rest.

Comptonization

The classical elastic scattering of the incident photons is known as the Thomson scattering.

In this theory, the photons are treated as continuous electromagnetic waves which then induce

dipole radiation from an oscillating electron. The energy of the incident photon is much less

than the mass energy of the electrons (hν � mec2). The differential Thomson cross-section

for unpolarized incident EM radiation scattering at angle Θ is given by the formula:

∂σT

∂Ω
=

1
2

r2
0(1+ cos2

Θ) (1.9)

where r0 =
e2

mec2 = 2.82x10−13 cm is the electron radius. The integration of the equation 1.9

over all scattering angles yields the total Thomson cross-section:

σT =
8
3

πr2
0 = 6.652x10−25cm2 (1.10)

An important result of this is that it shows the inverse relation between the scattering

cross section and the mass of the particle (σT ∝
1

m2
e
). This implies, if the particles are protons,

the scattering cross-section would be suppressed by a factor of (me
mp

)2 ∼ 10−7. Particles other

than electrons will in turn have no significant cross-sections.

The Compton scattering treats the photons as particles, therefore allowing the exchange

of the energy and momentum with the colliding electron. In the simple Compton scattering

process a photon of energy E collides with an electron at rest and transfers kinetic energy to

the electron (Figure 1.11). The reduced energy of the photon is given by:
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E ′ =
E

1+ E
mec2 (1− cosθ)

(1.11)

The differential cross-section and the angular momentum distribution of electrons after

the collision is given by the Klein-Nishina formula which takes into account the Quantum

Electrodynamics (QED) effects:

∂σes

∂Ω
=

3
16π

(
E ′2

E
)(

E
E ′

+
E ′

E
− sin2

θ) (1.12)

It can be seen that, when E=E’, this equation reduces to the classical expression given in

Eq. 1.9. The total cross-section can be obtained by integrating the Eq. 1.12 over all scattering

angles (Rybicki and Lightman 1979). For high energies (> 30keV ), quantum effects reduce the

Klein-Nishina cross-section by more than 10%. Since the scattering would be concentrated

in the forward direction due to the relativistic beaming, the Compton cross-section would

become less efficient.

However, in astrophysical sources, the electrons are not at rest but have considerable

thermal motion. It is assumed that they have a relativistic Maxwellian velocity distribution

with a characteristic temperature, Te:

N(γ)∼ γ
2
βe−

γmec2
kTe (1.13)

where β = ve
c is the electron velocity and γ = (1− β 2)−

1
2 is the Lorentz factor. If the

incident photon energy is much lower than the electrons, on average, they gain energy from the

Compton collisions. This process is called the thermal Comptonization due to the Maxwellian

velocities of electrons.

In the case of GBHTs, the corona with Te ∼ 100 keV (109K◦) is the hot electron plasma

that Compton up-scatters the seed photons coming from the disk with E ∼ 100 eV (106K◦).

The average energy change of the scattered photon when the electrons are at rest is:

〈4E
E
〉=− E

mec2 ,(per collision) (1.14)

which is obtained by averaging Eq. 1.11 over all scattering angles. On the other hand,

electrons with kTe < mec2 lead to an average photon energy change of (Rybicki and Lightman

1979):

〈4E
E
〉= 4kTe−E

mec2 (1.15)

18



This implies that the photons gain energy as long as E < kTe. This establishes the condi-

tions for the cooling of the electrons unless the energy is deposited into the plasma by other

physical processes. The approximate total energy change for a photon crossing a Comptoniz-

ing plasma of optical depth τc can also be calculated. Assuming the photon energy is much

smaller than the electron temperature, the average fractional energy change per scattering is
4kTe
mec2 . If we multiply this value by the average number of scatterings, we can obtain the total

energy change. According to the ”random walk theory”, the average number of scatterings is

max(τc,τ
2
c ). As a result, the total fractional energy change is:

y =
4kTe

mec2 max(τc,τ
2
c ) (1.16)

where y is the ”Compton y-parameter”.

The repeated scatterings yield a Compton spectrum which can be solved via Kompaneets

equation (Rybicki and Lightman 1979). This equation describes the photon distribution

function due to repeated scatterings in the limit of large optical depths τc > 1 and for kTe�
mec2. General solutions to the Kompaneets equation are analytically complex and usually

calculated numerically (Sunyaev and Titarchuk 1980).

For y� 1, only Thomson scattering is important and the initial soft photon spectrum will

stay intact. For y� 1, a ”saturated” spectrum is obtained due to the conservation of photon

number. The Compton scattering of higher energy photons and the inverse-Compton scat-

tering of lower energy photons, create a competing event which ”thermalizes” the spectrum

to the temperature Te. At higher energies the spectrum becomes a Wien law with a mean

photon energy of 3kTe.

For y & 1, inverse-Compton process does not saturate to the Wien spectrum. Only the

high energy part of the spectrum saturates. Kompaneets equation yields an ”unsaturated”

solution for the very low energy photons, in which the spectrum evolves to the Wien shape

by multiple scattering of soft photons. For escaped photons at intermediate energies, a

power-law solution describes the Comptonized spectrum:

Iν ∝ E3+m,m =−3
2
± (

9
4
+

4
y
)−

1
2 (1.17)

This unsaturated solution identifies the power-law component commonly used in the

GBHT spectrum fitting. Figure 1.12 shows the Monte Carlo simulations of photon spec-

trum from a hot Comptonizing plasma.
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Figure 1.12 Monte Carlo simulation of spectra of Comptonized seed photons with energy
E ∼ 50 keV from a point source at the center of the sphere (with a Thomson optical depth of
τ ∼ 5). The total spectrum (top) and emerging spectra of scattering orders 1-5 can be seen
(adopted from Wilms (1998))

1.3.3.4 Advection Dominated Accretion Flows (ADAFs)

The hard X-rays observed in the low rate accretion sources cannot be explained by the

standard model. Hints of why we observe these ”faint” hard X-rays were studied extensively.

It is considered that, a disk of such low density that the protons are unable to pass their

energy to the electrons on the time scales of the accretion. Instead, the protons either advect

into the BH or transport the energy outwards via outflows (Ichimaru 1977; Blandford and

Begelman 1999; Narayan and Yi 1995; Narayan et al. 1998).

Since ADAF requires a low density plasma and very little proton-electron collisions, there

is a maximum accretion rate that ADAF can sustain (Beloborodov 1999):

max(
Ṁ
˙MEdd

)∼ 10α
2 (1.18)

where α < 0.1 is a free parameter.

The accretion disk becomes hot and geometrically thick (optically thin), therefore radia-

tion is under-luminous. The hard state of low luminosity sources can be explained by ADAF

(Esin et al. 1997, 2001). Another important feature of ADAF is, there is a transition at a

critical radius rtr where the cold accretion disk becomes a hot two-temperature flow which

emits hard X-rays by Comptonization of soft photons. The seed soft photons may be arising
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Figure 1.13 A cartoon diagram of ADAF in different spectral states.(adopted from
Chakrabarti (2000))

from the outer parts of the accretion disk and/or synchrotron or bremsstrahlung radiation

from the ADAF itself. A schematic that shows the ADAF in different states can be seen

in Figure 1.13. Note that ADAF do not consider timing properties. There have been many

additions to the ADAFs but they are out of the scope of this thesis and will not be discussed.

For a detailed description, see Chakrabarti (2000).

Reflection

A very important component that is seen in the GBHT spectra is the reflection component.

The broad and shallow absorption and iron emission lines seen in the continuum X-ray spectra

of GBHTs are explained as the result of reprocessing of hard X-rays that are reflected from

the accretion disk. Notably, a fluorescent iron line at ∼ 6.4keV , a broad absorption feature

between∼ 7−20keV , a reflection hump at∼ 30keV due to reduced Klein-Nishina cross-section

and Compton down-scatterings at high energies. These features can be seen in Figure 1.14.

The shape and the amplitude of these reflection features strongly depend on the geometry

of the source and the composition of the material in the cold accretion disk. For a detailed

description, see Fabian and Ross (2010). Further investigations of the reflection components

also revealed an important correlation between the disk solid angle and the spectral index.
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Figure 1.14 Reflection spectra obtained by NKK simulation of incident photons for 6 different
spectral indices Γ = 1.5,1.7, ...,2.5. As the spectra gets harder, higher gas temperatures and
ticker optical depths develop. (adopted from Done and Nayakshin (2001))

1.4 Dust Scattering Theory

The interstellar medium (ISM) both absorbs and scatters the photons. Both processes are

highly energy dependent. At X-ray energies, small-angle scattering is dominant and creates

an arc-minute scale dust scattering halo (DSH) around sources with significant ISM along

the line of sight. A cartoon depiction of the dust scattering geometry for a single scattering

can be seen in Figure 1.15.

The scattering of X-rays by the ISM was first predicted by Overbeck (1965) and first

observed but not recognized by Toor et al. (1976) using a rocket-borne detector during a

lunar occultation of the Crab Nebula. Later, first conscious detection of a DSH around the

galactic source GX 339-4 was achieved by Rolf (1983) using the Einstein/IPC. DSH of 28

sources were then found and studied by Predehl and Schmitt (1995). Theoretical calculations

of the observed halo intensity and time delays of the scattering photons have been established

by extensive studies (Molnar and Mauche 1986; Mathis et al. 1991; Trümper and Schönfelder

1973). Analysis in all cases were accomplished by showing that the measured radial extent of

the source was larger than the expected point-spread function (PSF) of the specific telescope

mirrors.

Predehl and Schmitt (1995) found that the amount of scattering by the ISM was correlated

with the measured absorption of the soft X-rays by the ISM. Typically, the ISM is in the
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Figure 1.15 Geometry of dust scattering mechanism from dust cloud. The source distance is
given by D, and the distance to the dust cloud from the observer is given by xD. θ is the
observed scattering angle, θsc is the physical scattering angle and CT is the cloud thickness.
Dust ring represents the halos seen in modern instruments.

form of different layers of molecular clouds. If the source exhibits timing variability, the halo

emission also reflects the variability of the source. And if the source exhibits flares, the DSH

take the form of discrete rings, each corresponding to different layers of molecular clouds in

the line of sight. The study of DSHs have been proven useful in understanding the physical

properties of dust grains (Corrales and Paerels 2015; Xiang et al. 2011; Ling et al. 2009), the

variations during eclipses (Audley et al. 2006; Jin et al. 2018) and references therein, optical

and X-ray absorption (Predehl and Schmitt 1995; Costantini et al. 2005; Corrales et al. 2016),

the dust-to-gas relations in the ISM (Güver and Özel 2009; Zhu et al. 2017), and the distance

estimations (Xiang et al. 2007; Tiengo et al. 2010; Kalemci et al. 2018).

Predehl and Schmitt (1995) found a strong correlation between the dust (τsca) and hy-

drogen column densities (NH):

τsca = 0.49 x(NH/1022cm−2)x(E/keV )−2 (1.19)

Accordingly, all sources with high NH are behind ample amount of dust in our line-of-sight

(LOS). The scattering cross-section (τsca) scales as ∼ E−2 where E is the energy of the X-ray

photon. The X-ray photons, scattered back into the observer LOS, travel a longer path than

the un-scattered photons (Figure 1.15). Longer paths cause delays (lags) from the observer’s

perspective. Consequently, if the entire DSH is in the field of view (FOV) of the instrument

(i.e RXTE ), loss of coherence and a decrease in the rms amplitude of variability is expected.

The dust scattering can also change the observed spectrum since it depends on the energy

and the location of the dust cloud relative to the source. The delay can be on the order of

days (Molnar and Mauche 1986). Usually, the shape of the PSD would stay intact but it’s

rms variability would be reduced since the dominant variability timescales are between ms
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to a few tens of seconds in GBHs.

Typically, the interaction of photons with spherical grains can be explained with the Mie

solution. For sufficiently small grains, photon wavelengths and scattering angles, a simple

analytic solution can be obtained, namely ”Rayleigh-Gans”(RG) approximation (Mathis et al.

1991).

Using the geometry shown in Figure 1.15, we can derive many important parameters of

the process. The time delay (∆t) of the scattered photons from a source at a distance D and

a cloud at xD is:

∆t =
xDθ 2

2c(1− x)
(1.20)

where c is the speed of light and θ is the observed angle (θ = θsca−α).

The observed intensity of a DSH ring with outburst timescale shorter than or comparable

to ∆t is:

Iν = NH
dσsca,E

dΩ

Fν(t = tobs−∆t)
(1− x)2 exp(−σph,E

r

∑
i=1

NH,r) (1.21)

where
dσsca,E

dΩ
is the differential dust scattering cross-section per hydrogen atom, Fν(t) is

the flux of the flare at time t, σph,E is the total photo-electric cross-section at energy E, NH

is the hydrogen column density corresponding to the source. The flux density Fν can be

calculated by integrating the Eq. 1.20 over θ and keeping
∂σsca,E

∂Ω
constant:

FHalo,E =
2πcNH

x(1− x)D
dσsca,E

dΩ
Fν (1.22)

The scattering cross-section depends strongly on the scattering angle and energy and also

the dust distribution along the LOS, with:

dσsca,E

dΩ
=

∫ amax

amin

da
dN
da

dσ(θsc,E,a)
dΩ

∼C(
θsc

1000”
)−α(

E
1 keV

)−β (1.23)

where C is the normalization constant at 1000”and 1 keV, α ∼ 3−4 and β ∼ 3−4 (Draine

2003).

The physical scattering angle can simply be found using Figure 1.15 again:

θsc =
θ

(1− x)
(1.24)

So the intensity and the flux of the halo decreases as the time delays increase:

FHalo ∝ ∆t−
α

2 (1.25)
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1.5 1E 1740.7−2742

1E 1740.7−2742 is a known microquasar which is located 50” of the Galactic Center (GC). It

is one of the brightest at the same time hardest persistent X-ray source (together with GRS

1758-258) (Sunyaev et al. 1991a) in the vicinity of the Galactic center. 1E 1740.7−2742 was

discovered by Hertz and Grindlay (1985) using the Einstein/IPC instrument and it was first

suggested that it might contain a BH by Sunyaev et al. (1991b).

1E 1740.7−2742’s HS spectral shape and X-ray luminosity is significantly similar to the

black hole candidate Cyg-X1 in terms of spectral and timing properties (Sunyaev et al.

1991b). Kuznetsov et al. (1997) found a correlation between the spectral hardness and the

hard X-ray luminosity for Lx . 1037 erg s−1, supporting the BH claims. 1E 1740.7−2742 also

shows strong aperiodic and quasi -periodic X-ray variabilities along with relativistic radio jets,

again similar to BHCs (Smith et al. 1997; Lin et al. 2000).

Due to high amount of NH (∼ 1023) along the GC, it’s optical/IR counterpart has been

subject to speculation (Leahy et al. 1992; Mart́ı et al. 2010). The spectrum of 1E 1740.7−2742

in the HS can usually be fitted by an absorbed power-law or a Comptonization model (Hua

and Titarchuk 1995; Bouchet et al. 2009).
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Chapter 2

X-ray Instruments and Data Analysis

2.1 X-ray Instruments

2.1.1 XMM-Newton Satellite

With 4 tonnes of weight and 10 meters height, XMM-Newton is the largest scientific satellite

launched by the European Space Agency (ESA). It was launched on December 10, 1999

and started scientific operations on July 1st, 2000. XMM-Newton spacecraft carries a set of

three CCD cameras (Figure 2.1), namely European Photon Imaging Camera (EPIC). Two

of these cameras are MOS (Metal-Oxide Semicondutor) CDD arrays. They are equipped

with the gratings of the Reflection Grating Spectrometers (RGS). This setting diverts nearly

the half of the incident X-ray flux to RGS detectors so that 44% of the flux goes into the

MOS CCDs. The third camera is unobstructed and has a PN camera at the focus. There is

another scientific instrument named Optical Monitor (OM) for multiwavelenght observations

between 170-650 nm of the central 17 arc minute square region of the X-ray FOV.

EPIC cameras provide highly sensitive imaging observations with a FOV of 30 arc minutes

in the energy range 0.15-15 keV. They have a moderate spectral (E/∆E ∼ 20−50) and angular

resolution (PSF ∼ 6 arcsec FWHM). These cameras provide different operating modes with

different experiment properties:

• Full Frame and Extended Full Frame (PN only): This mode makes use of the all

pixels therefore provide a full FOV coverage.

• Partial Windows

EPIC-MOS: There are 2 types of partial windows which uses only the central

CCD of the both MOS cameras. In “small window mode” an area of 100x100 pıxels is

read out. In “large window mode” an area of 300x300 pixels is read out.
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Figure 2.1 A schematic of the XMM-Newton spacecraft.

EPIC-PN: In “large window mode” only half of the area of all 12 CCD are used,

whereas in “small window mode” only the central CCD is used.

• Timing

MOS & PN: Imaging is made only in one dimension. Along the row direction,

the data from a predefined area of one CCD is collapsed into a one-dimensional row to

be read out at high speed.

Burst Mode (PN only): This mode provides very high time resolution at the

expense of low duty cycle (3%).
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Figure 2.2 A schematic of the Rossi
X-ray Timing Explorer spacecraft.

2.1.2 The Rossi X-ray Timing Explorer Satellite

The Rossi X-ray Timing Explorer (RXTE) was launched on December 30, 1995 from Kennedy

Space Center in Florida, US. It was put into a low-earth orbit at an altitude of 580 km with

an inclination angle of 23◦ that corresponds to a 90 minute orbital period with a Delta II

rocket. It was originally designed for a lifetime of 2 years but it served for 16 years until it

was decommissioned on January 5th, 2012. The spacecraft can be pointed very easily only

by providing the coordinates of the source and a slewing rate (∼ 6◦ per minute) which allows

it to be pointed to transient sources very quickly.

There are three different instruments on board of RXTE (Figure 2.2); 1)Proportional

Counter Array (PCA), 2) High Energy X-ray Timing Experiment (HEXTE) and 3) All-Sky

Monitor (ASM). PCA and HEXTE instruments are co-aligned but they cover different energy

ranges. This allows high effective area coverage for a wide energy range. That way RXTE

covers an energy range of 2−250 keV while PCA covers lower energy range (2−60 keV ) and

HEXTE covers the high energy part (15− 250 keV ) with an overlap between 15− 60 keV .

Both instruments are equipped with collimators that yield a 1◦of Full Width Half Maximum

(FWHM). These capabilities makes RXTE an ideal tool to investigate BH systems since it

can detect photons from different emission regions.

Main objective of the RXTE is temporal studies of X-rays from strong sources. PCA

has a time resolution of 1µs. It’s large area with high throughput allows the instrument to

achieve satisfactory signal to noise ratios in each time bin. This thesis focuses on spectral and

temporal analyses using the PCA instrument, therefore other instruments are not discussed
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in this section. A detailed technical description of the other instruments along with PCA can

be found in RXTE Technical Appendix F (https://heasarc.gsfc.nasa.gov/docs/xte/

RXTE_tech_append.pdf).

2.1.2.1 The Proportional Counter Array (PCA)

The Proportional Counter Array was built by NASA’s Goddard Space Flight Center. It

consists of nearly identical 5 proportional counter units (PCUs) those are sensitive in the

2−60 keV energy range. For convenience they will be referred as PCUs 0-4.

Working principle of PCUs rely on the principle of multiplication of gases to measure the

energy of the incident X-ray photon (Knoll 1979). The incident X-ray photon interacts with

the gas upon entering the instrument via photoelectric absorption then emits a photoelectron.

These photo-electrons create a cloud of electron-ion pairs. Due to the voltage applied to

the gas, electrons and ions migrate to their corresponding electrodes. Migration process

allows for collisions of electrons and ions with the neutral gas. Ions gain very little energy

via the collisions due to their low speeds while free electrons are easily accelerated by the

applied electric field and can reach critical kinetic energies that allow for further production

of electron-ion pairs through collisions. Secondary electrons created by this process are also

subject to the same mechanics, meaning they cause further ionizations in the gas and so on.

This phenomena is called a Townsend avalanche. By adjusting the voltage (via using different

materials) applied to the gas, size of this avalanche and consequently the amount of charge

collected can be set such that the energy of the incident photon is linearly proportional to

the charge created at the electrodes.

The effective area of the 5 PCUs can be seen in Figure 2.3. Two complications at energies

∼ 5 keV and ∼ 35 keV can be seen from the figure. These complications are caused by the

atomic physics of the gasses used in the detector. The photoelectric cross section of the

Xenon gas drops below each of the L-edges. Photons having energies just above the edge

will be absorbed near the surface layer and eject a L-shell electron. The mean free path

of the incident photon is much smaller than the M to L shell transition,therefore there is a

possibility of photons escaping from the front of the detector. Likewise, the photoelectric

cross section of the Xenon gas increases sharply at the K-edge (∼ 35 keV ) with increasing

energy. Total collecting area of 5 PCUs is ∼ 6500 cm2 with a nominal energy resolution of

%18 at 6 keV .
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Figure 2.3 A schematic of RXTE PCA assembly

2.1.3 Chandra X-ray Observatory

NASA’s Chandra X-ray Observatory was deployed by Space Shuttle Columbia on July 23,

1999. It consists of 4 science instruments (Figure 2.4): the focal plane instruments Advanced

CCD Imaging Spectrometer (ACIS) and High Resolution Camera (HRC) and two grating

arrays that diffract the X-rays according to their energies, High and Low Energy Transmission

Grating Spectrometers (HETGS and LETGS). The energy range is 0.1-10 keV with a high

spatial resolution of 0.5 arc minute FWHM.

The Advanced CCD Imaging Spectrometer (ACIS) is one of the two focal plane instru-

ments. It consists of two different array setups (Figure 2.5) of 1024x1024 pixel CCDs (ACIS-I

and ACIS-S) with an energy resolution of ∼ 100 eV . ACIS-I is a front illuminated 16’x16’

FOV array. ACIS-S is a grating readout array which can also perform imaging. S1 and

S3 CCDs are back illuminated. It has a good low energy quantum efficiency with a higher

throughput.

The High Resolution Camera (HRC) is the other focal plane instrument. It produces very

high quality images thanks to matching of it’s imaging capability to the focusing power of

it’s mirrors. HRC-I is a microchannel plate imager with a 30’x30’ FOV. It’s energy resolving

power R(∆E/E) is ∼ 1. HRC-S is a low energy grating readout array with a time resolution

of 16 µs. When the HRC-S is paired with LETG it can provide an energy resolving power R

> 1000.
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Figure 2.4 A schematic of Chandra X-ray Observatory

Figure 2.5 A schematic of ACIS arrays with their aimpoints marked with an ’X’.

Gratings are commonly used for specific observations:

• LETG/HRC-S is usually used for soft sources (E < 1 keV) such as stellar coronae,

white dwarf atmospheres and cataclysmic variables.

• LETG/ACIS-S is usually used for harder sources such as AGNs and XRBs.

• HETG/ACIS-S is used for hard sources (E > 1 keV).
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2.2 Spectral Analysis and models

2.2.1 Spectral Analysis

One of the primary methods we use to extract information from the observations is obtaining

the photon/source spectrum. However, this cannot be measured directly with the detectors.

The measured spectrum is affected by the instrumental responses. To obtain the “intrinsic”

source spectrum we must take into account the effective area, the energy resolution of the

detectors and the photon counting statistics. The photon spectrum C(I) is represented by

(Arnaud 1996; Jahoda et al. 1996):

C(I) = T
∫

RMF(I,E) ARF(I,E) S(E) dE +N(I) (2.1)

where T is the exposure time, RMF(I,E) is the detector response matrix, ARF(I,E) is the

effective area of the detector, N(I) is the additive noise, S(E) is the incident photon spectrum.

The RMF and the ARF are mathematical functions that relate the observed counts to the

“incident” source photon spectrum. Note that, the RMF and the ARF are combined to a

single response function in RXTE while XMM-Newton and Chandra uses separate functions.

Assuming the noise component N(I) is determined, the RMF and ARF produce the produce

the majority of the systematic uncertainties in the source spectrum. The observations of the

“standard” X-ray source the Crab Pulsar is used to calibrate the RMF and ARF. Further

complications arise from the inversion of Eq 2.1. The response matrices are often non-linear

and have off-diagonal elements leading to a non-unique solution. A way to overcome this is to

choosing any model spectrum S(E) and folding it with the RMF and ARF finally obtaining

the predicted counts Cp(I). Comparison of Cp(I) with C(I) is then evaluated by a fit statistic

to see if the model describes the data. “Reduced chi-squared” χ2
red is the most used fit statistic

in the field:

χ
2
red =

χ2

d.o. f .
=

∑(C(I)−Cp(I))2/(σ(I)2)

d.o. f
(2.2)

where σ(I) is the error of the energy channel I and is found by σ(I) =
√

C(I) and d.o.f. is

the number of degrees of freedom. By doing some iteration of the model parameters a value

close to 1 which means a good fit can be achieved. However, it is important to watch out

for the local minima that could trick you during the iterations (Figure 2.6). In this case, one

should check the model parameters and see if they are consistent with the current state of

the source.

If values of X2
red� 1 is obtained then the fit is a poor one while X2

red� 1 means the errors

of the data have been overestimated. But, one should always keep in mind that a good fit
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Figure 2.6 Biggest problem during fitting is getting trapped in local minima (Arnaud 2019).

does not necessarily mean the model is correct.

I mainly used XSPEC software (Arnaud 1996) and CIAO’s Sherpa for spectral fitting.

Some of the XSPEC models can also be used in Sherpa which allows comparative analyses.

2.2.2 Spectral models

In this section, I will summarize the XSPEC models I used in my spectra fits. But first, how

the models are used to form mathematical formulations? The X-ray spectrum of a source

can be explained by more than one component:

Model = M1×M2× (A1 +A2 +M3×A3)+A4 (2.3)

where Mi(E) and Ai(E) are multiplicative and additive components. While the additive

models produce energetically local modifications, the multiplicative models modify the overall

model by a certain value.

tbabs

The Tüebingen-Boulder ISM absorption model is a multiplicative model that calculates

the cross-section for X-ray absorption by the ISM as the sum of the cross-sections for different

types of X-ray absorptions (i.e Gas, molecular, grains). This model makes use of different

photo-electric absorption cross-sections via xsect command in the XSPEC. Eventough phabs

is a popular model for absorption, the advantage of tbabs is the ability to use different

ISM abundances. The shortcut ”abun [abundance name]” allows for an easy ISM abundance

update of your choosing. The ISM photo-electric absorption cross-section σISM is calculated

by:

σISM = σGrains +σGas +σMolecules (2.4)
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Then it is normalized to the hydrogen column density (NH). Finally observed spectrum

takes the form:

Iabs(E) = eσISM(E)NH ISource(E) (2.5)

where NH is in the units of 1022 atoms cm−2. The NH value is usually very high (NH ∼
1022− 1023) for the galactic sources. Another important thing to keep in mind is that the

NH values may change for some sources due to the dynamical environment they might have.

power-law

This additive model is rather simple compared to other models. Power-law is a photon

power-law defined as:

A(E) = K(
E

1keV
)−α (2.6)

where α is the dimensionless photon index and K is the normalization (photons/keV/cm2/s)

at 1 keV.

gaussian

An excess emission around∼ 6.4 keV is usually observed in X-rays binaries. This radiation

arise from the ejection of K-shell electrons from the iron atoms in the corona. This Iron line

emission is modelled with a simple Gaussian line profile:

A(E) =
K√

2πσ2
e[−0.5(E−EL

σ
)2] (2.7)

where EL is the line energy in keV, σ is the line width in keV and K is the normalization

(photons/cm2/s). A Gaussian profile can also represent a delta function if σ ≤ 0. In my fits,

I used 6.4 keV as EL and started fitting with a σ ∼ 0.5 during my fits. σ can change due

to different geometrical structure of the source environment and it’s interpretation is beyond

the scope of this thesis.
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2.3 Timing Analysis

The main emphasis of this thesis is to find out how the DSHs affect the power spectral

properties and the variability of the signals from GBHTs. In this section, I will summarize

the mathematical representation of the Fourier techniques I used in my work. For a detailed

description of Fourier techniques used in this thesis, please refer to van der Klis (1989).

2.3.1 The Discrete Fourier Transformation (DFT)

The X-ray variability of intensity of astronomical sources is usually characterized as a time

series of N bins with count rates xk (k=0,...,N-1). Each bin correspond to an evenly spaced

time bin with a length of ∆t. The discrete Fourier transform X j can be written in the frequency

domain as:

X j =
N−1

∑
k=0

xke
2πi jk

N (2.8)

where i =
√
−1. The independent frequencies are then obtained by:

f j =
j

T
=

j
N∆t

(2.9)

where T is the total duration of the light curve (T=N∆t). The Fourier frequencies are de-

fined in j ∈ [−N
2 ,+

N
2 ] but the minimum frequency of a light curve or the maximum resolution

you can obtain is jmin = 1, i.e fmin =
1
T . The maximally accessible frequency, the “Nyquist

Frequency”, is given by the length of the time bins: jmax =
N
2 i.e fNyq =

1
2∆t . At zero frequency

Eq. 2.9 gives the total number of photons.

A complication is the existence of noise components (i.e Poisson noise, background) in the

signal and has to be dealt with. Since it is possible to split the independent signal component

Sk and the independent noise component nk, this can also be applied to their discrete Fourier

transforms:

X j = S j +N j (2.10)

where S j and N j are at frequency f j.

2.3.2 The power spectral density (PSD)

The power spectral density is a fundamental tool used to interpret the complex properties of

GBHTs. To find the PSD we start with a result known as Perseval’s theorem:
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N−1

∑
k=0
|xk|2 =

1
N

N/2

∑
j=−N/2

|a j|2 (2.11)

This implies that there is a relation between the summed squared modulus of the Fourier

amplitudes and the total variance of the data:

Var(xk) = ∑
k
(x− x)2 = ∑

k
(x2

k−
1
N
(∑

k
xk)

2) =
1
N ∑

j
|a j|2−

1
N

a2
0 (2.12)

Finally we get:

Var(xk) =
1
n

N/2−1

∑
−N/2

|a j|2 (2.13)

Then the PSD is the squared magnitude of the complex Fourier transform:

Pj = X?
j X j = |X j|2 (2.14)

The PSD is the manifestation of the variance of the light curve due to the variabilities

characterized by the frequency f j. If there exists a periodic variability in the source signal

(e.g. a sinusoidal xk = sin(2π f + ?∆t)), produce a δ−peak at the corresponding frequency

( f ?) appears in the PSD.

The statistical uncertainty of a PSD is of the order of the PSD itself, and by averaging,

it can be reduced by the square root of the averaged independent measurements. Another

method is to rebinning the PSD and then averaging W consecutive frequency bins.

(σ)〈P〉= 〈P〉√
M

(2.15)

where M is the number of equally split data segments, 〈P〉 is the average over M number

of independent measurements. Here M is the product of Mseg light curve segments and M j

Fourier frequencies used to obtain a given 〈P〉 value:

M = Mseg×M j (2.16)
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Normalization

There are several different normalizations of the PSD, each serving to different purposes.

The normalized powers are found by multiplying the original PSD by a normalization factor:

〈Pnorm〉= A〈P〉 (2.17)

Following this, here are some of the most commonly used normalizations,

A =


1, unnormalized

2
T R , for Leahy (1983) normalization

2
T RsigRsig

, for Miyamoto and Kitamoto (1989) normalization

(2.18)

where T is the total duration of the observation, R = 〈xk〉 is the total time-averaged count

rate and Rsig is the signal count rate. Rsig is obtained by subtraction of the background level

of the light curve from the average count rate R.

Rsig = R−Rbkg (2.19)

Notice that only the Miyamoto normalization takes the background into account. Leahy

normalization delivers the light curve variance or the squared root mean square variability ,

rms2, per frequency interval. Rewriting the Perseval’s theorem in Eq. 2.12 we get:

rms2 = 〈x2
k〉−〈xk〉2 = ∑

k

2
T 〈xk〉

〈P〉∆ f j (2.20)

This normalization yields a Poisson noise level of 2, independent of the source inten-

sity. The advantage of “Miyamoto” normalization is that it provides better comparison of

systematic brightness-independent similarities between different PSDs in terms of shape, frac-

tional variance. While “Leahy” normalization is useful in understanding the effects of varying

brightness when comparing different GBHs or different states of the same source.

It is important to point out that term “rms amplitude” or “rms variability” used in (

Eq. 2.20) this work is often used in the sense of fractional variability, i.e. (rms/mean).

Statistical uncertainty of the PSD values

The noise powers Pj,noise follow the χ2 distribution with 2 degrees of freedom. If the noise

is Poisson distributed, the central limit theorem says that for “certain” conditions Pj,noise

would approximately follow the Gaussian distribution therefore χ2 property will still hold.

The uncertainty of the noise-corrected PSD is van der Klis (1989):
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σ〈P〉= 〈P〉√
M

=
(〈|S|2〉+ 〈|N|2〉)√

M
(2.21)

The Leahy normalization of the Poisson noise is exactly given by the χ2 distribution with

2 d.o.f. Then uncertainty of the Poisson noise is σ(|Npoisson, j|)2 =
√

Var(Npoisson, j) =
√

4 = 2.

So rebinning of the signal can help approximating a Gaussian distribution. It can be seen

from the Eq. 2.21 this also applies to both the noise and the signal.

Summary of Timing Analysis

In order to investigate the temporal properties of a signal, one has to obtain a light curve

first. The time resolution, the energy selection and the binning of the light curve is up to

the researcher and the purpose of the analysis. Then one can calculate the normalized power

spectra via FFT. Most people use their own codes in their favourite coding language, though

some instrument softwares offer timing tools in their packages. To decrease the errors the

spectra has to be averaged. Finally, the power spectrum has to be modelled.

The PSDs of the GBHTs have historically been modelled by a broken power-law plus nar-

row Lorentzians to fit the QPOs (Nowak et al. 1999; Tomsick and Kaaret 2000). But, recent

studies successfully modelled PSDs of the XBs only using broad and narrow Lorentzians (van

Straaten et al. 2002; Pottschmidt et al. 2003; Belloni et al. 2002).

In this thesis, I used Lorentzians to model my PSDs so that it would allow me to compare

the fits to the recent works.

The Lorentzians are of the form:

Li( f ) =
R2

i ∆i

2π[( f − fi)2 +(1
2∆i)2]

(2.22)

where the subscript i corresponds to each Lorentzian used in the fit, Ri is the rms amplitude

of the Lorentzian when integrated over infinity, ∆i is the FWHM and fi is the resonance

frequency. The frequency at which the total rms variability contribution is maximum is

called the peak frequency:

νi = fi(
∆2

i

4 f 2
i
+1)

1
2 (2.23)

An example of PSDs fitted with Lorentzians can be seen in Figure 2.7. The broad

Lorentzians have the lowest frequency in the fit Li with i=1.

The rms amplitude of the Lorentzian in the frequency band (0,∞) is given by:

rmsi = Ri(
1
2
− tan−1(−2Qi)

π
) (2.24)
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Figure 2.7 Several PSDs of XTE J1650–500 during it’s outburst decay are fitted with
Lorentzians (adopted from Kalemci et al. (2003)).

In this work I used Leahy normalization to investigate the Poisson levels and the Miyamoto

normalization is used to study the PSDs and rms variability. That’s why, in the following

sections the rms amplitude will refer to the area of the Lorentzians (i.e. integrated power

spectrum).
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Chapter 3

X-ray observations of 1E 1740.7−2742

and data analysis

3.1 Introduction

In this chapter, I outline the spectral and temporal analysis of data accumulated from the

observations of 1E 1740.7−2742. Other sections focus on data reduction, spectral and tem-

poral methods used for the analyses and instrumental calibration issues. The emphasis of

this thesis is on timing information but spectral information is crucial to realise the physical

interpretations of the timing information.

There exists many global correlations between the spectral and temporal properties of

GBHs. The rms amplitude and the photon index (Γ) correlation is one of these (Figure 3.1).

However, there are some outliers (4U 1630-47 and XTE J1748-488) those also have high

hydrogen absorption column densities (NH > 7× 1022 cm−2). It is known that sources that

have high absorption column density also have high dust column density in their LOS. The

hydrogen column density and dust scattering are related to each other as: τsca = 0.49×
(NH/1022 cm−2)× (E/keV )−2 (Predehl and Schmitt 1995). Then, sources that have high NH

are behind ample amount of dust which causes the X-rays to scatter in small angles. The

scattering cross section is related to the X-ray photon energy E as ∼E−2. This shows that the

small angle scattering can be very intense at low energies. The reduced rms of the “outliers”

at low energies may also be explained by the presence of a dust scattering halo. If the halo

is completely in the field-of-view (FOV) of the instrument, the scattered X-rays would be

lagged due to the scattering geometry and therefore may decrease the coherence. As a result

of this the rms amplitude of variability would drop.
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Figure 3.1 (a) The correlation between rms amplitude and the spectral index in 2-6 keV. (b)
The correlation between rms amplitude and the spectral index in 6-15 keV. (adopted from
Kalemci (2002))

In order to quantify the effects of DSH on timing properties of GBHTs, on MJD 53645

we have observed 1E 1740.7−2742 using XMM-Newton (ObsID: 0303210201) and Rossi X-

ray Timing Explorer (ObsID:91112-09-01-00) simultaneously. For EPIC-PN we used ”Small

window mode”, and ”Timing mode” for EPIC-MOS. We used XMM-SAS and custom IDL

codes for data reduction.

1E1740.7-2942 was chosen due to it’s three main features: 1. It has very high NH ≈
1.2x1023 cm−2 (Kalemci et al. 2006), 2. spends most of it’s time in the hard state, 3. shows

extended emission features (Cui et al. 2001). Having a high enough count rate enables

us to avoid pile-up effects in EPIC PN and to perform timing analysis with EPIC MOS.

The disadvantages of 1E 1740.7−2742 are; having a strong X-ray source nearby (SWIFT

J174444.9-295042) which requires offset pointing and the Ridge emission from the Galactic

center (GC) plane. XMM-Newton image of the source can be seen in Fig. 3.2

Finally, the pipeline and other codes used for this research are published in a Github

repository. The following sections make use of the codes in this repository extensively and

will be referred many times.

Link to the repository: https://github.com/OzanToyran/dsh_xmm_lib
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Figure 3.2 XMM-Newton EPIC-PN image of 1E 1740.7−2742. Green circles are at 5” and
30.

3.2 Observations and data analysis

3.2.1 XMM-Newton point source analysis

3.2.1.1 XMM-Newton EPIC-PN

We analyzed the XMM-Newton observation using the XMM-SAS tools and custom IDL codes.

We first created a 16s binned EPIC-PN light curve to check the state of the observation. This

light curve revealed a flare (∼3 ks) in the middle of the observation (Fig. 3.3) and had to be

cropped. The remaining data is about ∼ 20 ks. We have used different extraction areas for

the source light curves: 15′′, 20′′, 25′′, 30′′, 40′′, 60′′ and 100′′. We extracted light curves

from these areas with 1/32s and 1/128 s time resolutions to be used in timing analysis. The

background was extracted from a source-free and DSH-free area. And then, the energy spectra

were produced between 0.2− 12 keV energy bands from the same areas. The spectra were

then fitted with absorption× power-law models using XSPEC. Ancillary response matrices

and redistribution matrices are created using arfgen and rmfgen procedures of XMM-SAS.

We then checked if pile-up existed in EPIC-PN observation before implementing our

theory. Details about pile-up and the analysis we followed will be discussed in the next

section. The products gathered have been corrected for Out-of-time (Oot) events which is

1.1% of all events for EPIC-PN small window mode using FTOOLS.

Pile-up

The pile-up occurs when more than 1 photon arrive at the same pixel on the CCD during

the same read-out cycle. This causes artificial energies in the spectrum. To check whether the

pile-up exists in our observation, we used the epatplot procedure of XMM-SAS . According to

the prodecure guide, if singles (the ratio of singles to doubles) are less than 1.0 and doubles
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Figure 3.3 Lightcurve with 16s resolution. Flare in the middle that comes from background
is discarded

Table 3.1 Results for epatplot procedure
2-6 keV 0.2-2 keV

Single photons 1.024±0.04 1.004±0.039
Double photons 0.967±0.05 0.992±0.052

are greater than 1.0 then pile-up exists. With this remark, it can be seen from Table 3.1 that

there is a possibility for pile-up. Even though results are not exactly outside these limits, the

errors high enough to prove otherwise.

In order to clarify the doubt, we checked energy spectra extracted with and without

the central pixels (Fig. 3.4). Removing first 5” and 7” radius areas (excluding the central

4 pixels) allowed us to see if the pile-up exists. Comparing different data sets showed that

central removed spectra soften (Table 3.2). Data 1,2,3,4 are taken from PN 0”-30”, PN 5”-

30”, PN 7”-30” and MOS2 data, respectively. Data 2 and Data 3 shows a slight change in

photon index compared to Data 1 and consistent with Data 4. According to this there may

be pile-up in high energies yet differences are not present within 1 σ level. We decided not

to exclude the central pixels since it would cost us many precious photons and it only seems

effective at high energies.

Table 3.2 Data 1: 0”−30”, Data 2: 5”−30”, Data 3: 7”−30” , Data 4:1−10 keV
Spectrum NH Γ (Pho. Index ) Norm. Rate

Data 1: PN 1.95x1023 1.62±0.005 0.10±0.001 16.46
Data 2: PN 1.95x1023 1.69±0.007 0.11±0.001 11.06
Data 3: PN 1.95x1023 1.77±0.008 0.13±0.002 7.96
Data 4: MOS2 1.95x1023 1.76±0.013 0.11±0.001 3.47
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Figure 3.4 Modeled Energy Spectrums; Black: PN 0”−30”, Red: PN 5”−30”, Green: PN
7”−30”, Blue: MOS2

3.2.1.2 XMM-Newton EPIC-MOS

We used EPIC-MOS observation that was taken in “timing” mode as an additional way to

calculate the variability in the signal. We created images of MOS1 and MOS2 observations

(Figure 3.5). MOS 1 image indicated a systematic error which caused data losses. After con-

sulting with XMM-Newton Helpdesk the problem was associated with the MOS 1 instrument

going into counting mode. We discarded MOS 1 data but MOS 2 data seemed intact. Due

to the nature of ”Timing mode” light curves were extracted from ±3,±4,±5 and ±10 pixels

wide rectangles from the central pixel. Light curves with 1/32 s and 1/128 s resolutions were

extracted between 2.11-5.86 keV energy band. We extracted the energy spectra from the

same regions only to compare with EPIC-PN spectra results. Note that the MOS spectrum

results are not used in this work since the energy calibration of MOS detectors are not good

enough for spectral analysis and it is better not used unless you know what you are doing.

3.2.1.3 Surface Brightness Profile

As mentioned in section 1.4.1, scientists show the presence of a DSH by showing the intensity

that can extend up to arcmin scales. We implemented the following steps to create the surface

brightness profile (SBP) using XMM-SAS procedures and custom IDL codes:

• Obtain the exposure map using XMM-SAS’s eexpmap procedure.

• Check if any serendipitous sources are present. If so remove those circular areas.
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Figure 3.5 Images from the EPIC-MOS1 (left) and EPIC-MOS2 (right) detectors.

• Also exclude pile-up (if present) and Oot events.

• Calculate the areas of each annulus with equal radius steps (eg. 0”-10”, 10”-20”,...)

• Calculate the total counts in each annulus.

• Divide the counts by corresponding area to obtain count/arcsec2 values.

• Apply background correction if it is significant.

• Obtain the 1D PSF with a King profile using XMM-SAS’s eradial procedure.

• Normalize the PSFs in a way that initial intervals of the obtained PSF by eradial, and

the computed PSF by the counts per area, would have the same cts/area value.

• Normalize the PSF with the maxima of the computed PSF.

3.2.2 RXTE point source analysis

The Rossi X-ray Timing Explorer observation on MJD 52645 with ObsID 91112-09-01-00

was offset due to reasons mentioned in previous sections. We used the data from the PCA

instrument to extract the light curve and the energy spectra. We created the light curve

from the PCA instrument with a time resolution of 128s per bin. The energy spectrum was

extracted in the 3-25 keV energy band. We created the response matrix and the background

files using the standard FTOOLS programs. We have produced new response matrices for the

offset source observation, using real coordinates of 1E 1740.7−2742 to determine the effect

of the offsetting. For timing analysis, we followed the steps that will be mentioned in section

3.2.4.
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Also, the ”Galactic Ridge” emission that have soft spectra, makes a contribution to the

collected photons in the PCA instrument that cannot be modeled by the standard back-

ground models. Thus, Rossi X-ray Timing Explorer observations towards the Galactic Bulge

are heavily affected by this emission. This contribution is independent of source radiation

and consequently reduces the observed RMS/Mean value. To determine the Galactic ridge

contribution we used the archival Rossi X-ray Timing Explorer background observation for

1E 1740.7−2742 (ObsID 40097-07-02-00) that does not include the source (Ridge Data here-

after). We used power-law+gaussian to model the Ridge emission. The Gaussian iron line

emission energy was fixed at 6.4 keV. We used this model as an additional component rep-

resenting the Galactic Ridge contribution while modelling the source observation. We also

added %1 systematic uncertainty to both Rossi X-ray Timing Explorer data before the anal-

ysis.

3.2.3 Chandra point source analysis

We analyzed the Chandra observation by Gallo & Fender 2002 with the ObsID 658 to compare

our spectral results. This observation was taken on MJD 51786 and lasted about ∼ 10 ks. We

used CIAO (version 4.11) for the data reduction and XSPEC and Sherpa along with custom

IDL codes to analyze the data. The source was nearly on the aim-point of the telescope

that is on ACIS-I3. The image of 1E 1740.7−2742 shows heavy pile-up effects in the central

pixels (Figure 3.6). We excluded the piled-up central region that is a circle with a radius of

4 pixels for spectral analysis. We extracted an energy spectrum from a 4”-30” circle centered

at the source in the 2-10 keV energy band. It was modelled with tbabs × power-law and fit

parameters are frozen at the values taken from EPIC-PN spectrum fit.

3.2.4 Timing Analysis

Tüebingen timing tools’ IDL codes were modified for XMM-Newton data to obtain the PSDs

and compare the XMM-Newton spectra with the RXTE power spectrum. The codes were

ordered for pipeline analysis. The pipeline prodecure consists of;

1. Obtain the Leahy normalized power spectra.

2. The Poisson level measured above νNyq/2 was subtracted from the Leahy normalized

power spectrum. This also prevents the chances of introducing aliased powers in the

average power spectrum.

3. Remaining powers are divided by photons per second. Thus, found the Miyamoto

normalization.
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Figure 3.6 Image of 1E 1740.7−2742 from the Chandra instrument.

4. Miyamoto normalized spectra are fitted with Lorentzians and eventually Peak frequency

and rms amplitude values are calculated.

For EPIC-PN (PN hereafter) we used 32s and 128s segments and for EPIC-MOS2 (MOS2

hereafter) again 32s and 128s segments were used to produce the light curves. Due to low

photon counts in both PN and MOS2 the errors are usually exaggerated in PSDs.

3.2.4.1 Dead-time

In order to find the effect of dead-time on power spectrum a wide frequency range power

spectrum was created (0-128 Hz). Significant powers are unlikely above a few 10 Hz therefore,

in a Leahy normalized spectrum high frequency range is expected to be a 2.0 continuum

(Leahy 1983). To determine the dead-time, power spectra from each annuli with varying

radii were extracted. Then, the high frequency parts were averaged using an IDL code to

obtain the dead-time level.
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Chapter 4

Results

4.1 1E 1740.7−2742 light curves and the source history

We obtained high resolution (2−5 s) light curves of XMM-Newton and RXTE to be used

in investigating the effect of DSH to the variability properties of GBHTs. The extraction

area for PN light curve is 0”-30”. The RXTE light curve has a time resolution of 2−7s. The

Chandra light curve is extracted from an area of 5”-30” arc seconds with 100s time resolution.

The light curves from these three instruments can be seen in Figures ( 4.1, 4.2, 4.3).

Using the archival Rossi X-ray Timing Explorer data we created a 2 month brightness

history of the 1E 1740.7−2742 (Smith et al. 2002). Rossi X-ray Timing Explorer PCA obser-

vations are taken between 53617 - 53673 MJD. XMM-Newton observation lies in the middle

since it was taken on 53645 MJD. We extracted the energy spectra of 14 PCA observations

and fitted the with a model of tbabs x (power-law + gaussian) in the 3-25 keV energy band.

The evolution of the unabsorbed source flux over 2 months can be seen in Figure 4.4. It

can be seen from the figure that the source does not show dramatic changes and exhibits a

persistent emission throughout the 2 months period.
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Figure 4.1 The rebinned light curve from the XMM-Newton’s EPIC-PN instrument

Figure 4.2 The rebinned light curve from the RXTE instrument
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Figure 4.3 The rebinned light curve from the Chandra instrument

Figure 4.4 RXTE flux evolution of 1E 1740.7−2742 during 2 months period.
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Figure 4.5 Chandra flux evolution of 1E 1740.7−2742 during ∼
2monthsperiod.NotethattheModi f iedJulianDateisearlierthanthato f XMM-Newton andRXT Eobservations.

4.2 The Energy spectra

We first extracted the energy spectrum of 1E 1740.7−2742 from XMM-Newton to determine

the state of our source. The spectrum was modelled with tbabs × power-law with ISM

abundances of Wilms , Allen & MxCray (2000) and cross sections of Verner et al. 1996. In

the initial runs, we let the NH and Γ parameters to be free in the 2-10 keV energy band.

The resulting values for NH varied between 18-20 × 1022 cm−2 and for the spectral index

Γ= 1.5−1.65. Then created the confidence contours of NH and Γ values (Figure 4.6). Finally,

We obtained the best-fit values for NH as 19.14 ×1022±0.12 cm−2 and Γ as 1.58±0.01. These

values give a reduced χ2 of 1.2. The unabsorbed flux in the 2-10 keV is 2.3×10−10 erg/cm−2/s.

For MOS2 we used a region of 20 pixels wide rectangle. Using the same model and

leaving the parameters free yielded a NH value of 19.4± 0.3 and Γ = 1.72± 0.03 with a

reduced χ2 = 1.08. While the MOS2 spectrum gives a similar NH value , the spectral index

is a little bit softer but still hard. MAIN et al. (1999) observed the 1E 1740.7−2742 for a

long period of time (17 observations in 1000 days) and reported that it’s photon index varies

between 1.4 and 1.8. Overall, the XMM-Newton observations shows that the source is in the

hard state and behind ample amount of dust. However, it is important to note that MOS2

spectra should not be used as a spectral diagnostic tool due to it’s energy calibration issues.

The Chandra ACIS-I spectrum was also extracted to compare with the XMM-Newton

results. The energy spectrum was extracted from a 4”-30” annulus due to heavy piling-up
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Figure 4.6 The confidence contours for 0”-30” EPIC-PN spectrum NH and Γ values for 72.58,
74.89 and 79.49 confidence levels.

Figure 4.7 EPIC-PN energy spectrum modelled with tbabs × power-law in 2.11−5.86 keV
energy band.
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Figure 4.8 Chandra ACIS-I3 energy spectrum modelled with tbabs × power-law in 2− 10
keV energy band.

of the central pixels. The spectrum is fitted with a tbabs x power-law model with again

using the ISM abundances of Wilms et al. (2000) and cross sections of Verner et al. (1996).

Fixing the NH value to the value obtained from PN ( 19.14× 1022) yields a spectral index

of Γ = 1.99± 0.086 with a reduced χ2 = 1.01. The unabsorbed flux between 2 -10 keV is

2.5x10−11 ergs/cm−2/s. It’s fitted spectrum can be seen in Figure 4.8.

4.3 Determination of the dead-time level for PSDs

In order to determine the rms amplitude of variability for simultaneous XMM-Newton and

RXTE observations, we first calculated the dead-time levels for light curves extracted from

different areas. After obtaining the high time resolution (2−5 s & 2−7 s) light curves, we

investigated the dead-time effects. We obtained the Leahy normalized average PSD powers

in 5-127 Hz and 20-127 Hz ranges. To determine the best extraction area we compared

different areas of extraction for both EPIC-PN and EPIC-MOS2.

The high frequency part of the averaged Leahy normalized spectrum is expected to be a

continuum at the value 2 (Leahy 1983). Consequently, the dead-time effect was calculated

to be around for PN %1. Since MOS2 was in “Timing mode”, the dead-time effect should be

less than PN’s. The Poisson levels found can be seen in Table 4.1 for PN and Table 4.2 for

MOS2.
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Table 4.1 Measured PN Poisson levels with different frequency bands
Average Powers

Area 5−127 Hz 20−127 Hz
15 arcsec 1.985±0.002 1.985±0.002
20 arcsec 1.986±0.002 1.988±0.002
25 arcsec 1.987±0.002 1.989±0.002
30 arcsec 1.988±0.002 1.990±0.002
40 arcsec 1.990±0.002 1.991±0.002
60 arcsec 1.991±0.002 1.993±0.002
100 arcsec 1.992±0.002 1.993±0.002

Table 4.2 Measured MOS2 Poisson levels with different frequency bands.
Average Powers

Area 5−127 Hz 20−127 Hz
±3 pixels 1.995±0.004 2.341±0.173
±4 pixels 1.996±0.004 2.268±0.168
±5 pixels 1.998±0.004 2.381±0.176
±10 pixels 1.996±0.004 2.309±0.171
±15 pixels 1.998±0.003 2.173±0.161
±20 pixels 2.000±0.003 2.150±0.159
±30 pixels 2.001±0.003 2.111±0.156

4.4 Evidence of DSH effects on timing properties?

The main goal of this thesis is to investigate the effects of DSH on timing properties of

GBHTs. First, we obtained the Miyamoto normalized power spectra of the XMM-Newton

and Rossi X-ray Timing Explorer following the steps discussed in section 3.2.4 to determine

the timing properties of our observations. For EPIC-PN, we again checked different areas

(Figure 4.3). Using the 2−5s light curve of EPIC-PN in 2.115.86 keV energy band, we fitted

the PSD with Lorentzians (Figure 4.9). The rms amplitude, the peak frequency and the

count rate for EPIC-PN obtained from 0”-30” are 15.98± 2.76, 0.95± 0.30 Hz and 9.7 cnt

s−1, respectively.

The EPIC-MOS2 power spectra are fitted in a similar fashion (Figure 4.4) and the one

extracted from ±30 pixels from the central pixel decided to be used. The rms amplitude

and the peak frequency of the the MOS2 power spectrum is 19.35%±2.21, 1.12±0.36 Hz,

respectively. The fitted spectrum with Lorentzians can be seen in Figure 4.10. Due to low

photon statistics the errors are exaggerated.

Finally, the power spectrum of the Rossi X-ray Timing Explorer observation was obtained.

We used 131072 time bins per data segment while creating the RXTE PSD. Fitting of this

spectrum yielded a rms amplitude of variability of 9.9± 2.5 % with a peak frequency of
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Area RMS Peak Frequency Rate
15 arcsec 14.60±2.30 0.97±0.28 7.76
20 arcsec 14.01±2.26 0.88±0.29 8.65
25 arcsec 15.22±2.24 0.83±0.38 9.25
30 arcsec 15.98±2.76 0.95±0.30 9.70
40 arcsec 15.88±2.05 0.96±0.29 10.47
60 arcsec 15.82±2.33 1.01±0.36 10.99
100 arcsec 15.95±2.70 1.03±0.39 11.70

Table 4.3 EPIC PN power spectra fit results with average count rates in 2.11-5.86 keV energy
band

Figure 4.9 EPIC-PN power spectrum modelled with Lorentzians

Table 4.4 EPIC-MOS2 power spectra and average count rates in 2.11-5.86 keV energy range.
Area RMS Peak Frequency Rate
±5 pixels 17.20±3.91 0.98±0.38 2.66
±10 pixels 18.03±4.47 0.86±0.51 3.43
±15 pixels 20.69±2.39 1.31±0.43 3.66
±20 pixels 17.41±3.16 0.78±0.34 3.71
±30 pixels 19.35±2.21 1.12±0.36 3.64
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Figure 4.10 EPIC-MOS2 power spectrum modelled with Lorentzians.

2.0±0.7 Hz. It’s power spectrum fitted with a Lorentzian can be seen in Figure 4.11.

These values of variability with ∼ 16% for PN , ∼ 19% for MOS2 and an even lower value

of ∼ 10% for RXTE are well below the typical rms values of ∼ 30−40% of GBHTs in the

hard state. For a uniform distribution of grains in the line of sight, the delay would be on

the order of days (Molnar and Mauche 1986). Since the dominant variability of timescales

are between ms to days, the scattered X-rays would not change the shape of the spectrum

but would decrease the rms amplitude. Since the entire halo should be in the FOV of RXTE

the effects of dust scattering may be the main reason for decreased rms amplitudes.
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Figure 4.11 RXTE power spectrum modelled with Lorentzians.

4.5 Connection to the molecular clouds

1E 1740.7−2742 exhibits three main observational characteristics; 1) it is observed to form

jets, 2) it shows persistent emission and 3) exhibits strong variability in it’s hard state. These

phenomenological properties can be explained if the source is inside a dense molecular cloud

Mirabel et al. (1992). A dense and cold molecular cloud can fuel the 1E 1740.7−2742 by

Bondi-Hoyle accretion mechanism. Bally and Leventhal (1991) and Mirabel et al. (1991)

found molecular clouds with VLSR =−140 km s−1 and VLSR =−130 km s−1 respectively, in the

direction of 1E 1740.7−2742.

In order to investigate these phenomena observed from 1E 1740.7−2742 and it’s link to

the molecular clouds in the Galactic Center (GC) we used the HCO+ molecular cloud catalog

by M.A. Miville-Deschénes which can be found in the VizieR archives. This catalog contains

about ∼ 8000 different molecular clouds in the GC and their paramaters such as velocity and

positions of them in our LOS.

We searched for the molecular clouds with 140±20km s−1 in the direction of 1E 1740.7−2742.

We found that the source lies on top of a molecular cloud with radial velocity V =−152.4km.s−1

in the LOS. The position of 1E 1740.7−2742 with the nearby molecular clouds in the LOS can

be seen in Figure 4.12. The distance of this cloud is found to be 8.6 kpc by Miville-Deschénes

while the distance of 1E 1740.7−2742 is thought to be ∼ 8.5 kpc. However, we should also

mention that these distances are not calculated and are the typical values for the Galactic

Center objects.

57



Figure 4.12 The position of molecular clouds in the Galactic Center and the relative position
of 1E 1740.7−2742 (shown as a star in the graph) in the LOS.

Vilhu et al. (1997) calculated the expected hydrogen column density values depending on

the relative position of the source to the cloud. They estimate that if the source is close to

the center NH should be around ∼ 3.5×1022cm−2. On the other hand, for high NH values

they conclude that the source is close to the edge of the cloud. Our results show that the

NH is about ∼ 2×1023cm−2. In the light of these constraints, we assume that the source is

located in a dense molecular cloud and possibly positioned near the far end of the cloud in

our LOS. Therefore, the contribution from the DSH should be intense.
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Figure 4.13 The exposure map of EPIC-PN in the 2.11−5.86 keV energy band.

4.6 The surface brightness profile of XMM-Newton EPIC-

PN

The low rms amplitude of variability values obtained from RXTE and XMM-Newton gives

the hints of the presence of a DSH. In order to confirm this we used the surface brightness

profile method to see how much the emission extends radially. First, we created the exposure

map (Figure 4.13) using the eexpmap procedure. Then, we have obtained the SBP (Fig. 4.14)

following the steps described in section 3.2.1.2. The energy range we used is 2.11−5.86 keV.

Same figure shows the 1D point spread functions (PSF) with a King profile obtained

through the XMM-SAS’s eradial procedure. It is normalized so that the counts in the central

pixels match. Table 4.1 shows the how much of the photons come from the background and

the DSH. If the source is in a molecular cloud, the PSF (blue line in Fig. 4.14) may be even

lower. Since the scattering scales as θ−2 PSF may be underestimated.

Total Photons 187.239
Total PSF 155.351
Background + DSH 31.888

Table 4.5 Photon Counts between 0”−30” arcseconds.

59



Figure 4.14 Unnormalized and normalized radial profiles of EPIC-PN in 2.11-5.86 keV enrgy
band. Blue lines show the 1D PSF.
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Chapter 5

Discussions and Conclusion

5.1 Quantifying the DSH contribution and improving

the background correction

In order to explain the low rms amplitudes obtained from RXTE and XMM-Newton obser-

vations we decided to quantify background components. Since 1E 1740.7−2742 is very close

to the GC, we identified the RXTE background components as the Galactic Ridge emission,

DSH and background. This can be formulated as:

Tr = Sr +B+Hr +R (5.1)

where Tr is the total RXTE spectral counts, Sr is the model predicted source counts, B is

the modelled background from the pcabackest, R is the Ridge emission counts and Hr is the

RXTE halo counts. For EPIC-PN spectrum:

Tx = Sx +B+Hx (5.2)

where Tx is the total XMM-Newton EPIC-PN spectral counts, Sx is the modelled source

counts, B is the background and Hx is the halo. We modelled the Hx as a fraction of the SX ;

Hx =C×Sx, where C is a constant. If the components in the Eq 5.1 and 5.2 are quantified,

then we can modify the correction method used in Berger and Van der Klis (1994) for the

PSD powers and rms values and obtain the “intrinsic” values. They proposed a correction

factor for the power spectrum powers that takes the background component into account.

We improved this correction by including the Ridge and DSH components as:

f =
T 2

(T − (B+R+H))2 (5.3)
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where T is the total photon rate, B is the background count rate, R is the Ridge Emission

count rate and H is the DSH count rate. This correction factor is for (rms/mean)2 values.

Then the correction for the rms amplitude of variability values is the square-root of this.

According to this, we model the correction for RXTE rms amplitude of variability as:

fr =
Tr

Tr− (B+R+Hr)
=

Tr

Sr
(5.4)

and for the XMM-Newton as:

fx =
Tx

T − (B+Hx)
(5.5)

We mentioned that the observations towards the GC are heavily affected by Galactic dif-

fuse Ridge emission (Ridge emission). The unresolved joint faint sources that have soft spectra

make a contribution to the collected photons with the PCA instrument. This contribution

cannot be modelled with standard background models. Ridge contribution is independent

of the source therefore it reduces the observed (rms/mean) value. In order to determine the

ridge contribution we used the archival Rossi X-ray Timing Explorer background observations

(ObsID 40097-07-02-00) of 1E 1740.7−2742.

First, we fitted the Ridge spectrum with power-law+gaussian models and obtained the

ridge counts from the 2-6 keV energy band. Ridge spectrum yields a Ridge count rate of

19.72cnt s−1. Then, using the offset source observation (91112-09-01-00), we obtained the

total count rate of the source including all components while excluding the background in

the 2-6 keV energy band. After that, we put the background back in and obtained the

background rate. According to this the total count rate is found as 55.73 cnt s−1 and the

background is 10.43cnt s−1.

Next step is to obtain the fit parameters from the PN observation in the energy band

2.11-5.86 keV. The best fit parameters are Γ= 1.53+0.05
−0.05, NH = 18.88+0.39

−0.38 and a normalization

of 0.08 with a reduced χ2 of 1.1. Now, we need to carry these results to the offset RXTE

spectrum to obtain the final counts for each component, namely Sr in the Eq 5.1 and Eq 5.4.

We model the offset RXTE observation using the PN model mentioned above and us-

ing the same parameters yields a model predicted rate of 15.21 cnt s−1. This count rate

corresponds to the Sr component.

Since the RXTE observation was offset we need a correction factor to cope for the off-

setting effects as well as different effective areas of the instruments. To obtain this factor,

we compared the predicted count rates using the model we used to fit the PN spectrum in

2.11− 5.86 keV. According to this, a ”conversion factor” of 1.56 (9.71 counts from PN and

15.21 counts from RXTE) is found. This means that each photon in the PN spectrum cor-
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responds to 1.56 photons in the RXTE spectrum. We will call this value “ fc” and will use it

to compare the source counts of the PN observation to the RXTE spectrum.

Since the two observations are simultaneous, their intrinsic power spectra and rms am-

plitude of variabilities should match when corrected. The “corrected” rms amplitude of vari-

abilities using the correction factors can be written as:

(RXT E RMS)× Tr

Sr
= (PN RMS)× Tx

Tx−Hx
(5.6)

where RXTE rms amlitude of variability is ∼ 10%, Tr is 55.73, Sr is 15.21, PN rms

amplitude of variability is ∼ 16 % and PN background is negligible. Assuming the carried

PN spectrum does not contain DSH therefore Sr is pure source counts (15.21 cnt s−1 as

predicted by the model), the corrected rms values should match at 36.6 %, which is an

expected value from a GBH source in the hard state. However, this limit, in turn implies

that the PN spectrum actually contains DSH. Further corrections of DSH in both sides of

Eq. 5.6 increases the correction factor to higher rms amplitude percentages which is not

within the observed limits. We conclude that 36.6% of rms amplitude puts a lower limit to

the “intrinsic” rms amplitude of variability for our source.

Low quality of the PSDs introduced high errors, consequently it might lead us to overes-

timate the RXTE rms amlitude while underestimating the PN rms amplitude of variability

as it can be seen from the results in section 4.4. There are other factors to be considered,

such as: the mismatch of the RXTE and EPIC-PN spectral responses, cross calibration of

RXTE and EPIC-PN, simplistic correction factor, etc.
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5.2 Conclusion and Future Work

Our view towards sources that are in the Galactic plane is often limited due to the absorp-

tion and scattering of the electromagnetic radiation by the interstellar medium. The X-ray

photons are rather scattered than absorbed, favorably in the forward direction. Accordingly,

the X-ray sources that have high absorption column density (or hydrogen column density)

often show dust scattering halos of diffuse X-ray emission. This thesis illuminates the effects

of the small angle scattering of the X-ray photons by dust grains in molecular clouds on tem-

poral properties of Galactic black hole sources. We investigated how the differential delays

caused by the scattering process exhibit an influence on the observed Fourier powers and rms

amplitude of variability (rms/mean).

We analyzed the simultaneous observations of 1E 1740.7−2742 with XMM-Newton and

RXTE for ∼ 20 ks. We chose this source since it has very high hydrogen column density

(∼ 1023 cm−2) and has a persistent emission that is usually hard, spectrally. We obtained the

energy spectra from both instruments and also used an earlier Chandra observation by Gallo

& Fender (2002) for spectral analysis. XMM-Newton and RXTE energy spectra showed that

the source is in the hard state. The Chandra spectrum was fixed to the same hydrogen

column density obtained from the EPIC-PN detector of XMM-Newton. It’s spectrum shows

that, it has a rather softer spectral index than that of our observations. To shine a light on

these results and our interpretation of them, we created a source history of brightness using

the archival RXTE observations of the source. The brightness history of our observations

showed that the source does not show any dramatic changes in it’s flux. Chandra history

pictured a slightly higher brightness that is decreasing.

A connection to a molecular cloud could also explain the very high hydrogen column

densities observed in the spectral modelling. Using the catalog of HCO+ clouds in the Galactic

Center, we showed that there is a molecular cloud in the line of sight of the source. We think

that the source is in this molecular cloud, towards the far edge of it, considering the hydrogen

column density values we obtained (Vilhu et al. 1997).

We evaluated the extended radial emission up to 200 arcseconds from the source. The

surface brightness profile we created revealed the presence of excess emission extending up

to 100 arcseconds. This proves that the source produces a dust scattering halo.

To understand how the dust scattering halo effects the intrinsic variability of the signal,

we employed Fourier techniques (PSD, squared fractional rms variability). We interpreted

our findings in the context of observational timing properties of galactic black hole transients

in the hard state. We obtained the Miyamoto normalized power spectra from the RXTE

and XMM-Newton light curves. We fitted these spectra with Lorentzians and calculated the
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rms amplitude of variability and peak frequencies. The determined values display very low

variability compared to the typical values for GBHTs in their hard state. We attribute this

phenomena to the loss of coherence of the signal arising from the scattering process.

We tackled this problem by empirically correcting the observed variabilities. We modified

the correction method used by Berger and Van der Klis (1994) that corrects the power

spectra values for the background noise. We identified the possible sources of white noise in

the signal and modelled them using spectral means. Then, we obtained the correction factors

for rms amplitude of variability and powers as shown in the sections 5.1 and 5.2. While these

corrections restored the observed rms amplitude of variability to the expected levels, the high

errors of the initial variability results prevented a robust interpretation and comparison of the

corrected results. We might have overestimated the RXTE variability while underestimated

the XMM-Newton variabilities within 2 σ . Another reason for the low quality of the PSDs

is the difference of effective areas of two instruments at low energy part of the energy band

we used in our analysis. The RXTE effective area is very steep in the 2.11− 5 keV band

while EPIC-PN is flat in this band. We plan to improve our empirical correction method by

taking into account the effects of effective areas and cross calibration methods for the two

instrument.

Finally, the investigations on the problem of observed low rms amplitude of variabilities

due to the scattering of X-rays and it’s implications on the temporal properties by Kalemci

(2002) and Kalemci et al. (2006) are reanalyzed and improved. Our results present the

necessity of dealing with this type of white noise which can effect a wide range of studies in

the GBHT field. Moreover, the next generation instruments those will be launched in the next

decade, such as eXTP and STROBE-X, will be more affected by the dust scattering halos

due to their increased temporal sensitivity and spectral resolution and wide FOVs. That is

why, we need a solid understanding of the effects of DSHs both spectrally and temporally.

We plan to propose new observations of similar sources with the ASTROSAT’s LAXPC in

addition to the instruments we used in this analysis to further investigate this phenomenon

with better quality observations taking the cross calibration effects into account.
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Tomsick, J. A. (2012). Optical and near-infrared monitoring of the black hole X-ray binary

GX 339-4 during 2002-2010. Astronomical Journal, 143(6).

Cannizzo, J. K., Wheeler, J. C., and Ghosh, P. (1985). Accretion Instability Models for

Dwarf Novae and X-Ray Transients. pages 307–313.

Capitanio, F., Belloni, T., Del Santo, M., and Ubertini, P. (2010). A failed outburst of

H1743-322. AIP Conference Proceedings, 1248(October):149–150.

Casares, J., Jonker, P. G., and Israelian, G. (2017). X-Ray Binaries. In Handbook of Super-

novae, volume 1, pages 1499–1526. Springer International Publishing, Cham.

Chakrabarti, S. K. (2000). Advective Accretion Flows: Ten Years Later. pages 1–18.

Corbel, S., Coriat, M., Brocksopp, C., Tzioumis, A. K., Fender, R. P., Tomsick, J. A., Buxton,

M. M., and Bailyn, C. D. (2013). The ’universal’ radio/X-ray flux correlation: The case

study of the black hole GX 339-4. Monthly Notices of the Royal Astronomical Society,

428(3):2500–2515.

Corbel, S., Fender, R. P., Tomsick, J. A., Tzioumis, A. K., and Tingay, S. (2004). On the

Origin of Radio Emission in the X-Ray States of XTE J1650500 during the 2001–2002

Outburst. The Astrophysical Journal, 617(2):1272–1283.

Corbel, S., Fender, R. P., Tzioumis, A. K., Nowak, M., McIntyre, V., Durouchoux, P., and

Sood, R. (2000). Coupling of the X-ray and radio emission in the black hole candidate a

nd compact jet source GX 339-4. 268(2000):251–268.

Corbel, S., Nowak, M. A., Fender, R. P., Tzioumis, A. K., and Markoff, S. (2003). Radio /

X-ray correlation in the low/hard state of GX 339–4. 1012:1007–1012.

Coriat, M., Corbel, S., Buxton, M. M., Bailyn, C. D., Tomsick, J. A., Körding, E., and

Kalemci, E. (2009). The infrared/X-ray correlation of GX 339-4: Probing hard X-ray

emission in accreting black holes. Monthly Notices of the Royal Astronomical Society,

400(1):123–133.

67



Coriat, M., Corbel, S., Prat, L., Miller-Jones, J. C. A., Cseh, D., Tzioumis, A. K., Brocksopp,

C., Rodriguez, J., Fender, R. P., and Sivakoff, G. R. (2010). Accretion-outflow connection

in the outliers of the “universal” radio/X-ray correlation. Proceedings of the International

Astronomical Union, 6(S275):255–259.
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