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Erweiterte deutsche Zusammenfassung

Fritz, Sonja

Röntgenbeobachtungen von Schwarzloch- und Neutronensternsystemen

Schwarze Löcher und Neutronensterne sind die kompakten Überbleibsel massiver
Sterne am Ende ihres Lebens. Da alle nuklearen Reaktionen inihrem Inneren zum
Erliegen gekommen sind, senden sie selbst keine Strahlung mehr aus. Isolierte
kompakte Objekte sind daher gar nicht oder nur nur sehr schwer zu entdecken.
Befindet sich ein solcher Himmelskörper jedoch in einem Doppelsternsystem, so
kann er von seinem Begleitstern Materie akkretieren. Hierbei entsteht Strahlung
die im Röntgenbereich beobachtbar ist. Eine Übersicht überdie hierbei relevanten
Prozesse ist in Kapitel 2 gegeben.

Im Rahmen dieser Arbeit wurden Röntgenbeobachtungen beider Typen kom-
pakter Objekte, Schwarzer Löcher und Neutronensterne, analysiert:

Der erste Teil der Arbeit ist einer detailierten Analyse desBreitbandspektrums
des Schwarzloch-Doppelsternsystems Cygnus X-1 gewidmet,das eine der hell-
sten persistenten Quellen am Röntgenhimmel ist. Cyg X-1 wurde Ende 2004
simultan von den drei SatellitenXMM-Newton, RXTE und INTEGRAL beob-
achtet. Dank des grossen Energiebereichs der duch diese Missionen abgedeckt
wird (2.8 keV– 1 MeV) resultierten aus diesen Beobachtungeneinige der höch-
staufgelösten Breitbandspektren die jemals aufgenommen wurden. Da Cyg X-
1 eigentlich zu hell ist um vonXMM-Newton in einem der Standardbeobach-
tungsmodi beobachtet zu werden, musste ein neuer Modus für die EPIC-pn Ka-
mera entwickelt werden. Dieser sogenannte “Modified Timingmode” und De-
tails zu seiner Kalibrierung sind in Kapitel 4 beschrieben.In den beiden dar-
auffolgenden Kapiteln werden die Ergebnisse der Datenanalyse dargestellt, die in
zwei Hauptbereiche aufgeteilt war. Auf der einen Seite stand eine Untersuchung
des Breitband-Kontinuums mit dem Ziel, verschiedene Modelle für das Compto-
nisierende Plasma zu testen, welches das Schwarze Loch und die Akkretionsschei-
be umgibt, auf der anderen Seite eine detailierte Analyse der Fe Kα Region des
Spektrum um eine relativitische Verbreiterung der Eisenlinie zu bestätigen. Die
Analyse des Breitband-Kontinuums wurde mitRXTE und INTEGRAL durch-
geführt und wird in Kapitel 3 beschrieben. Für die Eisenlinie wurden zwar die
Kontinuumsparameter mitRXTE bestimmt, die hauptsächliche Analyse beruht
jedoch aufXMM-Newton Daten (Kapitel 5). Im Breitband-Kontinuum wurde bei
Energien über∼300 keV ein Exzess detektiert, ein sogenannter “hard tail”.Dieser
“hard tail” ist typisch für den Hard Intermediate State von Schwarzen Löchern
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in dem sich Cygnus X-1 während der Beobachtungen befand und kann mit ei-
ner nicht-thermischen Komponente im Comptonisierenden Plasma erklärt werden.
Die ebenfalls für diesen State typische verbreiterte Eisenlinie konnte in den Daten
von XMM-Newton nachgewiesen werden. Im Unterschied zu früheren Messun-
gen mit dem amerikanischenChandraSatelliten eignen sich für die Beschreibung
des Linienprofils in denXMM-Newton Daten Modelle die auf der Kerr-Metrik be-
ruhen jedoch besser als Modelle, die die Schwarzschild-Metrik zugrunde legen.

Im zweiten Teil dieser Arbeit werden die Ergebnisse von zweiJahrenINTE-
GRAL Beobachtungen des Neutronensternsystems 4U 1907+09 vorgestellt. Das
Hauptaugenmerk lag hier auf der Untersuchung der zeitlichen Variablilität der
Quelle, da 4U 1907+09 eines der wenigen bekannten Objekte ist, das über einen
Zeitraum von 20 Jahren (seit der ersten Bestimmung der Pulsperiode in 1983)
einen konstanten “spin-down” Trend zeigt. Dieses Verhalten kehrte sich 2004
komplett um und 4U 1907+09 zeigt seitdem einen deutlichen “spin-up” mit kon-
stant abnehmender Pulsperiode. Neben der Untersuchung dieser zeitlichen Variab-
lilität wurde auch eine Analyse des 5–90 keV Spektrums vorgenommen, das zwei
Zyklotronlinien aufweist. Mit Kenntnis der Energie dieserLinien ist es möglich,
die Stärke des Magnetfeldes von 4U 1907+09 zu berechnen, was Rückschlüsse
auf die Akkretionsgeometrie und die zeitliche Entwicklungder Pulsperiode zu-
lässt (Kapitel 7).
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Extended Abstract

Fritz, Sonja

X-ray observations of black hole and neutron star binary systems

Black holes and neutron stars are compact remnants of massive stars at the
endpoint of stellar evolution. As they have consumed all their nuclear fuel they are
not radiating themselves anymore, which makes isolated compact objects rather
difficult if not even impossible to discover. If they are found in binary systems,
however, they may accrete matter from their stellar companion, thereby producing
radiation that can be observed in the X-ray regime (Chapter 2).

In this thesis I analyze and discuss X-ray observations of two binary systems,
containing a black hole and a neutron star, respectively:

The first part of the work is dedicated to a detailed broadbandstudy of the black
hole binary Cygnus X-1, which is one of the brightest persistent sources in the X-
ray sky. Cyg X-1 was observed at the end of 2004 simultaneously by the three
satellitesXMM-Newton, RXTE, and INTEGRAL . As these three instruments
cover an energy range from 2.8 keV– 1 MeV, one of the best resolved broadband
spectra ever was obtained. As Cyg X-1 is too bright actually to be observable by
XMM-Newton in its standard modes, a new observing mode (called the “Modified
Timing mode”) has been developed for the EPIC-pn camera. This mode and its
calibration are described in Chapter 4. In the two followingchapters the results
of the data analysis are presented, which was split in two main parts. On the one
hand a study of the broadband continuum was performed to constrain models for
the Comptonizing plasma surrounding the black hole and its accretion disk (using
RXTE andINTEGRAL , Chapter 3), on the other hand a detailed analysis of the
Fe Kα region was conducted to search for effects of relativistic line broadening
(usingXMM-Newton, Chapter 5). The broadband continuum is found to show a
hard tail above∼300 keV (as it is expected for the Hard Intermediate State during
which the observations took place) which could be explainedin terms of non-
thermal Comptonization. The presence of a broadened iron line, which is also
expected in this state, could be confirmed in theXMM-Newton analysis. Contrary
to results by theChandraobservatory, however, Kerr models are favored for the
description of the line profile in theXMM-Newton observations.

In the second part of this thesis the results of two years ofINTEGRAL ob-
servations of the neutron star binary 4U 1907+09 are reported. The main focus
of this analysis is a study of the timing behavior of this source, as 4U 1907+09
is one of the few sources known to show a steady spin-down behavior over the
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last 20 years since the first measurement of its pulse period in 1983. This be-
havior changed completely during theINTEGRAL observations in 2004 when
4U 1907+09 underwent a complete torque reversal. Since then the pulse period of
the neutron star is constantly decreasing. In addition to the timing also an analysis
of the 5–90 keV spectrum is performed. The presence of two cyclotron lines in
the spectrum allows the calculation of the magnetic field strength of this object.
With the knowledge of this field strength it is in turn possible to draw conclusions
on the accretion geometry and the spin behavior (Chapter 7).
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C 1

Introduction

“You look at a star for two reasons,
because it is luminous,

and because it is impenetrable.”
Victor Hugo (Les Misérables)

The stars discussed in this thesis are indeed some of the most“luminous” stars
in the sky1. However, I am not talking about the “classical” sky as it hasbeen ob-
served since ancient times with the naked eye but in fact about the picture that can
be seen when observing the sky in the light of X- andγ-rays. These observations
reveal a completely different picture of the sky. Even the stars are no “normal”
stars any more – among the sources seen in these higher energybands are the
relics of stars at the end of their life: white dwarfs, neutron stars, or black holes.
And unlike the calm and steady sea of lights seen in the optical band the X-ray sky
is highly variable and unpredictable. Some sources undergosplit second changes
of their luminosity while others show giant outbursts.

Seeing the sky in X-rays is seeing the hottest places of the universe. For exam-
ple the main source of the observed X-rays from the above mentioned compact
objects is matter which is accreted onto them from a companion star and thereby
heated up to many million K. By the interaction of the stars (or better sources)
it is therefore possible to gain a lot of information about them although they are
“impenetrable”themselves. In the following section the conditions under which
mass transfer from one star to another can take place will be explained before the
sources discussed in this thesis – neutron stars and black holes – are described in
more detail.

1Compared to extra galactic sources like Active Galactic Nuclei (AGN) – which upon their dis-
covery were believed to be stars until their true identity assuper massive black holes was revealed –
the physically defined luminosity of the objects described in this thesis is of course lower by several
orders of magnitude.

15



16 Chapter 1: Introduction

1.1 X-ray Binaries

Binary systems are much more common in nature than it might appear at the first
glance as about half of the stars in the sky are not single stars but rather composed
in binary systems or even systems with more components. So itis only natural
that the study of binary systems traces back to the beginnings of astrophysics for
those studies provide the opportunity to get information that cannot be gained for
single stars. Binary systems provide for example the best method to determine
the mass of stars through Kepler’s third law2, a parameter which is essential for
any further analyses of the star.

The binary systems discussed in this thesis are of a special kind as one of their
constituents is not a “normal” star but a compact object, meaning in this case
a neutron star or a black hole. The compact object is accreting matter from its
companion, leading to the emission of X-rays as the energy which is released due
the accretion process is

∆Eacc∝
M
R

, (1.1)

in other words the more compact an object the more efficient the accretion process.
Typical values for the energy released by accretion onto a neutron star are of the
order of 100 keV for electrons and 200 MeV for protons (due to their higher mass).
The luminosity of an accreting system depends on the mass accretion rateṀ, with

Lacc=
GMṀ

R
(1.2)

if all released energy would be radiated away. However, there is an upper limit
to the luminosity given by the equilibrium of the gravitational force of the source
and the radiation pressure due to X-ray luminosity. For the case of spherical
symmetric accretion of fully ionized matter this limit is reached at the so called
Eddington luminosity (e.g. Padmanabhan 2000)

LEdd=
4πGmpc

σT
M ≈ 1.3 ·1038 M

M⊙
ergs−1 . (1.3)

In reality the accretion processes are hardly spherical symmetric resulting in the
observation of sources with luminosities above the Eddington limit.

The accretion process itself can occur via three different mechanisms:

1. Roche lobe overflow:The gravitational potential in a binary system (exem-
plified for a mass ratio of 5:1 in Fig. 1.1) is described by the Roche potential

2For the determination of the masses and radii of the two constituents separately further spectro-
scopic techniques are required.
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M1 M2S L1

L2L3

L4

L5

Figure 1.1: Equipotential lines of the Roche potential for amass ratio ofM1/M2 = 5/1.
M1 andM2 denote the position of the stars,S is the center of gravity, andLx mark the five
Lagrangian points (Kretschmar 1996).

(Frank et al. 1992)

Φ(~r) = −
GM1

| ~r − ~r1 |
−

GM2

| ~r − ~r2 |
−

1
2

(ω×~r)2 (1.4)

with M1 and M2 being the masses of the two stellar components,r1 and
r2 the respective position vectors, andω the angular velocity of the system.
From this equation the size of the so called “Roche lobe” – thesurface
within which a particle is bound to one of the systems components – can be
derived. If the companion star is evolved and has therefore grown in radius
it can fill its Roche lobe and matter can flow over the inner Lagrangian point
L1 (which is a saddle point of the functionΦ) onto the compact object. This
material, however, has too much angular momentum due to the rotation of
the star and can not directly fall down onto the compact object. Instead an
accretion disk forms in which the material loses angular momentum and
moves slowly inwards until it can be accreted onto the compact object.

2. Wind accretion: In the case of wind accretion the material has almost
no angular momentum and hence no (or only a very small) accretion disk
forms. This kind of accretion dominates in systems where thecompanion
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star is of an early type and drives a strong stellar wind withṀW ≈ 10−6−

10−5M⊙ yr−1 out of which 0.01-0.1% are accreted onto the compact object
(Frank et al. 1992). Although only a small part of the wind is accreted the
mass accretion rate can still be sufficient to make the source radiate close
to the Eddington limit. The accretion process itself is described roughly in
the cylinder symmetric Bondi-Hoyle model (Bondi & Hoyle 1944): only
material from within a cylindrical radius of

racc=
2GM1

v2
W+v2

(1.5)

is accreted by the compact object, wherev is the orbital velocity andvW

the velocity of the stellar wind. For a typical OB supergiantsystem the
wind velocity isvw ≈ 1− 2 · 103kms−1 and thereforeracc≈ 1010cm. This
value is much smaller than the distance between the star and the compact
object which is usually of the order of 1012cm. Outside this radius the
kinetic energy of the gas dominates the gravitational pull of the compact
object and the wind is mostly unaffected by the compact object. Behind
the compact object a part of the stellar wind forms the so called “accretion
wake” as is shown in Fig. 1.2.

The Bondi-Hoyle model described here is rather simple as it assumes cylin-
der symmetry. The real process, however, turns out to be rather asymmetric
as hydrodynamical simulations show (Mauche et al. 2007, andreferences
therein). In Fig. 1.3 typical results of a simulation for theneutron star X-ray
binary Vela X-1 are shown: Coriolis and centrifugal forces cause the hot,
low density, high velocity flow down to the neutron star to curve clockwise
while a bow shock and two flanking shocks are formed where the wind
collides with the flow.

3. Be-star mechanism: Be stars are a special kind of spectral type B stars
showing several characteristic hydrogen emission lines. These lines origi-
nate from a disk in the equatorial plane of the star which forms due to its
rapid rotation. As this disk is rather extended (up to several stellar radii) the
compact object crosses it as it approaches periastron and accretes material
(Fig. 1.4). This is visible as X-ray outburst. As the compactobject moves
on the accretion rate decreases and also the X-ray luminosity drops. How-
ever, this process does not necessarily occur at each periastron passage of
the compact object as the disk of the Be star seems to be unstable at least in
some sources as for example A 0535+26.

Depending on the mass of the companion star, X-ray binary (XRB) systems
are divided into Low Mass XRBs (LMXBs) and High Mass XRBs (HMXBs).
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stellar
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massive
OB−star
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compact object

Figure 1.2: Wind accretion in the Bondi-Hoyle model: material from insideracc is accreted
onto the compact object (Figure from Kreykenbohm et al. 2004).

Members of the first class have a companion star of the spectral type G to M with
a mass of one or less solar masses. In this case the emission inX-rays exceeds the
optical luminosity by a factor of 102 to 104. As these dwarf stars usually do not
emit a strong stellar wind, the main accretion mechanism in LMXBs is Roche lobe
overflow. Therefore the companion needs to be evolved and to fill its Roche lobe,

(a) (b) (c) (d)

x x x

Figure 1.3: Hydrodynamical simulations of wind accretion for the Vela X-1 system
(Mauche et al. 2007). Color coded are (a) the temperaturelog(T) [K] = [4.4,8.3], (b)
the densitylog(n) [cm−3] = [7.4,10.8], (c) the velocitylog(v) [km s−1] = [1.3,3.5], and (d)
the ionization parameterlog(ξ) [erg cm s−1] = [1.1,7.7]. The position of the neutron star is
marked by the cross.
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Eccentric Orbit
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Figure 1.4: Be star accretion mechanism (Kretschmar 1996):the neutron star can cross the
gaseous disk around the companion and accrete matter.

making LMXBs rather old systems with typical ages≥ 109 years. In contrast the
companions of HMXBs are young OB supergiants with 10 or more solar masses.
The emission of a HMXB system is dominated by the optical emission of the
companion (withLx/Lopt ≈ 10−3...10), which in most cases also drives a strong
stellar wind and therefore allows the compact object to accrete via the second
described mechanism (van den Heuvel 1975).

In total there are believed to be not more than a few hundred X-ray binary
systems in the galaxy (Grimm et al. 2003; Psaltis 2006), as the evolution of a
“normal” binary system to a system with an accreting compactobject is rather
improbable. For instance the progenitor stars of the compact object are believed
to be too large to fit in the rather tight orbits and moreover the supernova explosion
of this stars might disrupt most of the systems. However, there are some possible
(but poorly understood) scenarios like common-envelope evolution, asymmetric
supernova explosions or two- and three-star interactions in globular clusters which
might explain the existence of binaries with an accreting compact object (Tauris
& van den Heuvel 2006, and references therein).

After looking at binary systems as a whole the following sections now provide
a closer look on the nature of the compact object. These sources are the final
stages in the evolution of a star. If a star is not disrupted completely at the end of
its life it ends either as white dwarf, neutron star, or blackhole – depending on its
mass. Fig. 1.5 shows an simplified overview of this dependency.

1.1.1 Neutron Star Binaries

As shown in Fig. 1.5, neutron stars (NS) result from stars with initial masses
greater than about 6 solar masses (Camenzind 2007). A comprehensive discussion
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Figure 1.5: Overview of the final stages of stellar evolutionshown as function of their
initial mass (Figure after Camenzind 2007).

of stellar evolution, however, is beyond the scope of this thesis but can be found,
e.g., in Kippenhahn & Weigert (1994). The crucial step in NS formation occurs
when all of the nuclear fuel of the initial star is exhausted and the core becomes
dynamically unstable and starts to collapse. Inside the core neutrons are build
by the electrons and protons via inverseβ-decay. The collapsed core forms a
sphere with about 10 km radius and a mean density of 1014g cm−3 (Srinivasan
1997) that is balanced against gravity by the pressure of thedegenerate neutron
fluid – a neutron star is born. The envelope of the initial staris expelled due to
the rebounce of the incoming shock wave on the NS surface in a supernova Type
II explosion3. The masses of most of the NSs lie in the narrow range of 1.25

3A detailed description of supernovae can be found in Woosley& Weaver (1986) and Woosley
et al. (2002)
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– 1.44 M⊙ (Camenzind 2007) but there are also more massive NSs found with
masses up to 2.1 M⊙ (Nice et al. 2005). As the magnetic flux of the progenitor
star (which can have a magnetic field strength of∼ 1kG in the case of an O star,
see Donati et al. 2006) is conserved during the collapse4 and as the magnetic field
strength is proportional tor−2, NSs can possess some of the strongest magnetic
fields that exist in nature with field strengths up to 1015G (so-called magnetars,
see e.g. Harding & Lai 2006). The magnetic fields of the NSs in accreting X-ray
binaries, however, are found to range from∼ 1012−1013G (see e.g. Harding & Lai
2006, and references therein), while the magnetic fields of accreting millisecond
pulsars reach values of onlyB∼ 109G (e.g. Chakrabarty 2005). An explanation
of these findings – which is thought to be due to an evolution ofthe magnetic field
with time – can be found, e.g., in Bhattacharya & Srinivasan (1995), Ruderman
(2005), Reisenegger et al. (2005), or Harding & Lai (2006).

The existence of these strong fields has directly visible consequences: at a cer-
tain radius (the so called Alfvén radius) the accreted matter is forced to follow
the field lines onto the magnetic poles of the NS. If the magnetic axis is not co-
aligned with the rotational axis of the NS the radiation fromthe magnetic poles
can only be seen by the observer when it crosses his line of sight (like a light-
house). The observed X-ray flux is therefore modulated with the spin frequency
of the NS. However, this frequency is not necessarily constant. As the accreted
material carries angular momentum the NS experiences a net torque that alters
its rotation period. A more detailed description of this process can be found in
chapter 6.2.

Another observational evidence of the strong magnetic fields in NS binary sys-
tems is the detection of “cyclotron resonant scattering features” or short “cy-
clotron lines” in their spectra. While a short introductionto this subject is pro-
vided in section 6.3, a very detailed explanation of cyclotron line formation is
given for example by Schönherr (2007). Cyclotron lines provide a direct opportu-
nity of measuring the magnetic field strength as the latter isrelated to the energy
of the lines by the so called 12-B12-rule:

Ecyc= 11.6keV · B12 (1.6)

whereB12 is the magnetic field strength in units of 1012G. Up to today there
are 14 NS binaries known to exhibit cyclotron lines, with four of them showing
not only a single feature but also harmonically related lines (Heindl et al. 2004;
Kreykenbohm 2004; Psaltis 2006).

Several of the slow rotating accreting NS binaries show in addition to their
rotational period also a number of quasi-periodic oscillations with frequencies

4An alternative scenario is the dynamo scenario where the magnetic field of the NS is generated
by a convective dynamo in the first seconds of the proto-NS (Thompson & Duncan 1993).
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ranging from∼ 1mHz to∼ 40Hz (Psaltis 2006). While the oscillations found in
the several ten Hz regime can be explained by beat frequency models5 (Finger
1998; van der Klis 2000) the low frequency oscillations might be related to a
low-frequency modulation of the accretion flow for example by the presence of
a precessing disk warp (Shirakawa & Lai 2002). In LMXBs with low magnetic
field NSs also QPOs with kHz frequencies have been detected which can also
be explained in terms of beat frequency models (for an in-depth discussion of
this issue see van der Klis 2000, 2006). However, the presence of QPOs always
strongly suggests the existence of an accretion disk in a system.

1.1.2 Black Hole Binaries

If the initial mass of a star is large enough, the pressure exerted on the NS by
the supernova explosion cannot be compensated by the pressure of the degenerate
neutron fluid. The collapse therefore continues to infinity and a Black Hole (BH)
forms6. To classify an object as BH its mass has to exceed the upper mass limit for
NSs which is the so called Oppenheimer-Volkoffmass. Its exact value is unknown
as it depends on the still insufficiently known equation of state for nuclear matter
(which defines the internal structure of the NS7). New results fromXMM-Newton,
however, point at a value of 2.4 M⊙ (Webb & Barret 2007).

General relativity predicts that BHs – apart from their mass– can have only
two other measurable properties, namely angular momentum and charge. The
latter would be hardly realized in nature as the electromagnetic force is rather
strong and every charged body would neutralize immediately. The size of the
BH can be described in the most simple case (that of a non-rotating BH) by the
Schwarzschild radius

RS=
2GM

c2
= 3km

(

M
M⊙

)

(1.7)

and depends only on the mass of the BH. It is important to note that this size
does not correspond to a solid surface like in the NS case. Thelast stable orbit
a particle can enter around such a BH is the so called “innermost stable circular
orbit” (ISCO) at

RISCO=
6GM

c2
= 3RS (1.8)

5This means that the frequency of the oscillations corresponds to the beat frequency between the
NS spin frequency and the orbital frequency of matter at the Alfvén radius.

6The exact masses a main sequence star needs to have to end up asa black hole are not known as
there are still large uncertainties in the knowledge of the evolution of massive stars (and especially in
modeling the strong mass loss ofM ≥ 20M⊙ stars) as well as in the simulation of supernova explosions.

7A list of the most realistic equation of states (based on non-relativistic potentials) can be found in
Camenzind (2007).
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which means that this is also the smallest inner radius the accretion disk can reach.
But how can BH systems be distinguished from NS systems? One secure indi-

cator is surely the mass of the compact object. If this exceeds the Oppenheimer-
Volkoff limit the object has to be a BH. A lower limit to the mass is given by the
mass function

f (Mo,MX , i) =
(MX sini)3

(Mo+MX)2
(1.9)

with Mo being the mass of the optical companion,MX the mass of the compact
object andi the inclination of the orbit. However, the exact determination of the
mass is difficult or even impossible for many X-ray binaries as the uncertainty in
Mo can be large and the determination of the inclination is verycomplex.

Hence there have been numerous suggestions for empirical tests to distinguish
between NSs and BHs on basis of their X-ray properties. They include for ex-
ample a characteristic spectral evolution with increasingaverage flux (Done &
Gierliński 2003) or a significant variability power at high Fourierfrequencies, i.e.,
>100 Hz (Sunyaev & Revnivtsev 2000). In transient systems theproperties of the
system allow to draw conclusions on the nature of the compactobject to some ex-
tend as the outbursts of BH transients are typically rarer but longer than those of
NS systems. Furthermore, NS transients in quiescence are significantly brighter
compared to BH transients (Psaltis 2006). However, apart from the mass the only
unequivocal proofs that a compact object isnot a BH are the presence of signa-
tures of a (strong) magnetic field as persistent pulsations or cyclotron lines or the
confirmation of a solid surface through Type I X-ray bursts8.

At the time of writing there were 20 BH confirmed in X-ray binaries with only
three of them (Cyg X-1, LMC X-1, LMC X-3) being persistent sources (Table 1
of Remillard & McClintock 2006). However, there are 5 more candidates which
contain very likely a BH due to their X-ray and radio characteristics (Table 4.3 of
McClintock & Remillard 2003).

1.2 Instrumentation

The objects described above emit most of their energy in the X-ray and gamma-
ray band. The observation of such radiation is not straightforward like when ob-
serving in the optical band, for a major drawback is that thisradiation does not
penetrate down to the ground level. Therefore observing platforms in space or at

8The reverse – the absence of such bursts or pulsations or cyclotron lines – does not prove that the
compact objectis a BH! So accreting NSs in LMXB for example are not expected to show pulsations
due to their degenerated magnetic field that allows accretion over the whole surface of the NS.
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least in the upper layers of the atmosphere such as satellites, rockets, or balloons
are needed.

The imaging of the high energy photons is another obstacle that has to be over-
come. In a normal reflector telescope the X-rays - and especially the higher en-
ergeticγ-rays - would just be absorbed in the mirror rather than beingreflected.
This makes the construction of X-ray imaging devices a fairly complicated field.
However, there are in principle three different successful approaches on how to
build X-ray “telescopes” which are described in the following9.

1.2.1 Collimator Techniques:RXTE

The simplest way to to get at least something similar to imaging is to reduce the
field of view of a detector by simply putting a static collimator in front of it like
it is shown in Fig 1.6. Only X-rays from a small region of the sky can reach
the detector plane while radiation from outside this regionis absorbed. For this
technique no position sensitive detector is required. An image is obtained by
scanning across the sky with the whole instrument.

The field of view (FOV) is proportional tod/h with d being the width of the
detector andh the height of the collimator. Therefore one would need a verylarge
collimator to gain an acceptably small FOV which is impracticable in reality. The
solution to this problem is to cover the detector with a set ofmany short collima-
tors with the samed/has the one long collimator (see Fig. 1.7). The most common
geometries for such collimators are honeycomb structures that provide a great sta-
bility. The achievable resolution goes down to about one degree (Bradt 2004) and
is restricted at higher energies by penetration of the radiation through and at lower
energies by reflection of the radiation off the collimator walls (Kitchin 1984). A
possible solution for the high energy photons is to use an active shielding which
helps to disregard photons from high inclinations.

The collimator “imaging” technique was used for theRXTE satellite that will
be briefly described in the following:

The 1995 launched Rossi X-ray Timing ExplorerRXTE covers in total an en-
ergy range from 2–250keV. Observations in the lower part of this energy band
(up to 60 keV10) are executed with the Proportional Counter Array (PCA), while
the higher energy part (starting at 15 keV) is taken over by the High Energy X-
ray Timing Experiment (HEXTE). As mentioned above, the collimator technique
makes the use of a position sensitive detector unnecessary,so the PCA consists
of five Xenon proportional counter units (PCUs) which are co-aligned with an

9It is a nice coincidence that this thesis makes use of data from three satellites each using another
of those three imaging techniques...

10After a voltage change to increase the lifetime of the instrument the nominal higher energy thresh-
old increased to 100 keV.
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Figure 1.6: Principle of the collima-
tor technique (Figure from lab manual,
IAAT).
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Figure 1.7: Advanced principle of the
collimator technique (Figure from lab
manual, IAAT).

energy resolution of 18% at 6 keV (Jahoda et al. 1996). HEXTE,which provides
an energy resolution of 15% at 60 keV (Rothschild et al. 1998), also uses photon
counting detectors, namely two clusters of four NaI(Tl)/CsI(Na)-Phoswich scintil-
lation detectors, respectively. The field of view of both instruments is limited by
the collimators to 1 degree. The spacecraft is completed by the All Sky Monitor
ASM (Levine et al. 1996) that provides a daily scan of about 80% of the whole
X-ray sky in the 2–12 keV band. Fig. 1.8 shows a sketch of the spacecraft with
the three instruments. The main instrument characteristics are listed in Table 1.1.

1.2.2 Coded Mask Techniques:INTEGRAL

A more evolved method of imaging is the coded mask technique.It is based on
the principle of a pinhole camera, meaning the “light”-raysare not deflected but
– in case of the coded mask technology – encoded. The pattern recorded on the
detector has therefore to be decoded again to reconstruct the image of the sky.
For this is a two-step approach, the coded mask techniques are often referred
to as multiplexing techniques. Contrary to the collimator approach, the detector
needed in coded mask cameras has to be position sensitive with a spatial resolution
sufficient to match the mask-pattern grid size. The mask itself has to consist of
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Figure 1.8: TheRXTE spacecraft. On the left the two HEXTE clusters can be seen, onthe
right are the five Proportional Counter Units of the PCA. The All Sky Monitor (ASM) is
mounted outside the main satellite bus (Figure from Wilms 1998).

transparent and opaque areas which are all equal-sized and arranged in a specific
pattern.

Fig. 1.9 shows the working principle of a coded mask camera: photons coming
from a specific source (or rather from a specific sky region) project a shadow
image of the mask on the detector. Photons that arrive from another direction
produce a shifted image of the same pattern with the shift being correspondent
to the in-falling direction of the photons. The strength of the pattern recorded by
the detector encodes the luminosity of the source (the sky region). To properly
decode the image it is necessary that each sky position is encoded in a unique
way. This encoding can be achieved by a mask pattern that usesa perfect cyclic
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Table 1.1: RXTE instrument characteristics (http://heasarc.nasa.gov/docs/xte/
xhp/xhp_geninfo.html)

PCA HEXTE ASM

energy range 2–60 keV 15–250 keV 2–10 keV

energy resolution <18% @ 6keV 15% @ 60keV –

time resolution 1µs 8µs 80% of the sky every 90 min

spatial resolution 1◦ 1◦ 3′ ×15′

detectors 5 proportional counters 2 clusters of position sensitive
4 scintillation counters proportional counter

collecting area 6500 cm2 2×800cm2 90 cm2

difference set (Baumert 1971; Gunson & Polychronopulos 1976). Hereby masks
with a transparencyf < 50% have a slight signal to noise ratio advantage when the
signal is comparable with the detector background (Gunson &Polychronopulos
1976; Fenimore et al. 1979). To gain ideal imaging properties it is furthermore
necessary that the recorded shadowgram contains a completecycle of the basic
mask pattern. Therefore two basic telescope geometries canbe thought of (Proctor
et al. 1979; in ’t Zand et al. 1994):

• the detector is larger than the mask (for a two dimensional system the de-
tector has to be four times the area of the mask pattern!)

• the mask is larger than the detector (in this case the basic pattern of the
mask has to be repeated several times over, therefore also called “cyclic”
configuration)

In most practical applications the choice was made for the cyclic type (due to
preservation of collecting area) or to a compromise consisting of the so called
“box configuration” in which the mask and the detector are of the same size.
The mask contains only one cycle of the basic pattern and therefore only on-
axis sources are fully coded, off-axis sources will cause false peaks in the re-
constructed image which have to be eliminated in the data-processing (http:
//astrophysics.gsfc.nasa.gov/cai/coded_intr.html).

The cyclic configuration was also realized forINTEGRAL which will be de-
scribed in the following:

The International Gamma-Ray Astrophysics Laboratory (INTEGRAL ; Win-
kler et al. 2003) was launched in October 2002. The two main instruments IBIS
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Figure 1.9: The Principle of coded mask
imaging: each source produces an un-
ambiguous shadow pattern on the de-
tector. This detector image can after-
wards be decoded again to get an image
of the sky (Figure fromhttp://astro.
estec.esa.nl/Integral/).

(15 keV–10 MeV; Ubertini et al. 2003) and SPI (20 keV–8 MeV; Vedrenne et al.
2003) are supplemented in the X-rays by an auxiliary instrument with a smaller
field of view, the X-ray monitor JEM-X (3 keV–35 keV; Lund et al. 2003). The
Imager on board theINTEGRAL Satellite (IBIS) is a coded mask telescope with
a fully coded field of view (FCFOV) of 9◦ ×9◦ and 12.′9 full width at half maxi-
mum (FWHM) angular resolution (Ubertini et al. 2003; Brandtet al. 2003). For
this thesis only data from its upper layer, theINTEGRAL Soft Gamma-Ray Im-
ager (ISGRI) – a CdTe detector – were used, which covers an energy range from
15 keV–1 MeV with an energy resolution of∼8% at 60 keV (Lebrun et al. 2003;
Gros et al. 2003). SPI, the SPectrometer on-boardINTEGRAL , uses also the
coded mask technique. Due to its limited pixel number of only19 Ge detectors
the angular resolution is not very high (2.◦5) but the energy resolution of 2.5 keV
at 1.33 MeV is outstanding. The Joint European X-ray Monitor(JEM-X) consists
of two identical coded mask instruments with a FCFOV of 4.◦8 diameter and 3.′35
angular resolution (FWHM), each (Lund et al. 2003). Due to erosion of the micro-
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Figure 1.10: TheINTEGRAL spacecraft with the four instruments (Figure from ESA).

strip anodes inside the JEM-X detectors which leads to a lossin sensitivity, only
one of the two JEM-X detectors is operating at any given time while the other
is switched off. The main parameters of the three X-ray instruments are summa-
rized in Table 1.2. As shown in Fig. 1.10,INTEGRAL also carries an Optical
Monitoring Camera (OMC) to extend the observed energy rangeto the optical
band.

1.2.3 Wolter Telescopes:XMM-Newton

Below ∼ 15keV it is possible to focus X-rays. This is feasible through graz-
ing incidence reflection. As the index of refractionn for X-rays can be writ-
ten as11 n = (1−ω2

p/ω
2)1/2 with ωp ∝ Z being the electron plasma frequency

andω being the frequency of the X-rays, Snell’s law becomes sinθi = nsinθr =
(1−ω2

p/ω
2)1/2sinθr. As n is slightly less than unity the X-rays are bent away

from the normal. If the incidence angle is larger than the critical value sinθcrit =

11Following derivation fromhttp://web.mit.edu/8.282/www/handouts/xray-ref.pdf
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Table 1.2:INTEGRAL instrument characteristics, the optical monitor is not listed
(http://integral.esac.esa.int)

IBIS (ISGRI) SPI JEM-X

energy range 15 keV– 1 MeV 18 keV– 8 MeV 3–35 keV

energy resolution 8% @ 100keV 0.2% @ 1.33MeV 13% @ 10keV

10% @ 1MeV

time resolution 61µs 129µs 122µs

angular resolution 12′ FWHM 2.5◦ FWHM 3′

pointing accuracy 30′′ @100 keV (50σ src.) 10′ < 1′ (90% confidence)

field of view 9◦ ×9◦ (fully coded) 16◦ (fully coded) 4.8◦ dia. (fully coded)

collecting area 2600 cm2 (ISGRI) 500 cm2 2×500cm2

(1−ω2
p/ω

2)1/2, respectively if the grazing angleβcrit = 90◦ − θi is smaller than
the critical value, total internal reflection occurs. A Taylor expansion leads to
βcrit ≈ ωp/ω, hence the value ofβcrit depends on the frequency of the X-rays as
well as on the material used for the mirror. Material with high atomic number Z
reflect X-rays more efficiently as low Z materials. Typical values for the grazing
incident angles are of the order of 1 degree.

To really use this technique for focusing X-rays in telescopes it is necessary to
have a combination of a paraboloidal and hyperboloidal surface (Wolter 1952a,b)
as it is shown in Fig. 1.11. A simple parabolic surface is not working because
it does not satisfy Abbe’s sine condition and therefore onlypar-axial rays are
focused into one point. Another layout that also satisfies the condition would
be for example a set of two orthogonal parabolas (Kirkpatrick-Baez design). To
increase the effective reflective area it is further necessary to nest several mirrors
inside one another, for example for theXMM-Newton telescopes 58 mirrors of
the classical Wolter I design have been combined.

XMM-Newton, the last X-ray satellite to be mentioned here, has been in orbit
since 1999. As it uses three co-aligned Wolter Telescopes tofocus the X-rays on
the detectors, the upper energy threshold is at 15 keV. The angular resolution of
the 7.5m focal length telescopes is 6′′ (FWHM) in a 30′ field of view. Two of
the telescopes are equipped with grating arrays, about 50% of the X-rays passing
through this telescopes are intercepted by the grating arrays which form together
with their CCD detectors the Reflection Grating Spectrometers (RGS). RGS pro-
vides a very high spectral resolution ofE/∆E = 200−800 (Ehle et al. 2005).
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Figure 1.11: The principle of Wolter telescopes: the incoming X-rays are first reflected by
a paraboloid and afterwards focused by a hyperboloid (Figure fromhttp://www.src.le.
ac.uk/projects/lobster/ov_optics.htm).

The other 50% of the infalling X-rays from those two telescopes are focused
on the EPIC (European Photon Imaging Camera)-MOS, which consist of two
front-illuminated X-ray CCD detectors. The third telescope focuses the X-rays on
the EPIC-pn camera, a back-illuminated p-n CCD. The energy resolution of the
EPIC CCDs at 1 keV are 70 eV and 80 eV for the MOS and the pn, respectively
(Ehle et al. 2005). More details about the MOS can be found in Turner et al.
(2001), the pn is described in Strüder et al. (2001). Fig. 1.12 shows an sketch
of theXMM-Newton payload. LikeINTEGRAL , XMM-Newton carries also an
optical monitor that is co-aligned with the X-ray instruments. Table 1.3 lists the
main parameters of the X-ray detectors ofXMM-Newton.

1.3 Thesis outline

The topic of this thesis is the analysis of X-ray observations of the stellar mass
black hole system Cygnus X-1 as well as of the neutron star binary 4U 1907+09.
Therefore I split the thesis in two parts:

The first part is dedicated to the black hole systems and starts with a short in-
troduction to the relevant radiation processes in these sources in chapter 2. At the
end of this chapter the most important Comptonization models used in this work
are described. Before reporting the actual results of the broadband analysis (using
the Comptonization models as well as a simple phenomenological description of
the data by a Broken Power Law), Cyg X-1 is introduced in Chapter 3. Also given
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Figure 1.12: TheXMM-Newton spacecraft with the instruments shown on the right
(Figure fromhttp://www-dapnia.cea.fr/Phocea/Vie_des_labos/Ast/ast_visu.
php?id_ast=1397.

in this chapter is a general description of the states black holes can be found in.
Another important point of this thesis is the analysis of therelativistically broad-
ened iron line seen in Cyg X-1. As Cyg X-1 is a very bright source our group
had to develop a new observing mode for theXMM-Newton EPIC-pn CCD to
obtain spectra with the required signal to noise ratio. Chapter 4 summarizes the

Table 1.3:XMM-Newton instrument characteristics for the X-ray instruments (Ehle et al.
2005)

EPIC-pn EPIC-MOS RGS

energy range 0.15 – 15 keV 0.15 – 12 keV 0.35–2.5 keV

energy resolution 7% @ 1keV 8% @ 1keV 0.32% @ 1keV (-1. order)

2.3% @ 6.4keV 2.3% @ 6.4keV 0.2% @ 1keV (-2. order)

time resolution* 0.03 ms 1.5 ms 16 ms

PSF 6′′ FWHM 5′′ FWHM –

15′′ HEW 14′′ HEW

field of view 30′ 30′ ∼ 5′

pixel size 150µm (4.1′′) 40µm (1.1′′) 81µm (9×10−3Å)
∗ in fast data acquisition mode (i.e. Timing mode for EPIC, high time resolution mode for RGS)
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work which has been been done for the calibration of this new observing mode
and describes the physics of relativistically broadened iron lines. The results of
the analysis of the iron line region of the spectrum are reported in Chapter 5.

The topic of the second part is the accreting High Mass X-ray Binary system
4U 1907+09. In chapter 6 I first summarize the main observational properties of
neutron star binaries like pulse periods and cyclotron lines. 4U 1907+09 is one of
the few sources known to show a steady spin-down trend for thelast 20 years. Our
INTEGRAL observations revealed a change in this behavior and show a complete
torque reversal. The results of this analysis are presentedin chapter 7. I then
conclude the thesis with a short summary and an outlook on current and future
work on both sources (chapter 8).



Part I

Black Hole Binaries:
Cygnus X-1
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C 2

Radiation Processes in Black Hole Systems

As already outlined in the previous chapter, in binary systems the accreted mat-
ter cannot fall directly onto the black hole due to its angular momentum. It there-
fore forms an accretion disk in which it slowly spirals inwards while the angular
momentum is transferred outwards. In the vicinity of the accretion disk a corona
is formed out of a hot (∼ 100keV) electron plasma, although the exact formation
process and geometry of this corona are still unknown. Closeto the black hole,
some fraction of the accreted matter can be ejected outwardsat relativistic speeds
in a jet. Fig. 2.1 shows the whole scenario for the example of an Active Galactic
Nuclei and an X-ray Binary – which show in principle exactly the same accretion
scenario, despite the difference of 106–109 in scale.

The keys for the understanding of the environment around black holes are their
spectra and their timing properties. The spectra of black hole systems – a power-
law continuum with or without cutoff at higher energies depending on the state
– have been explained by multiple Compton scattering of softphotons in a hot
medium (Sunyaev & Trümper 1979). As it lies in the nature of the black hole to
emit no radiation by itself1 the contributors to the X- andγ-ray part of the spec-
trum are the accretion disk and the corona. The disk dominates the soft X-ray
band with a multicolor black body emission (which will be explained in more de-
tail in Section 2.1) providing the photons which are upscattered in the hot corona
via inverse Compton scattering up toγ-ray energies (see Section 2.2). However,
the exact geometry of the disk-corona-system is still unclear.

Another feature that is observed in the power-law spectra ofblack hole systems
is a hardening at∼10 keV. This feature can be assigned to Compton reflection of
the hard photons off the cold accretion disk (as explained in Section 2.3). This
reprocessed hard radiation can again form a significant fraction of the soft seed
photons available for Comptonization.

A similar problem occurs when photons are upscattered to energies above ap-

1I will not go into details of Hawking radiation or extractionof energy from the black hole due to
the presence of magnetic fields in the accretion disk here.

37
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Figure 2.1:Left panel: Radio image of the galaxy Cygnus A .Lower right panel:Sketch
of a zoom into the inner region of Cygnus A with an accretion disk (yellow) and corona
(white) as well as a relativistic jet outflow.Upper right panel:Sketch of an X-ray Binary
which shows the same properties as the innermost regions of Cygnus A but on a 106−109

times smaller size (Figure courtesy VLA/NRAO).

proximately 510keV as this is the threshold for e± pair production (see Sec-
tion 2.4). These pairs will then also be part of the Comptonizing medium, so
the radiation has direct influence on the optical depth of theplasma - which in
turn has produced this radiation.

In this chapter the underlying physics of these processes are explained (for
a more thorough illustration see, e.g., Rybicki & Lightman 1979) and in Sec-
tions 2.5.1 and 2.5.2 a description of the models which are used to fit the spectra
of Cyg X-1 is given.

2.1 Black body Radiation

The spectrum emerging from the relatively cold accretion disk can be described
by the superposition of several black body spectra of a certain temperature distri-
bution which happens to beT(r) ∝ r−3/4 in the case of a simple Shakura-Sunyaev
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disk2 (Shakura & Syunyaev 1973), however, this proportionality does not hold at
the inner edge of the disk where advection becomes dominant –here the profile
flattens toT(r) ∝ r−1/2 (see e.g. Watarai et al. 2000). Furthermore black body
radiation is of course one of the most fundamental radiationprocesses as in gen-
eral every body emits electromagnetic radiation only due toits temperature. To
describe this radiation analytically one assumes a perfectabsorbing body which
emits radiation in all wavelengths. The emitted spectrum depends only on the
temperatureT of the black body. While it can be described at low frequencies by
the Rayleigh-Jeans law

Bν =
2ν2

c2
kT (2.1)

this solution does not hold for the high frequency part of thespectrum. As can
clearly be seen from Eq. 2.1 the intensityBν increases strongly with the frequency
(so called “ultraviolet catastrophe”). This behavior is due to the discrete quantum
nature of the photons which is not taken into account by the Rayleigh-Jeans law as
it is independent of Planck’s constant. In the case of high frequencies the spectrum
drops exponentially according to Wien’s law

Bν =
2hν3

c2
·exp

(

−
hν
kT

)

. (2.2)

The solution for the whole spectral band was found by Planck at the end of the
19th century when he discovered the concept of the quantization of light and is
given by

Bν =
2hν3

c2
·

1

exp

(

− hν
kT

)

−1

. (2.3)

Planck’s law comprises both the Rayleigh-Jeans law and Wien’s law as asymptotic
solutions (see Fig. 2.2). The derivative with respect to thefrequencyν shows
that the frequency, at which the maximum of the black body radiation is emitted,
increases linearly with temperature

νmax= 2.82
kT
h
≈ 5.88·1010Hz

(

T
1K

)

. (2.4)

Fig. 2.3 shows this Wien displacement law for several different black body tem-
peratures.

2The temperature profiler−3/4 is also realized in thediskbbmodel used later (Mitsuda et al. 1984;
Makishima et al. 1986).



40 Chapter 2: Radiation Processes in Black Hole Systems

105 1010 1015 1020

Frequency ν [Hz]

10-20

10-15

10-10

10-5

100

105

B
ν(

T
) 

[e
rg

 s-1
 cm

-2
 H

z-1
 sr

-1
]

W
ie

n
 L

a
w

R
ay

le
ig

h-
Je

an
s 

La
w

ν m
ax

T=106 K

Figure 2.2: Spectrum of black body ra-
diation with the asymptotic solutions of
Rayleigh-Jeans and Wien (Wilms 2001).
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Figure 2.3: Wien’s displacement law: the
emitted radiation maximum increases with
temperature to higher frequencies (Wilms
2001).

2.2 Comptonization

After emerging from the relatively cool accretion disk the soft black body pho-
tons are up-scattered to energies of several 100 keV in the hot corona via inverse
Compton scattering.

In the original process of Compton scattering a photon is scattered off a station-
ary electron, thereby decreasing its energy from E to

E1 =
E

1+ E
mec2 (1−cosθ)

(2.5)

as it transfers kinetic energy to the electron.θ is the angle between the old and the
new direction of the photon as can be seen in Fig. 2.4. As was shown by Klein &
Nishina (1929) the differential cross section for this process is given by

dσes

dΩ
=

3
16π
σT

(

E1

E

)2(
E
E1
+

E1

E
−sinθ2

)

(2.6)

withσT =
8π
3 r2

0 = 6.652×10−25cm2 being the Thomson cross section. Substituting
x = E/mc2 and integrating equation 2.6 over all scattering angles leads to the
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Figure 2.4: Compton scattering (Wilms 1998)

Klein-Nishina formula describing the total cross section (Rybicki & Lightman
1979; Longair 1992):

σes= σT
3
4

[

1+ x

x3

(

2x(1+ x)
1+2x

− ln1+2x

)

+
1
2x

ln1+2x−
1+3x

(1+2x)2

]

(2.7)

Note that this cross section still describes the scatteringprocess for a stationary
electron. The electrons in the corona of a black hole are not stationary at all
such that the reverse process of the one described above is atwork: during the
scattering process net energy is transferred from the electron to the photon. This
process is calledinverse Compton scattering.

To calculate the average fractional energy change per scattering, the corona is
assumed to be thermal in most approaches, i.e., the electrons have a Maxwellian
distribution. This distribution can be characterized by its temperatureTe. If this
temperature is small compared to the rest mass energy of the electrons, the average
relative energy change for a photon undergoing the inverse Compton scattering
process is given by (Rybicki & Lightman 1979)

∆E
E
=

4kTe−E

mec2
(2.8)

The photons gain energy from this process as long as the electron temperature
is high enough. Thereby the electron plasma is cooled very efficiently. ForE >
4kTe the situation changes again and energy is transferred from the photons to the
electrons.

When a photon is traversing a medium it will undergo several scattering events.
To determine if the photon significantly changes its energy due to these scatterings
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one can define the so-called Comptony parameter (Rybicki & Lightman 1979)

y=
(

average fractional energy change per scattering
)

×

(

mean number of scatterings
)

(2.9)
Wheny> 1 the photon undergoes a significant energy change while fory≪ 1 the
initial energy is not not changed much.

The mean number of scatterings for regions of large optical depth (τ≫ 1) is ap-
proximately given by the square of the optical depthN ≈ τ2. In the case of small
optical depth media the mean number of scatterings is of order 1−e−τ and there-
fore small compared to the optical thick case. So forτ≪ 1 the average number
of scatterings can be approximated byN ≈ τ (Rybicki & Lightman 1979). Com-
bining these two limits with the average fractional energy change per scattering
(Eq. 2.8), it is possible to obtain an analytical expressionfor the Comptony as
defined in “equation” 2.9:

y=
4kTe

mec2
max(τ,τ2) . (2.10)

The calculation of the emerging spectra after multiple scatterings is a non-trivial
problem as the energy change∆E depends on the energyE of the photon itself.
For the simplified case of non-relativistic electrons with athermal energy distribu-
tion the time-dependent spectral distribution of the Comptonized photons is given
by the Kompaneets equation (Rybicki & Lightman 1979)

∂n
∂tc
=

(

kTe

mec2

)

1

x2

∂

∂x

[

x4
(

n+n2+
∂n
∂x

)]

(2.11)

with x = h̄ω/kT and tc being the time measured in units of the mean time be-
tween two scatterings. To solve the Kompaneets equation mainly Monte Carlo
approaches are used as analytical solutions are hard or evenimpossible to find. A
more detailed description of these Monte Carlo simulationsas well as example
spectra can be found in Wilms (1998).

2.3 Compton Reflection

Contrary to the corona, the electrons in the disk are rather cold, such that ac-
cording to Eq. 2.8 hard photons can not gain energy in the scattering process but
lose energy and get softer. Fig. 2.5 shows the effective cross section for Comp-
ton scattering per H atom and the cross section for photo ionizationσbf. Due to
σbf ∝ E−3 photo absorption is way more important than Compton scattering for
energies below∼15 keV while for energies much larger than 15 keV the photons
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will Compton scatter and thereby lose energy. These high energy photons will un-
dergo scattering processes until their energy is low enoughto be photo absorbed
or until they leave the plasma. In the spectrum this processes can be seen as a
broad hump with its maximum around 30 keV (Lightman & White 1988).

The mathematical description of this process can be done in the Green’s func-
tions formalism. If one setsx = E/mec2 andµ = cosθ with θ being the angle
between the line of sight and the disk normal, the reflected spectrum can be writ-
ten as

Iref(x;µ) =
∫ ∞

0
Gref(µ, x, x0)I inc(x0)dx0 . (2.12)

As the analytical derivation ofG is very difficult there have been mainly solu-
tions using Monte Carlo methods, for example by White et al. (1988, angle av-
eraged Green’s functions). Important in the scope of this thesis is the method of
Magdziarz & Zdziarski (1995) which is used in theXSPECmodelreflect, as
these authors give analytical angle dependent Green’s functions. This model was
used to describe the reflection component in the spectra of Cyg X-1.

In black hole Binaries the incident X-ray radiation is so intense that it deter-
mines the ionization state of the disk matter (Ross & Fabian 1993, 2005, and
references therein). This ionized reflection leads to an additional bump in the soft
(0.2–2keV) X-ray spectrum due to bremsstrahlung and line emission from the hot
surface layers which can be described by an 150 eV black body component.

Another signature of reflection is the presence of an iron fluorescence line in
the observed spectra. As said above the incident photons from the corona are
energetic enough to ionize the atoms in the accretion disk. If the expelled electron
originates from an inner orbital of the atom, the “hole” can be filled by an electron
from an outer shell. This transition of an electron leads to the emission of radiation
with a characteristic frequency (namely the difference between the two orbitals
involved) which yields an emission line in the spectrum3. The exact energy of
the emission line depends on the ionization stage of the element, as the bond
energy of the inner atomic shells is shifted towards higher energies with increasing
ionization.

A more in depth explanation of Compton reflection and relatedprocesses can
be found in Wilms (1996), a more detailed description of the iron line in black
hole systems is given in chapter 4.

3The emitted photon might also deposit its energy to eject another electron from an outer shell of
the atom (Auger effect). In this case the ejected electron becomes part of the disk plasma and the atom
is left behind double ionized. Another way to fill the “hole” in the inner shell is the capture of a free
electron from the plasma (free-bound transition).
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Figure 2.5: From top to bottom: total cross section for photoabsorption per hydrogen atom,
contribution of Fe total cross section, and Klein-Nishina cross section. All cross section
computed for a gas with solar abundances (Figure from Wilms 1998).

2.4 Pair production

Electron-positron pairs can in principle be produced by thefollowing four pro-
cesses if the center of mass energy of the particles exceedsE= 2mec2=1.022 MeV:

γ+γ −→ e++e− (2.13)

γ+e− −→ e−+e− +e+ (2.14)

e− +p−→ e−+p+e− +e+ (2.15)

e− +e− −→ e−+e− +e− +e+ (2.16)

The first of those four processes is referred to as photon-photon pair production.
It is the most important pair production process as Svensson(1982) showed that
the pair production rate of Eq. 2.13 is more than one order of magnitude larger
than the production rate of the second process and even threeorders of magnitude
larger than those of the other two processes mentioned.

The cross section of photon-photon pair production is givenby (Akhiezer &
Berestetskii 1965; Berestetzki et al. 1989)

σγγ =
πr2

0

x2

[(

2+
2

x2
−

1

x4

)

ln

(

x+
√

x2−1

)

−

√

1−
1

x2

(

1+
1

x2

)]

(2.17)
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with x= E/mec2 being the center of mass energy of the photons.
Of similar importance is the inverse process which is calledpair annihilation:

e+ +e− −→ γ+γ (2.18)

The cross section

σe+e− = πr
2
0

(

1−β2CM

4βCM

)[

3−β4CM

βCM
ln

(

1+βCM

1−βCM

)

+2(β2CM−2)

]

(2.19)

(Berestetzki et al. 1989) of this process is highest at smallcenter of mass velocities
βCM of the e− and tends to be zero as the velocity reaches high values. This
behavior is due to the decreasing interaction timescale between the pairs with
increasing velocities.

Pair production is the limiting factor of the minimum total optical depth and
therefore the maximum possible temperature of the coronal plasma around a BH
(Haardt & Maraschi 1991, 1993; Malzac & Jourdain 1998). Thismaximum tem-
perature is independent of the seed opacity of the corona (which does not take into
account the contribution of the pairs). Models which are pair-dominated reach the
maximum temperature with a much lower coronal compactness parameter4 for a
given total opacity than non-pair-dominated models (Dove et al. 1997).

2.5 Models

To describe the observed broadband continuum spectra of black holes models are
needed which treat all of the basic physical processes ongoing in the systems si-
multaneously, as most of the radiation processes describedabove interact directly.
Within the X-ray fitting packageXSPEC there are various implementations of
so-called “Comptonization spectra” as for example the Comptonized black body
modelcompbb (Nishimura et al. 1986), thecomppsmodel of Poutanen & Svens-
son (1996), the Monte Carlo based modelkotelp (Dove et al. 1997), thecompst/
compTT models by Sunyaev & Titarchuk (1980) and Titarchuk (1994) respec-
tively, or the thermal/non-thermalplasma modeleqpair (Coppi 1992, 1999). The
latter two will be described in more detail in the following as they have been used
in this thesis to model the broadband spectrum of Cyg X-1.

4Dove et al. (1997) define the local coronal compactness parameter for a slab geometry aslc =
σT/(mec3)z0Ψc with σT being the Thomson cross section,me the electron mass,z0 the scale height of
the corona, andΨc the rate of energy dissipation per unit area into the corona.
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2.5.1 TheXSPECmodelcompTT

compTT (Titarchuk 1994; Titarchuk & Lyubarskij 1995; Titarchuk & Hua 1995)
is an analytical model for the description of Comptonized spectra from a soft
Wien law input spectrum. The approximations made in this model are chosen in
a way that it works for the optically thin and thick regimes equally well. compTT
includes relativistic effects and is an extension of thecompstmodel (Sunyaev &
Titarchuk 1980).

In a certain range of plasma temperatures and geometry parameters the emer-
gent spectra depend only on the two parameterskT (which is the plasma temper-
ature) andβ, which defines the photon distribution over the number of scatterings
the soft photons pass through before leaving the plasma (Hua& Titarchuk 1995).
The parameterβ is no direct input parameter in theXSPEC implementation but
the way it is calculated can be determined by theapproxparameter ofcompTT 5.
The optical depthτ is then calculated as a function ofβ. One drawback ofcompTT
is that it is not valid for simultaneously high optical depthand high plasma temper-
ature or low optical depth and low temperature (see also Fig.7 of Hua & Titarchuk,
1995, for the range of valid parameters).

2.5.2 TheXSPECmodeleqpair

The main advantage ofeqpair (Coppi 1992) compared to other Comptonization
models (especially to the previously describedcompTT) is its ability of treating hy-
brid thermal/non-thermal pair plasmas instead of purely thermal ones. A specified
seed photon distribution (which might be according to thediskbb or thediskpn
model) is Comptonized in a spherical plasma cloud by thermalelectrons (with
Maxwellian distribution) as well as by non-thermal electrons (with a power-law
distribution). The temperature of the medium is calculatedby balancing Comp-
ton cooling with external heating. Thereforeeqpair treats all micro physics self-
consistently and without any significant approximations. It includes Compton
scattering (with all Klein-Nishina corrections), p− e± and e± − e± thermal and
non-thermal bremsstrahlung, and e± pair production and annihilation. The energy
exchange between the non-thermal and thermal part of the plasma occurs through
Coulomb scattering (Coppi 1992, 1999; Gierliński et al. 1999). The properties of
the Comptonizing plasma are specified by the dimensionless compactness param-

5The sign of this parameter defines the approximation technique with values≥0 leading to an
analytic approximation ofβ from τ while β is interpolated from a set of calculated pairs ofβ andτ for
values<0. The magnitude of this parameter switches between the disk(≤1) and sphere (>1) geometry.
This parameter has to be frozen (in the case of this thesis it was frozen to 1).
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eterℓ, which in case of theeqpairmodel is defined as

ℓ =
LσT

rmec3
(2.20)

whereL is the source luminosity,σT the Thomson cross section, andr the ra-
dius of the Comptonizing medium. It defines the power which issupplied to the
different components in the plasma, e.g.,ℓs is the power supplied in form of the
soft seed photons andℓh is the power supplied to the electrons (ℓh is further split
into direct electron heatingℓth and electron accelerationℓnth with ℓh = ℓth+ ℓnth).
eqpair also takes relativistic line smearing and ionized Compton reflection into
account as after the Comptonization a fraction of the photons is scattered back
and reflected off the disk.

The main parameters (in the scope of this thesis) of theeqpairmodel are6

• thehard to soft compactnessℓh/ℓs, which gives the ratio of the power sup-
plied to the accelerated electrons/pairs to the luminosity of the soft photons
which enter the source region. Thereforeℓh/ℓs defines the overall hardness
of the upscattered photon spectrum.
• thesoft compactnessℓs, which describes the importance of photon-photon

pair production, as for values≫ 1 the source is optically thick for gamma
rays and therefore pair production is very important and thedominant cool-
ing process is Compton cooling. Ifℓs≪ 1 the main cooling mechanism
changes to Coulomb and bremsstrahlung cooling and the spectrum gets dis-
torted at lower energies.
• the temperature of the disk black body Tbb, giving the opportunity to

distinguish between two different incident photon distributions aseqpair
will use a multicolor disk black body likediskbb (Mitsuda et al. 1984;
Makishima et al. 1986) when the parameter value is positive whereas it will
use the pseudo-Newtonian disk-modeldiskpn 7 (Gierliński et al. 1999)
when the parameter value is negative.
• ℓnth/ℓh, thenon-thermal to hard compactness ratio, describing the frac-

tion of the total power that is supplied to the non-thermal acceleration of
the electrons
• theThomson scattering depthτp from the ionized electrons in the back-

ground plasma of the scattering region. In case of a purely thermal model
with no pair production these electrons produce a thermal Comptonization

6adapted fromhttp://www.astro.yale.edu/coppi/eqpair/eqpap4.ps
7The main difference between thediskbb and thediskpn model is the torque-free boundary

condition assumed indiskpn, which yields a more accurate description of the temperature distribution
in the innermost part of the accretion disk.diskpn also allows the calculation of an accretion rate from
the derived temperature.
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Figure 2.6: Differences between a thermally dominated (ℓth=300) and a non-thermal
(ℓth=0) plasma. The other parameters of this model areτp=0.1, R = 1014 cm, and
Tbb=15 eV (Coppi 1999).

spectrum with optical depthτT = τp, in case of pair production the Thomson
optical depth will be≥ τp.
• the fraction of the scattering region’s emission that is intercepted by

reflecting material R= Ωref/2π, with Ωref being the solid angle subtended
by the reflector as viewed from the scattering region. This parameter is
normalized to 1 for isotropic emission over an infinite slab.
• the ionization parameter ξ of the reflector, which should be set toξ =

4πFion/n (with n being the density of the reflecting material andFion the
0.005–20keV ionizing flux seen by the reflector).

Apart from these parameters there are several other parameters that could be mod-
eled witheqpair such as the power law injection index for the accelerated elec-
trons/pairs, the physical size of the scattering region, the inclination of the reflect-
ing material, or the inner and outer radius of the reflecting material. Furthermore
it is possible to distinguish between a pure electron and a pair plasma via the
pairinj parameter.

Althougheqpair is more elaborated thancompTT, the latter one was also used
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in this thesis to describe the broadband spectrum of Cyg X-1.This decision is
motivated on the one hand by its speed in fitting the data (as compared to, e.g.,
eqpair) and on the other hand by its large historical success which allows com-
parison with earlier fits. The results of the accordant fits can be found in sections
3.4.2 (compTT) and 3.4.3 (eqpair).
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The broadband spectrum of Cygnus X-1

Being one of the first X-ray sources discovered, Cygnus X-1 has also become
one of the best studied. This is mainly due to its persistent nature (as already
mentioned only three out of the known 20 black hole systems are persistent, with
Cyg X-1 being the brightest of the three by far) that makes it an ideal target for
almost all X-ray missions. However, Cyg X-1 has not only beenstudied in the
X-rays, the broadband coverage ranges from radio data (e.g., Stirling et al. 1998,
2001; Gallo et al. 2005; Fender et al. 2006) up to a detection in the TeV range
with the MAGIC telescope (Albert et al. 2007).

In this chapter a short introduction to the Cygnus X-1 systemis given, followed
by an overview of the spectral states of BHs in general (section 3.2). After this
paragraph the observations analyzed in this chapter of the thesis are described.
Section 3.4 focuses on the results of the analysis of the broadband spectrum.

3.1 The Cygnus X-1 system

Cygnus X-1 was discovered in 1964 during a rocket flight (Bowyer et al. 1965)
and is nowadays known to have a distance of 2.5 kpc (Ninkov et al. 1987). The
system consists of a compact object orbiting the O9.7 Iab supergiant HDE 226868
which was found to have a mass of 17.8 M⊙ and a radius of approximately 17 R⊙
(Herrero et al. 1995). Therefore this system ranks among theHigh Mass X-ray
Binary systems. HDE 226868 drives a strong wind with a mass loss rate of
≈ 3×10−6M⊙a−1, out of which 0.01–0.1% are accreted onto the compact object
(Herrero et al. 1995). As HDE 226868 almost fills its Roche lobe, the wind is
focused and strongly asymmetric with a mass loss rate of 4.5 times the minimum
value towards the compact object (Friend & Castor 1982; Gies& Bolton 1986;
Gies et al. 2003; Vrtilek et al. 2007).

The mass values quoted for the compact object in Cygnus X-1 differ signifi-
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cantly: while Ziółkowski (2005) found 20±5M⊙ using evolutionary models1, the
most recent mass value for Cyg X-1 is 8.7±0.8M⊙ (Shaposhnikov & Titarchuk
2007). Previous to those relatively new mass determinations the most common
value found in literature was 10 M⊙ (Herrero et al. 1995). Even though these val-
ues are not consistent, they all lie well above the Oppenheimer-Volkoff limit for
neutron star masses, so the object can be classified as black hole unequivocally.

The main source of uncertainty in mass determination arisesfrom the still de-
bated orbital inclination of the system. The inclination has been determined via
optical polarization measurements (making use of the fact that HDE 226868 is
not a sphere any more because it almost fills its Roche lobe) tolie in the range
between 26◦ and 67◦ (see, e.g., Bochkarev et al. 1986; Ninkov et al. 1987; Dolan
1992). More recently, Abubekerov et al. (2004) used the orbital variability of the
absorption line profiles of HDE 226868 to refine this range to 31◦ < i < 44◦.

The orbital period of∼ 5.6d of the system can be deduced from radial velocity
measurements (Gies & Bolton 1982; Brocksopp et al. 1999b). It is also visible
in the soft X-ray flux as the X-ray emission due to the accretion onto the BH
is photo absorbed in the focused accretion stream at the superior conjunction of
the system (e.g., Kitamoto et al. 1984; Bałucińska-Church et al. 1997; Brocksopp
et al. 1999a). Besides the orbital period there is also a super-orbital period of
roughly 150 d reported which is attributed to the precessionof the accretion disk2

(Brocksopp et al. 1999a; Pooley et al. 1999; Benlloch et al. 2004; Lachowicz et al.
2006; Ibragimov et al. 2007).

Of course the overview given here makes no claim to be complete. More in
depth reviews of the system as well as compilations of the system parameters are
given, e.g., by Oda (1977), Liang & Nolan (1984), and Pottschmidt (2002). The
most interesting system parameters are summarized in Table3.1.

Fig 3.1 (Gierlínski et al. 1999) shows three spectra of Cyg X-1 observed in the
years 1991 (hard state) and 1996 (intermediate and soft state). This changing of
spectral appearance is a typical behavior of BHs and will be the subject of the
following section.

3.2 The states of black holes

Depending on the dominant source of radiation – disk or corona – black hole sys-
tems can be observed in different spectral states as shown in Fig. 3.1 for the case
of Cyg X-1. But not only the spectral shape changes, also the timing properties

1Ziółkowski (2005) also finds a significantly higher value forthe mass of HDE 226868, which
according to his calculations lies in the range 29–50 M⊙.

2More about this issue can be found in section 5.2.1.1
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Soft
Hard

Intermediate

Figure 3.1: The states of black hole binaries as seen in Cyg X-1 (Gierliński et al. 1999).

and the luminosity of the systems show different behavior. Most black hole sys-
tems undergo transitions between the states which are associated with a change in
the accretion geometry. While there has been a classification in only two clearly
defined states, namely the Hard/Low and High/Soft state (with a Intermediate and
Quiescent state to complete the picture) that lasted for years, the increasing knowl-
edge of the high energy emission of black hole systems has recently led to a more
detailed re-definition of the states. I will concentrate in the following on the clas-
sification proposed by Belloni (2005), however, there have been other attempts
for a re-definition of the states, e.g., by McClintock & Remillard (2006).

The classification of Belloni (2005) comprises four basic states: Hard, Hard
Intermediate, Soft Intermediate, and Soft that are based onthe presence of sharp
state transitions. In addition to those four states is the Quiescent state. The basic
characteristics of the four states are:

Low/Hard state (LS):
• relatively low values of accretion rate
• hard energy spectrum
• fast time variability dominated by strong band-limited noise (∼30% frac-

tional rms)
• sometimes low frequency QPOs
• characteristic frequencies in power spectra follow broad-range correlations

(see Belloni et al. 2002)
• compact jet ejection, observable as flat-spectrum radio emission (see Gallo

et al. 2003; Fender et al. 2004)
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Hard Intermediate state (HIMS):
• energy spectrum softer than in LS with evidence for soft thermal disk com-

ponent
• power spectra show band-limited noise with characteristicfrequency higher

than in the LS
• usually rather strong 0.1–15Hz type-C QPO3 (Casella et al. 2005)
• slightly steeper radio spectrum

Soft Intermediate state (SIMS):
• energy spectrum systematically softer than in the HIMS
• flux dominated by disk component
• no strong band-limited noise in the power spectrum
• transient type-A and type-B QPOs with limited frequency range
• no core radio emission

High/Soft state (HS):
• very soft energy spectrum, strongly dominated by thermal disk component
• only weak power-law noise in the power spectrum
• no core radio emission (Fender et al. 1999; Fender 2006)

The physical picture that underlies this classification is as follows: The thermal
thin accretion disk is the dominant emission component in the HS as well as in
the SIMS. The innermost radius of this disk is small (probably coincident with
the innermost stable orbit) in the HS and increases to largervalues in the HIMS
and LS, in which the disk temperature is in most cases too low to be observ-
able (Frontera et al. 2001b; McClintock et al. 2001). The dominant radiation
process in the LS is thermal Comptonization from∼100 keV electrons. This
component is responsible for the power-law continuum with high energy cutoff
shape of the spectrum as well as for the strong band-limited noise observed in the
power spectrum. As this thermal Comptonization component is not observed in
the HS, Markoff et al. (2003) proposed that it originates directly from the jet. In
the HS and HIMS instead a third component is present in the spectrum that could
be modeled by a steep power law. This component originates from non-thermal
Comptonization. There are indications that this componentmight also be present
in the SIMS. So the high energy part of the spectrum shows an evolution from
thermal Comptonization in the LS, over the HIMS with both components present
to a non-thermal Comptonization in the HS.

3Type-C QPOs are defined by variable, narrow (∆ν/ν ∼ 7− 12), strong (up to∼ 16% rms) peak
that is superposed on a flat-top noise, often there are also a subharmonic and a second peak present.
The flat-top noise steepens above a frequency that is comparable to the QPO frequency. The QPO
rms increases with energy until∼ 10keV where it flattens. Phase lags are strongly dependend onthe
frequency of the QPO (Casella et al. 2005, and references therein).
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Fig. 3.2 summarizes the state transition scenario for the example of a transient
source: in the center a hardness-intensity diagram (HID) isshown, the intensity in-
creases upwards and the hardness from the left to the right. The black hole system
starts (in the bottom right corner) in the Hard state at a low luminosity but with
a hard spectral shape. In this stage a jet is present. As the outburst goes on the
source moves up in the HID to higher luminosities but keepingthe hardness. At a
certain point the luminosity does not increase any more and the source moves hor-
izontal through the Hard Intermediate state towards the Soft Intermediate state.
The spectrum gets softer but the jet persists until the system approaches the so
called “jet line”. Shortly before this point the jet is most powerful and has the
highest Lorenz factor, which leads to the formation of an internal shock. After the
black hole system has crossed the jet line, the jet disappears. The source is now
in the Soft Intermediate state or even in the Soft state wherethe spectrum is dom-
inated by the soft disk emission. Some sources perform repeated excursions back
towards the jet line. Most sources, however, show a decreasing luminosity with
remaining hardness (now in the Soft state) and afterwards a horizontal transition
back to the Hard state.

As mentioned above, Fig. 3.2 shows the example of a transientsource which
undergoes huge luminosity variations. Cygnus X-1 is a persistent source and
therefore shows no such dramatic luminosity changes. In fact Cyg X-1 is estab-
lished in the upper region of the diagram as pointed out by Wilms et al. (2007).
“Historically” Cygnus X-1 was found most of the time in the hard state, which
can be quantified for the time of theRXTE monitoring campaign4 in the way that
90% of the observations up to MJD 51300 were hard state observations, 4% soft
state observations and 6% were in between. However, this behavior changed after
MJD 51300 with the soft and intermediate state intervals increasing since then to
34% of the observations (Wilms et al. 2006). The reason of this change in behav-
ior might be related to changes in the mass loss rate of HDE 226868 (Gies et al.
2003).

3.3 Observations and data reduction

The observations analyzed in this thesis were executed in 2004 when Cyg X-1 was
observed simultaneously byINTEGRAL , RXTE, andXMM-Newton on Novem-
ber 14/15 (hereafter called obs1), 20/21 (obs2), 26/27 (obs3), and December 2/3
(obs4). The total observation time was∼320 ksec for theINTEGRAL observation,
∼152 ksec forRXTE, and∼40 ksec forXMM-Newton. Tables 3.2 (INTEGRAL)
and 3.3 (RXTE) summarize the observations and give details about the effective

4The values quoted here span the range from 1996–2004 as givenin (Wilms et al. 2006).
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Table 3.2: Observational parameters for theINTEGRAL observations

Effective Exposure
Observation Date (MJD) IBIS (ks) SPI (ks) Jem-X (ks)

obs1 53323.297 – 53324.260 56.072 22.310∗ 77.611
obs2 53329.459 – 53330.422 56.176 62.037 79.540
obs3 53335.748 – 53336.731 55.459 62.170 76.907
obs4 53341.674 – 53342.674 56.896 50.954 82.930

∗ this low exposure is due to 18 pointings marked bad for SPI by the Saclay team

Table 3.3: Observational parameters for theRXTE observations

Effective Exposure
Observation Date (MJD) PCA (ks) HEXTE (ks)

obs1 53323.474 – 53324.219 12.432 12.820
obs2 53329.905 – 53330.321 16.704 12.750
obs3 53335.878 – 53336.244 16.000 10.871
obs4 53341.862 – 53342.256 15.648 10.837

observation time per instrument. For the details of theXMM-Newton observa-
tions see chapter 5.1 in which the analysis of the iron line isdescribed. Fig. 3.3
shows theRXTE/ASM light curve of Cyg X-1 with the four observations indi-
cated by vertical bars. As one can already see from this lightcurve, Cyg X-1 was
highly variable during the observations, indicating that the source was observed
in none of the canonical hard or soft states.

TheINTEGRAL data were extracted using the standard Offline Scientific Anal-
ysis (OSA) version 6 and comprises information of the three instruments JEM-
X, IBIS (ISGRI), and SPI, including energies up to 1 MeV. The creation of the
SPI catalog was done setting the minimum flux of the catalog extraction task to
0.001photonscm−2 s−1. For the extraction of the IBIS (ISGRI) and JEM-X data
we took the presence of two other sources in the field of view into account, namely
EXO 2030+375 and Cyg X-3. The presence of the transient source 3A 1954+319
in some of our observations has no influence on the spectrum obtained, so it was
not included in the final extraction catalog. We applied systematic uncertainties
of 3% for IBIS (ISGRI) and 5% for JEM-X5.

5There is no official guideline on how much systematics should be used for OSA6. However, as
the official cross calibration report provided for OSA 5.1 (Lubiński et al. 2005) recommends 5% for
IBIS (ISGRI) data taken after revolution 255, 3% seem to be appropriate for OSA 6. For JEM-X we
stick to the 5% quoted in the report as there have been no majorcalibration improvements between
OSA 5.1 and OSA 6.
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Figure 3.3:RXTE ASM light curve of Cyg X-1. The vertical lines mark the times of our
observations (blue: obs1, red: obs2, green: obs3, yellow: obs4).

ForRXTE we used data from the PCA and HEXTE, covering an energy range
from 3 keV to 120 keV. The data extraction was done using HEASOFT 5.3.1. We
only used data for which the source was at elevations higher than 10◦ and the time
elapsed since the last passing of the South Atlantic Anomaly(SAA) was greater
than 10 minutes. For the PCA we applied systematic errors of 0.5%.

Fig. 3.4 shows the light curves of all our observations. The binning is 40 s and
all four observations are plotted in the same count rate range to achieve compa-
rability. Taking onlyRXTE andINTEGRAL into account, obs1 had on average
the lowest count rate and least fluctuations, while obs3 was the brightest observa-
tion of the four. The strongest “activity” is seen in obs2 which shows the highest
variation coefficient as can be seen in Table 3.4. ForXMM-Newton the picture is
different: here obs2 is the smoothest one with the smallest variation coefficient as
well as the lowest count rate. This effect is due to the shorter observing time in
XMM-Newton which ends just before Cyg X-1 starts to become brighter.

3.4 Comparison with the long term monitoring campaign

Despite the complexity of the underlying radiation processes (as described in
Chapter 2) there are in principle two different approaches to model the broadband
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Table 3.4: Some statistical properties of the light curves.

obs1 obs2 obs3 obs4
XMM-Newton
mean [ctss−1] 254 160 235 249
standard deviation [ctss−1] 41 12 39 42
variation coefficient 0.16 0.07 0.16 0.16
RXTE
mean [ctss−1] 993 1015 1158 1102
standard deviation [ctss−1] 104 296 163 229
variation coefficient 0.10 0.29 0.14 0.21
INTEGRAL
mean [ctss−1] 113 120 148 131
standard deviation [ctss−1] 18 30 31 22
variation coefficient 0.16 0.25 0.21 0.17

continuum spectra of BHs. The first one is a simple phenomenological descrip-
tion of the data by a broken power law with an exponential cutoff. In most cases
(and especially for Cyg X-1) it is necessary to add a Gaussianline to describe the
iron Kα emission6 and a component to account for the photoabsorption.

The second approach is more physically motivated and makes use of Comp-
tonization models which treat all of the basic physical processes ongoing in the
system. Two of them –compTT andeqpair– have already been described in
sections 2.5.1 and 2.5.2.

The first aim of our analysis was to check if the parameters found to model the
3–120keV energy range covered by the long termRXTE monitoring campaign
(Wilms et al. 2006, and references therein) could also fit thedata up to 1 MeV.
Therefore we first fitted our data with the same three models (broken power law,
compTT, andeqpair) used by these authors. The fits were done for all four
observations individually.

3.4.1 Broken power law Fits

The first model we applied to our data was a broken power law with an exponential
cutoff. This model is known to describe the spectra of BHs phenomenologically

6The iron line itself needs a more in-depth consideration as it is skewed and broadened by relativis-
tic effects. In Chapter 4 the theory as well as the analysis of the iron line in Cyg X-1 are described.
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(Nowak et al. 2005):

C(E) =

{

K · (E/1keV)−Γ1 for E < Ebreak

K ·EΓ2−Γ1
break · (E/1keV)−Γ2 for E > Ebreak

}

×exp((Ecut−E)/Efold)

(3.1)
In addition to this continuum we fitted the Fe Kα line as a Gaussian centered at
∼6.4 keV and the photoabsorption was modeled using theXSPECmodelphabs
(Bałucińska-Church & McCammon 1992; Verner & Yakovlev 1995).

The best fit parameters areΓ1 ≈ 2.0, Ebreak≈ 10 keV,Γ2 ≈ 1.6, and a folding
energy ranging from 121 keV (obs1) to 146 keV (obs3). The ironline was found
to have a widthσ around 0.5 keV indicating the presence of a broadened line. It is
noticeable that the broken power law fits can reproduce the spectrum equally well
as the more complexeqpair model, theχ2

red values obtained range from 1.78
(obs3) to 1.35 (obs4).

Fig. 3.5 shows the strong linear correlation found between the soft power law in-
dexΓ1 and the hard power law indexΓ2 in theRXTE monitoring campaign. This
correlation is especially interesting, as it shows the hardening of the underlying
continuum due to Compton reflection. AllRXTE monitoring observations with
Γ1<2.1 are defined as hard state observations (Wilms et al. 2006). A comparison
of our results (colored symbols in Fig. 3.5) with the resultsof the monitoring cam-
paign shows that the values found forΓ1 andΓ2 agree very well with the strong
linear correlation. Also the other parameters found for theextended energy range
agree well with the previous results, for example the iron line is almost consistent
with 6.4 keV as in the majority of the monitoring campaign fits. Another example
for the consistence is the cutoff energyEcut of the exponential cutoff which was
found between 15 and 40 keV in theRXTE campaign and lies between 22 and
26 keV in our fits.

3.4.2 compTT Fits

compTT is the first Comptonization model we used. For the soft emission we
added adiskbb component which provides the seed photons for the Comptoniza-
tion. We set the temperature of the seed photons equal tokTin, the temperature
at the inner edge of the disk. This continuum is partly reflected off the accretion
disk. To model this reflection we use theXSPEC modelreflect (Magdziarz
& Zdziarski 1995) with the inclination of the disk assumed tobe 40◦. We also
took the presence of interstellar absorption into account and modeled the iron line
again as a Gaussian. The position of the line, however, couldnot be constrained
by the data, so we fixed it to 6.40 keV.

The parameters derived from these fits are consistent with earlier results like it
was the case for the broken power law fits. The values for the electron temperature
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Figure 3.5: Correlation between the soft power law indexΓ1 and the hard power law index
Γ2. The filled symbols mark hard state observations (defined byΓ1<2.1) from theRXTE
monitoring campaign, the open ones are soft and intermediate state observations (also from
theRXTE monitoring campaign), and the colored symbols show the values obtained in this
analysis.

of the plasmakTe – which lie in the range between 51 keV and 70 keV– and the
optical depthτ (which ranges from 0.64 to 0.92) lead to a Comptony parameter
y= 4kTe/mec2max

(

τ,τ2
)

≈ 0.37±0.07. This value differs fromy= 0.5 found in
theRXTE monitoring data for about 70% of the observations (with virtually all
of them being hard state observations). This deviation is indicative for the transi-
tional or intermediate state of the source. Furthermore thevalues for the reflection
covering factor are higher than in previous hard state results, which is also consis-
tent with the conclusion that Cyg X-1 was observed in a transitional/intermediate
state (see also Fig. 3.6).

The χ2
red values we obtained from thecompTT fits are very similar to those

we achieve by using the phenomenological model, they range from 1.75 (obs3)
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Table 3.5: Best fit parameters for the broken power law fits.

obs1 obs2 obs3 obs4

NH[1022cm−2] 0.16+0.50
−0.16 0.75+0.47

−0.49 0.47+0.43
−0.47 0.63+0.48

−0.54

EKα [keV ] 6.34+0.09
−0.08 6.29+0.10

−0.11 6.28+0.10
−0.11 6.27+0.11

−0.13

σKα [keV ] 0.57+0.11
−0.12 0.53+0.14

−0.14 0.48+0.16
−0.15 0.52+0.16

−0.16

normline [10−3] 16+3
−3 13+4

−3 13+4
−3 13+5

−3

Γ1 2.04+0.04
−0.02 2.01+0.03

−0.04 1.96+0.03
−0.04 1.91+0.03

−0.04

Ebreak 10.14+0.20
−0.19 10.02+0.18

−0.20 10.00+0.19
−0.19 10.02+0.20

−0.22

Γ2 1.66+0.01
−0.01 1.64+0.01

−0.01 1.60+0.08
−0.09 1.57+0.01

−0.01

K 3.59+0.32
−0.14 3.53+0.30

−0.30 3.51+0.27
−0.29 3.30+0.28

−0.31

Ecut 22+1
−1 24+1

−1 26+1
−1 24+1

−1

Efold 121+3
−3 136+3

−3 143+3
−3 146+4

−3

AHEXTE 1.173+0.004
−0.004 1.070+0.004

−0.003 1.037+0.003
−0.003 1.012+0.003

−0.003

AISGRI 1.05+0.01
−0.01 0.94+0.01

−0.01 0.96+0.01
−0.01 0.85+0.01

−0.01

AJEM-X 1.12+0.01
−0.01 1.01+0.01

−0.01 1.062+0.009
−0.009 0.918+0.009

−0.008

ASPI 1.36+0.01
−0.01 1.14+0.01

−0.01 1.18+0.01
−0.01 1.02+0.01

−0.01

χ2
red / dof 1.418/251 1.371/243 1.775/268 1.352/258

to 1.41 (obs2 and obs4) although thecompTT model describes the data by really
calculating the physical processes in the system while the broken power law is
only an empirical description.

3.4.3 eqpair Fits

The last model we used in this first analysis is the hybrid thermal/non-thermal
Comptonization codeeqpair. Unlike thecompTT model the temperature of the
Comptonizing medium is computed self-consistently ineqpair. The seed photon
distribution is again defined by a disk black body, the model to be used ineqpair
was chosen to be pseudo-Newtonian (diskpn), whereas the soft excess was mod-



64 Chapter 3: The broadband spectrum of Cygnus X-1

0.01 0.10 1.00
y

0.0

0.2

0.4

0.6

0.8

1.0

Ω
/2

π

Figure 3.6: Correlation between the Compton y parameter andthe covering factor for the
reflectionΩ/2π.

eled by an additionaldiskbbmodel. This choice mimics the shape of (saturated)
Comptonization better than thediskpn model and therefore works better (more
details can be found in Wilms et al. 2006, and references therein). The plasma
was assumed to be purely thermal by fixing the non-thermal to hard compactness
ratio ℓnth/ℓh to 0.001 and the soft compactness was kept to a value ofℓs=1 as in
Wilms et al. (2006)7. The photoabsorption and the Fe Kα line are treated as in the
models described above.

The parameters describing the hard spectral component, namely the compact-
ness ratioℓh/ℓs and the optical depthτ, are in good agreement with the previous
results. Fig.3.7 shows that our values for the compactness ratio also go very well
with the correlations found between this parameter and the parameters of the bro-

7The value ofℓs=10 quoted in Wilms et al. (2006) is a typo, however changing this value to 10
makes almost no difference in the obtained parameters (in fact only the 4th decimal place ofℓh/ℓs
changes).
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Table 3.6: Best fit parameters for thecompTT model.

obs1 obs2 obs3 obs4

NH[1022cm−2] 4+2
−2 0+0.6

−0 0+0.2
−0 0+0.4

−0

EKα [keV] 6.40 (fixed) 6.40 (fixed) 6.40 (fixed) 6.40 (fixed)

σ [keV] 1.18+0.12
−0.08 0.71+0.15

−0.08 0.71+0.12
−0.08 0.64+0.13

−0.12

normline [10−3] 45+12
−13 22+4

−3 17+4
−3 17+3

−3

kTin [keV] 0.72+0.06
−0.04 0.92+0.03

−0.05 0.95+0.04
−0.05 0.94+0.04

−0.04

normbb 2602+2917
−1478 330+134

−49 322+66
−48 305+83

−43

kT [keV] 51+6
−4 70+16

−9 55+4
−4 62+9

−6

τp 0.82+0.08
−0.08 0.64+0.12

−0.15 0.92+0.08
−0.07 0.84+0.10

−0.13

normcompTT [10−3] 35+4
−5 22+4

−10 30+3
−2 29+3

4

Ω/2π 0.16+0.02
−0.02 0.21+0.01

−0.01 0.19+0.01
−0.01 0.19+0.01

−0.01

AHEXTE 1.168+0.004
−0.004 1.062+0.010

−0.004 1.028+0.004
−0.004 1.004+0.003

−0.003

AISGRI 1.05+0.01
−0.01 0.93+0.01

−0.01 0.95+0.01
−0.01 0.84+0.01

−0.01

AJEM-X 1.11+0.01
−0.01 1.01+0.01

−0.01 1.08+0.01
−0.01 0.92+0.01

−0.01

ASPI 1.35+0.01
−0.01 1.13+0.01

−0.01 1.17+0.01
−0.01 1.01+0.01

−0.01

χ2
red / dof 1.574/ 252 1.414/ 244 1.753/ 252 1.412/ 263

ken power law fits in theRXTE monitoring.
The reflection covering factor of thecompTT fits is found around 0.2 while it is

around 0.3 in theeqpair fits. The same behavior was also found in theRXTE
monitoring with exactly the same difference of∼ 0.1 between the twoΩ/2π values.
This difference is most probably due to the fact that – contrary to thecompTT fits
– relativistic smearing of the reflection component is takeninto account in the
eqpairmodel. As already indicated in Fig. 3.6 for thecompTT fits, the absolute
values ofΩ/2π are found on the upper limit compared to observations from the
monitoring with similar shape of the Comptonized continuum. Due to the same
∆Ω/2π the according behavior can be seen in theeqpair fits (Fig. 3.8) where it
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Figure 3.7: Relationship betweenΓ2 and the compactness ratioℓh/ℓs of the Comptonizing
medium.

is even more pronounced.

3.4.4 Time averaged broad band spectra

Theeqpair fits described in the previous section showed slight indications of a
spectral hardening above∼ 300 keV which could be a sign for the presence of a
non-thermal electron component in the plasma. We thereforedecided to sum up a
time averaged spectrum comprising all observations in order to get better statistics
for SPI in the crucial energy range although Cyg X-1 was highly variable during
our observations.

Again we first considered a pure thermal plasma and fixedℓs = 1. The disk
parameters we obtain areTin = 1.15+0.02

−0.03keV, and a normalization of 37+3
−3. This

latter value is significantly lower than the values we got by analyzing the four ob-
servations independently which is due to the increased statistics that allow a better
determination of the disk parameters. The compactness (ℓh/ℓs= 3.28+0.01

−0.02), the op-
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Figure 3.8: Relationship between the reflection covering factorΩ/2π and the compactness
ratioℓh/ℓs.

tical depth (τ = 1.24+0.01
−0.02), and the reflection covering factor (Ω/2π = 0.299+0.004

−0.006)
are consistent with our previous results. Also the iron lineparameters match the
values obtained before. Theχ2

red yields a value of 1.66 for 324 dof. The devia-
tion between the data points and this pure thermal model is clearly visible above
300 keV in the time averaged spectrum (Fig. 3.9, top). To exclude instrumental
effects we also extracted the SPI data with different energy binnings and different
background models, however, the deviation remained visible in all our fits.

Therefore we added a non-thermal component in theeqpair model by allow-
ing the parameterℓnth/ℓh to vary (see lower panel of Fig. 3.9). We found that
67% of the power supplied to the electrons in the plasma is used for the non-
thermal acceleration of the electrons (ℓnth/ℓh = 0.67). This additional component
improves theχ2

red to 1.39 (323 dof). The dimensionless parameterℓh/ℓs increases
to 4.74+0.02

−0.03, the optical depthτ = 1.420+0.008
−0.007, and the reflection covering factor
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Table 3.7: Best fit parameters for theeqpair model.

obs1 obs2 obs3 obs4

NH [1022cm−2] 1.12+0.39
−0.44 0.53+0.08

−0.12 0.01+0.12
−0.01 0+0.22

−0

EKα [keV] 6.23+0.08
−0.07 6.00+0.05

−0.01 6.00+0.03
−∞

* 6.25+0.06
−0.13

σ [keV] 0.41+0.10
−0.10 1.08+0.10

−0.04 1.04+0.06
−0.82 0.77+0.15

−0.06

normline [10−3] 13+2
−2 37+3

−1 38+1
−2 21+3

−2

kTin [keV] 0.82+0.01
−0.05 0.85+0.02

−0.01 0.80+0.01
−0.01 1.10+0.07

−0.10

normbb 421+33
−116 212+17

−14 288+23
−16 33+8

−4

ℓh/ℓs 3.07+0.01
−0.04 3.36+0.02

−0.01 4.06+0.03
−0.02 3.83+0.02

−0.05

τp 1.24+0.01
−0.03 1.14+0.03

−0.01 1.30+0.01
−0.01 1.28+0.04

−0.03

Ω/2π 0.33+0.01
−0.01 0.31+0.01

−0.01 0.29+0.01
−0.01 0.28+0.01

−0.01

ξ 798+103
−139 0+5

−0 1+3
−1 3+7

−3

normeqpair [10−3] 11.0+1.0
−0.1 10.0+0.6

−2.0 13.0+0.1
−0.9 4.0+0.6

−1.0

AHEXTE 1.173+0.003
−0.004 1.071+0.003

−0.002 1.040+0.002
−0.003 1.013+0.003

−0.002

AISGRI 1.05+0.01
−0.01 0.94+0.01

−0.01 0.96+0.01
−0.01 0.85+0.01

−0.01

AJEM-X 1.12+0.01
−0.01 1.00+0.01

−0.01 1.06+0.01
−0.01 0.92+0.01

−0.01

ASPI 1.36+0.01
−0.01 1.14+0.01

−0.01 1.19+0.01
−0.01 1.03+0.01

−0.01

χ2
red / dof 1.370/350 1.471/242 2.038/267 1.528/257

∗ parameter could not be constrained so lower limit was set to 6.00 keV

Ω/2π = 0.356+0.005
−0.007 are also higher than in the pure thermal model. While the

inner disk temperature decreases to 1.02+0.01
−0.03keV and the disk normalization in-

creases to 56+10
−7 , the values found for the Fe Kα line do not change significantly

with respect to the thermal model.
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Figure 3.9: Top: Thermaleqpair model (time average over all observations). Bottom:
Hybrid eqpair model.

3.5 Summary and Discussion

We have modeled the 3 keV–1 MeV broadband spectrum of Cyg X-1 based on
a pure phenomenological basis with a broken power law model as well as with
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Table 3.8: Best fit parameters for the time averagedeqpair model.

eqpair (thermal) eqpair (hybrid)

NH [1022cm−2] 0+0.07
−0 0+0.19

−0

EKα [keV ] 6.37+0.03
−0.12 6.30+0.04

−0.13

σKα [keV ] 0.71+0.10
−0.05 0.77+0.14

−0.05

normline [10−3] 19+1
−2 21+3

−1

kTin [keV ] 1.15+0.02
−0.03 1.02+0.01

−0.03

normbb 37+3
−3 56+10

−7

ℓh/ℓs 3.28+0.01
−0.02 4.74+0.02

−0.03

ℓnth/ℓh – 0.67+0.01
−0.17

τ 1.235+0.010
−0.018 1.420+0.008

−0.007

Ω/2π 0.299+0.004
−0.006 0.356+0.005

−0.007

ξ 0+14
−0 0+8

−0

normeqpair [10−3] 3.10+0.04
−0.01 5.00+0.07

−1.00

AHEXTE 1.065+0.002
−0.002 1.065+0.002

−0.002

AISGRI 0.948+0.008
−0.008 0.946+0.008

−0.008

AJEM-X 1.025+0.008
−0.008 1.025+0.008

−0.008

ASPI 1.138+0.003
−0.003 1.139+0.003

−0.004

χ2
red / dof 1.656/ 324 1.387/323

the more sophisticated Comptonization modelscompTT andeqpair. The fits
resulted in an equally good description of the data in terms of theχ2

red. Our results
are in good accordance with the longRXTE monitoring campaign, showing that
the main parameters of the models do not change much when the energy range is
extended from 120 keV to 1 MeV. However, while a simple thermal eqpairmodel
was sufficient to describe the data in the 3–120keVRXTE range, theINTEGRAL
data showed evidence for the presence of a hard tail in the high energy part of the



Chapter 3.5: Summary and Discussion 71

0

1•10−8

2•10−8

3•10−8

4•10−8

5•10−8
flu

x 3
−

10
00

 k
eV
 [e

rg
/c

m
2 /s

]

obs1 obs2 obs3 obs4 obs1 obs2 obs3 obs4

compTT eqpair

Figure 3.10: Strength of spectral components in thecompTT and eqpair model. The
diamonds mark the disk component, the triangles the Comptonization component of the
spectra.

spectrum. We therefore applied a hybrid thermal/non-thermaleqpair model to
the time averaged spectrum which turned out to give a better description of the
high energy range. A hard tail has been reported before for Cygnus X-1 in the
Soft state by Gierlínski et al. (1999) and McConnell et al. (2002, who also reporta
weak tail above∼1 MeV in the hard state) and in the Intermediate state by Cadolle
Bel et al. (2006).

As was already indicated from the ASM light curve, we observed Cyg X-1 not
in one of its canonical Hard or Soft states but in an Intermediate state. The com-
parison with theRXTE monitoring results leads to the assumption that the source
was caught in the Hard Intermediate state. This assertion can be further quantified
based on the definition by Belloni (2005) as there is clearly asoft disk component
present. The overall spectrum, however, is dominated by thehard Comptonization
component as is shown in Fig. 3.10: the diamonds show the 3 keV– 1 MeV flux
of the disk component of the spectrum, the triangles the flux of Comptonization
component8 (on the left for thecompTT fits, on the right for theeqpair ones).
Note also that both models show very similar results with a clear increase in the
strength of the Comptonization from obs1 to obs4, indicating that the later obser-
vations are closer to the hard state than the first observations. This behavior can
also be seen in Figs. 3.5 to 3.8.

8The fluxes shown in Fig. 3.10 are PCA 3 keV– 1 MeV fluxes. To calculate them the PCA response
was extended accordingly.
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Figure 3.11: ASM light curve folded with the orbital period of 5.599829 d. The colored
bars mark the phases of ourINTEGRAL observations.

Another feature observed in both Comptonization models isNH showing a
clearly higher value in obs1 than in the three other observations. As shown in
Fig. 3.11, obs1 corresponds to an orbital phaseΦ ≈ 0.54−0.71. It has been pre-
viously reported by Wen et al. (1999) and Bałucińska-Church et al. (2000) that
Cyg X-1 shows an orbital phase dependence of the absorption column with an
increased absorption near superior conjunction at phase 0.95 (due to absorption
in the wind of HDE 226868) and around phase 0.6 (due to absorption in the ac-
cretion stream). Therefore this increased absorption in obs1 is consistent with
previous results. Based on this previous findings there should also be an increase
in absorption be visible in obs4 which completely covers phase 0.95. However,
there is no indication of such an increase in the two models used.

The iron line is found to have a rather large line widthσ in all models, indi-
cating the presence of a relativistically broadened line9. This result is consistent
with previous results not only from from theRXTE monitoring but also from
Frontera et al. (2001b) and Ibragimov et al. (2005). The lineparameters them-
selves, however, can only be well constrained in the Broken Power law fits. Here

9The PCA is able to resolve lines down toσ ∼ 0.3keV (Wilms et al. 2006).
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the line energy and the width as well as the normalization areconsistent for all
four observations. On the contrary, all the fits with the Comptonization models
show problems in constraining either the energy of the line (as is the case for the
compTTmodels where the line energy had to be fixed to 6.40 keV) or showa huge
variation inσ. An example for a very large disagreement inσ is given in the
eqpair fits of obs1 and obs2 with a∆σ of 0.53 keV even if applying the error
ranges.

A comparison of our time averaged spectral parameters with the Intermediate
state observation from MJD 52797–52801 by Cadolle Bel et al.(2006) which
covers nearly the same energy range (5 keV– 1 MeV) shows in principle a good
agreement, however, there are some differences. While their overall spectrum also
favors a hybrid thermal/non-thermal model withℓh/ℓs = 4.57+0.04

−0.87 (which is very
similar to ℓh/ℓs = 4.74+0.02

−0.03 obtained in our fits), the fraction of power supplied
to the non-thermal acceleration of electrons is significantly smaller in their case
(ℓnth/ℓh = 0.16+0.11

−0.08 compared toℓnth/ℓh = 0.67+0.01
−0.17). Also the values of the reflec-

tion covering factor (Ω/2π = 0.63+0.08
−0.08 compared toΩ/2π = 0.356+0.005

−0.007) and the
pair optical depth (τp = 0.49+0.24

−0.02 versusτp = 1.14+0.03
−0.01) differ significantly. There

are also differences in the normalization of thediskbb model, as these authors
obtain 250+89

−59 which is much larger than the normalization of 56+10
−7 in our case10.

All these differences can most probably be attributed to the fact that Cyg X-1 was
in a softer state in the Cadolle Bel et al. (2006) observationthan in our observa-
tion. The larger normalization value of thediskbbmodel shows the presence of
a stronger disk component in the spectrum (as expected in theSoft state). This
assumption is further confirmed by thecompTT fits of Cadolle Bel et al. (2006),
which reveal a Comptony of only 0.19 which differs significantly from the 0.5
found for the hard state by Wilms et al. (2006) (and also from they= 0.37 found
in ourcompTT fits).

As already mentioned some of the spectral parameters of Cadolle Bel et al.
(2006) differ significantly from our time averaged values. Moreover, when trying
to place the results of Cadolle Bel et al. (2006) in theRXTE monitoring cam-
paign to constrain our assertion of a softer state in their observation further, we
noticed that their parameters do also not fit the correlations found in the campaign.
Fig. 3.12 shows the compactness/ optical depth correlation with the fit results of
Cadolle Bel et al. (2006) indicated by violet triangles and the spectral parameters
of the time averaged spectrum of this work marked with orangediamonds (pure
thermal as well as hybrideqpair model). The optical depth found by Cadolle
Bel et al. (2006) is much smaller than the corresponding values of the campaign.

10The disk temperatures are comparable in both observations with kTin = 1.16+0.07
−0.07 keV andkTin =

1.02+0.01
−0.03 keV, respectively.
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Figure 3.12: Relationship between the optical depthτ and the compactness ratioℓh/ℓs. The
violet triangles indicate the values quoted by Cadolle Bel et al. (2006) for their thermal and
hybrid eqpair model, respectively, the orange diamonds the values obtained in this work
for the time averaged spectrum.

This low optical depth is counterbalanced by the high reflection covering factor
of ∼ 0.7 found by these authors (which is much higher than the valuesfound in
theRXTE campaign). The differences in the spectral parameters are most likely
due to the rather high lower energy threshold of theINTEGRAL observations:
the JEM-X data start only at 5 keV which makes the determination of the disk
parameters – and therefore the seed photon temperature – difficult. This example
clearly shows how the whole spectrum is influenced by the low energy part and
emphasizes the need for good broadband data.
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The Relativistic Iron Line – Techniques

The study of the Kα fluorescent line of iron is one of the most powerful tools in
the analysis of black holes. The line originates from rotating material which is just
a few gravitational radii away from the black hole and therefore it is broadened
by gravitational redshift effects as well as by Doppler shifts. Hence an analysis of
the line shape is essential for the understanding of the accretion geometry and for
the estimation of the black hole spin.

In this chapter an introduction to relativistically broadened iron lines is given,
followed by a short description of theXSPECmodels used in this thesis to de-
scribe the line profiles. The second part of this chapter is dedicated to the Modi-
fied Timing Mode, a new observing mode developed by our group for the EPIC-pn
camera ofXMM-Newton.

4.1 Relativistically broadened Iron lines

The Fe Kα line from disks around black holes is intrinsically narrow (the natural
width is of the order of 1 eV, Pozdnyakov et al. 1979) with a rest frame energy
of 6.4 – 6.97 keV, depending on the ionization state. It originates from material
which is just a few gravitational radii away from the black hole and therefore it
is broadened by gravitational redshift as well as by Dopplershifts. If one takes a
symmetric double-peaked profile from a rotating non-relativistic Newtonian disk
as starting point, as it is shown in the first panel of Fig. 4.1,and then first “turns
on” the effects of special relativity, relativistic beaming enhancesthe blue peak
and the transverse Doppler shift lead to a reddening of the whole profile (second
panel). Finally the gravitational redshift, an effect of general relativity, reduces
the strength of the blue peak and shifts the profile to lower energies (i.e., the "red"
side of the energy spectrum). This effect is shown in the third panel, while the
forth panel shows the integrated line profile of the whole disk.

75
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Figure 4.1: The modification of an intrinsically narrow ironline by the effects of special
and general relativity (Fabian 2006).

The exact shape of the line depends on several input parameters1:

• the accretion geometry,

• the Fe Kα emissivity of the disk (parametrized by the disk emissivityindex
β), and

• the observer’s viewing angle (parametrized by the disk inclinationi).

The most important point of theaccretion geometryis the position of the inner-
most radius of the disk. If one assumes that this radius is located at the innermost

1The following explanations are based on the review on relativistically broadened iron lines by
Reynolds & Nowak (2003).
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Figure 4.2: The dependence of the iron line profile of different spin parameters (Wilms
et al. 1998). The disk emissivity indexβ and the inclinationi are fixed. The emitting part
of the disk is assumed to extend fromRout = 50GM c−2 to RISCO.

stable circular orbitRISCO, the shape of the line is directly linked to the spin of
the BH. In case of a non-rotating BH this radius is located at 6GM c−2, for a max-
imally rotating BH it moves further inward to 1.23GM c−2 (note that this value
quotes the position ofRISCO for a co-rotating BH; in case of a counter-rotating
BH RISCO= 9GM c−2, which means that the disk is truncated even further away
from the BH than in the non-rotating case). Fig. 4.2 shows theemitted line pro-
files for different spin parametersa while keeping the inclination fixed to 40◦ and
the disk emissivity indexβ to 3. With increasing spin parameter the inner edge of
the disk moves closer to the BH, and the velocity of the gas increases. This results
in a larger range of Doppler shifts and the red wing of the lineextends further
down to lower energies while the blue wings are almost indistinguishable.

The localemissivity of the diskcan be parametrized as

Ive(re, ie) ∝ f (ie)r
−β
e , (4.1)

which means that the emissivity varies with the radius as a power law. For large
values of the emissivity indexβ, most of the radiation is emitted nearRISCO, hence
the profile becomes broader with increasingβ. This effect can clearly be seen in
Fig. 4.3. Forβ > 2 the red wing becomes very weak until it is almost undetectable.
Another point to note is that the outer radius of the disk becomes more and more
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Figure 4.3: The variation of the iron line profile depending on the emissivity indexβ
(Wilms et al. 1998). The BH is assumed to rotate with a spin parameter ofa = 0.5 and
the inclinationi is fixed at 40◦. The emitting part of the disk is assumed to extend from
Rout = 50GM c−2 to RISCO.

unimportant forβ > 2 while it is relatively important for small values ofβ, as most
of the emission then comes from the outer regions of the disk.

Finally Fig. 4.4 shows that the shape of the profile depends strongly on the
observers viewing angle. For large values of the inclinationi the Doppler effect
dominates over the gravitational redshift and the profile becomes broader. If the
disk is seen more face-on – which meansi decreasing to 0 – the gravitational
redshift dominates, the line profile becomes rather narrow,but even ati = 0 the
line is still broader than in the non-relativistic case.

4.2 Models

There are severalXSPECmodels to describe the profiles of relativistically broad-
ened iron lines. In the scope of this thesis the two modelsdiskline andlaor
were used. Thedisklinemodel (Fabian et al. 1989) describes the lines emitted
from a Schwarzschild BH, meaninga= 0. It does not include the effects of light
bending which leads to an inaccurate calculation of the relativistic effects near the
BH (r < 20GM c−2, Beckwith & Done 2004). The other model,laor, accounts
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Figure 4.4: Iron line profiles as a function of the inclination anglei (Wilms et al. 1998).
The disk emissivity indexβ = 0.5 and the spin parametera= 0.998 are fixed. The emitting
part of the disk is assumed to extend fromRout= 50GM c−2 to RISCO≈ 1.23GM c−2.

for the opposite case of a maximally spinning BH (a = 0.998). It calculates the
line profiles numerically and also includes light bending. Unfortunately the ac-
curacy of this model is limited by the rather small number of tabulated transfer
functions used (Beckwith & Done 2004).

In addition to these two relativistic line models, the iron line profile was mod-
eled using a “normal” Gaussian emission line which was afterwards relativisti-
cally blurred with theXSPECmodelkdblur.

4.2.1 TheXSPECmodeldiskline

The diskline model (Fabian et al. 1989) assumes a thin axis-symmetric disk
which is observed under the inclination anglei and extends fromr0 down to r i .
The specific flux carried to the observer can be written as

dFEobs= (1+z)−3IEem

[

∂Ω

∂(r,Φ)

]

remdremdΦem (4.2)

with (1+z) = Eem/Eobs. In the case of a narrow line with rest energyE0 the spe-
cific intensity IEem can be approximated by a delta functionIEem = ǫδ(Eem−E0)
with the surface emissivity functionǫ, which in thedisklinemodel is assumed
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to be isotropic and to have a power-law formǫ ∝ (rem/M)−β. After some simplifi-
cations due to the Schwarzschild metric (where the photon geodesics are planar),
the observed flux is calculated by integrating equation 4.2 over all rem andΦem.

4.2.2 TheXSPECmodellaor

In the laor model (Laor 1991) the line profiles are calculated numerically by
following the trajectories of the photons from the rest frame of the matter in the
disk to the rest frame of an observer at infinity. To do this calculation, a transfer
functionT is created out of the observed photon inclination angle and energy shift.
Assuming a standard limb-darkening law ofI (cosθe) ∝ 1+2.067cosθe leads to a
line profile of the form

Fo(θo, νo) =
∫

T(θo, re, νo/νe)J(re)dre (4.3)

whereJ(re) is the line-emissivity law. As already said above the transfer functions
are tabulated2.

4.2.3 TheXSPECmodelkdblur

The models described above are physically “incomplete” as one would expect the
line as well as the continuum being blurred by relativistic effects due to the vicinity
of the strong gravitational field of the black hole. This blurring can formally be
understood in the Green’s functions formalism which acts onthe continuum flux
and on a delta shaped line in such a way that

Fobs(ǫ) =
∫ ∞

0
Gkdblur(~x, ǫ,E)Fem(E)dE . (4.4)

A way to “combine” the disk reflection spectrum with the line emission in
XSPEC is to convolve both with the relativistic blurring kernelkdblur which is
derived from thelaor code (Fabian et al. 2002). Thereby the line gets broadened
and the reflection continuum gets smoothed. Thiskdblur model was already
successfully used to describe the line emission in AGN (e.g., Fabian et al. 2002;
Longinotti et al. 2004) and has also been applied to galacticblack holes (i.e.,
GX 339−4, Tomsick et al. 2008; Reis et al. 2008).

2The grid of transfer functions includes 31 values ofθo, 35 values ofre (with re<400 as the energy
shift for largerre is less than 4%) and 300 values ofνo/νe (with 0.1≤ νo/νe ≤ 1.7 which corresponds
to an energy resolution ofνo/∆νo = 105).
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4.3 The Modified Timing mode ofXMM-Newton

The first report of a broadened iron line line in Cyg X-1 was given by Barr et al.
(1985) based onEXOSAT data. Since then the energy resolution of the instru-
ments has improved significantly, so that it is nowadays possible to study the
line shape in great detail like it was done, e.g., by Miller etal. (2002) using the
Chandra observatory. For this thesis observations from theXMM-Newton satel-
lite were used to analyze the structure of the iron line. Actually Cyg X-1 is too
bright to be observable by this instrument with a satisfyingsignal to noise ratio
in its standard observing modes. Our group, however, developed a new observ-
ing mode for the EPIC-pn camera which allows the observationof sources with a
luminosity of up to∼ 1 Crab. The details about this new observing mode and its
calibration are given in the following sections.

4.3.1 Observation of bright sources withXMM-Newton

The telemetry allocated to the EPIC-pn is restricted to 16 kbit s−1 (nominal rate,
the maximal rate is 40 kbit s−1, Kendziorra et al. 1999) therefore it is not always
trivial to study bright sources with the maximum possible time resolution in com-
bination with a satisfying signal to noise ratio using the standard modes ofXMM-
Newton. On one hand in the EPIC-pn burst mode (which is foreseen for very
bright sources) only 3% of all detected photons are transmitted resulting in an
enormous reduction of the signal to noise ratio3, on the other hand the EPIC-pn
Timing mode – which would have an effective exposure time of 99.5% – can be
used only up to 250 events s−1 in the standard telemetry allocation (Kendziorra
et al. 2004).

For sources like Cyg X-1 with about 300 mCrab (∼ 3000 counts s−1) an alter-
native approach is needed. Switching off the EPIC-MOS camera – which is ap-
propriate since for the MOS cameras there is no data mode available which can
handle sources as bright as Cyg X-1– increases the maximum processable EPIC-
pn count rate to 1050 counts s−1, as the full telemetry of 40 kbit s−1 is allocated to
the EPIC-pn.

Furthermore the EPIC-pn is operated in a Modified Timing mode(Kendziorra
et al. 2004): In this mode the lower energy threshold is increased to 2.8 keV
(the standard value is 200 eV), resulting in a reduced count rate of about 500–
800 counts s−1 which is well within the technical limits. This modificationof the
lower energy threshold, however, implies that a re-calibration of the instrument
is required because the recombination of split events4 is not performed on-board

3Another drawback of using the burst mode for the special caseof our Cyg X-1 observation is its
inappropriateness for PSD studies (Kuster et al. 1999).

4Split events are events which do not deposit their whole energy in one pixel (which would be
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Table 4.1: Observation modes that are available for the EPICcameras. Actually only the
burst mode is usable for the observation of bright sources, but a major drawback is the very
restricted life time of 3% (Ehle et al. 2005).

Time res. Live time [%] Max. cps mCrab
EPIC-MOS
Full frame (600×600) 2.6 s 100.0 0.70 0.24
Large window (300×300) 900 ms 99.5 1.8 0.6
Small window (100×100) 300 ms 97.5 5 1.7
Timing uncomp. (100×600) 1.5 ms 100.0 100 35
EPIC-pn
Full frame (376×384) 73.4 ms 99.9 6 0.7
Ext. full frame (376×384) 200 ms 100.0 2 0.25
Large window (198×384) 48 ms 94.9 10 1.1
Small window (63×64) 6 ms 71.0 100 11
Timing (64×200) 0.03 ms 99.5 800* 85
Burst (64×180) 7µs 3.0 60000 6300
∗ The actual limiting count rate is 250cts s−1, for a higher count rate the counting
mode is triggered

but during the first step of the EPIC-pn data analysis. Due to the increased lower
threshold a large fraction of the split partners is not transmitted and therefore the
spectrum appears to be softer as the events are wrongly recorded as single events
with lower energy as it is shown in Fig. 4.5.

4.3.2 Calibration of the Modified Timing mode – The new response matrix

The basic idea for the calculation of a new response matrix, which is able to ac-
count for the apparent spectral softening described in the section above, is to use
the standard Timing mode response matrix as a basis and then adapt it to the Mod-
ified Timing mode by multiplying it with a second redistribution matrix which de-
scribes the difference between the standard Timing mode and the Modified Timing
mode. This redistribution matrix assigns each PI channel ofthe original matrix a
detection probability in the Modified Timing mode (see Fig. 4.6). To derive this
detection probability, the Modified Timing mode has been simulated by taking
standard Timing mode observations and discard all events with energies below
2.8 keV. Afterwards it is possible to compare the respectiveevents on a time- and
position basis and select those events which are single events for the redistribution

called “single events”) but in two or even three or four neighboring pixels (see, e.g., Dennerl et al.
1999).
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Figure 4.5: Comparison of a simulated Modified Timing mode observation (blue) of
Vela X-1 and its standard Timing mode Observation counterpart (red). The spectrum ap-
pears to be softer as split events with partners below the newlower threshold of 2.8 keV
are wrongly recorded as single events.

matrix.
To calculate the new response matrix we used all public available Timing mode

observations. In a first step we studied the pattern plots created with the SAS
tool epatplotof all individual observations and selected those satisfying the two
conditions

1. the observation is not affected too much by pile-up

2. the source is at least measured with 3 cts s−1

After this selection 66 out of 115 observations remained forthe calculation of the
new response. A full list of the observations can be found in Appendix A. Fur-
thermore the remaining observations had to be sorted according to the filter used
for the respective observation. This further selection wasnecessary as optically
generated electrons shift the measured X-ray energy bynop×3.68eV (Kendziorra
et al. 1999). As the number of the optically generated electrons,nop, depends on
the filter used, the matrix calculation has to be done for eachfilter individually.
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Figure 4.6: Cut through the Modified Timing mode redistribution matrix at channel 900
(to increase statistics 21 channels have been added up for the plot). Photons with an energy
of 4.5 keV have a probability of∼55% to be detected at exactly this energy in the Mod-
ified Timing mode, but they might also be detected at lower energies as the split events
can be wrongly recorded as single events with lower energy due to the increased lower
energy threshold. The gap between the peak of the “correct” recorded photons and the
redistributed ones is due the 0.2 keV lower energy thresholdof the standard Timing mode.

The 66 observations were extracted using SAS 7.0.0 once in a normal manner,
and then a second time, filtering out all events with energiesless than 2.8 keV to
simulate the conditions of the Modified Timing mode. Afterwards the data sets are
processed through a series of three IDL routines (written originally by J. Wilms)
which are described in the following5.

patdist.pro is a tool for the calculation of the single/double distribution by
comparison of the filtered data with the original data. The program loops over all
observations and performs the following steps:
• read event file of original Timing mode observation inorig
• read event file of filtered Timing mode observation infilt
• select events from columns needed for matrix generation (according to

source extraction region)

5In the description of the IDL routines the words printed initalics refer to variable names used in
the code.
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• build histogram (= spectrum) of original event file (inputpi)
• build histogram (= spectrum) of filtered event file (modifpi)
• loop over all events infilt to find matching original event by

1. searching for first event inorig that has the same time and then
2. searching for the event inorig that also has the same rawx position

• write arrayfiltpi containing a histogram of the energies of the found events
(first index: original PI, second index: PI in the filtered file) → the main
diagonal contains all single events whereas the multiple events are scattered
around the diagonal
• build histogram (=spectrum) of the not found original events (notfoundpi)
• build histogram (=spectrum) of the not found filtered events (filtnotfoundpi)
• plot histograms
• save all relevant data (filtpi,inputpi,modifpi,notfoundpi,filtnotfoundpi)

To summarize: The main output of this first program is thefiltpi array for all of
the observations which allows a direct identification of thesingle events.

The second step towards the calculation of the new matrix is done in the pro-
grammakedist.pro. Here the pattern distributions are converted into a photon
detection probability as a function of the PI energy of the standard Timing mode
(for initial photon energies in a certain range). In this procedure the user has
to define the observations that should be ignored for the calculation of the ma-
trix (due to pile-up or other reasons as described above). This routine is usually
called from the last program, makematrix.pro, with the two variablesemin and
emax. To simplify the description of makematrix.pro later on, the steps executed
by makedist.pro are already explained here:
• loop over all observations (specify those to be ignored first!) and read in

filtpi andinputpi
• sum up allfiltpi into one newfiltpi
• sum up allinputpi into one newinputpi
• calculate the channels (=columns) corresponding toeminandemaxin filtpi
• pick the channel corresponding toemin (filtsum)
• check if filtsum contains entries with value "1" and if yes set them to "0"

(to reduce the noise)
• shift the entries of all following channels up to the channelcorresponding

to emaxin such manner that all single events (that means entries from the
diagonal) end up in the same line
• check for those channels also if they contain entries with value "1" and if

yes set them to "0"
• sum up the channels (newfiltsum) to calculate the distribution of photons

detected in the Modified Timing mode in the range fromemin to emax
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• sum up the corresponding entries ofinputpi (totph) to calculate the total
input photons in the standard Timing mode in the range fromemin to emax
• normalizefiltsum to a detection probability through dividing bytotph and

write in in dist
• calculate output energies

To summarize: the main return parameter of this step is thedist array which con-
tains the detection probabilities for the energy range defined byemin andemax.

The final routine needed ismakematrix.pro . In this last step the calculated
probability distributions are merged with an available standard Timing mode RMF
and ARF6. The RMF and ARF of the standard Timing mode have been multiplied
before to get an .rsp file. The program makematrix.pro runs asfollows:
• loop over all 4096 PI channels

1. calculate values ofemin andemax from channel number and given
energy resolutionde (de= 10 in this case, corresponding to 50 eV
bins as 1 channel would have to bad statistics)

2. call makedist.pro for the current values ofemin andemax
3. write resultingdist in that column ofredist that corresponds to the

current channel
• read in matrix/matrices of standard Timing mode for multiplication (ma-

trix )
• multiply the matrix with the redistribution probabilitiesredist
• write out the new modified matrix/matrices

Using these programs, matrices have been calculated for allthree filters avail-
able for the EPIC cameras. Fig. 4.7 shows example spectra of standard and corre-
sponding simulated Modified Timing mode observations. The spectra have been
fitted using the standard rmf and arf files for both observations (upper residual
panel) showing a clear deviation. The bottom panel shows a fitusing the newly
calculated matrices for the Modified Timing mode. The residuals are now very
similar, showing that the new response matrix is able to account for the effects of
spectral softening as described in section 4.3.1. Respective plots for the “thin1”
and “medium” filter can be found in Appendix A.

4.3.3 Calibration of the Modified Timing mode – CTE effects

One unwanted side effect that occurs in the pn-CCD is an intrinsic charge transfer
loss. This loss is due to contamination of the silicon with titanium, causing traps
that are responsible for up to 20% loss of the total generatedsignal charge over

6Note that due to an bug in the SAS tool arfgen it is not possibleto create correct ARF files for
extraction regions containing gaps. The solution to this problem is to create an ARF for the whole
detector and one for the region to be left out and to subtract this one from the first.
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Figure 4.7: Comparison of the standard Timing mode responsematrix and the newly calcu-
lated response matrix for the Modified Timing mode for the "thick" filter. The red spectrum
again is the simulated Modified Timing mode observation of Vela X-1 already described in
the previous section, whereas the blue one again shows the standard Timing mode obser-
vation. The upper panel displays the residuals for a fit to thedata just using the standard
rmf and arf files for both observations, resulting in strong differences in the residuals. The
bottom panel shows the same but using the correct response matrix for the Modified Tim-
ing mode. The residuals are now very similar, showing that the response accounts for the
effects of spectral softening as described in the text.

the maximum transfer length of 3 cm (Krause et al. 1999). The effect depends on
several parameters like the device temperature, the precursor signal charge, the
time elapsed between the signal and its precursor, and of course of the generated
signal charge itself. This last mentioned point implies that the charge transfer
efficiency (CTE) depends on the surface brightness on the CCD, asthe signal
charge created for luminous sources is high. The traps are therefore filled sooner
the more luminous the source, and the charge loss decreases accordingly.
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Figure 4.8: Shift of the energy of the narrow core of the iron line with luminosity. The
inset shows the dependence of the energy on the position on the CCD – the source position
around column 37 is clearly visible.

The response matrix ofXMM-Newton corrects for these CTE effects routinely.
However, as Cyg X-1 is a very bright source, the data are over-corrected due to
the rapid filling of the traps by the high signal charge. This over-correction results
in too high energy values as shown in Fig. 4.8. The plot shows the position of
the narrow core of the iron line measured as function of luminosity. The values
have been obtained by extracting spectra of different column combinations (21–
30, 31–35, 36–38, 39–43, 44-53, the inset of Fig. 4.8 shows the position of the
line as function of the position on the CCD) and fitting them respectively with a
disk black body and power-law to model the continuum and a narrow and broad
iron line (using thedisklinemodel in this case). As shown in this plot, it must
be stated that the energy values obtained for the iron line have an uncertainty of
+150–200eV due to the over-correction of the CTE effects.

It is known that the CTE is not only a function of luminosity, but also energy (as
there is less charge loss for higher energies like it is the case for luminous sources),
and column (see, e.g., Kirsch 1998). However, we considereda correction of
the above described effects by a simple shift of the response matrix entries to
match the position of the narrow core of the iron line at 6.4 keV. As we also
have simultaneousRXTE observations, we used them for cross calibration: with
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Figure 4.9:χ2
red values (left y-axis) of the combinedXMM-Newton + RXTE fits / mea-

sured position of the Fe Kα line (right y-axis) vs. matrix shift in channels.

the shift of theXMM-Newton response, the overallχ2
red of a combined fit should

reach a minimum when the iron lines measured by both instruments coincide.
Fig. 4.9 shows this attempt for the four observations. For obs4 both methods – the
condition of iron line to be found at 6.4 keV as well as the bestsimultaneous fit
– lead to a matrix shift of 25 lines (corresponding to about 125 eV). For all other
observations the results are not so unambiguously. The shifts obtained for the
both methods differ significantly (with up to a difference of 13 lines or 65 eV in
obs3). This result shows that the applied method of a simple matrix shift cannot
easily be used to correct for the CTE effects. At this point more work is needed
to include all dependencies of the CTE into the calibration,which is beyond the
scope of this thesis.
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The Relativistic Iron Line – Analysis

After its discovery inEXOSAT data in 1985 (Barr et al. 1985), the Fe Kα line
in Cyg X-1 has been studied intensively. These studies were of course always
limited by the achievable energy resolution. Therefore in the first analysis by Barr
et al. (1985) the line was not interpreted as having a relativistic line profile but
rather explained as broadening of a narrow line due to Compton scattering in a
moderately optically thick corona. In a reanalysis by Fabian et al. (1989), how-
ever, the same data were interpreted to show relativistic line broadening with the
characteristic “double horned” features being smeared outdue to the bad energy
resolution ofEXOSAT (∼ 20%@6keV, Peacock 1984).

Already in 1983 a weaker and narrower line was observed in CygX-1 with the
Tenmasatellite, but the results have been published only in 1990 by Kitamoto
et al.. These authors claimed the line to originate from the surface of the com-
panion star as also a dependence on the binary phase was observed. However, a
broader component originating from the disk was not ruled out by the data.

This explanation by Kitamoto et al. (1990) was the only attempt to assign the
iron line to the companion star. A new reanalysis of theEXOSAT data by Done
et al. (1992) as well as observations byBBXRT (Marshall et al. 1993) andASCA
data (Ebisawa et al. 1996) were interpreted in terms of a narrow Gaussian line
with additional edge component and reflection in the underlying continuum. A
similar model was assumed by Gierliński et al. (1997) for simultaneousGinga
andOSSEdata.

The idea of a broad line was reborn with new satellites with better energy res-
olution like RXTE, BeppoSAX,Chandra, or XMM-Newton (see, e.g., Gilfanov
et al. 1999; Frontera et al. 2001a; Miller et al. 2002). TheChandraobservations
revealed that the line in fact is composed of a broad component (originating from
the inner regions of the accretion disk) as well as of a narrowcore (originating
from the cooler outer parts of the disk). This conclusion waspossible due to the
good energy resolution which enabled Miller et al. (2002) toresolve both compo-
nents clearly for the first time.

90
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Table 5.1: Observational parameters for theXMM-Newton observations

Effective Exposure
Observation Date (MJD) EPIC-pn (ks)

obs1 53323.938 – 53324.139 17.076
obs2 53329.923 – 53330.124 17.186
obs3 53335.906 – 53336.135 19.456
obs4 53341.891 – 53342.004 9.555

With the Modified Timing mode ofXMM-Newton we obtained spectra with an
even better signal to noise ratio and resolution than theChandradata. The results
of the analysis of theseXMM-Newton observations are presented in this chapter.

5.1 Observations and data reduction

As already mentioned in section 3.3, theXMM-Newton observations were exe-
cuted simultaneously with theINTEGRAL andRXTE observations in Novem-
ber/December 2004. Table 5.1 summarizes the key parameters. As the observa-
tions were carried out in the Modified Timing mode, there are no EPIC-MOS but
only EPIC-pn, RGS, and OM data. Data from the latter two instruments have not
been analyzed in this thesis, therefore no detailed information is given about them.
For all four observations the “thick” filter was used.

The data have been extracted using SAS 7.0.0. To avoid problems due to pile-
up in the center of the point spread function, we excluded theinnermost three
CCD columns (numbers 36–38) from the extraction. The response matrix for the
Modified Timing mode has been calculated as outlined in the previous section,
taking care of the special extraction region used. Due to theincreased lower
threshold of 2.8 keV used for the Modified Timing mode and the shape of the
energy dependent effective area, theXMM-Newton spectra have been analyzed
in the 3.5–9.5keV range.

5.2 Structure of the line

Contrary to Seyfert AGN (in which the continuum can be described by a simple
power-law throughout the X-ray band and only in some cases a soft excess is
observed), the soft X-ray spectrum of galactic black holes is known to be rather
complex. This is due to the fact that the disk as well as the non-thermal corona
can contribute – depending on the state – to a different extent. So besides the
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line which itself can be composed of a broad component as wellas a narrow
component , also the continuum must be modeled as a combination of a black
body, power-law, and reflection component as it has been outlined in Chapter 3.
The main aim of this chapter, however, is the analysis of the structure of the Fe
K complex, so there are a couple of questions to be addressed in the following
concerning this topic:

• Does the line consist of a broad and a narrow component?

• Is the Fe K absorption edge, which is expected to accompany the fluorescent
line, seen in the spectrum?

• Might the data even be explained without an relativistic line but with a
narrow line plus smeared edge only as it had been suggested previously?

• Is the broad line – if existing – best described by thelaor or thediskline
model, and what are the conclusion for the spin of Cyg X-1?

• How do the new results compare to previous line studies, e.g., by theChan-
dra satellite (Miller et al. 2002)?

5.2.1 Composition of theXSPECmodel

To answer the question if the line is indeed composed of a broad and a narrow
component we started the analysis first with a simple absorbed power-law and disk
black body1 fit to the data outside the 5–8 keV range, as it is shown in Fig. 5.1a
for the secondXMM-Newton observation. This fit reveals strong residuals in the
Fe Kα region (χ2

red ≈ 35 / 84 dof). Adding a narrow line (withσ = 50 eV fixed
in all models described in this chapter) only to model the Fe Kα fluorescence
line, as shown in panel b, improves the residuals but the fit isstill far from being
acceptable withχ2

red= 7.9. Only after adding a relativistically broadened line, the
data are described satisfactorily withχ2

red= 1.9 (Fig. 5.1c).
We therefore decided to fit all fourXMM-Newton observations with a model

composed of theXSPEC modelsphabs, diskbb, powerlaw, gaussian, and
diskline / laor. The results of these fits are listed in Tables 5.2 and 5.3. Allfits
gave acceptableχ2

red in the range of 1.95 (obs2) – 1.41 (obs4) for thediskline
model and 2.20 (obs1) – 1.53 (obs4) for thelaor model respectively. However,
there are still structures left in the residuals as shown in the upper panel of Fig. 5.2.
Adding a smeared edge component (XSPECmodelsmedge (Ebisawa et al. 1994),
see Tables 5.4 and 5.5) clearly improves this situation withχ2

reddecreasing for all

1For the disk black body the multicolor modeldiskbb was used (Mitsuda et al. 1984; Makishima
et al. 1986).
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Figure 5.1: Fit to the obs2
XMM-Newton data.
a: Power-law fit to the data
outside the 5–8 keV band.
There are strong residuals
remaining in the Fe Kα re-
gion. b: Fit to the whole
band using a power-law and
a narrow gaussian line.c:
Fit to the whole band using
a power-law, a narrow line,
and a relativistic line (using
thediskline model).

single observations to 1.82 (obs1) – 1.40 (obs4) for thediskline fits and 1.79
(obs3) – 1.42 (obs4) for thelaor fits. The residuals for thedisklinemodel with
additionalsmedge component are shown in the lower panel of Fig. 5.2. Hence
only the models including the edge are discussed in the following.

The energy of the narrow core of the iron line is very well constrained in all
observations as it is independent of the model used for the broad component. It is
found to have an energy of 6.51 – 6.58 keV. Note, however, thatdue to the over-
correction of the CTE effects, these values must be taken with an intrinsic error
of 0.15–0.2keV, such that the corrected values are consistent with 6.4 keV, i.e.,
neutral or only moderately ionized iron. The energy of the broad line, however,
shows a dependency on the model even though the uncertainties are significantly
larger (especially for thelaor fits). In all observations but obs3 the energy found
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Figure 5.2:diskline fit to XMM-Newton obs2. The upper panel shows the residuals to a
fit without an edge component, the lower lower panel the residuals if asmedge component
is added to the model.

using thelaor model is smaller than in thediskline fits. Overall the energy
of the broad line tends to be unphysically low in all fits (a behavior that was
already observed inChandraobservations by Miller et al. 2002). For the energy
of the edge only obs1 shows a discrepancy between thediskline andlaor value,
while the other three observations are model independent. The smearing width of
the edge could not be constrained in our fits due to the limitedenergy range of the
XMM-Newton data, therefore it was kept fixed to 7 keV in all models (see, e.g.,
Miller et al. 2002, and references therein).

However, while the line parameters are still quite well constrained in these fits,
the situation is different for the continuum parameters: besides from being consis-
tent with 0 in half of the fits (namely obs2 and obs4), most temperatures found for
the black body component show large uncertainties in general. The normalization
of thediskbb component shows extreme variations with also huge uncertainties.
Therefore it must be stated that the black body component cannot be constrained
with XMM-Newton. This is most probably due to the high lower threshold of
3.5 keV. As the performance of the black body influences the determination of
all continuum parameters, we decided to derive the continuum using our simul-
taneousRXTE observations before trying to answer the question “diskline or
laor?” in the following section.
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5.2.1.1 diskline or laor?

To constrain the continuum parameters, the simultaneousRXTE data of the four
observations have been fitted independently of theXMM-Newton data. After-
wards the continuum parameters were kept fixed when fitting the XMM-Newton
data. This approach was necessary as due to the over-correction of the CTE effects
theXMM-Newton spectra are shifted to slightly higher energies making a joint fit
rather difficult2. Another advantage of the extended energy range ofRXTE is the
possibility to include the reflection component into the model, as the reflection
hump is expected to extend down to energies in the Fe Kα regime. In principle
the inclusion of thereflectmodel would make an additional edge component re-
dundant, as the reflection intrinsically includes an edge. When modeling the data,
however, it turned out that the “reflect edge” is too sharp to describe the data
properly (χ2

redof the order of 2.5). We therefore included an additionalsmedge
also in these models. In Tables 5.6 and 5.7 the best fit parameters are listed with
the fixedRXTE parameters printed in italics.

As expected, the black body component is now much better constrained with
temperatures in the 0.61 – 0.88 keV range and a normalizationindependent of the
relativistic line model used. However, it is still not necessarily needed in obs2
and obs4. Also the normalization of the power law component is in principle
independent of the line model, with a minimal discrepancy for obs2.

Like in theXMM-Newton only fits, the energy of the narrow core of the iron
line is very well constrained for all observations between 6.51 and 6.60 keV. The
energy of the broad line on the other hand is found to vary rather strong with
∆E = 0.27 for thedisklinemodel and∆E = 0.18 forlaor 3. The energy value
itself is in all observations lower than in the respectivediskline fits (although
the values of obs1 and obs4 might be consistent due to the large uncertainties of
the energy in thelaor model). Also the equivalent width of the broad line is
found to be smaller in the when using thelaormodel.

While the width of thesmedge component was again kept fixed to 7 keV, its
energy shows very little variation in thelaor fits with values between 7.57 –
7.74 keV (which is consistent within the error-bars). For the diskline fits the
scatter is larger with energies ranging from 7.33 keV to 8.00keV. When com-
paring the two models, however, only in obs1 the values are not consistent when
applying the uncertainty ranges. A similar scenario holds true forτ, which only
in obs4 is not model independently constrained.

Overall, all fits gave a comparable good description of the data, withχ2
red rang-

2We tried to model the shift by thegain function ofXSPECbut without convincing results.
3It must be noted that the energy of the broad line could not really be constrained in thelaor fit to

obs2. We therefore set the lower limit to 5.80 keV.
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ing from 1.78 (obs1) – 1.39 (obs4) for thediskline model and 1.85 (obs2) –
1.38 (obs4) for thelaormodel. It is therefore impossible to reject one of the two
models on basis of theχ2

red (in fact, thedisklinemodel gives a better description
of obs1 – obs3 while obs4 is slightly better described by thelaor model). The
only significant difference found in both models, which might help to solve this
issue, is the inclination found in the respective best fits. While it ranges around
67◦ for thelaor fits, it approaches the upper limit of 90◦ in thedisklinemodel.
Before it is possible to compare these results with literature values, a more in
depth consideration of the geometry of Cygnus X-1 must be made.

The question of the inclination angle in Cyg X-1 is not simplyrestricted to the
orbital inclinationi of the system: Pooley et al. (1999) first reported the detection
of a super-orbital period of∼150 d in the radio data of Cyg X-1. From thereon
this period was also observed in X-rays (e.g., Brocksopp et al. 1999a; Benlloch
et al. 2004; Lachowicz et al. 2006; Ibragimov et al. 2007). The generally accepted
explanation for the 150 d modulation is precession of the accretion disk, which is
tilted by an amountδ with respect to the orbital plane (Brocksopp et al. 1999a).
The angleθ under which the disk is seen by the observer is hence given by

cosθ = −sini sinδ cosΦ+cosi cosδ (5.1)

with Φ being the super-orbital phase (see also Lachowicz et al. 2006; Ibragimov
et al. 2007)4. At super-orbital phaseΦ=0 the disk is most inclined with respect to
the observer, as

θ = −sini sinδ+cosi cosδ = cos(i + δ) = i + δ . (5.2)

The opposite case occurs at super-orbital phaseΦ=0.5, where the disk inclination
is smallest:

θ = sini sinδ+cosi cosδ = cos(i − δ) = |i − δ| . (5.3)

Following Ibragimov et al. (2007) and assuming 30◦ ≤ i ≤ 45◦ and 8◦ ≤ δ ≤ 22◦ as
found by these authors,θ should vary between 8◦ and 67◦ (for the most extreme
combinations of parameters) depending on orbital phase. A more detailed cal-
culation for our fourXMM-Newton observations yields values of 37◦ ≤ θ ≤ 66◦,
as the observations were taken during super-orbital phases0.374–0.493 (see also
Table 5.8).

Comparing these theoretical values with the fit results, theinclination found by
thedisklinemodel can be ruled out on physical grounds. In contrast thelaor

results are consistent with the theoretical allowed regionfor obs1 and obs4, while

4Note that this relation does not directly depend on the orbital phase as it describes the disk incli-
nation in an inertial frame, i.e., the precession is independent of the orbital motion.
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Table 5.8: Predictions for the disk viewing angleθ. The minimum value is obtained with
i = 30◦ andδ = 8◦ while the maximum value follows fromi = 45◦ andδ = 22◦.

Observation Φ θmin θmax

obs1 0.374 – 0.375 37.◦5 65.◦9
obs2 0.413 – 0.415 37.◦4 65.◦5
obs3 0.453 – 0.454 37.◦4 65.◦3
obs4 0.492 – 0.493 37.◦3 65.◦0

they are slightly above it for obs2 and obs3. We therefore calculated confidence
contours for these two cases. Fig. 5.3 shows the confidence contours for the in-
clination and disk emissivity index. For both observationsthe 99% contour of
the laor model reaches the theoretical predicted region for the inclination. To
further constrain the assertion that Kerr models yield a better description of the
XMM-Newton data we decided to try another approach of modeling the overall
spectrum and fit the data using the convolution modelkdblur.

5.2.2 Another way of doing it:kdblur

In the two models described up to now, the relativistic line was modeled sepa-
rate from the continuum. A physically more appropriate description, however,
demands a blurring of the reflection continuumand the line as they are both ex-
posed to the strong gravitational field of the black hole. This was done using
the kdblur model (Fabian et al. 2002). Due to the smoothing of the reflection
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Figure 5.3: Confidence contours for the inclination and diskemissivity index of obs2 (left)
and obs3 (right). Only the 99% contour of thelaor model reaches the theoretically pre-
dicted region for the inclination.



104 Chapter 5: The Relativistic Iron Line – Analysis
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Figure 5.4: Inclinations found using thekdblur model. All four values are within the
allowed region.

component, the edge “included” inreflect is able to account for the observed
structures in the residuals of Cyg X-1, hence no additional edge component is
needed. As the energy of the broad line (which in this case is modeled as a simple
Gaussian which is blurred viakdblur) could not be constrained it was fixed to
the energy of the narrow line.

Table 5.9 lists the results of the fits. The quality of the fits in terms ofχ2
red is

comparable to those of thediskline / laor fits, for obs2 thekdblurmodel even
provides the best description of the three models. While thenormalization of the
black body has increased compared to thediskline / laor fits, the normalization
of the power-law has decreased. The energy of the line is consistent with the
energy of the narrow core found in thediskline / laor fits. In the parameters
describing the disk,β andi, are the largest differences found: with values of the
order of 4 (respective 3 in obs3),β is significantly larger in thekdblur fits, i.e.,
the disk emissivity profile is much steeper. The inclinationis found between 45◦

and 52.◦2 and hence within the allowed range calculated forθ for all observations
as shown in Fig. 5.4.
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5.3 Variability of the line

The multipleXMM-Newton observations also allow us to track the evolution of
the spectral parameters not only with time but also with withluminosity of the
source. As thekdblurmodel described above proved to give the most reasonable
parameters we only use those fits for comparison in the following.

5.3.1 Variability with time

As shown in Fig 5.5, in which the data over model ratios for a power law fit to the
data outside the 5–8 keV range are plotted, the iron line is strongly variable during
our observations. Especially obs3 differs significantly from the other three obser-
vations. This behavior is also obvious in the measured parameters: obs3 is found
to have the lowest values for the line energy as well as for thedisk emissivity in-
dexβ and the inclination (see also Fig. 5.4), but the largest width σbroad. Overall
the line as well as the disk parameters of obs1, obs2, and obs4are consistent with
each other, showing the special status of obs3.

Apart from being lowest in obs3, the line energy shows in general the tendency
to be lower in the middle two observations as compared to obs1and obs4. The
same holds true for the normalizations of the power-law (andtherefore the flux
attributed to the corona) and the disk black body. The flux of the disk component,
however, is highest in obs35.

This picture mirrors the high variability of Cygnus X-1 seenin the light curves.
While it is not surprising that the line parameters show no clear trend, it is unex-
pected that obs3 is the “misfit”, as rather obs2 shows a different luminosity and
variation coefficient (see Table 3.4). We therefore decided to also test the data on
variations with luminosity.

5.3.2 Variability with luminosity

To study the variability with luminosity, we divided theXMM-Newton observa-
tions in four different luminosity levels as shown in Fig 5.6. The band with the
lowest luminosity (hereafter called “level1”) comprises all data with count rates
up to 200 cts s−1. The intermediate bands consist of data with count rates between
200 and 250 cts s−1 (“level2”) and 250 and 300 cts s−1 (“level3”), respectively.
In the “level4” band all data with count rates larger than 300cts s−1 are accu-
mulated. For the analysis the continuum parameters were again determined us-
ing RXTE (with the respectiveRXTE GTIs corresponding to theXMM-Newton
ones). Again we list here only thekdblur results which can be found in Ta-
ble 5.10.

5As the flux is not associated to the normalization in thediskbb model, this assertion cannot
directly be seen from the normalizations.
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Figure 5.5: Variation of the iron line with time.

The first thing to notice is the increase in the obtained line energy from 6.50 keV
in level1 to 6.57 keV in level4. This increase is most probably due to CTE effects
as described in section 4.3.3. Also increasing with luminosity is the fraction the
disk contributes to the total flux in the 3.5–9.5keV band (from 1.6% to 4.2%),
accompanied by a softening of the powerlaw, a behavior typical for black holes.

For the other disk parametersβ andi no such trend is observed. The emissivity
indexβ is highest in level1, but within the uncertainties the valuefound for level4
is consistent with this first value. The values found forβ in the intermediate
levels 2 and 3 are also consistent with the level4 value due tothe rather large
uncertainties. The same picture applies to the inclinations: level4 is in between
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Figure 5.6: Light curves of the fourXMM-Newton observations. The colors indicate the
chosen luminosity levels (from bottom to top level1 – level4).

the values of level1 (where the largest value is found), and those of level2 and
level3. Like it was the case for the temporal evolution of thespectral parameters,
they also show no clear correlation with luminosity.

Fig. 5.7 shows again the data over model ratio for a power law fit to the data
outside the 5–8 keV region to illustrate the different line shapes. The luminosity
is decreasing from top to bottom.

5.4 Summary and Discussion

In this chapter the results of the spectral analysis of ourXMM-Newton observa-
tions of Cyg X-1 were described. The data show clearly the presence of a rela-
tivistically broadened iron line with a narrow core as reported before inChandra
data by Miller et al. (2002). The model used to describe the continuum was com-
posed of an absorbed black body and a power-law including reflection. We mod-
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Figure 5.7: Variation of the iron line with luminosity.

eled the line emission by combination of a narrow Gaussian (with fixed width of
σKα,narr= 50 eV) and a broad line feature using thedisklinemodel (correspond-
ing to a black hole with zero spin) as well as with thelaormodel (corresponding
to a maximally rotating Kerr black hole). Furthermore the addition of a smeared
edge is favored by all models in terms of a decreasingχ2

red. As the parameters of
the black body component could not be constrained within therestricted energy
range ofXMM-Newton, we determined the continuum parameters withRXTE
and kept them fixed throughout the analysis.

We also tried to model the data (keeping the continuum parameters also fixed
to RXTE values) with only a smeared edge and a narrow line. These attempts,
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however, resulted in no successful description of the data,with χ2
red of the order

of 5. We therefore have not quoted the results of the fits in more detail, as this
model can be clearly ruled out.

Thediskline andlaor were equally well suited to describe the data in terms
of χ2

red. Hence no clear statement can be made about the spin of Cyg X-1. The only
discrimination criterion which is found to be clearly different is the inclination of
the system. While thediskline fits tend to an edge on result (90◦), thelaor fits
favor an inclination of∼ 67◦. The allowed range for the angle derived from the
super-orbital modulation period (which is attributed to precession of the accretion
disk) is 37◦ ≤ θ ≤ 66◦. Thus thelaor model is favored in terms of giving more
physically reasonable parameters. However, thelaor fits are still found on the
borderline of the allowed region. We therefore applied alsothekdblurmodel to
the data – a relativistic convolution model based on thelaor code.

Usingkdblur, the quality of the fits in terms ofχ2
red is the same as in the models

described before, butkdblur gives a much better description of the continuum as
the edge component which was additionally needed in thediskline / laor fits
with reflection is now already described by the blurred reflection model itself.
Furthermore, the inclination found using this model is fully consistent with the
theoretically predicted values ofθ. We therefore conclude thatkdblur provides
the best description of our data.

The iron line profile showed a strong variability during the observations. Com-
paring thekdblur parameters, especially obs3 sticks out as it differs in virtually
all parameters from the other three observations. This behavior is hard to under-
stand, as from the light curves obs3 is very similar to obs1 and obs4 and rather
obs2 is different.

Also with luminosity a variation in the disk parameters was found, however, no
clear trend is evident. The only smooth variations found arean increase of the line
energy with luminosity (which can be attributed to CTE effects) and an increase
in the strength of the disk component in the spectrum accompanied by a spectral
softening.

5.4.1 Comparison withChandra

All our results hint that Cygnus X-1 is indeed best describedby a Kerr model in-
stead of the pure Schwarzschild modeldiskline. This interpretation, however,
is in sharp contrast with the 2002Chandraresults by Miller et al. (see also Miller
2006). These authors claimed that Cyg X-1 is harboring a not or only marginally
spinning black hole. A direct comparison of the parameters found for both data
sets is given in the following. As obs2 shows most similarities with theChandra
parameters, we decided to use this observation for comparison. To achieve compa-
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Figure 5.8: Left:Chandradata/model ratio of the iron line region, ignoring the 4.0–7.2 keV
range in the fit to the data. Right: Same for the secondXMM-Newton observation.

rability concerning the energy ranges available for the analysis, forXMM-Newton
the fits without theRXTE constrained continuum parameters are quoted.

The continuum parameters are difficult to compare, as they strongly depend on
the state Cyg X-1 is observed in. However, while the power-law indices are virtu-
ally identical (Γ= 1.80+0.01

−0.01 for ChandraandΓ= 1.82+0.07
−0.03 for XMM-Newton), the

power-law normalization and the black body parameters are quite different. This
difference might be due to the fact that the black body component could not be
constrained byXMM-Newton, but could also be indicative of a slightly different
state in the two observations. Miller et al. (2002) state that their observation took
place during an Intermediate State (like theXMM-Newton observations), how-
ever, also theRXTE continuum parameters are different from theChandravalues.
Therefore we conclude that the states have indeed been slightly different.

The energy of the narrow iron line core is found to be at 6.42 keV with Chan-
dra. The XMM-Newton best fit value of 6.52+0.03

−0.03keV is significantly higher,
but due to the CTE over-correction still consistent with theChandravalue. The
same holds true for the energy of the broad line component which is centered
at 5.90+0.10

−0.04keV in theXMM-Newton data and at 5.85+0.01
−0.01keV in theChandra

data, but the equivalent width of the broad line inXMM-Newton is with 112 eV
almost twice the value found forChandra(EWKα,diskl = 60eV). With values of
Eedge= 7.36+0.09

−0.12keV/ τedge= 0.81+0.19
−0.08 (XMM-Newton) andEedge= 7.2+0.1

−0.1 keV/
τedge= 1.2+0.2

−0.2 (Chandra), the parameters of the edge are consistent.
The main disagreement between theXMM-Newton andChandraresults is seen

in the fitted inclination angle. While Miller et al. find a value of 40+10
−10 deg, the

XMM-Newton value for obs2 is 76.5+13.5
−8.9 deg. We therefore calculated also the al-

lowed range ofθ from the super-orbital phase for theChandraobservation (which
took place atΦ = 0.060) to 38◦ ≤ θ ≤ 67◦. Hence 40◦ is well within this al-
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lowed region. TheXMM-Newton value, however, is outside the region quoted
for obs2 in Tab 5.8. Fixing the inclination in theXMM-Newton fit to 40◦ yielded
a significantly worseχ2

red. It must therefore be stated that in case of theXMM-
Newtonobservations – contrary toChandra– thedisklinemodel is not able to
produce meaningful results (at least for the inclination).To distinguish between a
Schwarzschild and a Kerr black hole in Cygnus X-1 further high resolution obser-
vations of the iron line region are urgently needed.
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C 6

Some Neutron Star X-ray Binary Physics

The second part of this thesis is dedicated to the analysis ofa neutron star
X-ray binary, namely the source 4U 1907+09. Before the detailed analysis is
described in chapter 7 some basic observational propertiesof neutron stars and
their underlying physical models shall briefly be reviewed in this chapter.

6.1 Accretion onto highly magnetized Neutron Stars

While the overall principles of accretion are the same for black hole and neutron
star binary systems, the accretion process onto the compactobject itself is quite
different. The main difference of course arises from the presence of a surface on
neutron stars, which can be “seen”, e.g., by the detection oftype I X-ray bursts.
Apart from the surface, the second relevant difference is the presence of magnetic
fields with up to 1013G in neutron stars. These strong magnetic fields make the
accretion process far more complex than accretion onto black holes.

Inside the magnetosphere of neutron stars the matter is forced to follow the mag-
netic field lines and is accreted onto the poles of the neutronstar (reaching free-fall
velocities of∼ 0.4c) on an area of only∼ 1km2 (Lamb et al. 1973). Above these
polar caps an accretion column forms. The exact shape of the accretion column
depends on the mass accretion rate: above the critical luminosity (Basko & Sun-
yaev 1976)

Lcrit = 2
l0
R

c
κ

GM
R

(6.1)

the radiation pressure can decelerate the accretion streamand a shock front forms
inside the accretion column. Herel0 is the diameter of the accretion funnel,κ the
opacity andR the radius of the neutron star. For typical neutron star parameters
this critical luminosity is around 1036ergs−1. In the shock front the kinetic energy
is converted into thermal energy. Below the shock front – whose height above the
neutron star surface depends onṀ – the plasma (which is now very hot) sinks
down to the surface of the neutron star, thereby cooling through the emission of
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Figure 6.1: Geometries of the accretion column (Kretschmar1996).Left: Case of a source
with high Ṁ and the therefrom resulting fan-beam geometry.Right: pencil-beam geometry
for the case of low accretion rates.

X-ray photons. As the column itself is almost opaque to X-rays, the radiation
leaves the accretion column perpendicular to the magnetic field axis. This emis-
sion pattern is called “fan beam” geometry (Fig. 6.1, left).

If the luminosity is below the critical valueLcrit the radiation pressure cannot
decelerate the infalling material. In this case the deceleration most probably oc-
curs through Coulomb interactions or through Bremsstrahlung processes. The
matter sinks to the neutron star surface where a thin radiating polar cap forms at
the bottom of the accretion column. As the optical depth of the plasma is low, the
radiation is emitted parallel to the magnetic field axis in a very narrow emission
pattern. Therefore this geometry is called “pencil beam” (Fig. 6.1, right).

The detailed structure of the inside of the accretion columnis not known yet.
The classical picture of a filled cylinder is shown in Fig. 6.2on the right. However,
the material couples to the field lines at a certain radius in the accretion disk, the
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Sinking Gas
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Lines

Magnetic Pole of
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Shock Wave

Figure 6.2: Inside of the accretion column (Figure from Kuster, 2003, after Basko & Sun-
yaev 1976).Left: Classical picture of a filled whole cylinder.Right: The infalling matter
is constrained to the walls of a hollow cylinder.

magnetospheric (or Alfvén) radius

PGas= Pmag ⇒ rm =

(

8π2

G

)
1
7
(

R12B4

MṀ2

)
1
7

(6.2)

which is≈3.5·108cm for typical neutron star parameters. That radius corresponds
to one certain magnetic field strength. Those field lines of the same strength all
emerge at the same radius around the magnetic pole. Therefore the accretion
funnel should take the form of a hollow cylinder (Fig. 6.2, right). This model
has been proposed already by Basko & Sunyaev (1975) who also showed that the
walls of the cylinder are small compared to its radius.

Inside the accretion column, the seed photons produced by the deceleration of
the infalling matter are most probably upscattered by bulk Comptonization in the
accretion shock. Therefore the emerging continuum spectrum is best described
by a power law with exponential high energy cutoff. A more detailed description
of the ongoing processes and their modeling is beyond the scope of this thesis but
can be found in, e.g. (Becker & Wolff 2005a,b, 2007).
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6.2 Variability of Neutron Star XRBs

As the overall emission pattern is very narrow in both cases and the magnetic
axis will usually not coincide with the rotational axis, accreting NS XRBs show
a modulation in their X-ray flux that is due to their rotation period (as already
mentioned in section 1.1.1). This pulse period of accretingbinaries, however, is
not constant but varies with time. If the dominant accretionmechanism is wind
accretion, it often shows a kind of random walk behavior as could be observed
for example in sources like Vela X-1 (de Kool & Anzer 1993). Inother sources
the period evolution might show a more smooth behavior with long phases of
constant spin-down followed by a phase of spin-up (as for example observed in
4U 1907+09).

But what is the reason of this change in the period? The crucial parameter
for the evolution of the pulse period is the transfer of angular momentum from
the accreted material onto the neutron star. According to the model of Ghosh &
Lamb (1978, 1979a,b) the algebraic sign and absolute value of this parameter are
defined by the magnetosphere of the neutron star. Close to thestar – in the so
called transition region – the magnetic field lines can penetrate the accretion disk
material and interact with the plasma. The inner boundary ofthis region is defined
by the magnetospheric radius, the outer boundary by the screening radiusrs. The
transition region itself is further divided into a thin boundary layer in which the
plasma leaves the disk perpendicular to its surface and an outer transition zone
in which viscous forces dominate over the magnetic ones (seeFig. 6.3). Outside
the transition zone the disk is screened completely againstthe magnetic field lines
due to a slow radial drift of the plasma transverse to the field. These drift leads to
a weak current that causes the screening outsiders.

Another important parameter of this geometry is the corotation radius where the
angular velocity of the material in the disk (which rotates with Keplerian velocity
ΩK =

√

GM/r3) equals the angular velocityΩns of the neutron star and therefore
the angular velocity of the magnetosphere

rco =

(GM

Ω2
ns

)
1
3
. (6.3)

To understand changes in the pulse period the “fastness parameter” needs to be
defined also (Elsner & Lamb 1977):

ωs =
Ωns

ΩK(rm)
=

( rm

rco

)
3
2
. (6.4)

The neutron star is accelerated for the case ofωs≪ 1 (which meansrm≪ rco)
leading to an observed spin-up. Wang (1995) found that for a critical fastness
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Figure 6.3: Accretion geometry around a neutron star according to the model of Ghosh &
Lamb (1978, 1979a,b, Figure from Kuster, 2003).

of ωcrit ≈ 0.875−0.95 this process changes to a deceleration of the neutron star
and an observed spin-down due to slower rotating plasma outside rco. The overall
period evolution can be described by (Ghosh & Lamb 1979b)

−
Ṗpulse

Ppulse
∝

r6/7

M3/7I
·n(ωS) ·µ2/7 ·Ppulse· L

6/7 (6.5)

with n(ωS) being a dimensionless function of the fastness parameter,µ the mag-
netic moment, andI the effective moment of inertia. Thus the main parame-
ters which determine the evolution of the pulse period are the luminosity of the
system, its actual pulse period and its magnetic moment. Fig. 6.4 shows this
−Ṗpulse∝ PpulseL3/7 proportionality for different values of the magnetic moment.
In the plot there are also measurements of nine accreting X-ray binaries included,
showing that it is in principle possible to estimate the magnetic moment of a neu-
tron star by measuring its luminosity, its pulse period, andpulse period derivative.

However, it is very difficult to get firm statements about the magnetic field of
neutron stars just from pulse period measurements as these measurements them-
selves are subjected to errors and furthermore the values for R and I as well as
for the the mass of most objects are still questionable. A more reliable method of
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Figure 6.4: Correlation between−ṖpulseandPpulseL3/7 for different values of the magnetic
momentµ (Ghosh & Lamb 1979b).

obtaining the strength of the magnetic field is the measurement of so called “cy-
clotron resonant scattering features” whose energy is directly related to the field
strength as will be explained in the following section.

6.3 Cyclotron Resonant Scattering Features

In the strong magnetic fields of neutron stars (which are in the order of 1012G)
the kinetic energy of electrons perpendicular to the field isnot continuous but
quantized in so called Landau levels (see, e.g., Harding & Daugherty 1991; Lai
2001; Schönherr 2007)

En =mec
2

√

1+

(

p‖
mec2

)2

+2n
B

Bcrit
. (6.6)
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In this equationn is the quantum number andp‖ the moment of the electrons
parallel to the magnetic field. Above a critical magnetic field strengthBcrit =

(mec2)/(eh̄) ≈ 4.4·1013G the cyclotron energy is of the same order as the electron
rest mass. In this case the Landau levels are not equally spaced any more and
relativistic corrections must be applied.

In the non-relativistic case the difference between two Landau levels is given
by the cyclotron energy (Canuto & Ventura 1977)

Ecyc=
eh̄

mec
B≈ 11.6keV

( B

1012G

)

(6.7)

which is the famous 12-B-12-rule. Electrons can only change between these Lan-
dau levels if they absorb or emit a photon withE = n ·Ecyc. The life time of the
excited Landau levels is very short (typical values are∼ 10−15(B/1012G)−1s, Latal
1986), therefore an excited electron de-excites practically instantaneous by emit-
ting a resonant photon. However, as the photon is immediately re-emitted after
being absorbed, the whole process is more scattering-like than absorption-like.

In first works by Trümper et al. (1977) (the first detection of acyclotron res-
onant scattering feature at all!) or Yahel (1979) it was believed that the process
described above would lead to an emission line in the spectrum. Herold (1979)
and Nagel (1981) showed, however, that the line has to be an absorption line as the
mean free path of the photons is so small that they almost instantly excite another
electron after being emitted and therefore cannot leave theemitting plasma. In
the spectrum these “absorption” lines are found at multiples of Ecyc (see Fig. 6.5
for an example) and allow therefore the calculation of the magnetic field strength
via the 12-B-12-rule (Eq. 6.7). As the emitting region is expected to be close to
the surface of the neutron star, the derived field strength has to be corrected for
gravitational redshift effects via

B

1012G
= (1+z)

Eobs
cyc

11.6keV
=

(

1−
2GMNS

Rc2

)−1/2 Eobs
cyc

11.6keV
. (6.8)

Assuming an emission region directly at the neutron star surface (and therefore
R= 10km) and a typical neutron star mass ofMNS = 1.4M⊙ this equation leads
to a correction of the magnetic field strength of the order of∼30%.

Observations have shown, however, that the cyclotron linesare not found at
strictly the same energies for different pulse phases (and therefore different view-
ing angles on the line emitting region) of the neutron star (see, e.g., Santangelo
et al. 1999; Heindl & Chakrabarty 1999; Burderi et al. 2000; Kreykenbohm et al.
2004; Pottschmidt et al. 2005). The observed variation of upto∼ 30% with phase,



124 Chapter 6: Some Neutron Star X-ray Binary Physics

10−2

10−1

100

101

102

103

co
un

ts
/s

−
ke

V

10−6

10−5

10−4

10−3

10−2

10−1

ph
ot

on
s/

cm
2 −

s−
ke

V

4U 0115+63

phase D

11.8

24.1
34.5

47.0

66.5

−4
−2
0
2
4

S
ig

m
a

3 10 30 60 100
Energy (keV)

Figure 6.5: Example of cyclotron lines in the source 4U 0115+63 (Kreykenbohm 2004).

is too large to be explained by simply applying relativisticcorrections to the ener-
gies of the Landau levels (Harding 1994)

En =
mec2

sin2θ

(
√

1+2n(B/Bcrit)sin2θ−1

)

, (6.9)

with θ being the angle between the magnetic field vector and the photon direction1.
Instead, the widely accepted scenario to explain the phase dependency of the line
energy is that different regions of the accretion column have a different magnetic
field strength and hence the observed variations are due to the observation of
regions with different magnetic fields.

Variations in the magnetic field across the line forming region are also thought
to be responsible for the non-linear spacing of the harmonics of the cyclotron lines
which is observed in several sources (e.g., 4U 0115+63, Fig. 6.5). It was found
by Nishimura (2005), that the line ratios decrease if the magnetic field increases
linearly with height. Vice versa the line ratios increase for a decreasingB-field.

1It should be noted that the exact definition ofθ is quite difficult as light bending effects lead to a
deflection of the photons of 90◦ and more.
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Figure 6.6: Example for the complex line shape in the source V0332+53 (adapted from
Pottschmidt et al. 2005).

Such a varying field was proposed by Gil et al. (2002) through the superposition
of a dipole field centered in the core of the neutron star and a dipole anomaly in
the crust.

One point that is not addressed by analytical examinations is the question for
the shape of the line. Observations have revealed the fundamental line to show
a complex structure that cannot be modeled with a simple Gaussian. Fig. 6.6
(Pottschmidt et al. 2005) shows the example of V0332+53 where the fundamen-
tal line requires a combination of a narrow and a shallow Gaussian at slightly
different energies. Monte Carlo simulations (e.g., Schönherr 2007) show that the
main parameter defining the shape of the line is the plasma temperature, as the
hotter the plasma the more asymmetric and wider the lines. The continuum shape
also influences the structure of the fundamental, which can be explained as pho-
ton redistribution effects mainly due to photon spawning (i.e., Compton scattering
with multiple photon emission where a photon with energy 2Ecyc,1 results in two
photons with energyEcyc,1, Alexander & Mészáros 1989) in hard continua. This
effect of making the fundamental line shallower than the first harmonic due to
photon spawning was also observed in, e.g., 4U 0115-63 (Santangelo et al. 1999)
and 4U 1907+09 (which will be the subject of the following chapter).



C 7

A torque reversal of 4U 1907+09

In this chapter the analysis of the neutron star High Mass X-ray Binary system
4U 1907+09 is described. The analysis is based onINTEGRAL observations
performed between 2003 and 2005. In Sect. 7.2 theINTEGRAL data reduction
is described, followed by a discussion of the broadband X-ray spectrum of the
source (Sect. 7.3). Afterwards the results of the long term X-ray timing analysis
(Sect. 7.4.1) are presented, showing that the source underwent a torque reversal
towards a spin up (Sect. 7.4.2). Finally the results are summarized and discussed
in Sect. 7.5.

Since this chapter is based on Fritz et al. (2006) the typicalpaper structure is
adopted.

7.1 The 4U 1907+09 system

The wind-accreting High Mass X-ray Binary system 4U 1907+09 (Giacconi et al.
1971) consists of a neutron star in an eccentric (e= 0.28) 8.3753d orbit (in ’t
Zand et al. 1998) around its companion, which has been identified optically with
a highly reddenedmV = 16.37 mag star (Schwartz et al. 1980). Using interstellar
atomic lines of NaI and KI, Cox et al. (2005) set a lower limit of 5 kpc for the
distance. According to this value a lower limit of the X-ray luminosity above
1 keV is given by 21036ergs−1 (in ’t Zand et al. 1997). Cox et al. (2005) also
confirm earlier suggestions (Schwartz et al. 1980; Marshall& Ricketts 1980; van
Kerkwijk et al. 1989) that the stellar companion is a O8–O9 Iasupergiant with an
effective temperature of 30500 K, a radius of 26 R⊙, a luminosity of 5105L⊙, and
a mass loss rate of 710−6M⊙ yr−1. Note that the presence of X-ray flaring seen
twice per neutron star orbit (Marshall & Ricketts 1980, see also Fig. 7.1) had led
some authors (e.g., Makishima et al. 1984; Iye 1986; Cook & Page 1987) to the
suggestion of a Be star companion, however, this classification would require a
distance of<1.5 kpc, which is in contradiction to the significant interstellar extinc-
tion measured in optical observations (van Kerkwijk et al. 1989).

126
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Similar to other accreting neutron stars, the X-ray continuum of 4U 1907+09
can be described by a power-law spectrum with an exponentialturnover at approx-
imately 13 keV (Mihara 1995; in ’t Zand et al. 1997; Cusumano et al. 1998). The
spectrum is modified by strong photoelectric absorption with a columnNH = 1.5–
5.71022cm−2 (Schwartz et al. 1980; Marshall & Ricketts 1980; Makishima et al.
1984; Cook & Page 1987; Chitnis et al. 1993; Cusumano et al. 1998). As the
absorbing material is situated in the dense stellar wind,NH is strongly variable
over the orbit. The column is maximal between the end of the primary X-ray flare
and the start of the secondary flare (Fig. 7.1) of the orbital light curve (Roberts
et al. 2001). Fluorescence in the absorbing material gives rise to an Fe Kα line
at 6.4 keV with an equivalent width of∼60 eV (Cusumano et al. 1998). At higher
energies, the spectrum exhibits cyclotron resonant scattering features (CRSF) at
∼19 keV and∼40 keV (Makishima et al. 1992; Mihara 1995; Cusumano et al.
1998).

With a pulse period of∼ 440 s, 4U 1907+09 is a slowly rotating neutron star.
Since the discovery of the pulsations by Makishima et al. (1984) the neutron star
has exhibited a steady linear spin down with an average ofṖpulse= +0.225syr−1

from Ppulse= 437.5s in 1983 to 440.76s in 1998 (in ’t Zand et al. 1998). Recently,
Baykal et al. (2006) reported a decrease inṖpulse, which in 2002 was∼0.115syr−1

and therefore∼0.5 times the long term value.

7.2 Observation and data reduction

For our analysis we took into account all publicINTEGRAL data up to orbit
(revolution) 250 as well as data from theINTEGRAL Galactic Plane Scans and
the Galactic Central Radian Deep Exposure. In addition we also used private data
from a monitoring campaign on the galactic micro-quasar GRS1915+105 (PI
J. Rodriguez). To avoid systematic effects that start to become important for larger
off-axis angles, we constrained the maximum off-axis angle between the satellite’s
optical axis and 4U 1907+09 to 4.◦5 for IBIS and 2.◦4 for JEM-X according to the
respective FCFOVs of the instruments. In total, the analyzed data are spread over
almost three years with a total on source time of∼2280 ksec for IBIS. The log of
the observations is given in Table 7.2. We used the Off-line Scientific Analysis
Software,OSA5.1, in our analysis. In the analysis of the coded mask data wealso
took into account the presence of GRS 1915+105, 4U 1901+03, 4U 1909+07, and
IGR J19140+0951, by forcing theOSA to consider 4U 1907+09 and these four
sources.

Background subtracted light curves were obtained usingii_light, a tool dis-
tributed with theOSA to generate high resolution light curves. While the standard
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Figure 7.1: Upper Panel: Rossi X-ray Timing Explorer All SkyMonitor (ASM) 2–12 keV
light curve of 4U 1907+09 folded on the orbital period of 8.3753 days. Lower Panel: Same
for the IBIS 20–40 keV light curve.

OSA tools build light curves by deconvolving shadowgrams for each requested
energy band and time bin to obtain the light curves, which is only possible if
the signal to noise ratio in the shadowgram is high,ii_light uses the Pixel Il-
luminated Fraction (PIF) to create light curves. For 4U 1907+09, this approach
allows us to extract light curves with a resolution of 1 s. Thecount rates found
by ii_light show no systematic difference between the single pointings. Tests
based on observations of the Crab nebula and pulsar (Kreykenbohm et al. 2008)
and the fact that the count rates of 4U 1907+09 are not affected by the very vari-
able flux of the nearby source GRS 1915+105 (Fig. 7.2) confirm the stability of
our extraction method. The light curves were barycentered and corrected for the
orbital motion of the neutron star using the ephemeris of in ’t Zand et al. (1998),
as given in Table 7.1. Orbital phase 0 is atT90.
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Table 7.1: Ephemeris used for the binary correction (in ’t Zand et al. 1998).Porb is the
orbital period,T90 the time of mean longitude 90◦. All other symbols have their usual
meanings.

Parameter Value
T90 MJD 50134.76
Porb 8.3753d
asini 83 lt-s
Eccentricity 0.28
ω 330◦

7.3 Spectral Analysis

For the spectral analysis we applied systematic errors of 1%and 5% for IBIS and
JEM-X2, respectively, and used data taken in the energy ranges 18–90keV and
5–20 keV. Because of the switch over from JEM-X2 to JEM-X1 after revolution
171, we only used data taken before that revolution to avoid cross-calibration un-
certainties between the two JEM-X detectors. This resultedin a total exposure
time of 200 ksec for JEM-X2. For ISGRI we used all public data up to revolution
250 resulting in an exposure time of 1258 ksec. We modeled thespectrum us-
ing an absorbed power-law, which is modified by the Fermi-Dirac cutoff (Tanaka
1986):

C(E) = E−α
[

exp

(

Ecut−E
Efold

)

+1

]−1

(7.1)

This continuum model alone could not describe the data adequately (χ2
red= 3.10,

see Tab. 7.3), as strong absorption line like features at∼19 keV and∼40 keV re-
main (Fig. 7.3). These features have been identified as cyclotron resonant scatter-
ing features (CRSFs) by Makishima et al. (1992) and have alsobeen reported by
Mihara (1995) and Cusumano et al. (1998). The addition of a line at 36.0 keV with
a width of 3.7 keV (Table 7.3) with a Gaussian optical depth profile (for definition,
see Coburn et al. 2002) to the baseline continuum model results in a improved fit
(χ2

red= 2.49 for 47 degrees of freedom). TheF-test probability that this improve-
ment is achieved just by chance is 3.8×10−3 (see, however, Protassov et al. 2002).
Modeling both features with Gaussians at 39.8 keV and 18.9 keV further improves
χ2 significantly toχ2

red= 1.00. TheF-Test probability for this case as opposed to
the case without lines is 9.8×10−10, confirming the unambiguous detection of the
cyclotron lines. For this model we also added the Fe-line which has been seen,
e.g., in theBeppoSAXdata (Cusumano et al. 1998). The best fit value for the line
energy is 7.1keV. The width of the line could not be constrained by our data, so
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Figure 7.2: ISGRI image of the 4U 1907+09 region in the 20–40 keV band (exposure time
about 100 ksec, data from revolution 246).

we fixed it to 2 eV, corresponding to an equivalent width of 136eV.
To exclude the possibility that the CRSFs are due to incorrect modeling of the

continuum, we also used other continuum models1 including the NPEX model,
which consists of negative and positive power-laws with a common exponential
cutoff factor (Mihara 1995):

C(E) = A1
(

E−α1 +A2 ·E
+α2

)

exp

(

−
E

Efold

)

(7.2)

Using an absorbed NPEX model, we obtainχ2
red= 4.54 and also observe line like

features at 19 and 40 keV. Again we first fitted only one featureat 44.4 keV, re-
sulting in aχ2

red = 2.56. Fitting these features with two Gaussians at 42.0 keV

1We did not use thehighecutmodel due to the artificial features introduced in the fit residuals by
the abrupt onset of the cutoff (Kretschmar et al. 1997; Kreykenbohm et al. 1999).
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Figure 7.3: Fit to the data using the Fermi-Dirac cutoff model including 2 cyclotron lines.
The bottom panels show the residuals, from top to bottom the case without lines, with 1
line, and with 2 cyclotron lines.

and 18.7 keV improves the fit significantly resulting inχ2
red= 1.16 (F-Test: 8.7×

10−13). See Table 7.4 for the complete set of model parameters. With the NPEX
model it was not possible to constrain the Fe-line, however the upper limit for
a line with the same energy and sigma as in the Fermi-Dirac cutoff model is
9.710−4photonscm−2s−1, consistent with the results obtained for the continuum
with a Fermi-Dirac cutoff. The continuum and line parameters measured with
INTEGRAL are consistent with theBeppoSAX results (Cusumano et al. 1998).
Our measurements also confirm theBeppoSAX result that in this source the
second line is deeper than the fundamental line, a fact that can be explained
by “photon spawning”. From our spectral fitting we obtain an average flux of
2.610−10ergcm−2s−1 in the 20–40keV band.
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Table 7.3: Best fit parameters for the Fermi-Dirac cutoff model. Shown are the best-fit
absorbing column,NH, the photon index,Γ, the flux at 1 keV,A, the cut-off energy,Ecut,
the folding energy,Efold , and the cyclotron line parameters (energy,Ecyc, depthDcyc, and
width,σcyc), and the reducedχ2 and the number of degrees of freedom, dof. All uncertain-
ties are at the 90% level for one interesting parameter.

fdcut
without line with 1 line with 2 lines

NH [1022cm−2] 3+7
−3 10+6

−7 0+7
−0

Γ 2.01+0.17
−0.10 2.21+0.15

−0.17 1.67+0.39
−0.09

A 0.21+0.13
−0.05 0.34+0.20

−0.13 0.11+0.03
−0.03

Ecut [keV] 31+1
−1 37+6

−3 30+5
−8

Efold [keV] 5+1
−1 4+1

−1 7+3
−2

Ecyc,1 [keV] – – 18.9+0.6
−0.7

Dcyc,1 – – 0.35+0.10
−0.09

σcyc,1 [keV] – – 3.0+1.0
−0.7

Ecyc,2 [keV] – 36.0+3.6
−2.4 39.8+4.0

−2.7

Dcyc,2 – 0.7+0.6
−0.2 0.9+0.2

−0.4

σcyc,2 [keV] – 3.7+2.1
−2.2 9.0+2.7

−3.3

EFe [keV] – – 7.1+0.3
−0.3

σFe [eV] – – 2 (fixed)

AFe [10−4] – – 6+3
−3

χ2/dof 154.91/50 116.82/47 41.90/42

χ2
red 3.10 2.49 1.00

7.4 Timing Analysis

7.4.1 The X-ray light curve of 4U 1907+09

The X-ray light curve of 4U 1907+09 shows a clearly pulsed signal with a period
of ∼441 s. The mean count rates in the 20–40 keV band for our observations are
shown in Table 7.2. The variations in count rate largely reflect the orbital phase
dependent variability (Fig. 7.1).
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Table 7.4: Best fit parameters for thenpex model, i.e., the photon index of the lower
energy power-law,α1 (the positive power-law index,α2, was fixed at 2.0), the power-law
normalizationsA1 and A2 as defined in Eq. 7.2, and the folding energyEfold. All other
symbols have the same meaning as in Table 7.3.

npex
without line with 1 line with 2 lines

NH [1022cm−2] 1+8
−1 4+9

−4 3+7
−3

α1 0.88+0.20
−0.13 0.98+0.22

−0.15 0.87+0.29
−0.20

A1 [10−2] 9+7
−1 9+7

−3 8+7
−3

A2 [10−4] 7+1
−3 2+1

−1 6+6
−3

Efold [keV] 4.85+0.04
−0.03 6.21+0.08

−0.10 5.16+0.76
−0.33

Ecyc,1 [keV] – – 18.7+0.6
−0.8

Dcyc,1 – – 0.32+0.20
−0.08

σcyc,1 [keV] – – 2.8+1.1
−0.9

Ecyc,2 [keV] – 44.4+2.5
−2.0 42.0+5.1

−3.6

Dcyc,2 – 1.32+0.37
−0.29 0.77+0.78

−0.37

σcyc,2 [keV] – 7.0+1.5
−1.2 7.8+4.6

−2.7

χ2/dof 227.05/50 120.46/47 50.88/44

χ2
red 4.54 2.56 1.16

4U 1907+09 is also known to exhibit flares on a timescale of hours (Makishima
et al. 1984; in ’t Zand et al. 1998; Mukerjee et al. 2001). We observed four such
flares with count rate increases of at least 5σ over its normal level (Fig. 7.4). Three
of them, in revolutions 187, 193, and 305, are associated with the main peak in the
orbital light curve (Fig. 7.1) while the flare observed in revolution 188 is linked to
the secondary peak. Table 7.5 shows an overview of the properties of these flares.

During flares, in ’t Zand et al. (1998) and Mukerjee et al. (2001) also reported
the detection of transient 18.2 s and 14.4 s quasi-periodic oscillations (QPOs). We
therefore considered to calculate dynamical power spectrafor the flare light curves
to search for similar oscillations, however, simulated light curves showed that our
INTEGRAL data are not sensitive enough to detect a QPO at the reported levels.
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Table 7.5: Flares in the X-ray light curve of 4U 1907+09. The peak rates are quoted for a
441 s binned light curve in the 20–40 keV band.

Revolution Center of Flare DurationΦorb Peak Rates
MJD sec IBIS ctss−1

187 53121.65 7000 0.63 18.09
188 53125.03 5000 0.03 12.11
193 53138.21 7000 0.61 22.56
305 53472.93 2500 0.57 13.88

7.4.2 Pulsar Period and Pulse Profiles

It is possible to track the evolution of the pulse period of 4U1907+09 for more
than 20 years. Since the first measurements, the source showed a steady spin
down rate ofṖpulse= +0.225syr−1 (in ’t Zand et al. 1998). A recent analysis of
RXTE data, however, taken during MJD 51980–52340 showed a spin down rate
which is 0.5 times lower than the previous value (Baykal et al. 2006). Using our
INTEGRAL data, we can extend the pulse period evolution to the years 2003–
2005 (MJD 52739–53504).

To measure the pulse period of 4U 1907+09 we first performed epoch folding
(Leahy et al. 1983) on each revolution separately. Using these periods we derived
pulse profiles for each revolution using the respective period. The pulse profiles
were then fitted by a sum of sine functions to determine the position of the trail-
ing edge (see for example Fig 7.7 at phase 1.0) of the pulse to obtain absolute
pulse arrival times and the differences between the arrival times of adjacent rev-
olutions. From these time differences the approximate number of pulse cycles
between those absolute times was determined. For sufficiently well sampled ob-
servations, those values are close to an integer number. These integer numbers are
then taken to count the cycles throughout those well sampledsubsets, and a model
can be constructed to calculate expected pulse arrival times (trailing edges). The
observed times can then be compared with the calculated times and a polynomial
fit to the observed times yields values for the period and its derivative. Care was
taken that within subsets no miscounting was possible. Between subsets the time
gaps are too large such that they cannot be bridged uniquely and no statement
about the period development during the gaps can be made. Using this procedure
we were able to derive 12 periods with sufficient accuracy (see Table 7.6).

Fig. 7.5 shows the long-time history of the period evolutionbased on all avail-
able data. The overplotted line indicates the historic spindown trend withṖpulse=

+0.225syr−1 from in ’t Zand et al. (1997). The recent periods obtained by Baykal
et al. (2006) show a clear deviation from the historic spin down trend. The periods
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Figure 7.4: IBIS (ISGRI) 20–40 keV light curve of revolution193. The bin time is 200 s.
The inset shows a close up of the flare, the bin time in this caseis 40 s. X-axis numbers are
hours.

obtained fromINTEGRAL (shown as diamonds), not only confirm this change of
the trend but show a complete trend reversal from the historic long term spin down
trend to a spin up trend from MJD 53131 onwards (see Figs. 7.5 and 7.6).

We tried several models to fit this overall period evolution2. The description
of the data by three distinct episodes with a linear spin downfrom MJD 45576 to
MJD 50290 (̇Ppulse=+0.235±0.001syr−1), a parabolic turnover from MJD 50290
to MJD 53022 of the formP(T) = P0+ Ṗpulse,0(T −T0)+ P̈pulse,0(T −T0)2/2 with
T0 = MJD51321,Ṗpulse,0= +0.121±0.001syr−1 andP̈pulse,0= −(7.743±0.002)
10−3syr−2 , and a linear spin up (̇Ppulse= −0.147±0.006syr−1) from MJD 53022
onwards resulted inχ2

red = 8.74 for 34 degrees of freedom. Modeling the period
evolution of 4U 1907+09 with four distinct episodes of different, but constant,
Ṗ results in a slightly betterχ2

red (χ2
red = 7.2 for 34 dof, see Figs. 7.5 and 7.6).

2For this analysis we excluded the two period measurements byIXAE (Mukerjee et al. 2001) as
outliers. Including them resulted inχ2

red values increased by a factor of 5.
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Figure 7.5: Evolution of the 4U 1907+09 pulse period over the last 20 years. Diamonds
indicate the results obtained in this work, other symbols indicate data from Makishima
et al. (1984, plus-signs), Cook & Page (1987, asterixes), Mihara (1995, triangles), in ’t
Zand et al. (1998, squares), and Baykal et al. (2001, 2006, crosses). From MJD 51980
onwards 4U 1907+09 shows a clear deviation from the long term spin down trend with a
complete reversal to a spin up after MJD 53131. The solid lineshows the fit of four distinct
episodes of different, but constant,̇P.

The four episodes are the historic spin down withṖpulse= +0.230± 0.001syr−1

(MJD 45576 to MJD 50610), the turnover witḣPpulse= +0.114±0.001syr−1 from
MJD 50610 to MJD 52643 anḋPpulse= +0.026±0.003syr−1 from MJD 52643 to
MJD 53131, and finally the spin up witḣPpulse= −0.158±0.007syr−1.

Using the derived periods, pulse profiles for all revolutions were determined
(Fig. 7.7) by folding the light curves with the best respective periods. No change
in the shape of the pulse profile is detectable, and theINTEGRAL pulse profiles
before and after the reversal ofṖ are consistent with each other. In addition, we
also obtained energy resolved pulse profiles (see Fig. 7.8 for an example). Again,
the evolution of the pulse profile from below 30 keV to high energies is identical
for all revolutions: the profile exhibits a single peak at allenergies with only a
small secondary hump, indicating the potential presence ofa second peak at ener-
gies.20 keV, where a clear double peaked pulse profile was observedpreviously
(Makishima et al. 1984; Cook & Page 1987; in ’t Zand et al. 1998). At energies
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Table 7.6: Period measurements of 4U 1907+09.

Date Instrument Pulse Period Reference
MJD s
45576.5 Tenma 437.438±0.004 Makishima et al. (1984)
45850.7 EXOSAT 437.649±0.019 Cook & Page (1987)
48156.6 Ginga 439.19±0.02 Mihara (1995)
50134.8 RXTE 440.341±0.014 in ’t Zand et al. (1998)
50302.0 IXAE 440.53±0.01 Mukerjee et al. (2001)
50424.3 RXTE 440.4854±0.0109 Baykal et al. (2006)
50440.4 RXTE 440.4877±0.0085 Baykal et al. (2001)
50460.9 RXTE 440.5116±0.0075 Baykal et al. (2006)
50502.1 RXTE 440.5518±0.0053 Baykal et al. (2006)
50547.1 RXTE 440.5681±0.0064 Baykal et al. (2006)
50581.1 RXTE 440.5794±0.0097 Baykal et al. (2006)
50606.0 RXTE 440.6003±0.0115 Baykal et al. (2006)
50631.9 RXTE 440.6189±0.0089 Baykal et al. (2006)
50665 IXAE 440.95±0.01 Mukerjee et al. (2001)
50665.5 RXTE 440.6323±0.0069 Baykal et al. (2006)
50699.4 RXTE 440.6460±0.0087 Baykal et al. (2006)
50726.8 RXTE 440.6595±0.0105 Baykal et al. (2006)
50754.1 RXTE 440.6785±0.0088 Baykal et al. (2006)
50782.5 RXTE 440.6910±0.0097 Baykal et al. (2006)
51021.9 RXTE 440.7045±0.0032 Baykal et al. (2001)
51080.9 RXTE 440.7598±0.0010 Baykal et al. (2001)
51993.8 RXTE 441.0484±0.0072 Baykal et al. (2006)
52016.8 RXTE 441.0583±0.0071 Baykal et al. (2006)
52061.5 RXTE 441.0595±0.0063 Baykal et al. (2006)
52088.0 RXTE 441.0650±0.0063 Baykal et al. (2006)
52117.4 RXTE 441.0821±0.0062 Baykal et al. (2006)
52141.2 RXTE 441.0853±0.0082 Baykal et al. (2006)
52191.4 RXTE 441.1067±0.0046 Baykal et al. (2006)
52217.2 RXTE 441.1072±0.0077 Baykal et al. (2006)
52254.3 RXTE 441.1259±0.0074 Baykal et al. (2006)
52292.0 RXTE 441.1468±0.0065 Baykal et al. (2006)
52328.8 RXTE 441.1353±0.0090 Baykal et al. (2006)
52739.3 INTEGRAL 441.253±0.005 this work
52767.1 INTEGRAL 441.253±0.005 this work
53083.9 INTEGRAL 441.283±0.005 this work
53121.1 INTEGRAL 441.274±0.005 this work
53133.4 INTEGRAL 441.297±0.005 this work
53253.6 INTEGRAL 441.224±0.010 this work
53291.3 INTEGRAL 441.201±0.005 this work
53314.0 INTEGRAL 441.188±0.005 this work
53324.7 INTEGRAL 441.183±0.005 this work
53443.4 INTEGRAL 441.154±0.005 this work
53473.3 INTEGRAL 441.139±0.005 this work
53503.8 INTEGRAL 441.124±0.005 this work
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Figure 7.6: Close up of the periods found in this work. Between MJD 52643 to MJD 53131
the derived pulse periods show a spin down of the source withṖpulse= +0.026syr−1. Af-
ter MJD 53131 the accretion torque changes sign and 4U 1907+09 spins up withṖpulse=

−0.158syr−1. The line indicates the linear fit to the periods as describedin the text.

above 60 keV, the source gets too faint and no pulsed emissionis observable.

7.5 Summary and Discussion

Since 2003, 4U 1907+09 was observed frequently withINTEGRAL . In this chap-
ter the results of the timing analysis of∼2280ksec of IBIS data and of the spectral
analysis of 1258 ksec of IBIS and 200 ksec of JEM-X2 data are presented. Two cy-
clotron lines at∼19 keV and∼40 keV are detected, consistent with earlierGinga
andBeppoSAXresults (Mihara 1995; Cusumano et al. 1998). Assuming a gravi-
tational redshift ofz= (1− (2GM/rc2))−1/2−1= 0.31 (assumingM = 1.4M⊙ and
r = 106cm), from these CRSF observations aB-field strength of 2.15×1012G can
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Figure 7.7: Pulse profiles
for different revolutions in
the 20–40 keV band. Panels
a–e show pulse profiles ob-
tained during the period of
spin down, and panels f–o
show spin up pulse profiles.
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Figure 7.8: Energy resolved pulse profiles for revolution 193 (Ppulse= 441.224 s).

be inferred. Four flares in the X-ray light curves with durations between∼2500s
and∼7000 s were observed, three of which are associated with the primary flare
in the orbital light curve of 4U 1907+09.

In addition to these confirmations of earlier results, ourINTEGRAL data show,
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for the first time, a clear spin up phase in 4U 1907+09 (Table 7.6 and in Figs. 7.5
and 7.6). After almost 20 years of constant spin down at a rateof Ṗpulse=

+0.225syr−1, with the available data being consistent withP̈= 0s−1, in 2002 and
2003 first indications for a decrease in the magnitude of spindown were detected
(Baykal et al. 2006). As shown in Sect. 7.4.2, the newINTEGRAL data show
a torque reversal from∼MJD 53131 onwards, with the source now exhibiting a
spin up with a rate oḟPpulse= −0.158syr−1. So far, theINTEGRAL results ap-
pear to be consistent witḧP= 0s−1 (the 1σ upper limit forP̈ during the spin up is
−410−5s−1yr−2).

The traditional interpretation of spin up in X-ray binarieswith a strongly mag-
netized, disk-accreting neutron star is that the accretiondisk is truncated at the
inner edge of the disk by the magnetic field of the neutron star(see the descrip-
tion in section 6.2 and for a more detailed description, e.g., Ghosh et al. 1977;
Ghosh & Lamb 1979a,b, and references therein). For progradedisks, the mag-
netic coupling between the accretion disk and the neutron star and the transfer
of angular momentum from the accreted matter onto the neutron star will lead to
a torque onto the neutron star resulting in spin up. The general expectation of
these models is that the accretion disk is close to equilibrium, i.e., the Alfvén or
magnetospheric radius,rm, where the accretion flow couples to the magnetic field,
is assumed to be close to the corotation radius,rco, where the disk’s Kepler fre-
quency equals the rotational frequency of the neutron star.For accretion to occur,
rm . rco, as otherwise the onset of the centrifugal barrier (the “propeller effect”)
prevents the material from falling onto the neutron star (Illarionov & Sunyaev
1975).

Most accreting neutron star systems, such as Her X-1 or Vela X-1, show a secu-
lar spin up or spin down trend onto which short, large magnitude episodes of spin
down or spin up are superimposed (Bildsten et al. 1997). These shorter episodes
are often interpreted to be due to short term variations inṀ, which give rise to
short-term torque fluctuations. In contrast to these systems, GX 1+4, 4U 1626−67,
and 4U 1907+09 showed decade-long phases whereṖ did not change its sign.
GX 1+4 was seen to spin up with a very short characteristic timescale, P/Ṗ ∼
40 years, from the early 1970s until the source flux dropped below detectability in
theEXOSAT era of the early 1980s. From 1985 onwards the source reemerged
with a strong spin down (Makishima et al. 1988; Mony et al. 1991; Chakrabarty
et al. 1997). RecentINTEGRAL observations show that this spin down has con-
tinued until at least 2004 (Ferrigno et al. 2007). A second source with a long phase
of unchanged sign oḟP is the ultracompact low mass X-ray binary 4U 1626−67,
which was spinning up between 1977 and 1989, followed by a torque reversal
and an extended spin down phase starting in 1991 (Chakrabarty et al. 1997). In
contrast to GX 1+4, no luminosity drop was seen during the torque reversal and
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with |P/Ṗ| ∼ 5000 years the characteristic spin up and spin down timescales are
significantly larger. Provided that the torque reversal of 4U 1907+09 described in
this chapter does not change back in the next years, in its overall period behavior,
4U 1907+09 resembles 4U 1626−67: both sources have|P/Ṗ| ∼ several thousands
of years and no change in luminosity was observed during the torque reversal. On
the other hand, however, 4U 1907+09 is a high mass X-ray binary with a much
longer orbital period, and thus shares similarities with the low mass X-ray binary
GX 1+4, and furthermore 4U 1907+09 switched from spin down to spin up, while
GX 1+4 and 4U 1626−67 switched from spin up to spin down. Common for the
three sources is that the magnitude of|P/Ṗ| is similar for the spin up and the spin
down.

With the simple magnetic torquing model outlined above, thelong distinct
episodes of roughly constantṖ and the magnitude and sign ofṖ are difficult to
explain: As discussed above, for systems close to equilibrium it is expected that
rm∼ rco. In reality, however, this is not the case. In the case of 4U 1907+09, it was
first pointed out by in ’t Zand et al. (1998) that the magnetospheric radius inferred
from the cyclotron line measurements isrm ∼ 2400km, whilerco ∼ 12000km.
Moving rm out to rco would require a magnetic field of∼1014G, which is two
orders of magnitude larger than the magnetic field deduced from the observed cy-
clotron lines. Alternatively,Ṁ could be significantly lower than the value inferred
from the X-ray luminosity of the system. Assuming the efficiency of accretion
is comparable to other systems, however, a lowṀ would imply a significantly
smaller distance to 4U 1907+09 than allowed by its optical reddening, which
seems equally unlikely. in ’t Zand et al. (1998) argued that the presence of quasi-
periodic oscillations (QPOs) and the long term systematic trend in the spin down
are strong indicators for the presence of a accretion disk inthe system with a small
inner disk radius. In analogy to GX 1+4 (Chakrabarty et al. 1997, and references
therein), these authors show that a transient retrograde disk with a duty cycle of
1–5% could provide a sufficiently strong torque to explain the observed spin down.
This torquing would coincide with a short term increase of source luminosity. in
’t Zand et al. (1998) speculate that the X-ray flares indicatethe presence of the
retrograde disk, since a switch to a retrograde disk would imply an increase in
X-ray luminosity. They point out, however, that the∼1000 s duration of the flares
seen in theirRXTE data is too small with respect to the required duty cycle for
a retrograde disk. We note that theINTEGRAL results show flare durations of
several ksec duration (Tab. 7.5), which is more in line with the expected duty cy-
cle. Furthermore, the folded light curve of 4U 1907+09 indicates a brightening of
the source around phase 0.6 (Fig. 7.1). With 0.1Porb duration, this flare is long
enough to easily accommodate the required duty cycle of the retrograde disk and
to explain the observeḋP. We note, however, that not all of the brightening seen
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in Fig. 7.1 is due to the flares identified by us as removing these flares from the
data still results in a clear peak at phase 0.6 in the folded light curve. Part of the
brightening could therefore be also due to an enhancedṀ during this phase of the
elliptical orbit of the neutron star, although we cannot firmly exclude the presence
of smaller flares which would not be picked up due to our conservative definition
of a flare.

While the model of a retrograde disk can explain the magnitude of P/Ṗ, it is
more difficult to reconcile the torque reversal found withINTEGRAL with this
model. First of all, as discussed above, the four intervals of differentṖ repre-
sent distinct episodes of different torques on the neutron star. In the retrograde
disk model, it is difficult to understand why the characteristic spin up and spin
down timescales appear so similar. Furthermore, these three phases would then
correspond to different duty cycles of the retrograde disk, resulting in a change
in observed flux. Such a behavior has been observed, e.g., in GX 1+4, where
torque and luminosity are correlated during the spin down phase (Chakrabarty
et al. 1997). No such correlations are observable in 4U 1907+09, where the flux
has not appreciably changed during theINTEGRAL and the pointedRXTE obser-
vations (see also Baykal et al. 2006). In addition, an analysis of the orbit-averaged
2–12 keVRXTE ASM light curves also does not reveal a change in the soft X-ray
behavior of the source, and neither is a change in the X-ray light curve with orbital
phase observed.

The INTEGRAL observations also rule out the application of the torque re-
versals put forward by Murray et al. (1999) to explain GX 1+4. In this model,
the accretion disk is assumed to consist of several rings with opposite rotation.
Between these rings a gap is created such that a torque reversal should be accom-
panied by a minimum in the accretion luminosity. The model predicts a change
in pulse profile from “leading-edge bright” during the spin down to “trailing-edge
bright” during the spin up. Both, a minimum in luminosity anda change in the
shape of the pulse profile are observed in GX 1+4 (Greenhill et al. 1999), but
neither effect is present in 4U 1907+09 (see discussion above and Fig. 7.7).

Recently, Perna et al. (2006) presented a newAnsatzto explain torque changes
in accreting neutron stars, which does not require the presence of retrograde disks.
This model makes use of the fact that X-ray pulsars are oblique rotators, i.e., the
neutron star’s magnetic field is tilted by an angleχ with respect to the axis of
rotation of the neutron star. Assuming the accretion disk issituated in the neutron
star’s equatorial plane, for a ring of matter in the accretion disk, the magnetic field
strength then depends on the azimuthal angle and thus the boundary of the mag-
netosphere is asymmetric. As shown by Perna et al. (2006), such a configuration
can lead to regions in the disk where the propeller effect is locally at work, while
accretion from other regions is not inhibited (i.e., on a ring on the disk, there are



Chapter 7.5: Summary and Discussion 145

some regions withrm < rco and other regions withrm > rco). This results in a non-
linear dependence of the accretion luminosity from theṀ through the outer parts
of the disk. A nontrivial consequence of this more realisticaccretion geometry
is that for values ofχ greater than a critical value,χcrit, limit cycles are present,
where cyclic torque reversal episodes are possible withouta change inṀ. For
typical parameters.χcrit is between∼25◦ and∼45◦. We stress that the existence
of the limit cycles depends only onχ and on the pulsar’s polar magnetic field,
B, and no variation of external parameters is required to trigger torque reversals.
This fact is a big advantage of this model over the models discussed above.

Perna et al. (2006) show that their model can explain the principal observed
properties of GX 1+4, including the luminosity drop during torque reversal, ex-
cept for the observed correlation between torque and luminosity during the spin
down phase. For 4U 1626−67, assumingB = 2.5× 1012G andχ = 68◦, all ob-
served properties of the spin history of 4U 1626−67 including the large and values
of |P/Ṗ| before and after the torque reversal and the virtually unchanged luminos-
ity of the source can be explained (in the model, the requiredchange in luminosity
is only∼5%). For these model parameters, the limit cycle of 4U 1626−67 is pre-
dicted to have a long period.

The similarity between the pulse histories of 4U 1907+09 and 4U 1626−67 sug-
gests that a similar model would also work for the former source. We stress, how-
ever, that further quantitative work, which is outside the scope of this work, is
clearly required. Specifically, from a theoretical point ofview we note that the
model of Perna et al. (2006) does not yet take changes inṀ due to the orbital
eccentricity into account and that the current version of the model assumes the
disk to be flat and in the equatorial plane of the neutron star,while more realistic
disks onto magnetized objects can be expected to be warped and precessing (e.g.,
Pfeiffer & Lai 2004, and therein). From an observational point of view, the donor
stars in both systems are very different, with 4U 1626−67 being a low mass and
4U 1907+09 being a high mass system. Finally, we also emphasize that the torque
reversal in 4U 1626−67 was from a spin up to a spin down, while for 4U 1907+09
it was from a spin down to a spin up. Since the torque reversal episodes are cyclic,
however, we do not expect this latter difference to be of major importance.

In conclusion, the torque reversal of 4U 1907+09 with no associated drop in
luminosity and no change in the shape of the pulse profile seemto be difficult to
reconcile with models explaining the largeP/Ṗ through the presence of a retro-
grade disk. On the other hand, the proposal of Perna et al. (2006) to explain torque
reversals through accretion onto an oblique rotator seems to be able to explain the
long term constancy oḟP trends in 4U 1907+09 and 4U 1626−67, the large mag-
nitude of|P/Ṗ|, and the constancy of X-ray flux over the torque reversal, although
further and more detailed theoretical studies are required. As a prediction of the
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model for systems such as 4U 1907+09 and 4U 1626−67 is that torque reversal
episodes are rare events, further monitoring of the pulse period of 4U 1907+09 is
required to determine whether this change is a sign of a long term torque reversal
or whether we are just observing a short deviation from a longterm spin down
trend.
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Summary and Outlook

8.1 Cygnus X-1

The galactic black hole Cyg X-1 has been observed simultaneously by INTE-
GRAL , RXTE, andXMM-Newton four times in November/December 2004. The
total energy range covered by those three instruments ranges from 2.8 keV to sev-
eral MeV, i.e., our observations provided one of the best resolved broadband spec-
tra ever obtained for this source. The analysis of the data was split in two main
parts:

1. Analysis of the broadband continuum:in this part we wanted to constrain
models for the Comptonizing plasma. One special aim was the search for
effects of non-thermal Comptonization in the spectra. The broadband con-
tinuum is also needed to constrain the amount of photons thatis Compton
reflected off the accretion disk, which is crucial for the second part of the
analysis. This study of the broadband continuum was done using RXTE
andINTEGRAL .

2. Analysis of Fe Kα region of the spectrum:the main goal of this part was
to study the structure of the line which is skewed and broadened due to
relativistic effects. Along with the line, the shape and the strength of the Fe
K edge was analyzed. This was done usingXMM-Newton.

To observe Cyg X-1 withXMM-Newton it was necessary to develop a new
observing mode for the EPIC-pn camera, called the “Modified Timing mode”. By
switching off the EPIC-MOS cameras and increasing the lower energy threshold
it is possible to observe sources with luminosities up to∼1 Crab using this mode.
Within this thesis, an appropriate response matrix was calculated for the Modi-
fied Timing mode, which has been made public through the ESAXMM-Newton
website. However, there are still some improvements to be made in the future,

149
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as the matrix still lacks the correct treatment of the CTE. The Modified Timing
mode could officially be requested inXMM-Newton AO7 and four out of eight
proposals were accepted by the OTAC.

8.1.1 Broadband

TheRXTE andINTEGRAL data have been modeled using the Comptonization
codescompTT and eqpair as well as a simple phenomenological power-law
model. All three approaches resulted in a similar good description of the data
in terms ofχ2

red. The main results of this analysis are:

• The same spectral parameters found to describe the 3–120 keVRXTE range
are valid for the extended energy range up to 1 MeV.

• Cyg X-1 was observed in the Hard Intermediate State.

• The four observations show indications for the presence of ahard tail above
∼300 keV. This hard tail is confirmed in the time averaged spectrum.

The hard tail can be explained in terms of hybrid thermal/non-thermal Comp-
tonization in the Plasma. The best fit indicated that 67% of the power supplied
to the electrons in the plasma is used for the non-thermal acceleration of the elec-
trons.

Another scenario to explain the non-thermal Comptonization would be radia-
tion from a jet in Cyg X-1, which is expected to be present in the Hard Intermedi-
ate State. The hard tail may therefore be due to synchrotron self-Comptonization
in the jet (Markoff et al. 2003, and references therein). To test this scenario,the
jet models of Markoff et al. (2001; 2003) should be applied to the broadband data
in a future work.

8.1.2 Iron Line

For the analysis of the iron line region of the spectrum, theXMM-Newton data
were modeled combined with continuum parameters derived using RXTE. The
spectral model was composed of an absorbed disk black body and power-law with
reflection plus a narrow Gaussian and a relativistically broadened line (using the
XSPECmodelsdiskline, laor, andkdblur) as well as a smeared edge. The
main results of this analysis are:

• The line is clearly composed of a relativistically broadened component and
a narrow core.

• An edge component is seen in all observations.
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• In terms ofχ2
red Schwarzschild and the Kerr models are similar. However,

Kerr models provide inclinations which are physically moremeaningful
and are therefore slightly favored.

• The line parameters vary with time as well as with luminosityof Cyg X-1
but no clear trend is evident.

The result that Kerr models are slightly favored over the Schwarzschild model
is in contradiction with the conclusion derived from Chandra observations that
Cygnus X-1 harbors a black hole of no or only modest spin (Miller et al. 2002;
Miller 2006). As in the last years more sophisticated modelshave been devel-
oped which also allow to fit the black hole spin parametera (Dovčiak et al. 2004;
Brenneman & Reynolds 2006) a logical next step would be to apply them to the
XMM-Newton data (first tries with the Dov̌ciak et al. model have not resulted in
meaningful parameters so far). Also the combination of the currently used disk
models with a new reflection model by Ross & Fabian (2005, 2007) would be
very interesting as the reflection hump may extend down to energies in the FeKα
regime.

These new models may also help to understand the observed variability of the
spectral parameters. For the variability with time it mightalso be helpful to split
the spectra in shorter parts to follow the evolution more closely (especially in
obs3). This analysis should be addressed in a future work.

As soon as the calibration of the CTE effects is finished one could also think
of combining at leastXMM-Newton andRXTE (or even alsoINTEGRAL) to a
joint fit of the broadband continuum and the relativistic line.

8.2 4U 1907+09

The neutron star binary 4U 1907+09 has been observed byINTEGRAL regularly
during its so called “Galactic Plane Scans” and “Galactic Central Radian Deep
Exposures”. These data, taken between 2003 and 2005, together with private data
from a monitoring campaign on the galactic micro-quasar GRS1915+105 (PI
J. Rodriguez) as well as all public available data in theINTEGRAL archive, have
been studied in the second part of this thesis. The main results of this analysis are:

• While 4U 1907+09 showed a continuous spin-down behavior over the last
20 years (in fact since the first period measurement in 1983),the source
underwent a complete torque reversal in 2004 and is spinning-up since then.

• Four flares in the X-ray light curves with durations between∼2.5 ks and
∼7 ks were observed.
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Figure 8.1: Period evolution of 4U 1907+09 including the new Suzaku measurements (Fig-
ure from Roth 2008).

• The presence of two cyclotron lines at∼19 keV and∼40 keV, as reported
from earlierGingaandBeppoSAXobservations, could be confirmed.

The observed torque reversal cannot be explained in the classical model by
Ghosh and Lamb (Ghosh et al. 1977; Ghosh & Lamb 1979a,b) as thederived mag-
netospheric radius is too small compared to the corotation radius but the model
expectsrm ∼ rco. Instead the oblique rotator scenario by Perna et al. (2006)was
presented as possible explanation for the change in spin behavior. The core state-
ment of this model is the assumption that the boundary of the magnetosphere is
asymmetric and therefore there are regions on the disk withrm > rco while in
other regionsrm < rco. This leads to the existence of limit cycles which can ex-
plain cyclic torque reversal episodes. Applying this modelto 4U 1907+09 allows
the prediction that the limit cycle will have a long period and no further torque
reversal is expected in the near future.

In 2006 and 2007 4U 1907+09 has been observed by the Japanese X-ray satel-
lite Suzaku. While the source showed its typical dipping behavior during the first
observation (2006, May 2–3), the second observation (2007,April 19–21) was
characterized by flaring. Roth (2008) derived periods for both observations using
epoch folding: for the first observation a period of 441.27±0.05s was found and
for the second one a slightly lower value of 441.09±0.05s. While these two val-
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ues show an intrinsic spin-up, the trend compared to the long-term evolution is not
so obvious as shown in Fig. 8.1. From these two data points it cannot unambigu-
ously be decided if 4U 1907+09 is continuing its spin-up trend and therefore the
Perna et al. model still holds as explanation. A further monitoring of the source
is strongly required.
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Bałucińska-Church, M. & McCammon, D.
1992, ApJ, 400, 699
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In the following the comparison plots between the standard Timing mode RMF
and the Modified Timing mode RMF for the "thin1" and “medium” filter are
shown. Both plots show that the newly calculated response matrix is perfectly
able to account for the effects of the spectral softening as described in the text in
section 4.3.1.
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Figure A.1: Comparison of the standard Timing mode responsematrix and the newly calcu-
lated response matrix for the Modified Timing mode for the "thin1" filter. The red spectrum
is a simulated modified Timing mode observation of Cir X-1 whereas the blue one shows
the normal Timing mode observation. The upper panel displays the residuals for a fit to the
data just using the standard rmf and arf files for both observations, resulting in differences
in the data. The bottom panel shows the same but now using the correct response matrix
for the Modified Timing mode.



Chapter A: Calibration of Modified Timing mode 171

1

10
no

rm
al

iz
ed

 c
ou

nt
s

 c
m

−
2  s

−
1  k

eV
−

1

 
−5

0

5
 

 
−5

0

5
 

Energy [keV]

χ

3 6 9

Her X−1
medium

Figure A.2: Same comparison as in Fig A.1. The source chosen is Her X-1, the observation
was executed with the medium filter.
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