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Erweiterte deutsche Zusammenfassung
Fritz, Sonja

Rontgenbeobachtungen von Schwarzloch- und Neutronenstesystemen

Schwarze Locher und Neutronensterne sind die kompakterblégfilesel massiver
Sterne am Ende ihres Lebens. Da alle nuklearen Reaktiorl@®im Inneren zum
Erliegen gekommen sind, senden sie selbst keine Strahlehg aus. Isolierte
kompakte Objekte sind daher gar nicht oder nur nur sehr schwentdecken.
Befindet sich ein solcher Himmelskorper jedoch in einem [Rdgtprnsystem, so
kann er von seinem Begleitstern Materie akkretieren. Hiegbtsteht Strahlung
die im Rontgenbereich beobachtbar ist. Eine Ubersicht diedrierbei relevanten
Prozesse ist in Kapitel 2 gegeben.

Im Rahmen dieser Arbeit wurden Rontgenbeobachtungen b@jgen kom-
pakter Objekte, Schwarzer Lécher und Neutronensterng;sied:

Der erste Teil der Arbeit ist einer detailierten Analyse Besitbandspektrums
des Schwarzloch-Doppelsternsystems Cygnus X-1 gewidiasteine der hell-
sten persistenten Quellen am Roéntgenhimmel ist. Cyg X-1devlEnde 2004
simultan von den drei SatelliteKMM-Newton, RXTE und INTEGRAL beob-
achtet. Dank des grossen Energiebereichs der duch diestohis abgedeckt
wird (2.8keV- 1 MeV) resultierten aus diesen Beobachturgjaige der héch-
staufgeldsten Breitbandspektren die jemals aufgenommeden. Da Cyg X-
1 eigentlich zu hell ist um volXXMM-Newton in einem der Standardbeobach-
tungsmodi beobachtet zu werden, musste ein neuer ModusgiERIC-pn Ka-
mera entwickelt werden. Dieser sogenannte “Modified Tinmimgde” und De-
tails zu seiner Kalibrierung sind in Kapitel 4 beschriebbnden beiden dar-
aufolgenden Kapiteln werden die Ergebnisse der Datenanalygestellt, die in
zwei Hauptbereiche aufgeteilt war. Auf der einen Seitedstine Untersuchung
des Breitband-Kontinuums mit dem Ziel, verschiedene Medékr das Compto-
nisierende Plasma zu testen, welches das Schwarze Loclheufskliatetionsschei-
be umgibt, auf der anderen Seite eine detailierte Analysé-d&a Region des
Spektrum um eine relativitische Verbreiterung der Eigeelzu bestétigen. Die
Analyse des Breitband-Kontinuums wurde riXTE und INTEGRAL durch-
gefuhrt und wird in Kapitel 3 beschrieben. Fir die Eiseminiurden zwar die
Kontinuumsparameter mRXTE bestimmt, die hauptséchliche Analyse beruht
jedoch autXMM-Newton Daten (Kapitel 5). Im Breitband-Kontinuum wurde bei
Energien Uber300keV ein Exzess detektiert, ein sogenannter “hard @ikser
“hard tail” ist typisch fur den Hard Intermediate State vacth®arzen Ldchern



in dem sich Cygnus X-1 wahrend der Beobachtungen befand and kit ei-

ner nicht-thermischen Komponente im Comptonisierendasr®a erklart werden.
Die ebenfalls fiir diesen State typische verbreiterte Hisierkonnte in den Daten
von XMM-Newton nachgewiesen werden. Im Unterschied zu friiheren Messun-
gen mit dem amerikanische&bhandraSatelliten eignen sich fur die Beschreibung
des Linienprofils in de’cXMM-Newton Daten Modelle die auf der Kerr-Metrik be-
ruhen jedoch besser als Modelle, die die Schwarzschildiktaigrunde legen.

Im zweiten Teil dieser Arbeit werden die Ergebnisse von zieiren/NTE-
GRAL Beobachtungen des Neutronensternsystems 4UdA@DVorgestellt. Das
Hauptaugenmerk lag hier auf der Untersuchung der zeitiicVegiablilitat der
Quelle, da 4U 190¥09 eines der wenigen bekannten Objekte ist, das Uber einen
Zeitraum von 20 Jahren (seit der ersten Bestimmung der endsfe in 1983)
einen konstanten “spin-down” Trend zeigt. Dieses Vermakehrte sich 2004
komplett um und 4U 190#09 zeigt seitdem einen deutlichen “spin-up” mit kon-
stant abnehmender Pulsperiode. Neben der Untersuchigey digdtlichen Variab-
lilitat wurde auch eine Analyse des 5-90 keV Spektrums vooganen, das zwei
Zyklotronlinien aufweist. Mit Kenntnis der Energie diedenien ist es moglich,
die Starke des Magnetfeldes von 4U 1909 zu berechnen, was Ruckschlisse
auf die Akkretionsgeometrie und die zeitliche Entwickluhgy Pulsperiode zu-
lasst (Kapitel 7).



Extended Abstract
Fritz, Sonja

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

Black holes and neutron stars are compact remnants of reastsivs at the
endpoint of stellar evolution. As they have consumed alf tingclear fuel they are
not radiating themselves anymore, which makes isolatechashobjects rather
difficult if not even impossible to discover. If they are found indry systems,
however, they may accrete matter from their stellar congranihereby producing
radiation that can be observed in the X-ray regime (Chapter 2

In this thesis | analyze and discuss X-ray observations ofliimary systems,
containing a black hole and a neutron star, respectively:

The first part of the work is dedicated to a detailed broadisé&ndly of the black
hole binary Cygnus X-1, which is one of the brightest peesissources in the X-
ray sky. Cyg X-1 was observed at the end of 2004 simultangdaysthe three
satellitesXMM-Newton, RXTE, and INTEGRAL. As these three instruments
cover an energy range from 2.8 keV- 1 MeV, one of the bestveddiroadband
spectra ever was obtained. As Cyg X-1 is too bright actuallye observable by
XMM-Newtonin its standard modes, a new observing mode (called the “fidoti
Timing mode”) has been developed for the EPIC-pn cameras Moide and its
calibration are described in Chapter 4. In the two followahgpters the results
of the data analysis are presented, which was split in two paits. On the one
hand a study of the broadband continuum was performed tdreamsnodels for
the Comptonizing plasma surrounding the black hole anditssdion disk (using
RXTE andINTEGRAL, Chapter 3), on the other hand a detailed analysis of the
Fe Ka region was conducted to search fdfeets of relativistic line broadening
(usingXMM-Newton, Chapter 5). The broadband continuum is found to show a
hard tail above-300keV (as it is expected for the Hard Intermediate Statandur
which the observations took place) which could be explaimettrms of non-
thermal Comptonization. The presence of a broadened iman Which is also
expected in this state, could be confirmed inXi¢M-Newton analysis. Contrary
to results by theChandraobservatory, however, Kerr models are favored for the
description of the line profile in th¥MM-Newton observations.

In the second part of this thesis the results of two yearBNGIEGRAL ob-
servations of the neutron star binary 4U 1909 are reported. The main focus
of this analysis is a study of the timing behavior of this seuyras 4U 190¥09
is one of the few sources known to show a steady spin-dowrnvimhaver the



last 20 years since the first measurement of its pulse pemid®83. This be-
havior changed completely during tii§TEGRAL observations in 2004 when
4U 190709 underwent a complete torque reversal. Since then the patsod of
the neutron star is constantly decreasing. In additionddithing also an analysis
of the 5-90keV spectrum is performed. The presence of twintrgn lines in
the spectrum allows the calculation of the magnetic fieldrgjth of this object.
With the knowledge of this field strength it is in turn poseibd draw conclusions
on the accretion geometry and the spin behavior (Chapter 7).
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CHAPTER 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'lmagtous” stars
in the sky'. However, | am not talking about the “classical” sky as it basn ob-
served since ancient times with the naked eye but in facttaheypicture that can
be seen when observing the sky in the light of X- ancys. These observations
reveal a completely tlierent picture of the sky. Even the stars are no “normal”
stars any more — among the sources seen in these higher évserdy are the
relics of stars at the end of their life: white dwarfs, neatstars, or black holes.
And unlike the calm and steady sea of lights seen in the diftaoad the X-ray sky
is highly variable and unpredictable. Some sources undsptitcsecond changes
of their luminosity while others show giant outbursts.

Seeing the sky in X-rays is seeing the hottest places of therse. For exam-
ple the main source of the observed X-rays from the aboveioretd compact
objects is matter which is accreted onto them from a compestiar and thereby
heated up to many million K. By the interaction of the stansketter sources)
it is therefore possible to gain a lot of information abowgrthalthough they are
“impenetrable”themselves. In the following section the conditions undeiciv
mass transfer from one star to another can take place wikplaieed before the
sources discussed in this thesis — neutron stars and bléek-hare described in
more detail.

1Compared to extra galactic sources like Active Galactic IBIUAGN) — which upon their dis-
covery were believed to be stars until their true identitysager massive black holes was revealed —
the physically defined luminosity of the objects describethis 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 migh¢ampat the first
glance as about half of the stars in the sky are not singls Btearather composed
in binary systems or even systems with more components. iSitly natural
that the study of binary systems traces back to the begismifgstrophysics for
those studies provide the opportunity to get informatiat ttannot be gained for
single stars. Binary systems provide for example the begihadeto determine
the mass of stars through Kepler’s third fava parameter which is essential for
any further analyses of the star.

The binary systems discussed in this thesis are of a spewtbk one of their
constituents is not a “normal” star but a compact object, mr&nin this case
a neutron star or a black hole. The compact object is acgratiatter from its
companion, leading to the emission of X-rays as the energghiib released due
the accretion process is

M
ABacce & - (1.1)

in other words the more compact an object the méieient the accretion process.
Typical values for the energy released by accretion ontcusrome star are of the
order of 100 keV for electrons and 200 MeV for protons (duérthigher mass).
The luminosity of an accreting system depends on the masstaxtrateM, with

GMM
Lacc= = (1.2)
if all released energy would be radiated away. Howevergtieean upper limit
to the luminosity given by the equilibrium of the gravitatad force of the source
and the radiation pressure due to X-ray luminosity. For thgecof spherical
symmetric accretion of fully ionized matter this limit isaehed at the so called
Eddington luminosity (e.g. Padmanabhan 2000)

ArGm,c
oM\~ 13108 M ergs? (1.3)
oT MO

Ledd=

In reality the accretion processes are hardly sphericahsstmc resulting in the
observation of sources with luminosities above the Eddimgjmit.
The accretion process itself can occur via thréfedént 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 tleeRe potential

2For the determination of the masses and radii of the two itaests separately further spectro-
scopic techniques are required.
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Figure 1.1: Equipotential lines of the Roche potential fonass ratio oM1/M, = 5/1.
M1 and M, denote the position of the staf$js the center of gravity, andy mark the five
Lagrangian points (Kretschmar 1996).

(Frank et al. 1992)

‘D(r_’)=—ﬁ—ﬁ——(wxr_))2 (1.4)
-r| |r-r2

with M1 and M2 being the masses of the two stellar componentand
ro the respective position vectors, atndhe angular velocity of the system.
From this equation the size of the so called “Roche lobe” —sindace
within which a particle is bound to one of the systems comptse can be
derived. If the companion star is evolved and has therefaeyin radius
it can fill its Roche lobe and matter can flow over the inner agian point
L1 (whichis a saddle point of the functidr) onto the compact object. This
material, however, has too much angular momentum due tathdon of
the star and can not directly fall down onto the compact dbjestead an
accretion disk forms in which the material loses angular motum and
moves slowly inwards until it can be accreted onto the comnphject.

2. Wind accretion: In the case of wind accretion the material has almost
no angular momentum and hence no (or only a very small) doordisk
forms. This kind of accretion dominates in systems wherectimapanion
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star is of an early type and drives a strong stellar wind Wil ~ 1076 —
10"°Myyr~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 ¢ger@ted the
mass accretion rate can still befistient to make the source radiate close
to the Eddington limit. The accretion process itself is dibsd roughly in

the cylinder symmetric Bondi-Hoyle model (Bondi & Hoyle ¥94 only
material from within a cylindrical radius of

2GM;

EadLY (1.5)
V3, + V2

lacc=
is accreted by the compact object, wheres the orbital velocity anday
the velocity of the stellar wind. For a typical OB supergiagstem the
wind velocity isvy ~ 1-2-10°kms™! and thereforeacc ~ 101%cm. This
value is much smaller than the distance between the starhancbimpact
object which is usually of the order of 3¥m. Outside this radius the
kinetic energy of the gas dominates the gravitational puithe compact
object and the wind is mostly uffacted by the compact object. Behind
the compact object a part of the stellar wind forms the seedathccretion
wake” as is shown in Fig. 1.2.

The Bondi-Hoyle model described here is rather simple assitimes cylin-
der symmetry. The real process, however, turns out to beraymmetric
as hydrodynamical simulations show (Mauche et al. 2007 rafetences
therein). In Fig. 1.3 typical results of a simulation for theutron star X-ray
binary Vela X-1 are shown: Coriolis and centrifugal forcesise the hot,
low density, high velocity flow down to the neutron star tovaiclockwise
while a bow shock and two flanking shocks are formed where timel w
collides with the flow.

. Be-star mechanism: Be stars are a special kind of spectral type B stars

showing several characteristic hydrogen emission lindsese lines origi-
nate from a disk in the equatorial plane of the star which ®due to its

rapid rotation. As this disk is rather extended (up to sehstedlar radii) the

compact object crosses it as it approaches periastron anetes material
(Fig. 1.4). This is visible as X-ray outburst. As the compalgject moves
on the accretion rate decreases and also the X-ray lumyndrgips. How-

ever, this process does not necessarily occur at each penigmssage of
the compact object as the disk of the Be star seems to be lmatdbast in

some sources as for example A 0526.

Depending on the mass of the companion star, X-ray binaryB)X$ystems

are divided into Low Mass XRBs (LMXBs) and High Mass XRBs (HBY).
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compact object

massive

accretion wake- -
OB-star

stellar
wind

Figure 1.2: Wind accretion in the Bondi-Hoyle model: madkfiom insiderzccis accreted
onto the compact object (Figure from Kreykenbohm et al. 2004

Members of the first class have a companion star of the spggieaG to M with

a mass of one or less solar masses. In this case the emis3{enays exceeds the
optical luminosity by a factor of #0to 10*. As these dwarf stars usually do not
emit a strong stellar wind, the main accretion mechanisnMXBs is Roche lobe
overflow. Therefore the companion needs to be evolved antl its fRoche lobe,

1.0
0.8

0.6
0.4

0.2
0.0

Figure 1.3: Hydrodynamical simulations of wind accretiar the Vela X-1 system
(Mauche et al. 2007). Color coded are (a) the temperdag@) [K] = [4.4,8.3], (b)
the densitylog(n) [cm~3] = [7.4,10.8], (c) the velocityog(v) [km s~1] = [1.3,3.5], and (d)
the ionization parametéog(¢) [erg cm s1] = [1.1,7.7]. The position of the neutron star is
marked by the cross.
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Figure 1.4: Be star accretion mechanism (Kretschmar 1986)neutron star can cross the
gaseous disk around the companion and accrete matter.

making LMXBs rather old systems with typical aged0® years. In contrast the
companions of HMXBs are young OB supergiants with 10 or motarsnasses.
The emission of a HMXB system is dominated by the optical siois of the
companion (withLy/Lopt = 10-2...10), which in most cases also drives a strong
stellar wind and therefore allows the compact object to etecvia the second
described mechanism (van den Heuvel 1975).

In total there are believed to be not more than a few hundredyXbinary
systems in the galaxy (Grimm et al. 2003; Psaltis 2006), asetlolution of a
“normal” binary system to a system with an accreting compégect is rather
improbable. For instance the progenitor stars of the cotnmaect are believed
to be too large to fit in the rather tight orbits and moreoverdhipernova explosion
of this stars might disrupt most of the systems. Howevergthee some possible
(but poorly understood) scenarios like common-envelopéudon, asymmetric
supernova explosions or two- and three-star interactiogkbular clusters which
might explain the existence of binaries with an accretingygact object (Tauris
& van den Heuvel 2006, and references therein).

After looking at binary systems as a whole the following et now provide
a closer look on the nature of the compact object. These sswe the final
stages in the evolution of a star. If a star is not disruptedpletely at the end of
its life it ends either as white dwarf, neutron star, or blaoke — depending on its
mass. Fig. 1.5 shows an simplified overview of this depengenc

1.1.1 Neutron Star Binaries

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

of stellar evolution, however, is beyond the scope of thési but can be found,
e.g., in Kippenhahn & Weigert (1994). The crucial step in N8fation occurs
when all of the nuclear fuel of the initial star is exhaustad ¢he core becomes
dynamically unstable and starts to collapse. Inside the oceutrons are build

by the electrons and protons via inveggelecay. The collapsed core forms a
sphere with about 10 km radius and a mean density &tgénm 2 (Srinivasan
1997) that is balanced against gravity by the pressure ofi¢lgenerate neutron
fluid — a neutron star is born. The envelope of the initial &axpelled due to
the rebounce of the incoming shock wave on the NS surfaceup@rsova Type

Il explosior?. The masses of most of the NSs lie in the narrow range of 1.25

3A detailed description of supernovae can be found in Woo&layeaver (1986) and Woosley
etal. (2002)
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—1.44 M, (Camenzind 2007) but there are also more massive NSs fouhd wi
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-dfkG in the case of an O star,
see Donati et al. 2006) is conserved during the colthped as the magnetic field
strength is proportional to2, NSs can possess some of the strongest magnetic
fields that exist in nature with field strengths up t0"I® (so-called magnetars,
see e.g. Harding & Lai 2006). The magnetic fields of the NSsareting X-ray
binaries, however, are found to range frerh0'?— 103G (see e.g. Harding & Lai
2006, and references therein), while the magnetic fieldeafeding millisecond
pulsars reach values of onB'~ 10°G (e.g. Chakrabarty 2005). An explanation
of these findings — which is thought to be due to an evolutidhemagnetic field
with time — can be found, e.g., in Bhattacharya & Srinivase896), Ruderman
(2005), Reisenegger et al. (2005), or Harding & Lai (2006).

The existence of these strong fields has directly visibleseqnences: at a cer-
tain radius (the so called Alfvén radius) the accreted masdtéorced to follow
the field lines onto the magnetic poles of the NS. If the magreetis is not co-
aligned with the rotational axis of the NS the radiation frima magnetic poles
can only be seen by the observer when it crosses his line bf ige a light-
house). The observed X-ray flux is therefore modulated vhighspin frequency
of the NS. However, this frequency is not necessarily conistAs the accreted
material carries angular momentum the NS experiences argid that alters
its rotation period. A more detailed description of this ggss can be found in
chapter 6.2.

Another observational evidence of the strong magneticdigldNS binary sys-
tems is the detection of “cyclotron resonant scatterindufes” or short “cy-
clotron lines” in their spectra. While a short introductitanthis subject is pro-
vided in section 6.3, a very detailed explanation of cydntline formation is
given for example by Schonherr (2007). Cyclotron lines e direct opportu-
nity of measuring the magnetic field strength as the lattezlated to the energy
of the lines by the so called 12-B12-rule:

where By, is the magnetic field strength in units of 2@G. Up to today there
are 14 NS binaries known to exhibit cyclotron lines, with faf them showing
not only a single feature but also harmonically relatedditideindl et al. 2004;
Kreykenbohm 2004; Psaltis 2006).

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

4An alternative scenario is the dynamo scenario where thenetigfield of the NS is generated
by a convective dynamo in the first seconds of the proto-N®ififsson & Duncan 1993).
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ranging from~ 1 mHz to~ 40Hz (Psaltis 2006). While the oscillations found in
the several ten Hz regime can be explained by beat frequendgls (Finger
1998; van der Klis 2000) the low frequency oscillations nigk related to a
low-frequency modulation of the accretion flow for exampjethe presence of
a precessing disk warp (Shirakawa & Lai 2002). In LMXBs withvimagnetic
field NSs also QPOs with kHz frequencies have been detectéchwhn also
be explained in terms of beat frequency models (for an inttdegscussion of
this issue see van der Klis 2000, 2006). However, the presehnQPOs always
strongly suggests the existence of an accretion disk intarsys

1.1.2 Black Hole Binaries

If the initial mass of a star is large enough, the pressureteceon the NS by
the supernova explosion cannot be compensated by the predgshe degenerate
neutron fluid. The collapse therefore continues to infinitg a Black Hole (BH)
forms’. To classify an object as BH its mass has to exceed the uppsarlimt for
NSs which is the so called Oppenheimer-Vdiknass. Its exact value is unknown
as it depends on the still infficiently known equation of state for nuclear matter
(which defines the internal structure of the )lNew results fronKMM-Newton,
however, point at a value of 2.4MWebb & Barret 2007).

General relativity predicts that BHs — apart from their massan have only
two other measurable properties, namely angular momenhdhrtharge. The
latter would be hardly realized in nature as the electroratigriorce is rather
strong and every charged body would neutralize immediatélye size of the
BH can be described in the most simple case (that of a notisrgtBH) by the
Schwarzschild radius

Mo
and depends only on the mass of the BH. It is important to fwethis size
does not correspond to a solid surface like in the NS case.|aBhestable orbit
a particle can enter around such a BH is the so called “innststable circular
orbit” (ISCO) at

Rs= == = 3km

2GM M
ol wr)

Rsco=——=3Rs (1.8)

5This means that the frequency of the oscillations correspaa the beat frequency between the
NS spin frequency and the orbital frequency of matter at tfieéA radius.

6The exact masses a main sequence star needs to have to end bla@shole are not known as
there are still large uncertainties in the knowledge of th@gion of massive stars (and especially in
modeling the strong mass lossMf> 20M, stars) as well as in the simulation of supernova explosions.

7A list of the most realistic equation of states (based on metativistic potentials) can be found in
Camenzind (2007).
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which means that this is also the smallest inner radius tbeton disk can reach.
But how can BH systems be distinguished from NS systems? éngesindi-
cator is surely the mass of the compact object. If this exedleel Oppenheimer-
Volkoft limit the object has to be a BH. A lower limit to the mass is giy®y the
mass function
(My sini)3
(Mo + Mx)?

with Mg being the mass of the optical companidty the mass of the compact
object and the inclination of the orbit. However, the exact determimabf the
mass is dficult or even impossible for many X-ray binaries as the udety in
Mo can be large and the determination of the inclination is eemplex.

Hence there have been numerous suggestions for empitsiteedistinguish
between NSs and BHs on basis of their X-ray properties. Theljde for ex-
ample a characteristic spectral evolution with increasingrage flux (Done &
Gierlihski 2003) or a significant variability power at high Fourfimguencies, i.e.,
>100Hz (Sunyaev & Revnivtsev 2000). In transient systemptbperties of the
system allow to draw conclusions on the nature of the congdgett to some ex-
tend as the outbursts of BH transients are typically rarétdnger than those of
NS systems. Furthermore, NS transients in quiescencegiicantly brighter
compared to BH transients (Psaltis 2006). However, apam the mass the only
unequivocal proofs that a compact objechist a BH are the presence of signa-
tures of a (strong) magnetic field as persistent pulsatiosgaotron lines or the
confirmation of a solid surface through Type | X-ray bu¥sts

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

f(Mo, Mx,i) = (1.9)

1.2 Instrumentation

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

8The reverse — the absence of such bursts or pulsations otrmyclines — does not prove that the
compact objects a BH! So accreting NSs in LMXB for example are not expectechtmspulsations
due to their degenerated magnetic field that allows aceretier the whole surface of the NS.
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least in the upper layers of the atmosphere such as satgilitekets, or balloons
are needed.

The imaging of the high energy photons is another obstaelehidis to be over-
come. In a normal reflector telescope the X-rays - and edbetti@ higher en-
ergeticy-rays - would just be absorbed in the mirror rather than bedfigcted.
This makes the construction of X-ray imaging devices ayaidmplicated field.
However, there are in principle threeffdirent successful approaches on how to
build X-ray “telescopes” which are described in the follog.

1.2.1 Collimator TechniqueRXTE

The simplest way to to get at least something similar to imggg to reduce the
field of view of a detector by simply putting a static collimatn front of it like

it is shown in Fig 1.6. Only X-rays from a small region of theyskan reach
the detector plane while radiation from outside this reggoabsorbed. For this
technique no position sensitive detector is required. Aagenis obtained by
scanning across the sky with the whole instrument.

The field of view (FOV) is proportional td/h with d being the width of the
detector andh the height of the collimator. Therefore one would need a \ange
collimator to gain an acceptably small FOV which is impreatile in reality. The
solution to this problem is to cover the detector with a sahafy short collima-
tors with the samd/h as the one long collimator (see Fig. 1.7). The mostcommon
geometries for such collimators are honeycomb structhistrovide a great sta-
bility. The achievable resolution goes down to about one@=({Bradt 2004) and
is restricted at higher energies by penetration of the tiaighrough and at lower
energies by reflection of the radiatioff the collimator walls (Kitchin 1984). A
possible solution for the high energy photons is to use awueashielding which
helps to disregard photons from high inclinations.

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

The 1995 launched Rossi X-ray Timing ExplofRKTE covers in total an en-
ergy range from 2—250keV. Observations in the lower parhsf €nergy band
(up to 60 keV19) are executed with the Proportional Counter Array (PCA)ilevh
the higher energy part (starting at 15keV) is taken over leyHigh Energy X-
ray Timing Experiment (HEXTE). As mentioned above, theiowditor technique
makes the use of a position sensitive detector unnecessatigye PCA consists
of five Xenon proportional counter unit®CU9 which are co-aligned with an

9t is a nice coincidence that this thesis makes use of data finoee satellites each using another
of those three imaging techniques...
10after a voltage change to increase the lifetime of the insent the nominal higher energy thresh-
old increased to 100 keV.
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Figure 1.6: Principle of the collima- Figure 1.7: Advanced principle of the
tor technique (Figure from lab manual, collimator technique (Figure from lab
IAAT). manual, I1AAT).

energy resolution of 18% at 6 keV (Jahoda et al. 1996). HEXAtkch provides
an energy resolution of 15% at 60 keV (Rothschild et al. 1988p uses photon
counting detectors, namely two clusters of four Nal{THI(Na)-Phoswich scintil-
lation detectors, respectively. The field of view of bothtinments is limited by
the collimators to 1 degree. The spacecraft is completetidytl Sky Monitor
ASM (Levine et al. 1996) that provides a daily scan of abo8%f the whole
X-ray sky in the 2—-12keV band. Fig. 1.8 shows a sketch of tleeespraft with
the three instruments. The main instrument charactesiatie listed in Table 1.1.

1.2.2 Coded Mask TechniquaddiTEGRAL

A more evolved method of imaging is the coded mask technidfus.based on
the principle of a pinhole camera, meaning the “light’-rays not deflected but
—in case of the coded mask technology — encoded. The patteonded on the
detector has therefore to be decoded again to reconstridtridige of the sky.
For this is a two-step approach, the coded mask techniqeesftan referred
to as multiplexing techniques. Contrary to the collimatop@ach, the detector
needed in coded mask cameras has to be position sensitiva gpatial resolution
suficient to match the mask-pattern grid size. The mask itsedftbaonsist of
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Figure 1.8: TheRXTE spacecraft. On the left the two HEXTE clusters can be seetheon
right are the five Proportional Counter Units of the PCA. THeSky Monitor (ASM) is
mounted outside the main satellite bus (Figure from Wilmgg3)9

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

Fig. 1.9 shows the working principle of a coded mask cameratgns coming
from a specific source (or rather from a specific sky regiomjgmt a shadow
image of the mask on the detector. Photons that arrive froothen direction
produce a shifted image of the same pattern with the shifigoeorrespondent
to the in-falling direction of the photons. The strengthlod pattern recorded by
the detector encodes the luminosity of the source (the gpme To properly
decode the image it is necessary that each sky position deddn a unique
way. This encoding can be achieved by a mask pattern thatusedect cyclic
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Table 1.1: RXTE instrument characteristidst{p://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 Jus 8us 80% of the sky every 90 min
spatial resolution 1 1° I x15
detectors 5 proportional counters 2 clusters of positiorsisige

4 scintillation counters proportional counter

collecting area 6500 cfn 2x800cn? 90 cn?

difference set (Baumert 1971; Gunson & Polychronopulos 197&elby masks
with a transparency < 50% have a slight signal to noise ratio advantage when the
signal is comparable with the detector background (Gunséto&chronopulos
1976; Fenimore et al. 1979). To gain ideal imaging propeiitiés furthermore
necessary that the recorded shadowgram contains a comptd¢éeof the basic
mask pattern. Therefore two basic telescope geometridssctnought of (Proctor
etal. 1979; in 't Zand et al. 1994):

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

e the mask is larger than the detector (in this case the basierpaf the
mask has to be repeated several times over, therefore dled teyclic”
configuration)

In most practical applications the choice was made for thficyype (due to
preservation of collecting area) or to a compromise congjstf the so called
“box configuration” in which the mask and the detector arelwf same size.
The mask contains only one cycle of the basic pattern anckfibrer only on-
axis sources are fully codedffeaxis sources will cause false peaks in the re-
constructed image which have to be eliminated in the datagssing §ttp:
//astrophysics.gsfc.nasa.gov/cai/coded_intr.html).

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

The International Gamma-Ray Astrophysics LaboratdNTEGRAL; Win-
kler et al. 2003) was launched in October 2002. The two matruments 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 fronhttp://astro.
estec.esa.nl/Integral/).

(15keV-10MeV; Ubertini et al. 2003) and SPI (20 keV-8 MeVdxenne et al.
2003) are supplemented in the X-rays by an auxiliary inséninvith a smaller
field of view, the X-ray monitor JEM-X (3keV-35keV; Lund et &003). The
Imager on board theNTEGRAL Satellite (IBIS) is a coded mask telescope with
a fully coded field of view (FCFOV) of 9x 9° and 129 full width at half maxi-
mum (FWHM) angular resolution (Ubertini et al. 2003; Braetial. 2003). For
this thesis only data from its upper layer, tiMTEGRAL Soft Gamma-Ray Im-
ager (ISGRI) — a CdTe detector — were used, which covers aggrenge from
15keV-1 MeV with an energy resolution 8% at 60 keV (Lebrun et al. 2003;
Gros et al. 2003). SPI, the SPectrometer on-bdBAIBEGRAL, uses also the
coded mask technique. Due to its limited pixel number of dilyGe detectors
the angular resolution is not very high°’® but the energy resolution of 2.5 keV
at 1.33 MeV is outstanding. The Joint European X-ray Mor({i&M-X) consists
of two identical coded mask instruments with a FCFOV 8 diameter and'35
angular resolution (FWHM), each (Lund et al. 2003). Due tisem of the micro-
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X coded masks
/.

Figure 1.10: TheNTEGRAL spacecraft with the four instruments (Figure from ESA).

strip anodes inside the JEM-X detectors which leads to aifossnsitivity, only
one of the two JEM-X detectors is operating at any given tinmderthe other

is switched &. The main parameters of the three X-ray instruments are s4mm
rized in Table 1.2. As shown in Fig. 1.10MTEGRAL also carries an Optical
Monitoring Camera (OMC) to extend the observed energy rdaaghe optical
band.

1.2.3 Wolter TelescopeXMM-Newton

Below ~ 15keV it is possible to focus X-rays. This is feasible throwgaz-
ing incidence reflection. As the index of refractianfor X-rays can be writ-
ten as! n = (1- wl/w?)"? with wp « Z being the electron plasma frequency
andw being the frequency of the X-rays, Snell's law becomes®sinnsing, =
(1-w3/w?)Y2sing;. Asn is slightly less than unity the X-rays are bent away
from the normal. If the incidence angle is larger than theazi value Siffgi =

Following derivation fromhttp://web.mit.edu/8.282/www/handouts/xray-ref.pdf



Chapter 1.2: Instrumentation 31

Table 1.2:INTEGRAL instrument characteristics, the optical monitor is naetis
(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 6Ls 129us 122us
angular resolution TZFWHM 2.5° FWHM 3
pointing accuracy  30@100 keV (50- src.) 10 <1’ (90% confidence)
field of view 9 x9° (fully coded) 16 (fully coded)  48° dia. (fully coded)
collecting area 2600 cf(ISGRI) 500 cm 2x500cn?

(1- wj/w?)?, respectively if the grazing angf@yix = 90° - 6; is smaller than
the critical value, total internal reflection occurs. A Taykxpansion leads to
Berit = wp/w, hence the value it depends on the frequency of the X-rays as
well as on the material used for the mirror. Material withtheggomic number Z
reflect X-rays more féiciently 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 telesj is necessary to
have a combination of a paraboloidal and hyperboloidabser{Wolter 1952a,b)
as it is shown in Fig. 1.11. A simple parabolic surface is notking because
it does not satisfy Abbe’s sine condition and therefore qudy-axial rays are
focused into one point. Another layout that also satisfiesabndition would
be for example a set of two orthogonal parabolas (KirkpetBeez design). To
increase theféective reflective area it is further necessary to nest skwmereors
inside one another, for example for t@IM-Newton telescopes 58 mirrors of
the classical Wolter | design have been combined.

XMM-Newton, the last X-ray satellite to be mentioned here, has beenhi or
since 1999. As it uses three co-aligned Wolter Telescopfxctes the X-rays on
the detectors, the upper energy threshold is at 15 keV. Tgelanresolution of
the 7.5m focal length telescopes % @WHM) in a 30 field of view. Two of
the telescopes are equipped with grating arrays, about 5@ &-rays passing
through this telescopes are intercepted by the gratingswaich form together
with their CCD detectors the Reflection Grating SpectromsgieGS). RGS pro-
vides a very high spectral resolutionlBf AE = 200— 800 (Ehle et al. 2005).
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Figure 1.11: The principle of Wolter telescopes: the inamgnX-rays are first reflected by
a paraboloid and afterwards focused by a hyperboloid (Biffomhttp://www.src.le.
ac.uk/projects/lobster/ov_optics.htm).

The other 50% of the infalling X-rays from those two teleses@are focused
on the EPIC (European Photon Imaging Camera)-MOS, whiclsisbof two
front-illuminated X-ray CCD detectors. The third telesedpcuses the X-rays on
the EPIC-pn camera, a back-illuminated p-n CCD. The enezgglution of the
EPIC CCDs at 1keV are 70eV and 80eV for the MOS and the pn, ctsply
(Ehle et al. 2005). More details about the MOS can be foundumdr et al.
(2001), the pn is described in Struder et al. (2001). Fig2 Bows an sketch
of the XMM-Newton payload. LikeINTEGRAL, XMM-Newton carries also an
optical monitor that is co-aligned with the X-ray instrun&enTable 1.3 lists the
main parameters of the X-ray detectors@fM-Newton.

1.3 Thesis outline

The topic of this thesis is the analysis of X-ray observatiohthe stellar mass
black hole system Cygnus X-1 as well as of the neutron starpigdU 1907%09.
Therefore | split the thesis in two parts:

The first part is dedicated to the black hole systems andss#atth a short in-
troduction to the relevant radiation processes in thesecssun chapter 2. At the
end of this chapter the most important Comptonization nmsdséd in this work
are described. Before reporting the actual results of tbadivand analysis (using
the Comptonization models as well as a simple phenomeraabdéscription of
the data by a Broken Power Law), Cyg X-1 is introduced in Caiapt 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 bladéshcan be found in.
Another important point of this thesis is the analysis of thlativistically broad-
ened iron line seen in Cyg X-1. As Cyg X-1 is a very bright seuotir group
had to develop a new observing mode for ¥#&IM-Newton EPIC-pn CCD to
obtain spectra with the required signal to noise ratio. @Gdragp summarizes the

Table 1.3:XMM-Newton instrument characteristics for the X-ray instruments é&dtlal.
2005)

EPIC-pn EPIC-MOS RGS
energy range 0.15-15keV 0.15-12 keV 0.35-2.5 keV
energy resolution 7% @ lkeV 8% @ 1lkeV 0.32% @ 1keV (-1. order)

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

time resolutiof 0.03ms 1.5ms 16 ms
PSF 6 FWHM 5” FWHM -

15" HEW 14’ HEW
field of view 30 30 ~5
pixel size 15Qum (4.1”) 40um (117) 81um (9x1073A)

*in fast data acquisition mode (i.e. Timing mode for EPIChHigne resolution mode for RGS)
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work which has been been done for the calibration of this nbgeoving mode
and describes the physics of relativistically broadened Ines. The results of
the analysis of the iron line region of the spectrum are rigglin Chapter 5.

The topic of the second part is the accreting High Mass X-renaBy system
4U 190#09. In chapter 6 | first summarize the main observational @rtigs of
neutron star binaries like pulse periods and cyclotrorslidé) 1907409 is one of
the few sources known to show a steady spin-down trend fdath&0 years. Our
INTEGRAL observations revealed a change in this behavior and shomplete
torque reversal. The results of this analysis are preséntetapter 7. | then
conclude the thesis with a short summary and an outlook omecuand future
work on both sources (chapter 8).
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CHAPTER 2

Radiation Processes in Black Hole Systems

As already outlined in the previous chapter, in binary systéhe accreted mat-
ter cannot fall directly onto the black hole due to its angat@mentum. It there-
fore forms an accretion disk in which it slowly spirals ingamwhile the angular
momentum is transferred outwards. In the vicinity of theration 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. Closke black hole,
some fraction of the accreted matter can be ejected outwardtativistic speeds
in a jet. Fig. 2.1 shows the whole scenario for the examplendketive Galactic
Nuclei and an X-ray Binary — which show in principle exacthgtsame accretion
scenario, despite theftérence of 18-1 in scale.

The keys for the understanding of the environment arounckiiales are their
spectra and their timing properties. The spectra of blad& sgstems — a power-
law continuum with or without cutd at higher energies depending on the state
— have been explained by multiple Compton scattering of gofttons in a hot
medium (Sunyaev & Trimper 1979). As it lies in the nature afltitack hole to
emit no radiation by itselfthe contributors to the X- angray part of the spec-
trum are the accretion disk and the corona. The disk donsrtht soft X-ray
band with a multicolor black body emission (which will be ¢éaiped in more de-
tail in Section 2.1) providing the photons which are upsrat in the hot corona
via inverse Compton scattering uperay energies (see Section 2.2). However,
the exact geometry of the disk-corona-system is still uarcle

Another feature that is observed in the power-law specttdaaik hole systems
is a hardening at10 keV. This feature can be assigned to Compton reflection of
the hard photonsfbthe cold accretion disk (as explained in Section 2.3). This
reprocessed hard radiation can again form a significantidraof the soft seed
photons available for Comptonization.

A similar problem occurs when photons are upscattered togeseabove ap-

11 will not go into details of Hawking radiation or extractiaf energy from the black hole due to
the presence of magnetic fields in the accretion disk here.
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X-ray Binary
(in Low/Hard State)

Active Galactic Nucleus

E (Radio Galaxy Cyg A)

Relativistic,
magnetized jet'

Figure 2.1:Left panel: Radio image of the galaxy Cygnus A.ower right panel:Sketch
of a zoom into the inner region of Cygnus A with an accretioskdiyellow) and corona
(white) as well as a relativistic jet outflowpper right panelSketch of an X-ray Binary
which shows the same properties as the innermost regionggrfu@ A but on a 19— 10°
times smaller size (Figure courtesy VIMRAO).

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

In this chapter the underlying physics of these processeex@plained (for
a more thorough illustration see, e.g., Rybicki & Lightma®/®) and in Sec-
tions 2.5.1 and 2.5.2 a description of the models which aee ts fit the spectra
of Cyg X-1 is given.

2.1 Black body Radiation

The spectrum emerging from the relatively cold accreti®k dian be described
by the superposition of several black body spectra of aicetidanperature distri-
bution which happens to BE(r) o« r=3/4 in the case of a simple Shakura-Sunyaev
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disk? (Shakura & Syunyaev 1973), however, this proportionaldgsinot hold at
the inner edge of the disk where advection becomes dominhete-the profile
flattens toT(r) o« r™/? (see e.g. Watarai et al. 2000). Furthermore black body
radiation is of course one of the most fundamental radigtimtesses as in gen-
eral every body emits electromagnetic radiation only duigsttemperature. To
describe this radiation analytically one assumes a peatesdrbing body which
emits radiation in all wavelengths. The emitted spectrupedeés only on the
temperaturd of the black body. While it can be described at low frequenbig
the Rayleigh-Jeans law
22

B, = ?kT (2.1)
this solution does not hold for the high frequency part of ¢gpectrum. As can
clearly be seen from Eq. 2.1 the intendyincreases strongly with the frequency
(so called “ultraviolet catastrophe”). This behavior ieda the discrete quantum
nature of the photons which is not taken into account by thddRgh-Jeans law as
itis independent of Planck’s constant. In the case of highdencies the spectrum
drops exponentially according to Wien's law

2hv3 hy
B, = ?'eX[(_ﬁ) . (2.2)

The solution for the whole spectral band was found by Plantkeaend of the
19th century when he discovered the concept of the quaistizaf light and is
given by

2hy3 1

2
exp(—%)—l

Planck’s law comprises both the Rayleigh-Jeans law and 8in as asymptotic
solutions (see Fig. 2.2). The derivative with respect tofteguencyyv shows
that the frequency, at which the maximum of the black bodyaté&zh is emitted,
increases linearly with temperature

B, =

(2.3)

KT T
Vmax = 282~ ~ 5.88- 1010H2(R) : (2.4)

Fig. 2.3 shows this Wien displacement law for sever&kedént black body tem-
peratures.

2The temperature profile3/4 is also realized in thdiskbb model used later (Mitsuda et al. 1984;
Makishima et al. 1986).
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Figure 2.2: Spectrum of black body ra- Figure 2.3: Wien’s displacement law: the

diation with the asymptotic solutions of emitted radiation maximum increases with

Rayleigh-Jeans and Wien (Wilms 2001).  temperature to higher frequencies (Wilms
2001).

2.2 Comptonization

After emerging from the relatively cool accretion disk thedtlack body pho-

tons are up-scattered to energies of several 100 keV in thednona via inverse
Compton scattering.

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

E

JETNewre=) 23)

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

2
dO'eS _ 3 El E El sl
o - lG?TO-T( E) (El + = sing (2.6)

with o = &r2 = 6.652x 10-25cn? being the Thomson cross section. Substituting
x = E/mc& and integrating equation 2.6 over all scattering angleddéda the
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E, p 0

Figure 2.4: Compton scattering (Wilms 1998)

Klein-Nishina formula describing the total cross secti®ylficki & Lightman
1979; Longair 1992):

1+3x
(1+2x)2

3
Oes=0T~

1
—In1+2x|+ —In1l+2x—
4 2X

2.7)

x3 \ 1+2x

1+x(2x(1+ X)

Note that this cross section still describes the scattgningess for a stationary
electron. The electrons in the corona of a black hole are tadibsary at all
such that the reverse process of the one described abovevizlat during the
scattering process net energy is transferred from thereletd the photon. This
process is calledhverse Compton scattering

To calculate the average fractional energy change peresicejt the corona is
assumed to be thermal in most approaches, i.e., the elediaue a Maxwellian
distribution. This distribution can be characterized lsytémperaturde. If this
temperature is small compared to the rest mass energy deitteans, the average
relative energy change for a photon undergoing the invemsapfon scattering
process is given by (Rybicki & Lightman 1979)

AE  4kTe-E

= (2.8)

The photons gain energy from this process as long as the@leigmperature
is high enough. Thereby the electron plasma is cooled vi@igiently. ForE >
4kT, the situation changes again and energy is transferred fremphotons to the
electrons.

When a photon is traversing a medium it will undergo severattsring events.
To determine if the photon significantly changes its energytd these scatterings
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one can define the so-called Comptoparameter (Rybicki & Lightman 1979)

y= (average fractional energy change per scattébtr(g]ean number of scatterin);s
(2.9)
Wheny > 1 the photon undergoes a significant energy change while<of the
initial energy is not not changed much.

The mean number of scatterings for regions of large optieptl¢ > 1) is ap-
proximately given by the square of the optical depthk 2. In the case of small
optical depth media the mean number of scatterings is ofrdrde™™ and there-
fore small compared to the optical thick case. Sorfex 1 the average number
of scatterings can be approximated®y 7 (Rybicki & Lightman 1979). Com-
bining these two limits with the average fractional energgrtge per scattering
(Eg. 2.8), it is possible to obtain an analytical expresdmrthe Comptory as
defined in “equation” 2.9:

Te

y= :‘n':cz max,t2) . (2.10)

The calculation of the emerging spectra after multipletsciys is a non-trivial
problem as the energy chang& depends on the enerdy of the photon itself.
For the simplified case of non-relativistic electrons withermal energy distribu-
tion the time-dependent spectral distribution of the Camijazted photons is given
by the Kompaneets equation (Rybicki & Lightman 1979)

on kTe\ 1 0 on

—= = —[¥¢(n+n’+ =

te (mecz) X2 6x[ X
with X = hw/KT andt. being the time measured in units of the mean time be-
tween two scatterings. To solve the Kompaneets equationlynisionte Carlo
approaches are used as analytical solutions are hard oimepessible to find. A

more detailed description of these Monte Carlo simulatassvell as example
spectra can be found in Wilms (1998).

(2.11)

2.3 Compton Reflection

Contrary to the corona, the electrons in the disk are ratbkt, such that ac-
cording to Eq. 2.8 hard photons can not gain energy in theesoad process but
lose energy and get softer. Fig. 2.5 shows tlieative cross section for Comp-
ton scattering per H atom and the cross section for photaétioinops. Due to

opt o« E~3 photo absorption is way more important than Compton séatjdor
energies below15 keV while for energies much larger than 15keV the photons
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will Compton scatter and thereby lose energy. These highggnenotons will un-
dergo scattering processes until their energy is low entaigle photo absorbed
or until they leave the plasma. In the spectrum this prosesaa be seen as a
broad hump with its maximum around 30 keV (Lightman & White38%

The mathematical description of this process can be dorteeiGteen’s func-
tions formalism. If one sets = E/mec? and u = cosd with 6 being the angle
between the line of sight and the disk normal, the reflectedtspm can be writ-
ten as

le(X2) = fo " et X Xo0) inc(0)x0 (2.12)

As the analytical derivation of is very dificult there have been mainly solu-
tions using Monte Carlo methods, for example by White et 8088, angle av-
eraged Green'’s functions). Important in the scope of thasithis the method of
Magdziarz & Zdziarski (1995) which is used in ttlSPECmodelreflect, as
these authors give analytical angle dependent Green’sifunsc This model was
used to describe the reflection component in the spectra@i=y.

In black hole Binaries the incident X-ray radiation is sceimie that it deter-
mines the ionization state of the disk matter (Ross & Fab@®3]1 2005, and
references therein). This ionized reflection leads to aitiaddl bump in the soft
(0.2—-2keV) X-ray spectrum due to bremsstrahlung and linission from the hot
surface layers which can be described by an 150 eV black baaiyponent.

Another signature of reflection is the presence of an ironréisicence line in
the observed spectra. As said above the incident photonsthie corona are
energetic enough to ionize the atoms in the accretion diske lexpelled electron
originates from an inner orbital of the atom, the “hole” cafilled by an electron
from an outer shell. This transition of an electron leads&dmission of radiation
with a characteristic frequency (namely théfelience between the two orbitals
involved) which yields an emission line in the spectfunThe exact energy of
the emission line depends on the ionization stage of theesienas the bond
energy of the inner atomic shells is shifted towards highergies with increasing
ionization.

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

3The emitted photon might also deposit its energy to ejecttemcelectron from an outer shell of
the atom (Auger ect). In this case the ejected electron becomes part of sheptlisma and the atom
is left behind double ionized. Another way to fill the “holef 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 pladisorption per hydrogen atom,
contribution of Fe total cross section, and Klein-Nishimass section. All cross section
computed for a gas with solar abundances (Figure from Wila@8)L

2.4 Pair production

Electron-positron pairs can in principle be produced byftil®wing four pro-
cesses if the center of mass energy of the particles exéee@me.c’=1.022 MeV:

y+y— € +e (2.13)
y+€ — e +€ +€" (2.14)
€ +p— e +p+e +¢€" (2.15)
€ +6 — e +e +e +e" (2.16)

The first of those four processes is referred to as phototephmair production.
It is the most important pair production process as Svengke) showed that
the pair production rate of Eq. 2.13 is more than one orderagmitude larger
than the production rate of the second process and evendiders of magnitude
larger than those of the other two processes mentioned.

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

2
o, = ”X_rzo[(2+ 2- %)m(m \/)(2_—1)— 1- X—12(1+ X—lz)] (2.17)
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with x = E/mec? being the center of mass energy of the photons.
Of similar importance is the inverse process which is cghlaid annihilation:

e +e —y+y (2.18)

The cross section

2( 1_B%M )

3-p4 1
Oere =73 e Bem In( +Bcm

Bcwm 1-Bem

(Berestetzki et al. 1989) of this process is highest at spealler of mass velocities
Bewm of the € and tends to be zero as the velocity reaches high values. This
behavior is due to the decreasing interaction timescaled®t the pairs with
increasing velocities.

Pair production is the limiting factor of the minimum totgbtacal depth and
therefore the maximum possible temperature of the cordaahga around a BH
(Haardt & Maraschi 1991, 1993; Malzac & Jourdain 1998). Thaximum tem-
perature is independent of the seed opacity of the coronlfvdoes not take into
account the contribution of the pairs). Models which are-daiminated reach the
maximum temperature with a much lower coronal compactnasmpetet for a
given total opacity than non-pair-dominated models (Ddw.€1997).

) +2(B2 — 2)] (2.19)

2.5 Models

To describe the observed broadband continuum spectraak btdes models are
needed which treat all of the basic physical processes nggdnithe systems si-
multaneously, as most of the radiation processes desaali@ek interact directly.
Within the X-ray fitting packageXSPECthere are various implementations of
so-called “Comptonization spectra” as for example the Ctomiged black body
modelcompbb (Nishimura et al. 1986), theompps model of Poutanen & Svens-
son (1996), the Monte Carlo based mokietelp (Dove et al. 1997), theompst/
compTT models by Sunyaev & Titarchuk (1980) and Titarchuk (1994pee-
tively, or the thermahon-thermal plasma modedipair (Coppi 1992, 1999). The
latter two will be described in more detail in the following they have been used
in this thesis to model the broadband spectrum of Cyg X-1.

“Dove et al. (1997) define the local coronal compactness peanfor a slab geometry dg=
o1/(mec®)zo¥ with o1 being the Thomson cross section, the electron masgy the scale height of
the corona, an’; 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 &ud 1995)
is an analytical model for the description of Comptonizedca from a soft
Wien law input spectrum. The approximations made in this @hade chosen in
a way that it works for the optically thin and thick regimesiatly well. compTT
includes relativistic ffects and is an extension of thempst model (Sunyaev &
Titarchuk 1980).

In a certain range of plasma temperatures and geometry p&eesrthe emer-
gent spectra depend only on the two paramet&réwhich is the plasma temper-
ature) angB, which defines the photon distribution over the number oftscags
the soft photons pass through before leaving the plasma &titarchuk 1995).
The parametes is no direct input parameter in ti¢SPECimplementation but
the way it is calculated can be determined by émproxparameter otompTT °.
The optical depth is then calculated as a function@fOne drawback of ompTT
is that it is not valid for simultaneously high optical deptid high plasma temper-
ature or low optical depth and low temperature (see alsofFifjHua & Titarchuk,
1995, for the range of valid parameters).

2.5.2 TheXSPECmodelegpair

The main advantage @fgpair (Coppi 1992) compared to other Comptonization
models (especially to the previously descrileedpTT) is its ability of treating hy-
brid thermalnon-thermal pair plasmas instead of purely thermal onepegifed
seed photon distribution (which might be according todskbb or thediskpn
model) is Comptonized in a spherical plasma cloud by theetedtrons (with
Maxwellian distribution) as well as by non-thermal eleasqwith a power-law
distribution). The temperature of the medium is calculdigdalancing Comp-
ton cooling with external heating. Therefargpair treats all micro physics self-
consistently and without any significant approximationsintludes Compton
scattering (with all Klein-Nishina corrections),—4e* and & — e* thermal and
non-thermal bremsstrahlung, arfdpair production and annihilation. The energy
exchange between the non-thermal and thermal part of teenplaccurs through
Coulomb scattering (Coppi 1992, 1999; Giaski et al. 1999). The properties of
the Comptonizing plasma are specified by the dimensiontmspactness param-

5The sign of this parameter defines the approximation tecienigith values>0 leading to an
analytic approximation g8 from r while g is interpolated from a set of calculated pairgaindr for
values<0. The magnitude of this parameter switches between thedigkand spherex1) geometry.
This parameter has to be frozen (in the case of this thesiastfwzen to 1).
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eter¢, which in case of thegpair model is defined as

LoT

{= P (2.20)
wherel is the source luminosityyt the Thomson cross section, andhe ra-
dius of the Comptonizing medium. It defines the power whicsuigplied to the
different components in the plasma, efg.is the power supplied in form of the
soft seed photons anf is the power supplied to the electrorfg is further split
into direct electron heatin§, and electron acceleratidiig with € = €ih + €nth)-
eqgpair also takes relativistic line smearing and ionized Comp#diection into
account as after the Comptonization a fraction of the photerscattered back
and reflected b the disk.

The main parameters (in the scope of this thesis) oktfair model aré

o thehard to soft compactnesd},/¢s, which gives the ratio of the power sup-
plied to the accelerated electrgpairs to the luminosity of the soft photons
which enter the source region. Thereféggls defines the overall hardness
of the upscattered photon spectrum.

¢ thesoft compactnesgs, 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 andittrainant cool-
ing process is Compton cooling. 4§ <« 1 the main cooling mechanism
changes to Coulomb and bremsstrahlung cooling and therapegets dis-
torted at lower energies.

o the temperature of the disk black body Ty, giving the opportunity to
distinguish between two fierent incident photon distributions agpair
will use a multicolor disk black body likeliskbb (Mitsuda et al. 1984;
Makishima et al. 1986) when the parameter value is positiveraas it will
use the pseudo-Newtonian disk-modélskpn ’ (Gierlifiski et al. 1999)
when the parameter value is negative.

e {ntn/€h, thenon-thermal to hard compactness ratig describing the frac-
tion of the total power that is supplied to the non-thermalederation of
the electrons

o the Thomson scattering depthr, from the ionized electrons in the back-
ground plasma of the scattering region. In case of a purelyrial model
with no pair production these electrons produce a thermai@onization

6adapted fronhttp: //www.astro.yale.edu/coppi/eqpair/eqpap4.ps

"The main diference between théiskbb and thediskpn model is the torque-free boundary
condition assumed ithi skpn, which yields a more accurate description of the tempegatistribution
in the innermost part of the accretion disk.skpn also allows the calculation of an accretion rate from
the derived temperature.
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Figure 2.6: Diferences between a thermally dominatég=300) and a non-thermal
(tin=0) plasma. The other parameters of this model g€0.1, R = 10%cm, and
Thp=15eV (Coppi 1999).

spectrum with optical depthr = 7p, in case of pair production the Thomson
optical depth will be> 7.

o the fraction of the scattering region’s emission that is interepted by
reflecting material R = Qet/ 27, with Qe being the solid angle subtended
by the reflector as viewed from the scattering region. Thisupeter is
normalized to 1 for isotropic emission over an infinite slab.

o the ionization parameter ¢ of the reflector, which should be set §o=
4AnFion/n (with n being the density of the reflecting material afRg, the
0.005-20keV ionizing flux seen by the reflector).

Apart from these parameters there are several other pazesileait could be mod-
eled withegpair such as the power law injection index for the acceleratect ele
trongpairs, the physical size of the scattering region, themation of the reflect-
ing material, or the inner and outer radius of the reflectiregamal. Furthermore

it is possible to distinguish between a pure electron andimpb@sma via the
pairinj parameter.

Althoughegpair is more elaborated tharompTT, the latter one was also used
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in this thesis to describe the broadband spectrum of Cyg XHis decision is

motivated on the one hand by its speed in fitting the data (agaced to, e.g.,
egpair) and on the other hand by its large historical success wHiotva&com-

parison with earlier fits. The results of the accordant fits fwa found in sections
3.4.2 compTT) and 3.4.3 égpair).



CHAPTER 3

The broadband spectrum of Cygnus X-1

Being one of the first X-ray sources discovered, Cygnus Xslaiso become
one of the best studied. This is mainly due to its persistatiine (as already
mentioned only three out of the known 20 black hole systemparsistent, with
Cyg X-1 being the brightest of the three by far) that makesitdeal target for
almost all X-ray missions. However, Cyg X-1 has not only betried in the
X-rays, the broadband coverage ranges from radio data &tiding et al. 1998,
2001; Gallo et al. 2005; Fender et al. 2006) up to a detectiche TeV range
with the MAGIC telescope (Albert et al. 2007).

In this chapter a short introduction to the Cygnus X-1 systegiven, followed
by an overview of the spectral states of BHs in general (se@i2). After this
paragraph the observations analyzed in this chapter ofntb&ist are described.
Section 3.4 focuses on the results of the analysis of thedbeorad spectrum.

3.1 The Cygnus X-1 system

Cygnus X-1 was discovered in 1964 during a rocket flight (Bemgt al. 1965)
and is nowadays known to have a distance of 2.5kpc (Ninko\. é987). The
system consists of a compact object orbiting the 09.7 labrgigint HDE 226868
which was found to have a mass of 17.8 ind a radius of approximately 14R
(Herrero et al. 1995). Therefore this system ranks amondiige Mass X-ray
Binary systems. HDE 226868 drives a strong wind with a mass tate of
~3x108%Mya?, out of which 0.01-0.1% are accreted onto the compact object
(Herrero et al. 1995). As HDE 226868 almost fills its Rocheelothe wind is
focused and strongly asymmetric with a mass loss rate ofidéstthe minimum
value towards the compact object (Friend & Castor 1982; Gi&olton 1986;
Gies et al. 2003; Vrtilek et al. 2007).

The mass values quoted for the compact object in Cygnus Xtér diignifi-

50
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cantly: while Ziétkowski (2005) found 285 M, using evolutionary modelsthe
most recent mass value for Cyg X-1 i¥8& 0.8 My, (Shaposhnikov & Titarchuk
2007). Previous to those relatively new mass determingtibe most common
value found in literature was 10MHerrero et al. 1995). Even though these val-
ues are not consistent, they all lie well above the OppenéreValkoff limit for
neutron star masses, so the object can be classified as loleckriequivocally.

The main source of uncertainty in mass determination afises the still de-
bated orbital inclination of the system. The inclinatiors eeen determined via
optical polarization measurements (making use of the feat HHDE 226868 is
not a sphere any more because it almost fills its Roche lobigg to the range
between 26and 67 (see, e.g., Bochkarev et al. 1986; Ninkov et al. 1987; Dolan
1992). More recently, Abubekerov et al. (2004) used thetakbariability of the
absorption line profiles of HDE 226868 to refine this rangeld3i < 44°.

The orbital period of 5.6 d of the system can be deduced from radial velocity
measurements (Gies & Bolton 1982; Brocksopp et al. 1999t} dlso visible
in the soft X-ray flux as the X-ray emission due to the accretato the BH
is photo absorbed in the focused accretion stream at theisupenjunction of
the system (e.g., Kitamoto et al. 1984; Bahslka-Church et al. 1997; Brocksopp
et al. 1999a). Besides the orbital period there is also arsujital period of
roughly 150d reported which is attributed to the precessidhe accretion disk
(Brocksopp et al. 1999a; Pooley et al. 1999; Benlloch et@042 Lachowicz et al.
2006; Ibragimov et al. 2007).

Of course the overview given here makes no claim to be complitore in
depth reviews of the system as well as compilations of theesyparameters are
given, e.g., by Oda (1977), Liang & Nolan (1984), and Pottsicth (2002). The
most interesting system parameters are summarized in 3able

Fig 3.1 (Gierlhski et al. 1999) shows three spectra of Cyg X-1 observedan th
years 1991 (hard state) and 1996 (intermediate and saoff) stBiis changing of
spectral appearance is a typical behavior of BHs and willhgesubject of the
following section.

3.2 The states of black holes

Depending on the dominant source of radiation — disk or carehblack hole sys-
tems can be observed infidirent spectral states as shown in Fig. 3.1 for the case
of Cyg X-1. But not only the spectral shape changes, alsoithied properties

1Zistkowski (2005) also finds a significantly higher value the 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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Table 3.1: System parameters of the Cygnus X-1 binary system

CygX-1  HDE 226868

references

stellar parameters

Luminosity [Lo]
Luminosity [ergs?]
Mass Function [M]
Mass [Ms]

Radius

Mass loss rate [Ma™!]
Wind velocity km s]
spectral type

Ter [K]

orbital parameters

orbital period [d]
asini [km]
inclination

vsini [kms1]
position

J2000.0¢, §
galactic:ly, by
Distance [kpc]

10 10°4
4.10%7 10%°
0.252(10)
8.7(8) 17.8
30km 17R
3x10°
2100
09.7 lab
32000
5.59974(8)
5.82(8)x 10°
3P <i<4®d
75.6(10)

19'58M215700,+35°12' 05”82
71°33,+3°07
2.5(3)

Herrero et al. (1995); Liang & Nolan (1984)

Gies & Bolton (1982)
Shaposhnikov & Titarchuk (2007); Herrero e(&995)
Herrero et al. (1995)
Herrero et al. (1995)
Herrero et al. (1995)
Walborn (1973)
Herrero et al. (1995)

Gies & Bolton (1982)
Gies & Bolton (1982)
Abubekerov et al. (2004)
Gies & Bolton (1982)

Turon et al. (1992)
Turon et al. (1992)
Ninkov et al. (1987)
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Figure 3.1: The states of black hole binaries as seen in C§gGierlinski et al. 1999).

and the luminosity of the systems shovifdient behavior. Most black hole sys-
tems undergo transitions between the states which areiatsbwith a change in
the accretion geometry. While there has been a classificationly two clearly
defined states, namely the HArdw and HighSoft state (with a Intermediate and
Quiescent state to complete the picture) that lasted fasy#ee increasing knowl-
edge of the high energy emission of black hole systems hastigded to a more
detailed re-definition of the states. | will concentratehie following on the clas-
sification proposed by Belloni (2005), however, there haserbother attempts
for a re-definition of the states, e.g., by McClintock & Rdanitl (2006).

The classification of Belloni (2005) comprises four basatest: Hard, Hard
Intermediate, Soft Intermediate, and Soft that are basdtepresence of sharp
state transitions. In addition to those four states is the€pent state. The basic
characteristics of the four states are:

Low/Hard state (LS):

o relatively low values of accretion rate

¢ hard energy spectrum

o fast time variability dominated by strong band-limited swi~30% frac-
tional rms)

e sometimes low frequency QPOs

e characteristic frequencies in power spectra follow brosutye correlations
(see Belloni et al. 2002)

e compact jet ejection, observable as flat-spectrum radis®ar (see Gallo
et al. 2003; Fender et al. 2004)
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Hard Intermediate state (HIMS):
e energy spectrum softer than in LS with evidence for softrt@disk com-
ponent
e power spectra show band-limited noise with characteffistquency higher
thanin the LS
o usually rather strong 0.1-15 Hz type-C QP@asella et al. 2005)
e 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 frequencygan
no core radio emission

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

The physical picture that underlies this classificationdgalows: The thermal
thin accretion disk is the dominant emission component@Hi$ as well as in
the SIMS. The innermost radius of this disk is small (propatdincident with
the innermost stable orbit) in the HS and increases to larglees in the HIMS
and LS, in which the disk temperature is in most cases too tWwet observ-
able (Frontera et al. 2001b; McClintock et al. 2001). The uhamt radiation
process in the LS is thermal Comptonization fresiO0 keV electrons. This
component is responsible for the power-law continuum witthlenergy cutfi
shape of the spectrum as well as for the strong band-limixéskrobserved in the
power spectrum. As this thermal Comptonization comporgenbi observed in
the HS, Markdr et al. (2003) proposed that it originates directly from tbe jn
the HS and HIMS instead a third component is present in thetspe that could
be modeled by a steep power law. This component originabes fron-thermal
Comptonization. There are indications that this compongght also be present
in the SIMS. So the high energy part of the spectrum shows aluten from
thermal Comptonization in the LS, over the HIMS with both gaments present
to a non-thermal Comptonization in the HS.

3Type-C QPOs are defined by variable, narraw /v ~ 7—12), strong (up to- 16% rms) peak
that is superposed on a flat-top noise, often there are alsbleemonic and a second peak present.
The flat-top noise steepens above a frequency that is cobipamthe QPO frequency. The QPO
rms increases with energy until10keV where it flattens. Phase lags are strongly dependetfteon
frequency of the QPO (Casella et al. 2005, and referencesitie
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Fig. 3.2 summarizes the state transition scenario for thenpie of a transient
source: in the center a hardness-intensity diagram (HIShdsvn, the intensity in-
creases upwards and the hardness from the left to the rigbtblaick hole system
starts (in the bottom right corner) in the Hard state at a lamihosity but with
a hard spectral shape. In this stage a jet is present. As thargtigoes on the
source moves up in the HID to higher luminosities but keeflireghardness. At a
certain point the luminosity does not increase any morelamgdurce moves hor-
izontal through the Hard Intermediate state towards the [Btérmediate state.
The spectrum gets softer but the jet persists until the systgproaches the so
called “jet line”. Shortly before this point the jet is mostwerful and has the
highest Lorenz factor, which leads to the formation of arrinal shock. After the
black hole system has crossed the jet line, the jet disappd&ie source is now
in the Soft Intermediate state or even in the Soft state witherspectrum is dom-
inated by the soft disk emission. Some sources perform tegexcursions back
towards the jet line. Most sources, however, show a decrgdsminosity with
remaining hardness (now in the Soft state) and afterwardsiadmtal transition
back to the Hard state.

As mentioned above, Fig. 3.2 shows the example of a transgnte which
undergoes huge luminosity variations. Cygnus X-1 is a peast source and
therefore shows no such dramatic luminosity changes. thGgg X-1 is estab-
lished in the upper region of the diagram as pointed out byn&/iét al. (2007).
“Historically” Cygnus X-1 was found most of the time in thertlastate, which
can be quantified for the time of tH&XTE monitoring campaighin the way that
90% of the observations up to MJD 51300 were hard state odiseng, 4% soft
state observations and 6% were in between. However, thesfietchanged after
MJD 51300 with the soft and intermediate state intervalssasing since then to
34% of the observations (Wilms et al. 2006). The reason sfc¢hange in behav-
ior might be related to changes in the mass loss rate of HDB&2€Gies et al.
2003).

3.3 Observations and data reduction

The observations analyzed in this thesis were executedith @®en Cyg X-1 was
observed simultaneously BNTEGRAL , RXTE, and XMM-Newton on Novem-
ber 1415 (hereafter called obsl), 21 (obs2), 287 (obs3), and Decembef
(obs4). The total observation time wa320 ksec for theNTEGRAL observation,
~152ksec folRXTE, and~40 ksec forXMM-Newton. Tables 3.2 NTEGRAL)
and 3.3 RXTE) summarize the observations and give details aboutftieetere

4The values quoted here span the range from 1996-2004 asigiéfims et al. 2006).
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Table 3.2: Observational parameters for INFEGRAL observations

Effective Exposure
Observation Date (MJD) IBIS (ks) SPI (ks) Jem-X (ks)
obsl 53323.297 - 53324.260 56.072 .3 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 SPhbySaclay team

Table 3.3: Observational parameters for RYTE observations

Effective Exposure

Observation Date (MJD) PCA (ks) HEXTE (ks)
obsl1 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 X#MM-Newton observa-
tions see chapter 5.1 in which the analysis of the iron lingeiscribed. 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 tighte, Cyg X-1 was
highly variable during the observations, indicating the source was observed
in none of the canonical hard or soft states.

TheINTEGRAL data were extracted using the standaffii@® Scientific Anal-
ysis (OSA) version 6 and comprises information of the threstruments JEM-
X, IBIS (ISGRI), and SPI, including energies up to 1 MeV. Theation of the
SPI catalog was done setting the minimum flux of the cataldgaetion task to
0.001photonscri?s L. For the extraction of the IBIS (ISGRI) and JEM-X data
we took the presence of two other sources in the field of viégavaocount, namely
EXO 2030+375 and Cyg X-3. The presence of the transient source 3A-LYB3
in some of our observations has no influence on the spectrtamel, so it was
not included in the final extraction catalog. We applied eysitic uncertainties
of 3% for IBIS (ISGRI) and 5% for JEM-X.

SThere is no icial guideline on how much systematics should be used for ®SHowever, as
the dficial cross calibration report provided for OSA 5.1 (Liwki et al. 2005) recommends 5% for
IBIS (ISGRI) data taken after revolution 255, 3% seem to heragriate for OSA 6. For JEM-X we
stick to the 5% quoted in the report as there have been no roaliration 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 timefsour
observations (blue: obsl, red: obs2, green: obs3, yellba4)

For RXTE we used data from the PCA and HEXTE, covering an energy range
from 3keV to 120 keV. The data extraction was done using HERE6.3.1. We
only used data for which the source was at elevations hidaer10 and the time
elapsed since the last passing of the South Atlantic Anoif&hA) was greater
than 10 minutes. For the PCA we applied systematic errorsséb0

Fig. 3.4 shows the light curves of all our observations. Tinaibg is 40s and
all four observations are plotted in the same count rategangchieve compa-
rability. Taking onlyRXTE andINTEGRAL into account, obsl had on average
the lowest count rate and least fluctuations, while obs3 hagtightest observa-
tion of the four. The strongest “activity” is seen in obs2 ahshows the highest
variation codficient as can be seen in Table 3.4. K&M-Newton the picture is
different: here obs2 is the smoothest one with the smallestiearizodficient as
well as the lowest count rate. Thiffect 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 proessés described in
Chapter 2) there are in principle twofidirent approaches to model the broadband
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Table 3.4: Some statistical properties of the light curves.

obsl obs2 obs3 obs4

XMM-Newton

mean [ctss!] 254 160 235 249
standard deviation [cts§] 41 12 39 42
variation codficient 0.16 0.07 0.16 0.16
RXTE

mean [ctsS!] 993 1015 1158 1102
standard deviation [cts§ 104 296 163 229
variation codicient 0.10 0.29 014 0.22
INTEGRAL

mean [cts3!] 113 120 148 131
standard deviation [cts§ 18 30 31 22
variation codicient 0.16 0.25 0.212 0.17

continuum spectra of BHs. The first one is a simple phenonogicd! descrip-
tion of the data by a broken power law with an exponential §uta most cases
(and especially for Cyg X-1) it is necessary to add a Gaudwiario describe the
iron Ka emissiof and a component to account for the photoabsorption.

The second approach is more physically motivated and mase®uComp-
tonization models which treat all of the basic physical psses ongoing in the
system. Two of them -€ompTT and egpair— have already been described in
sections 2.5.1 and 2.5.2.

The first aim of our analysis was to check if the parameteradda model the
3-120keV energy range covered by the long té&XTE monitoring campaign
(Wilms et al. 2006, and references therein) could also fitdéga up to 1 MeV.
Therefore we first fitted our data with the same three modetkém power law,
compTT, and egpair) 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 latvavitexponential
cutaf. This model is known to describe the spectra of BHs phenotogitally

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

_ K- (E/l keV)_rl for E < Ebreak
CR ELL (E/LkeVI T2 for E > Epyeayf &P (Eeut™ )/ Ero)

(3.2)
In addition to this continuum we fitted the FexKine as a Gaussian centered at
~6.4 keV and the photoabsorption was modeled usingd8BPECmodelphabs
(Batucihska-Church & McCammon 1992; Verner & Yakovlev 1995).

The best fit parameters aFg ~ 2.0, Epeak~ 10keV, T2 ~ 1.6, and a folding
energy ranging from 121 keV (obs1) to 146 keV (obs3). The lo&was found
to have a widthr around 0.5 keV indicating the presence of a broadened line. |
noticeable that the broken power law fits can reproduce teetapm equally well
as the more complexgpair model, the)(rzed values obtained range from 1.78
(obs3) to 1.35 (obs4).

Fig. 3.5 shows the strong linear correlation found betwbersbft power law in-
dexI'; and the hard power law ind@% in the RXTE monitoring campaign. This
correlation is especially interesting, as it shows the @ of the underlying
continuum due to Compton reflection. ARXTE monitoring observations with
I'1<2.1 are defined as hard state observations (Wilms et al. 2806)mparison
of our results (colored symbols in Fig. 3.5) with the resafthe monitoring cam-
paign shows that the values found far andI', agree very well with the strong
linear correlation. Also the other parameters found forgkiended energy range
agree well with the previous results, for example the irae Is almost consistent
with 6.4 keV as in the majority of the monitoring campaign.fésmother example
for the consistence is the cdf@nergyEc,: of the exponential cuté which was
found between 15 and 40keV in t&XTE 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 emmissie
added aliskbb component which provides the seed photons for the Comeniz
tion. We set the temperature of the seed photons equdlitpthe temperature
at the inner edge of the disk. This continuum is partly refidctt the accretion
disk. To model this reflection we use tSPECmodelreflect (Magdziarz
& Zdziarski 1995) with the inclination of the disk assumedb® 40. We also
took the presence of interstellar absorption into accondtaodeled the iron line
again as a Gaussian. The position of the line, however, aoatithe constrained
by the data, so we fixed it to 6.40 keV.

The parameters derived from these fits are consistent witieregesults like it
was the case for the broken power law fits. The values for #atrein temperature
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Figure 3.5: Correlation between the soft power law infigxand the hard power law index
I'>. The filled symbols mark hard state observations (defined;gy2.1) from theRXTE
monitoring campaign, the open ones are soft and interrreesliate observations (also from
the RXTE monitoring campaign), and the colored symbols show theagadiotained in this
analysis.

of the plasm&T, — which lie in the range between 51 keV and 70 keV- and the
optical depthr (which ranges from 0.64 to 0.92) lead to a Compyqrarameter
y= 4kTe/meczmax(r, 72) ~ 0.37+0.07. This value diers fromy = 0.5 found in
the RXTE monitoring data for about 70% of the observations (withuaity all
of them being hard state observations). This deviationdgative for the transi-
tional or intermediate state of the source. Furthermoregahges for the reflection
covering factor are higher than in previous hard state t&swhich is also consis-
tent with the conclusion that Cyg X-1 was observed in a tteors)intermediate
state (see also Fig. 3.6).

The szed values we obtained from theompTT fits are very similar to those
we achieve by using the phenomenological model, they rarmge 1.75 (obs3)
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Table 3.5: Best fit parameters for the broken power law fits.

obsl obs2 obs3 obs4

Np[10%%cm™]  0.167032  0.75704; 0477323 0637028

-0.16 -0.49 -0.47

Exq [keV ] 6.34709% 6297010 628010 62701
oka [keV] 057797 053013 0487538 0527¢7
NOrMine [107] 16'3 1373 1373 133

r 2048 20558 19698 1oUgE
Ebreak 10147329 1002328 10007513 1002929
Iz 1667007 1647007 1607905  1.57°0%;
K 359'01F 353703 35103 33053
Ecut 22t 241 26" 24'7

Efold 12173 136'3 1433 146

AHEXTE 11733004 1.070°00;  1037:5863  1.0125008
AlsGRI 105091 094791 096291 0853
AJEM-X 1127507 10LG51 1062555 0.9187 00
Aspi 136700; 1147967 11879 10298
X24/ dof 1418251 1.371243 1.773268 1.352258

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

3.4.3 eqgpair Fits

The last model we used in this first analysis is the hybridittenon-thermal
Comptonization codegpair. Unlike thecompTT model the temperature of the
Comptonizing medium is computed self-consistentlgdapair. The seed photon
distribution is again defined by a disk black body, the modéld used irrgpair
was chosen to be pseudo-Newtonidigkpn), whereas the soft excess was mod-
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Figure 3.6: Correlation between the Compton y parametetttadovering factor for the
reflectionQ/2r.

eled by an additionaliskbb model. This choice mimics the shape of (saturated)
Comptonization better than thi skpn model and therefore works better (more
details can be found in Wilms et al. 2006, and referenceiher The plasma
was assumed to be purely thermal by fixing the non-thermadtd bompactness
ratio £nth/€h to 0.001 and the soft compactness was kept to a valdg=dfas in
Wilms et al. (2006). The photoabsorption and the Fe Kne are treated as in the
models described above.

The parameters describing the hard spectral componenglpdhe compact-
ness raticty/ s and the optical depth, are in good agreement with the previous
results. Fig.3.7 shows that our values for the compactdssalso go very well
with the correlations found between this parameter and éinarpeters of the bro-

"The value offs=10 quoted in Wilms et al. (20086) is a typo, however changirig ¥alue to 10
makes almost no fierence in the obtained parameters (in fact only the 4th deqitace ofth/ls
changes).
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Table 3.6: Best fit parameters for thempTT model.

obsl obs2 obs3 obs4
Nu[10%2cm™2] 4+ 0726 0732 0734
Ekq [keV] 6.40 (fixed) 640 (fixed) 640 (fixed) 640 (fixed)
o [keV] 118932 071753 0717532 0.64'513
normine [1073] 45+12 224 174 173
KTin [keV] 0.7270%¢ 092993 09593  0.94730%
norMyy 26022917 330334 322488 30583
KT [keV] 51+¢ 70735 554 627
™ 082:0% o640l 0020% 08431
NOMomprr [10~3] 35%¢ 227, 303 29;3
Q/2n 0167555 02175 019755 0.19'GE
Anexte 1168'3%0) 106233 1028:3%8% 10043353
Arser L05:00%t  093'3%t  095:9%t  084'3%:
AsEm-x L1156y 101G5  L08ggr 09245
Aspi 13500 1136 LITiger  10Lgg
x24/ dof 1.574/252 1414244 1753252 1.412 263

ken power law fits in thé&*XTE monitoring.

The reflection covering factor of theompTT fits is found around 0.2 while it is
around 0.3 in theegqpair fits. The same behavior was also found in RETE
monitoring with exactly the sameftierence of 0.1 between the tw®/2x values.
This difference is most probably due to the fact that — contrary tath@TT fits
— relativistic smearing of the reflection component is takdn account in the
egpair model. As already indicated in Fig. 3.6 for thempTT fits, the absolute
values ofQ/2r are found on the upper limit compared to observations fraen th
monitoring with similar shape of the Comptonized continuuDue to the same
AQ/2r the according behavior can be seen in¢heair fits (Fig. 3.8) where it
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Figure 3.7: Relationship betwe&ha and the compactness ratig/¢s of the Comptonizing
medium.

is even more pronounced.

3.4.4 Time averaged broad band spectra

Theegpair fits described in the previous section showed slight indhoatof a
spectral hardening abowe300 keV which could be a sign for the presence of a
non-thermal electron componentin the plasma. We therefiecled to sum up a
time averaged spectrum comprising all observations inrdodget better statistics
for SPI in the crucial energy range although Cyg X-1 was highlriable during
our observations.

Again we first considered a pure thermal plasma and ftkeel1. The disk
parameters we obtain afig, = 1.15'392keV, and a normalization of 33. This
latter value is significantly lower than the values we got bglgzing the four ob-
servations independently which is due to the increasedtitatthat allow a better

determination of the disk parameters. The compactrigs& & 3.28307), the op-
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Figure 3.8: Relationship between the reflection coverintpfe2/2r and the compactness
ratiotn/{s.

tical depth ¢ = 1.24*30%), and the reflection covering facta®(2r = 0.299309
are consistent with our previous results. Also the iron piaeameters match the
values obtained before. le(éed yields a value of 1.66 for 324 dof. The devia-
tion between the data points and this pure thermal modeéarigi visible above
300keV in the time averaged spectrum (Fig. 3.9, top). Towelinstrumental
effects we also extracted the SPI data witfietent energy binnings andftéirent
background models, however, the deviation remained @siball our fits.
Therefore we added a non-thermal component iretligair model by allow-
ing the parametefyn/{h to vary (see lower panel of Fig. 3.9). We found that
67% of the power supplied to the electrons in the plasma id fzethe non-
thermal acceleration of the electrorfgy{/¢n = 0.67). This additional component
improves th%zed to 1.39 (323 dof). The dimensionless paramététs increases

to 474392, the optical depthr = 1.420°39%8 and the reflection covering factor
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Table 3.7: Best fit parameters for thgpair model.

obsl obs2 obs3 obs4
Ny [10%2cm2] 1.12703% 05399 0.017942 0522
Eko [keV] 6.23'5% 600199  6.002%%  6.25:2%
o [keV] 0417219 108019 104709 077732
NOrMine [1073] 13% 373 38+ 2173
kTin [keV] 0.82°0°51 0857052 0807957 1107397
oMMy 421733 212417 28823 338
s 30798 336:3% 40633 3839%
2 124985 11438 13008 128°0%
Q/2r 03333 03U8%  0298%  02879%
¢ 7e8i% 078 13 3
NOMegpair [107°]  11.07%9  100%9§  130%53 4098
Anexe 11733585 1071:88%8 10409802 10139953
Asscr 105:981 00438t 09638t 085'9%
Asevix 112880 10098 10698t 09219%
Aspi 13670 114%gg  L19%Ge 10375
x2q/ dof 1370/350 1471/242 2038/267 1528/257

* parameter could not be constrained so lower limit was setd0 &V

Q/2r = 0.356'3955 are also higher than in the pure thermal model. While the

inner disk temperature decreases 1021301keV and the disk normalization in-

creases to 5*_670, the values found for the FedKline do not change significantly
with respect to the thermal model.
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3.5 Summary and Discussion

We have modeled the 3keV-1MeV broadband spectrum of Cyg Askdb on
a pure phenomenological basis with a broken power law maogleledl as with

3
1000

00
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Table 3.8: Best fit parameters for the time averaggehir model.

eqpair (thermal) egpair (hybrid)

Ny [10%2cm2] 0:907 031
Exa [keV] 6.37°0%3 6.30'313
ok [keV] 0.71553 0.77:00s
NOrMne [1073] 194 21*3
KTin [keV ] 1.157002 1.02:083
norMyp 373 5677°
tnlts 32800 474108
Cntn/n - 067:5%7
T 12353019 1.420°300°
Q/2n 0.299'0508 0.356'0007
¢ 0*g* 0’3
NOMegpair [1077] 3.10701 5.007%05
AHEXTE 10652992 10652992
AiscRI 0.948"3008 0.946'5,003
AJEM-X 1.02529%8 1.025'5:9%8
Aspi 1.138'3003 1.139'300
xZq/ dof 1.656 324 1.387323

the more sophisticated Comptonization modedsipTT and eqpair. The fits
resulted in an equally good description of the data in temlise)(rzed. Our results
are in good accordance with the loRXTE monitoring campaign, showing that
the main parameters of the models do not change much whendngyerange is
extended from 120 keV to 1 MeV. However, while a simple thdreaq@air model
was sifficient to describe the data in the 3—120 K&XTE range, thdNTEGRAL
data showed evidence for the presence of a hard tail in thredrigrgy part of the
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Figure 3.10: Strength of spectral components in ¢hapTT and egpair model. The
diamonds mark the disk component, the triangles the Corigattton component of the
spectra.

spectrum. We therefore applied a hybrid therimah-thermakgpair model to
the time averaged spectrum which turned out to give a bedtserigption of the
high energy range. A hard tail has been reported before fgnG@y X-1 in the
Soft state by Gierfiski et al. (1999) and McConnell et al. (2002, who also report
weak tail above-1 MeV in the hard state) and in the Intermediate state by dadol
Bel et al. (2006).

As was already indicated from the ASM light curve, we obsdi@gg X-1 not
in one of its canonical Hard or Soft states but in an Interaedstate. The com-
parison with theRXTE monitoring results leads to the assumption that the source
was caughtin the Hard Intermediate state. This assertiobeéurther quantified
based on the definition by Belloni (2005) as there is cleadgfadisk component
present. The overall spectrum, however, is dominated blgdlhé Comptonization
component as is shown in Fig. 3.10: the diamonds show the 3 keMeV flux
of the disk component of the spectrum, the triangles the fiuamptonization
componerit (on the left for thecompTT fits, on the right for theeqpair ones).
Note also that both models show very similar results witheaicincrease in the
strength of the Comptonization from obs1 to obs4, indicativat the later obser-
vations are closer to the hard state than the first obsengtibhis behavior can
also be seen in Figs. 3.5t0 3.8.

8The fluxes shown in Fig. 3.10 are PCA 3 keV— 1 MeV fluxes. To dateithem the PCA response
was extended accordingly.
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Figure 3.11: ASM light curve folded with the orbital periofl ®599829 d. The colored
bars mark the phases of olNTEGRAL observations.

Another feature observed in both Comptonization modelslisshowing a
clearly higher value in obsl than in the three other obsemst As shown in
Fig. 3.11, obsl corresponds to an orbital phé&se 0.54—-0.71. It has been pre-
viously reported by Wen et al. (1999) and Bahska-Church et al. (2000) that
Cyg X-1 shows an orbital phase dependence of the absorptioma with an
increased absorption near superior conjunction at ph&e(Que to absorption
in the wind of HDE 226868) and around phase 0.6 (due to alisarpt the ac-
cretion stream). Therefore this increased absorption 81 ab consistent with
previous results. Based on this previous findings thereldtadsio be an increase
in absorption be visible in obs4 which completely coverssgh@.95. However,
there is no indication of such an increase in the two modedd.us

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

9The PCA is able to resolve lines downdo~ 0.3keV (Wilms et al. 2006).
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the line energy and the width as well as the normalizatiorcarssistent for all
four observations. On the contrary, all the fits with the Ctonjzation models
show problems in constraining either the energy of the laseig the case for the
compTT models where the line energy had to be fixed to 6.40 keV) or shbuge
variation ino. An example for a very large disagreementsris given in the
eqgpair fits of obsl and obs2 with Ao of 0.53keV even if applying the error
ranges.

A comparison of our time averaged spectral parameters Wéhrttermediate
state observation from MJD 52797-52801 by Cadolle Bel ef28106) which
covers nearly the same energy range (5 keV- 1 MeV) shows neipte a good
agreement, however, there are sonfiedences. While their overall spectrum also
favors a hybrid thermaton-thermal model witly /s = 4.57*9.94 (which is very

similar to £n/¢s = 4.747392 obtained in our fits), the fraction of power supplied

to the non-thermal acceleration of electrons is signifigestnaller in their case
(€nth/th = 0.16*%11 compared tdnm/¢h = 0.67+29L). Also the values of the reflec-

0,08 ~0.17
tion covering factor @/2r = 0.63*0.55 compared ta2/2r = 0.3560.509) and the
pair optical depthd, = 0.49%0.23 versusr, = 1.147293) differ significantly. There

are also dierences in the normalization of tlig skbb model, as these authors
obtain 25033 which is much larger than the normalization of%8in our casé®.
All these diferences can most probably be attributed to the fact that C¥guds
in a softer state in the Cadolle Bel et al. (2006) observatiam in our observa-
tion. The larger normalization value of tldeé skbb model shows the presence of
a stronger disk component in the spectrum (as expected iSdfiestate). This
assumption is further confirmed by tkempTT fits of Cadolle Bel et al. (2006),
which reveal a Comptow of only 0.19 which dffers significantly from the 0.5
found for the hard state by Wilms et al. (2006) (and also frbeyt= 0.37 found
in our compTT fits).

As already mentioned some of the spectral parameters ofliEddel et al.
(2006) difer significantly from our time averaged values. Moreoverwtrying
to place the results of Cadolle Bel et al. (2006) in RETE monitoring cam-
paign to constrain our assertion of a softer state in theseolation further, we
noticed that their parameters do also not fit the correlationnd in the campaign.
Fig. 3.12 shows the compactngssptical depth correlation with the fit results of
Cadolle Bel et al. (2006) indicated by violet triangles anel $pectral parameters
of the time averaged spectrum of this work marked with oratigeonds (pure
thermal as well as hybridgpair model). The optical depth found by Cadolle
Bel et al. (2006) is much smaller than the correspondingesabf the campaign.

19The disk temperatures are comparable in both observatithsW, = 1.16"057 keV andkTi, =

1.02'53%keV, respectively.
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Figure 3.12: Relationship between the optical defhd the compactness ratig/¢s. The
violet triangles indicate the values quoted by Cadolle Bal.g2006) for their thermal and
hybrid eqgpair model, respectively, the orange diamonds the values autamthis work
for the time averaged spectrum.

This low optical depth is counterbalanced by the high refi@ctovering factor

of ~ 0.7 found by these authors (which is much higher than the vdtuasd in

the RXTE campaign). The diierences in the spectral parameters are most likely
due to the rather high lower energy threshold of INFEGRAL observations:
the JEM-X data start only at 5keV which makes the deternomatif the disk
parameters — and therefore the seed photon temperatuffecaltli This example
clearly shows how the whole spectrum is influenced by the loergy part and
emphasizes the need for good broadband data.



CHAPTER 4

The Relativistic Iron Line — Techniques

The study of the & fluorescent line of iron is one of the most powerful tools in
the analysis of black holes. The line originates from ratathaterial which is just
a few gravitational radii away from the black hole and therefit is broadened
by gravitational redshiftfects as well as by Doppler shifts. Hence an analysis of
the line shape is essential for the understanding of thetiocnrgeometry and for
the estimation of the black hole spin.

In this chapter an introduction to relativistically broaee iron lines is given,
followed by a short description of thESPECmodels used in this thesis to de-
scribe the line profiles. The second part of this chapter @odé¢ed to the Modi-
fied Timing Mode, a new observing mode developed by our groughe EPIC-pn
camera oXMM-Newton.

4.1 Relativistically broadened Iron lines

The Fe kv line from disks around black holes is intrinsically narraivg natural
width is of the order of 1 eV, Pozdnyakov et al. 1979) with a fesmme energy
of 6.4 — 6.97 keV, depending on the ionization state. It oaggs from material
which is just a few gravitational radii away from the blackénand therefore it
is broadened by gravitational redshift as well as by Dopgitédits. If one takes a
symmetric double-peaked profile from a rotating non-reistic Newtonian disk
as starting point, as it is shown in the first panel of Fig. 4rid then first “turns
on” the dfects of special relativity, relativistic beaming enhanttess blue peak
and the transverse Doppler shift lead to a reddening of thienprofile (second
panel). Finally the gravitational redshift, affext of general relativity, reduces
the strength of the blue peak and shifts the profile to lowergies (i.e., the "red"
side of the energy spectrum). Thiffext is shown in the third panel, while the
forth panel shows the integrated line profile of the wholddis

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

The exact shape of the line depends on several input pareshete
¢ the accretion geometry,

¢ the Fe kr emissivity of the disk (parametrized by the disk emissiiityex
B), and

e the observer’s viewing angle (parametrized by the diskriationi).

The mostimportant point of theccretion geometryis the position of the inner-
most radius of the disk. If one assumes that this radius etéatat the innermost

1The following explanations are based on the review on xeditially broadened iron lines by
Reynolds & Nowak (2003).
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Figure 4.2: The dependence of the iron line profile dfedent spin parameters (Wilms
et al. 1998). The disk emissivity indgiand the inclination are fixed. The emitting part
of the disk is assumed to extend frd®g,; = 50GM ¢ 2 to Risco.

stable circular orbiRsco, 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@ie: 2, for a max-
imally rotating BH it moves further inward t0.23GM ¢ 2 (note that this value
quotes the position dRsco for a co-rotating BH; in case of a counter-rotating
BH Risco = 9GMc 2, which means that the disk is truncated even further away
from the BH than in the non-rotating case). Fig. 4.2 showsethéted line pro-
files for different spin parameteaswhile keeping the inclination fixed to 4@&nd
the disk emissivity indeg to 3. With increasing spin parameter the inner edge of
the disk moves closer to the BH, and the velocity of the ga®emses. This results
in a larger range of Doppler shifts and the red wing of the kxéends further
down to lower energies while the blue wings are almost iintistishable.

The localemissivity of the diskcan be parametrized as

le(reie) < f(iere” (4.1)

which means that the emissivity varies with the radius asveeptaw. For large
values of the emissivity indg& most of the radiation is emitted négco, hence
the profile becomes broader with increasghgrhis efect can clearly be seen in
Fig. 4.3. FoB > 2 the red wing becomes very weak until it is almost undetéetab
Another point to note is that the outer radius of the disk lbee®more and more
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Figure 4.3: The variation of the iron line profile depending the emissivity indeg
(Wilms et al. 1998). The BH is assumed to rotate with a spimpater ofa = 0.5 and
the inclinationi is fixed at 40. The emitting part of the disk is assumed to extend from
Rout = 50GM c?to Risco-

unimportant fop > 2 while it is relatively important for small values 6f 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 dependsmgly on the
observers viewing angle For large values of the inclinatidrthe Doppler &ect
dominates over the gravitational redshift and the profileobees broader. If the
disk is seen more face-on — which meardecreasing to 0 — the gravitational
redshift dominates, the line profile becomes rather narboveven ai = 0 the
line is still broader than in the non-relativistic case.

4.2 Models

There are sever&{SPECmodels to describe the profiles of relativistically broad-
ened iron lines. In the scope of this thesis the two modiékkline andlaor
were used. Thdiskline model (Fabian et al. 1989) describes the lines emitted
from a Schwarzschild BH, meanireg= 0. It does not include thefiects of light
bending which leads to an inaccurate calculation of theividtic effects near the
BH (r < 20GM ¢ 2, Beckwith & Done 2004). The other moddlaor, accounts
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Figure 4.4: Iron line profiles as a function of the inclinatianglei (Wilms et al. 1998).
The disk emissivity indeg = 0.5 and the spin parametar= 0.998 are fixed. The emitting
part of the disk is assumed to extend fr&gyt = 50GMc 2 to Risco~ 1.23GMc 2.

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

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

4.2.1 TheXSPECmodeldiskline

The diskline model (Fabian et al. 1989) assumes a thin axis-symmetric dis
which is observed under the inclination anglend extends fromg down tor;.
The specific flux carried to the observer can be written as

0Q
dFEobs = (1 + Z)_gl Eem[M]remd remdq)em (42)

with (1+2) = Eem/Eobs In the case of a narrow line with rest enelgythe spe-
cific intensitylg,,, can be approximated by a delta functile,, = e5(Eem— Eo)
with the surface emissivity functios) which in thediskline model is assumed
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to be isotropic and to have a power-law foens (rem/M) ™. After some simplifi-
cations due to the Schwarzschild metric (where the photodesgics are planar),
the observed flux is calculated by integrating equation ¥e2 all rem and ®ep,

4.2.2 TheXSPECmodellaor

In the laor model (Laor 1991) the line profiles are calculated numesiday
following the trajectories of the photons from the rest feaaf the matter in the
disk to the rest frame of an observer at infinity. To do thicgkltion, a transfer
functionT is created out of the observed photon inclination angle aedyy shift.
Assuming a standard limb-darkening lawl¢f0s9e) < 1+ 2.067 co®, leads to a
line profile of the form

Fo(eoﬂ’o):fT(eo»re»Vo/Ve)J(re)dre (4.3)

whereJ(re) is the line-emissivity law. As already said above the tfanfunctions
are tabulatet!

4.2.3 TheXSPECmodelkdblur

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

Fobde) = fo " Guabiur(%. € E)Fem(E)E . (4.9)

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

2The grid of transfer functions includes 31 valuegigf35 values of ¢ (with re<400 as the energy
shift for largerre is less than 4%) and 300 valuesygfve (with 0.1 < vo/ve < 1.7 which corresponds
to an energy resolution 6%/Av, = 105).
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4.3 The Modified Timing mode ¥MM-Newton

The first report of a broadened iron line line in Cyg X-1 waseginby Barr et al.
(1985) based ofEXOSAT data. Since then the energy resolution of the instru-
ments has improved significantly, so that it is nowadays iptesso study the
line shape in great detail like it was done, e.g., by Milleakt(2002) using the
Chandra observatory. For this thesis observations fronXti#-Newton satel-

lite were used to analyze the structure of the iron line. AlljuCyg X-1 is too
bright to be observable by this instrument with a satisfydignal to noise ratio

in its standard observing modes. Our group, however, dpeela new observ-
ing mode for the EPIC-pn camera which allows the observatf@ources 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 wi¥MM-Newton

The telemetry allocated to the EPIC-pn is restricted to 1i6skb (nominal rate,
the maximal rate is 40 kbit$, Kendziorra et al. 1999) therefore it is not always
trivial to study bright sources with the maximum possibiediresolution in com-
bination with a satisfying signal to noise ratio using thenstard modes cXMM-
Newton On one hand in the EPIC-pn burst mode (which is foreseendoy v
bright sources) only 3% of all detected photons are transthitesulting in an
enormous reduction of the signal to noise rition the other hand the EPIC-pn
Timing mode — which would have arifective exposure time of 99.5% — can be
used only up to 250 events'sin the standard telemetry allocation (Kendziorra
et al. 2004).

For sources like Cyg X-1 with about 300 mCrab 3000 countss) an alter-
native approach is needed. Switchintj e EPIC-MOS camera — which is ap-
propriate since for the MOS cameras there is no data modkihbleivhich can
handle sources as bright as Cyg X-1- increases the maximocegsable EPIC-
pn count rate to 1050 counts's as the full telemetry of 40 kbit$ is allocated to
the EPIC-pn.

Furthermore the EPIC-pn is operated in a Modified Timing m@tendziorra
et al. 2004): In this mode the lower energy threshold is iaseel to 2.8 keV
(the standard value is 200eV), resulting in a reduced coatet of about 500—
800 countsst which is well within the technical limits. This modificatiaf the
lower energy threshold, however, implies that a re-calibnaof the instrument
is required because the recombination of split eveistaot performed on-board

3Another drawback of using the burst mode for the special ofser Cyg X-1 observation is its
inappropriateness for PSD studies (Kuster et al. 1999).
4Split events are events which do not deposit their wholeggnir one pixel (which would be
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Table 4.1: Observation modes that are available for the ERMeras. Actually only the
burst mode is usable for the observation of bright souragisa 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 (606600) 2.6s 100.0 0.70 0.24
Large window (30&300) 900 ms 99.5 1.8 0.6
Small window (10&100) 300ms 97.5 5 17
Timing uncomp. (108600) 1.5ms 100.0 100 35
EPIC-pn

Full frame (376¢384) 73.4ms 99.9 6 0.7
Ext. full frame (376<384) 200ms 100.0 2 0.25
Large window (19&384) 48 ms 94.9 10 1.1
Small window (6%64) 6ms 71.0 100 11
Timing (64x200) 0.03ms 995 800 85
Burst (64x180) Tus 3.0 60000 6300

* The actual limiting count rate is 250 cts'sfor a higher count rate the counting
mode is triggered

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

4.3.2 Calibration of the Modified Timing mode — The new respanatrix

The basic idea for the calculation of a new response matighvis able to ac-
count for the apparent spectral softening described ingbta above, is to use
the standard Timing mode response matrix as a basis anddhenitto the Mod-
ified Timing mode by multiplying it with a second redistribart matrix which de-
scribes the dference between the standard Timing mode and the Modifieah@imi
mode. This redistribution matrix assigns each Pl channgiebriginal matrix a
detection probability in the Modified Timing mode (see Figg)4 To derive this
detection probability, the Modified Timing mode has beenutated by taking
standard Timing mode observations and discard all everits eviergies below
2.8keV. Afterwards it is possible to compare the respe@ints on a time- and
position basis and select those events which are singlessfazrihe redistribution

called “single events”) but in two or even three or four néighing pixels (see, e.g., Dennerl et al.
1999).
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Figure 4.5: Comparison of a simulated Modified Timing modeevkation (blue) of

Vela X-1 and its standard Timing mode Observation countérpad). The spectrum ap-
pears to be softer as split events with partners below thelower threshold of 2.8 keV

are wrongly recorded as single events.

matrix.

To calculate the new response matrix we used all publicav&|Timing mode
observations. In a first step we studied the pattern plo@tedewith the SAS
tool epatplotof all individual observations and selected those satigfyhe two
conditions

1. the observation is notf@cted too much by pile-up
2. the source is at least measured with 3ttss

After this selection 66 out of 115 observations remainedtiercalculation of the
new response. A full list of the observations can be found ppéndix A. Fur-
thermore the remaining observations had to be sorted aogoi@the filter used
for the respective observation. This further selection nasessary as optically
generated electrons shift the measured X-ray energypy3.68 eV (Kendziorra
etal. 1999). As the number of the optically generated ad@stnop, depends on
the filter used, the matrix calculation has to be done for éiétehindividually.



84 Chapter 4: The Relativistic Iron Line — Techniques

1g E
2 0.1 -
o £ 3
[ r 1
o L 4
o
2 L |
§ 001p 4
3] E 3
] L ]
3 [ ]
=] L 4
s
g 0.001¢ E
= E ]
o C ]
0.0001 ;4 E
3 4 5
Energy [keV]

Figure 4.6: Cut through the Modified Timing mode redistribatmatrix at channel 900
(toincrease statistics 21 channels have been added ugefpidt). Photons with an energy
of 4.5keV have a probability 0£55% to be detected at exactly this energy in the Mod-
ified Timing mode, but they might also be detected at lowergiae as the split events
can be wrongly recorded as single events with lower energytdiuthe increased lower
energy threshold. The gap between the peak of the “correcirded photons and the
redistributed ones is due the 0.2 keV lower energy thresbidlde standard Timing mode.

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

patdist.pro is a tool for the calculation of the singtiouble distribution by
comparison of the filtered data with the original data. Thregpam loops over all
observations and performs the following steps:
¢ read event file of original Timing mode observatioroirig
¢ read event file of filtered Timing mode observatiorfilh
e select events from columns needed for matrix generatiooo(ding to
source extraction region)

5In the description of the IDL routines the words printedtalics refer to variable names used in
the code.
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¢ build histogram £ spectrum) of original event filar{putpi)
¢ build histogram £ spectrum) of filtered event filer{odifpi)
¢ loop over all events ifilt to find matching original event by
1. searching for first event iorig that has the same time and then
2. searching for the event orig that also has the same rawx position
e write arrayfiltpi containing a histogram of the energies of the found events
(first index: original PI, second index: Pl in the filtered file the main
diagonal contains all single events whereas the multipt@esvare scattered
around the diagonal
e build histogram £spectrum) of the not found original events¢foundp)
¢ build histogram £spectrum) of the not found filtered evenfiéotfoundpi)
¢ plot histograms
o save all relevant datdiltpi,inputpi,modifpi,notfoundpi,filtnotfoundpi
To summarize: The main output of this first program is fiftei array for all of
the observations which allows a direct identification of shgle events.

The second step towards the calculation of the new matrixigdn the pro-
grammakedist.pro. Here the pattern distributions are converted into a photon
detection probability as a function of the PI energy of trendard Timing mode
(for initial photon energies in a certain range). In thisqadure the user has
to define the observations that should be ignored for theutzlon of the ma-
trix (due to pile-up or other reasons as described above roatine is usually
called from the last program, makematrix.pro, with the tvesiablesemin and
emax To simplify the description of makematrix.pro later ore tteps executed
by makedist.pro are already explained here:

e |loop over all observations (specify those to be ignoredirahd read in
filtpi andinputpi

sum up allfiltpi into one newfiltpi

sum up allinputpiinto one newnputpi

calculate the channels¢olumns) corresponding tminandemaxin filtpi

pick the channel correspondingémin (filtsum)

check if filtsum contains entries with value "1" and if yes set them to "0"

(to reduce the noise)

o shift the entries of all following channels up to the chantmresponding
to emaxin such manner that all single events (that means entries the
diagonal) end up in the same line

e check for those channels also if they contain entries withev&l" and if
yes set them to "0"

e sum up the channels (nefiftsum) to calculate the distribution of photons
detected in the Modified Timing mode in the range freminto emax
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e sum up the corresponding entriesioputpi (totph) to calculate the total
input photons in the standard Timing mode in the range feamnto emax
e normalizefiltsum to a detection probability through dividing ligtph and
write in in dist
e calculate output energies
To summarize: the main return parameter of this step igltbiarray which con-
tains the detection probabilities for the energy range @dflyyeminandemax

The final routine needed imakematrix.pro. In this last step the calculated
probability distributions are merged with an availablensi@d Timing mode RMF
and ARF. The RMF and ARF of the standard Timing mode have been migitipl
before to get an .rsp file. The program makematrix.pro rurislbsvs:

e |loop over all 4096 PI channels
1. calculate values o#min and emaxfrom channel number and given
energy resolutiorde (de= 10 in this case, corresponding to 50eV
bins as 1 channel would have to bad statistics)
2. call makedist.pro for the current valuesgshinandemax
3. write resultingdist in that column ofredistthat corresponds to the
current channel
e read in matriymatrices of standard Timing mode for multiplicatiom4-
trix)
o multiply the matrix with the redistribution probabilitiesdist
e write out the new modified matrimatrices

Using these programs, matrices have been calculated fthra# filters avail-
able for the EPIC cameras. Fig. 4.7 shows example specttarudard and corre-
sponding simulated Modified Timing mode observations. Tgexsa have been
fitted using the standard rmf and arf files for both observatiupper residual
panel) showing a clear deviation. The bottom panel showsuesifity the newly
calculated matrices for the Modified Timing mode. The realdare now very
similar, showing that the new response matrix is able to aetfor the dfects of
spectral softening as described in section 4.3.1. Respeglibts for the “thinl”
and “medium” filter can be found in Appendix A.

4.3.3 Calibration of the Modified Timing mode — CTjfeets

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

6Note that due to an bug in the SAS tool arfgen it is not posdiblereate correct ARF files for
extraction regions containing gaps. The solution to thabfam is to create an ARF for the whole
detector and one for the region to be left out and to subthigbine from the first.
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Figure 4.7: Comparison of the standard Timing mode resporagex and the newly calcu-
lated response matrix for the Modified Timing mode for théckhfilter. The red spectrum
again is the simulated Modified Timing mode observation daVe 1 already described in
the previous section, whereas the blue one again showsaheastl Timing mode obser-
vation. The upper panel displays the residuals for a fit toddta just using the standard
rmf and arf files for both observations, resulting in stroinfiedences in the residuals. The
bottom panel shows the same but using the correct resportse foathe Modified Tim-
ing mode. The residuals are now very similar, showing thatr&ésponse accounts for the
effects of spectral softening as described in the text.

the maximum transfer length of 3cm (Krause et al. 1999). Tfexedepends on
several parameters like the device temperature, the mecsignal charge, the
time elapsed between the signal and its precursor, and ofeat the generated
signal charge itself. This last mentioned point impliest tthe charge transfer
efficiency (CTE) depends on the surface brightness on the CCiheasignal
charge created for luminous sources is high. The traps areftire filled sooner
the more luminous the source, and the charge loss decreasediagly.
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Figure 4.8: Shift of the energy of the narrow core of the irore lwith luminosity. The
inset shows the dependence of the energy on the positioredd@ID — the source position
around column 37 is clearly visible.

The response matrix fMM-Newton corrects for these CTHiects routinely.
However, as Cyg X-1 is a very bright source, the data are cogected due to
the rapid filling of the traps by the high signal charge. Thisrecorrection results
in too high energy values as shown in Fig. 4.8. The plot shévespbsition of
the narrow core of the iron line measured as function of lusity. The values
have been obtained by extracting spectra ffiedent column combinations (21—
30, 31-35, 36-38, 39-43, 44-53, the inset of Fig. 4.8 showptsition of the
line as function of the position on the CCD) and fitting thersprectively with a
disk black body and power-law to model the continuum and eomaand broad
iron line (using theliskline model in this case). As shown in this plot, it must
be stated that the energy values obtained for the iron lire ha uncertainty of
+150-200eV due to the over-correction of the CTEets.

Itis known that the CTE is not only a function of luminositutkalso energy (as
there is less charge loss for higher energies like it is the &ar luminous sources),
and column (see, e.g., Kirsch 1998). However, we considaredrrection of
the above describedfects by a simple shift of the response matrix entries to
match the position of the narrow core of the iron line at 6 M.kéAs we also
have simultaneouRXTE observations, we used them for cross calibration: with
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Figure 4.9:)(r26d values (left y-axis) of the combinedMM-Newton + RXTE fits / mea-
sured position of the Fe&line (right y-axis) vs. matrix shift in channels.

the shift of theXMM-Newton response, the overaJ[?ed of a combined fit should
reach a minimum when the iron lines measured by both instntsneoincide.
Fig. 4.9 shows this attempt for the four observations. Ferddinth methods — the
condition of iron line to be found at 6.4 keV as well as the ts#stultaneous fit
— lead to a matrix shift of 25 lines (corresponding to abol8 %). For all other
observations the results are not so unambiguously. Thesgtitained for the
both methods dier significantly (with up to a dierence of 13 lines or 65€eV in
obs3). This result shows that the applied method of a simplgixshift cannot
easily be used to correct for the CTHexts. At this point more work is needed
to include all dependencies of the CTE into the calibratighich is beyond the
scope of this thesis.



CHAPTER 5

The Relativistic Iron Line — Analysis

After its discovery INEXOSAT data in 1985 (Barr et al. 1985), the Ferkne
in Cyg X-1 has been studied intensively. These studies weoeurse always
limited by the achievable energy resolution. Therefordéanfirst analysis by Barr
et al. (1985) the line was not interpreted as having a réitiviine profile but
rather explained as broadening of a narrow line due to Comgtattering in a
moderately optically thick corona. In a reanalysis by Falaaal. (1989), how-
ever, the same data were interpreted to show relativistichroadening with the
characteristic “double horned” features being smearedloetto the bad energy
resolution ofEXOSAT (~ 20% @ 6keV, Peacock 1984).

Already in 1983 a weaker and narrower line was observed in)Gggvith the
Tenmasatellite, but the results have been published only in 199&itamoto
et al.. These authors claimed the line to originate from tivéase of the com-
panion star as also a dependence on the binary phase waseaibsdowever, a
broader component originating from the disk was not ruletdguthe data.

This explanation by Kitamoto et al. (1990) was the only atieto assign the
iron line to the companion star. A new reanalysis of EMOSAT data by Done
et al. (1992) as well as observationsBBXRT (Marshall et al. 1993) andSCA
data (Ebisawa et al. 1996) were interpreted in terms of sona@Gaussian line
with additional edge component and reflection in the undigglgontinuum. A
similar model was assumed by Giédki et al. (1997) for simultaneouSinga
and OSSEdata.

The idea of a broad line was reborn with new satellites wititelbenergy res-
olution like RXTE, BeppoSAX,Chandra or XMM-Newton (see, e.g., Gilfanov
et al. 1999; Frontera et al. 2001a; Miller et al. 2002). Tendraobservations
revealed that the line in fact is composed of a broad compdoeginating from
the inner regions of the accretion disk) as well as of a nawome (originating
from the cooler outer parts of the disk). This conclusion wassible due to the
good energy resolution which enabled Miller et al. (2002&s0lve both compo-
nents clearly for the first time.

90
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Table 5.1: Observational parameters for ¥idM-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 oKMM-Newton we obtained spectra with an
even better signal to noise ratio and resolution tharGhendradata. The results
of the analysis of thes¥MM-Newton observations are presented in this chapter.

5.1 Observations and data reduction

As already mentioned in section 3.3, tX&IM-Newton observations were exe-
cuted simultaneously with thtNTEGRAL and RXTE observations in Novem-
beyDecember 2004. Table 5.1 summarizes the key parameterdieAsbserva-
tions were carried out in the Modified Timing mode, there as&RIC-MOS but
only EPIC-pn, RGS, and OM data. Data from the latter two imsgnts have not
been analyzed in this thesis, therefore no detailed infoomés given about them.
For all four observations the “thick” filter was used.

The data have been extracted using SAS 7.0.0. To avoid pnsldee to pile-
up in the center of the point spread function, we excludedrhermost three
CCD columns (numbers 36—38) from the extraction. The respamatrix for the
Modified Timing mode has been calculated as outlined in tlwipus section,
taking care of the special extraction region used. Due toinbeeased lower
threshold of 2.8 keV used for the Modified Timing mode and thapg of the
energy dependentfective area, th&MM-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 ddmiby a simple
power-law throughout the X-ray band and only in some casesftaezcess is
observed), the soft X-ray spectrum of galactic black hatdeniown to be rather
complex. This is due to the fact that the disk as well as thethermal corona
can contribute — depending on the state — toffedint extent. So besides the
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line which itself can be composed of a broad component as agel narrow
component , also the continuum must be modeled as a conmdninatia black
body, power-law, and reflection component as it has beeimedtin Chapter 3.
The main aim of this chapter, however, is the analysis of thecture of the Fe
K complex, so there are a couple of questions to be addresshe ifollowing

concerning this topic:

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

¢ Isthe Fe K absorption edge, which is expected to accomparfiubrescent
line, seen in the spectrum?

e Might the data even be explained without an relativistie liout with a
narrow line plus smeared edge only as it had been suggesedpsly?

¢ |sthe broad line — if existing — best described by her or thediskline
model, and what are the conclusion for the spin of Cyg X-1?

e How do the new results compare to previous line studies, lgygheChan-
drasatellite (Miller et al. 2002)?

5.2.1 Composition of th¥SPECmodel

To answer the question if the line is indeed composed of achapa a narrow
componentwe started the analysis first with a simple absqgrbeer-law and disk
black body fit to the data outside the 5-8 keV range, as it is shown in Fita 5
for the secondKMM-Newton observation. This fit reveals strong residuals in the
Fe Ka region Q(rzed ~ 35/ 84 dof). Adding a narrow line (witl- = 50 eV fixed

in all models described in this chapter) only to model the FeflKiorescence
line, as shown in panel b, improves the residuals but the $iilifar from being
acceptable wittyrzed =7.9. Only after adding a relativistically broadened line, the
data are described satisfactorily wj(tféd =1.9 (Fig. 5.1c).

We therefore decided to fit all folXMM-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.itAll
gave acceptablgrzed in the range of 1.95 (obs2) — 1.41 (obs4) for thiskline
model and 2.20 (obsl) — 1.53 (obs4) for ter model respectively. However,
there are still structures left in the residuals as showhenupper panel of Fig. 5.2.
Adding a smeared edge componeXSPECmodelsmedge (Ebisawa et al. 1994),
see Tables 5.4 and 5.5) clearly improves this situation )@ij‘;gdecreasing for all

1For the disk black body the multicolor mod#i skbb was used (Mitsuda et al. 1984; Makishima
et al. 1986).
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single observations to 1.82 (obsl) — 1.40 (obs4) forahekline fits and 1.79
(obs3) —1.42 (obs4) for tHmor fits. The residuals for théisk1line model with
additionalsmedge component are shown in the lower panel of Fig. 5.2. Hence
only the models including the edge are discussed in theviodig.

The energy of the narrow core of the iron line is very well domiged in all
observations as it is independent of the model used for thedromponent. It is
found to have an energy of 6.51 — 6.58 keV. Note, however,dbhatto the over-
correction of the CTE féects, these values must be taken with an intrinsic error
of 0.15-0.2keV, such that the corrected values are consigtigh 6.4 keV, i.e.,
neutral or only moderately ionized iron. The energy of thedorline, however,
shows a dependency on the model even though the uncersaanéiesignificantly
larger (especially for théaor fits). In all observations but obs3 the energy found
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Table 5.2: Fits using théiskline model.okq narr has been fixed to 50 eV.

obsl obs2 obs3 obs4
Ny [10%2cm 2] 0.13229 0.65'033 0.61+021 0.36+3:20
KTin [keV ] 0.081:2901  0.013'%17  0.099:99%%  0.017+9132
normyy (1e:38)10 (525,)107 (40723200 (1375 )10°
r 21075 1965 19750 19340
norm, 1674096 0.88593 1.30+9.96 1.27+095
Eka.nar [KeV ] 6.580.92 6.52703 6.517204 6.56*0.2
NOMk g narr [1074] 3.9%0/ 1.9708 1737 4.9+23
Eka.diskl [keV ] 6.21+008 5.99-05 6.08298 6.10"0.%%
NOIMYq.diski [1073] m.MHm”M m.wwm”w N“_.wwm NH_.HWHM
B 265'008  27505;  262%% 26975
i [deg] 75371 90.0*99 90.029 90.099,
x2 4/ dof 1.856/ 78 1.95¢ 78 1.895 78 1.411/ 78
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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 tediif asmedge component
is added to the model.

using thelaor model is smaller than in théiskline fits. Overall the energy
of the broad line tends to be unphysically low in all fits (a &é@br that was
already observed ihandraobservations by Miller et al. 2002). For the energy
of the edge only obs1 shows a discrepancy betweedhitkiel ine andlaor value,
while the other three observations are model independéetsinearing width of
the edge could not be constrained in our fits due to the lingteztgy range of the
XMM-Newton data, therefore it was kept fixed to 7 keV in all models (seg, e
Miller et al. 2002, and references therein).

However, while the line parameters are still quite well domiged in these fits,
the situation is dterent for the continuum parameters: besides from beingsons
tent with O in half of the fits (namely obs2 and obs4), most terafures found for
the black body component show large uncertainties in géngna normalization
of thediskbb component shows extreme variations with also huge unoégai
Therefore it must be stated that the black body componemtatdre constrained
with XMM-Newton. This is most probably due to the high lower threshold of
3.5keV. As the performance of the black body influences therdenation of
all continuum parameters, we decided to derive the continusing our simul-
taneousRXTE observations before trying to answer the questidiskline or
laor?” in the following section.
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Table 5.5: Fits using theaor model and a smeared edg@ek, narr has been fixed to 50 eV.

obsl obs2 obs3 obs4
Ny [10%2cm2] 1.03723¢ 1.89°93% 0.017281 0.21+239
KTin [keV ] 0.697°9415 02792926 0075939  0.091+39%°
norMy (69:22)107 (0278210 (40:23)20%° (1572%)10
r 153308 1949% 18238 186332
norm, 0607 ~ 086%y; 10005 11673
Ekanar [KeV ] 6.55"002 6.53'9.93 6.54'5.94 6.57°303
NOMYg.narr [1074] w.owm”m M.@kum H_..Awmuw m.mwww_
EromorlkeV] 5938 5879 61009 60291
NOIMXq Jaor [1079] ﬂ.wwwuw h.mwmuw w.“_.wmuw m.onm
B 438709 225938 1847031 2.20'3%3
i [deg] mm”_.wwum mm.ﬂwwum mm.mwmm mNowwm
Eedge[keV ] 7.277303 7.967220 717041 7.66'019
Tedge 18800, 0527912 084%%3 04650
X2,/ dof 1.555/ 76 1.542/ 76 1.791/ 76 1.416/ 76
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5.2.1.1 disklineor laor?

To constrain the continuum parameters, the simultan&XEE data of the four
observations have been fitted independently of XWéV-Newton data. After-
wards the continuum parameters were kept fixed when fittiagktAM-Newton
data. This approach was necessary as due to the over-¢onreftthe CTE &ects
the XMM-Newton spectra are shifted to slightly higher energies makingré ji
rather dificult®. Another advantage of the extended energy rand@¢fE is the
possibility to include the reflection component into the mipés the reflection
hump is expected to extend down to energies in the &edgime. In principle
the inclusion of theref1ect model would make an additional edge component re-
dundant, as the reflection intrinsically includes an edgbhelnodeling the data,
however, it turned out that theréflect edge” is too sharp to describe the data
properly Q(rzedof the order of 2.5). We therefore included an additionisddge
also in these models. In Tables 5.6 and 5.7 the best fit paeasete listed with
the fixedRXTE parameters printed in italics.

As expected, the black body component is now much bettertreined with
temperatures in the 0.61 — 0.88 keV range and a normalizatitapendent of the
relativistic line model used. However, it is still not nesasly needed in obs2
and obs4. Also the normalization of the power law compongnn iprinciple
independent of the line model, with a minimal discrepancyofuos?2.

Like in the XMM-Newton only fits, the energy of the narrow core of the iron
line is very well constrained for all observations betweesilgand 6.60 keV. The
energy of the broad line on the other hand is found to varyerastrong with
AE = 0.27 for thediskline model andAE = 0.18 for 1aor 3. The energy value
itself is in all observations lower than in the respecthiskline fits (although
the values of obs1 and obs4 might be consistent due to the lercertainties of
the energy in thdaor model). Also the equivalent width of the broad line is
found to be smaller in the when using th&or model.

While the width of thesmedge component was again kept fixed to 7 keV, its
energy shows very little variation in thkaor fits with values between 7.57 —
7.74keV (which is consistent within the error-bars). Fa diskline fits the
scatter is larger with energies ranging from 7.33keV to &890. When com-
paring the two models, however, only in obsl the values areamsistent when
applying the uncertainty ranges. A similar scenario hoids forr, which only
in obs4 is not model independently constrained.

Overall, all fits gave a comparable good description of tha,daith szed rang-

2\We tried to model the shift by thgain function of XSPECbut without convincing results.
3t must be noted that the energy of the broad line could ndiyrba constrained in théaor fit to
obs2. We therefore set the lower limit to 5.80 keV.
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ing from 1.78 (obsl) — 1.39 (obs4) for thie skline model and 1.85 (obs2) —
1.38 (obs4) for th&@aor model. It is therefore impossible to reject one of the two
models on basis of thefed (in fact, thediskline model gives a better description
of obs1 — obs3 while obs4 is slightly better described bylther model). The
only significant diference found in both models, which might help to solve this
issue, is the inclination found in the respective best fitdil\it ranges around
67° for thelaor fits, it approaches the upper limit of 9t thediskline model.
Before it is possible to compare these results with liteeattalues, a more in
depth consideration of the geometry of Cygnus X-1 must beemad

The question of the inclination angle in Cyg X-1 is not simpgtricted to the
orbital inclinationi of the system: Pooley et al. (1999) first reported the detecti
of a super-orbital period 0£150d in the radio data of Cyg X-1. From thereon
this period was also observed in X-rays (e.g., Brocksopp. €i999a; Benlloch
et al. 2004; Lachowicz et al. 2006; Ibragimov et al. 2007)e §knerally accepted
explanation for the 150 d modulation is precession of theedion disk, which is
tilted by an amouné with respect to the orbital plane (Brocksopp et al. 1999a).
The angled under which the disk is seen by the observer is hence given by

€09 = —sini sing cosd + cos COSH (5.1)

with @ being the super-orbital phase (see also Lachowicz et ab;Abfagimov
et al. 20079. At super-orbital phas®=0 the disk is most inclined with respect to
the observer, as

6 = —sini sind +cos coss =cosf+8)=i+5 . (5.2)

The opposite case occurs at super-orbital pldas@.5, where the disk inclination
is smallest:
0 = sini sind+cod coss =cos{—-06)=|i—-46] . (5.3)

Following Ibragimov et al. (2007) and assuming 30 <45° and 8 <6 <22° as
found by these authorg,should vary between°8nd 67 (for the most extreme
combinations of parameters) depending on orbital phase. oferdetailed cal-
culation for our fourXMM-Newton observations yields values of 3% 6 < 66°,
as the observations were taken during super-orbital plta884—0.493 (see also
Table 5.8).

Comparing these theoretical values with the fit resultsirtbiénation found by
thediskline model can be ruled out on physical grounds. In contrasi tver
results are consistent with the theoretical allowed refpoobsl and obs4, while

“Note that this relation does not directly depend on the arpiase as it describes the disk incli-
nation in an inertial frame, i.e., the precession is indelpan of the orbital motion.
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Table 5.7: Fits using theaor model and a smeared edge with the continuum parameters

fixed to RXTE values.okq.narr has been fixed to 50 eV.

obsl obs2 obs3 obs4
Ny [10%2cm™2?] 0.15 0.00 0.30 0.03
kTin [keV ] 0.61 0.81 0.88 0.69
normyp, 34607500 0.0738 19.0%39 9.07390
r 2.00 1.90 1.89 1.87
0.011 0.002 0.014 0.006
normy, 134701, 0754000 10795010 11325008
Q/2n 0.68 0.57 0.53 0.49
Ecenar [keV 6609%  6529% 65008 6569
NOrMK g narr [1074] 5.1+08 29702 3670° 54793
Ecosaor eV ] 59593 58098 583U 59879
NOrMK g laor [1079] A.@w%w w.mwwuw h.ﬂwm”w w.mwwum
equivalent width [eV] 129 155 134 97
0.07 0.05 0.06 011
B 2297075 2197508 211070 217578
i 49 07 32 6.8
i [deg] 6477 681771 69.35% 64.6737
EcdgelkeV | SO TTAGlS 7590k 75993
011 012 0.10 0.10
Tedge 0.80705 0637510 0567409 0607514
X2,/ dof 1.810/79  1.847/79  1.837/79 138279

* parameter could not be constrained so lower limit was sei30keV
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Table 5.8: Predictions for the disk viewing angleThe minimum value is obtained with
i =30° ands = 8° while the maximum value follows frorn= 45° ands = 22°.
Observation ) Omin  Omax
obsl 0.374-0.375 33. 659
obs2 0.413-0.415 3%. 655
obs3 0.453-0.454 3%. 653
obs4 0.492-0.493 33. 650

they are slightly above it for obs2 and obs3. We thereforeutaled confidence
contours for these two cases. Fig. 5.3 shows the confidentews for the in-
clination and disk emissivity index. For both observatitims 99% contour of
the laor model reaches the theoretical predicted region for thenatibn. To
further constrain the assertion that Kerr models yield &ebetescription of the
XMM-Newton data we decided to try another approach of modeling the thvera
spectrum and fit the data using the convolution mad@lur.

5.2.2 Another way of doing ikdblur

In the two models described up to now, the relativistic lineswnodeled sepa-
rate from the continuum. A physically more appropriate deson, however,
demands a blurring of the reflection continuamd the line as they are both ex-
posed to the strong gravitational field of the black hole. sTlas done using
the kdblur model (Fabian et al. 2002). Due to the smoothing of the redlect
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Figure 5.3: Confidence contours for the inclination and diskssivity index of obs2 (left)
and obs3 (right). Only the 99% contour of theor model reaches the theoretically pre-
dicted region for the inclination.
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Figure 5.4: Inclinations found using ttkelblur model. All four values are within the
allowed region.

component, the edge “included” ireflect is able to account for the observed
structures in the residuals of Cyg X-1, hence no additiodgleecomponent is
needed. As the energy of the broad line (which in this casedated as a simple
Gaussian which is blurred viedblur) 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 fitddrms Oerzed is
comparable to those of thid skline / laor fits, for obs2 thé&dblur model even
provides the best description of the three models. Whiletitenalization of the
black body has increased compared tothekline/ laor fits, the normalization
of the power-law has decreased. The energy of the line isistens with the
energy of the narrow core found in tldéskline / laor fits. In the parameters
describing the disk3 andi, are the largest éfierences found: with values of the
order of 4 (respective 3 in obs3j,is significantly larger in thé&dblur fits, i.e.,
the disk emissivity profile is much steeper. The inclinai®found between 45
and 522 and hence within the allowed range calculateddftor all observations
as shown in Fig. 5.4.
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5.3 \Variability of the line

The multiple XMM-Newton observations also allow us to track the evolution of
the spectral parameters not only with time but also with \itminosity of the
source. As th&dblur model described above proved to give the most reasonable
parameters we only use those fits for comparison in the fatigw

5.3.1 Variability with time

As shown in Fig 5.5, in which the data over model ratios for ag@adaw fit to the
data outside the 5-8 keV range are plotted, the iron lineasgty variable during
our observations. Especially obs3fdrs significantly from the other three obser-
vations. This behavior is also obvious in the measured patenst obs3 is found
to have the lowest values for the line energy as well as fodible emissivity in-
dexp and the inclination (see also Fig. 5.4), but the largestiwitfag Overall
the line as well as the disk parameters of obs1, obs2, andasbsbnsistent with
each other, showing the special status of obs3.

Apart from being lowest in obs3, the line energy shows in galrtbe tendency
to be lower in the middle two observations as compared to absllobs4. The
same holds true for the normalizations of the power-law (dedefore the flux
attributed to the corona) and the disk black body. The fluxefdisk component,
however, is highest in 0b33

This picture mirrors the high variability of Cygnus X-1 sdarthe light curves.
While it is not surprising that the line parameters show mactrend, it is unex-
pected that obs3 is the “misfit”, as rather obs2 showdfardint luminosity and
variation codficient (see Table 3.4). We therefore decided to also testateean
variations with luminosity.

5.3.2 Variability with luminosity

To study the variability with luminosity, we divided théMM-Newton observa-
tions in four diferent luminosity levels as shown in Fig 5.6. The band with the
lowest luminosity (hereafter called “levell”) comprisdsdata with count rates
up to 200 cts L. The intermediate bands consist of data with count ratesdsst
200 and 250cts$ (“level2”) and 250 and 300cts$ (“level3”), respectively.

In the “level4” band all data with count rates larger than 306s? are accu-
mulated. For the analysis the continuum parameters welie dgéermined us-
ing RXTE (with the respectiviRXTE GTls corresponding to th¥MM-Newton
ones). Again we list here only thedblur results which can be found in Ta-
ble 5.10.

5As the flux is not associated to the normalization in #Hekbb 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 limergy from 6.50 keV
in levell to 6.57 keV in level4. This increase is most progahle to CTE &ects
as described in section 4.3.3. Also increasing with lumigas the fraction the
disk contributes to the total flux in the 3.5-9.5keV band fir2.6% to 4.2%),
accompanied by a softening of the powerlaw, a behavior &z black holes.
For the other disk parametggandi no such trend is observed. The emissivity
indexg is highest in levell, but within the uncertainties the vétuend for level4
is consistent with this first value. The values found fomn the intermediate
levels 2 and 3 are also consistent with the level4 value dubeaather large
uncertainties. The same picture applies to the inclinatidevel4 is in between
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Figure 5.6: Light curves of the folXMM-Newton observations. The colors indicate the
chosen luminosity levels (from bottom to top levell — leyel4

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

Fig. 5.7 shows again the data over model ratio for a power late the data
outside the 5-8 keV region to illustrate theéfdrent 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 X\iM-Newton observa-
tions of Cyg X-1 were described. The data show clearly theegree of a rela-
tivistically broadened iron line with a narrow core as repdrbefore inChandra

data by Miller et al. (2002). The model used to describe thrgisaum was com-
posed of an absorbed black body and a power-law includingatésh. 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 Gaussiath (fixed width of
oKkenarr = 50 €V) and a broad line feature using thisskline model (correspond-
ing to a black hole with zero spin) as well as with ftemr model (corresponding
to a maximally rotating Kerr black hole). Furthermore thelitidn of a smeared
edge is favored by all models in terms of a decrea;(ﬁg(g As the parameters of
the black body component could not be constrained withirréiséricted energy
range of XMM-Newton, we determined the continuum parameters VRIKTE
and kept them fixed throughout the analysis.

We also tried to model the data (keeping the continuum paernalso fixed
to RXTE values) with only a smeared edge and a narrow line. Thesmgtite
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however, resulted in no successful description of the dm'ta,)(rzed of the order
of 5. We therefore have not quoted the results of the fits inendletail, as this
model can be clearly ruled out.

Thediskline andlaor were equally well suited to describe the data in terms
Oerzed' Hence no clear statement can be made about the spin of Cyg Kelonly
discrimination criterion which is found to be clearhfi@dirent is the inclination of
the system. While théiskline fits tend to an edge on result (90thelaor fits
favor an inclination of~ 67°. The allowed range for the angle derived from the
super-orbital modulation period (which is attributed teqgassion of the accretion
disk) is 37 < 60 < 66°. Thus thelaor model is favored in terms of giving more
physically reasonable parameters. However,lther fits are still found on the
borderline of the allowed region. We therefore applied #tskdblur model to
the data — a relativistic convolution model based onlther code.

Usingkdblur, the quality of the fits in terms qfrzed is the same as in the models
described before, bittdblur gives a much better description of the continuum as
the edge component which was additionally needed inlffsk1line / laor fits
with reflection is now already described by the blurred réibecmodel itself.
Furthermore, the inclination found using this model isyudbnsistent with the
theoretically predicted values 6f We therefore conclude thatiblur provides
the best description of our data.

The iron line profile showed a strong variability during tHeservations. Com-
paring thekdblur parameters, especially obs3 sticks out asfteds in virtually
all parameters from the other three observations. Thisviehs hard to under-
stand, as from the light curves obs3 is very similar to obsl @rs4 and rather
obs2 is diferent.

Also with luminosity a variation in the disk parameters wasrid, however, no
clear trend is evident. The only smooth variations foundarancrease of the line
energy with luminosity (which can be attributed to CTfeets) and an increase
in the strength of the disk component in the spectrum accaimddy a spectral
softening.

5.4.1 Comparison witlChandra

All our results hint that Cygnus X-1 is indeed best describga@ Kerr model in-
stead of the pure Schwarzschild modékkline. This interpretation, however,
is in sharp contrast with the 20@handraresults by Miller et al. (see also Miller
2006). These authors claimed that Cyg X-1 is harboring a nohty marginally
spinning black hole. A direct comparison of the parameteundl for both data
sets is given in the following. As obs2 shows most similasitiith theChandra
parameters, we decided to use this observation for conguari® achieve compa-
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Figure 5.8: Left:Chandradatdmodel ratio of the iron line region, ignoring the 4.0-7.2 keV
range in the fit to the data. Right: Same for the sec¥MM-Newton observation.

rability concerning the energy ranges available for thdyesns for XMM-Newton
the fits without theRXTE constrained continuum parameters are quoted.

The continuum parameters ardfiult to compare, as they strongly depend on
the state Cyg X-1 is observed in. However, while the poweriualices are virtu-
ally identical © = 1.80* 39} for Chandraandr = 1.82* 59! for XMM-Newton), the
power-law normalization and the black body parameters aite different. This
difference might be due to the fact that the black body comporuerd aot be
constrained byXMM-Newton, but could also be indicative of a slightlyftBrent
state in the two observations. Miller et al. (2002) state their observation took
place during an Intermediate State (like tKBIM-Newton observations), how-
ever, also th&kRXTE continuum parameters ardidirent from theChandravalues.
Therefore we conclude that the states have indeed beetlslitifierent.

The energy of the narrow iron line core is found to be at 6.42kéth Chan-
dra. The XMM-Newton best fit value of &2353keV is significantly higher,
but due to the CTE over-correction still conS|stent with &eandravalue. The
same holds true for the energy of the broad line componenthwisi centered
at 590"520keV in the XMM-Newton data and at 857291 keV in the Chandra
data, but the equivalent width of the broad lineXtMM-Newton is with 112 eV
almost twice the value found faChandra(EWk . diski = 60€eV). With values of
Eedge= 7.367393keV/ edge= 0.8170.33 (XMM-Newton) andEedge= 7.2"31 keV/
Tedge= 2+°2 (Chandrj, the parameters of the edge are consistent.

The main disagreement between #@dM-Newton andChandraesults is seen
in the fitted inclination angle. While Miller et al. find a vawf 40_*}8deg, the
XMM-Newton value for obs2 is 7.6j§%5 deg. We therefore calculated also the al-
lowed range ob from the super-orbital phase for ti#handraobservation (which
took place atd = 0.060) to 38 < 6 < 67°. Hence 40 is well within this al-



Chapter 5.4: Summary and Discussion 113

lowed region. TheXMM-Newton value, however, is outside the region quoted
for obs2 in Tab 5.8. Fixing the inclination in théVIM-Newton fit to 40° yielded

a significantly worse(rzed. It must therefore be stated that in case of XidM-
Newtonobservations — contrary t6handra thediskline model is not able to
produce meaningful results (at least for the inclinatidim) distinguish between a
Schwarzschild and a Kerr black hole in Cygnus X-1 furthehhigsolution obser-
vations of the iron line region are urgently needed.
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CHAPTER 6

Some Neutron Star X-ray Binary Physics

The second part of this thesis is dedicated to the analysé réutron star
X-ray binary, namely the source 4U 19009. Before the detailed analysis is
described in chapter 7 some basic observational propetiesutron stars and
their underlying physical models shall briefly be reviewedhis chapter.

6.1 Accretion onto highly magnetized Neutron Stars

While the overall principles of accretion are the same facklhole and neutron
star binary systems, the accretion process onto the coropgetdt itself is quite
different. The main diierence of course arises from the presence of a surface on
neutron stars, which can be “seen”, e.g., by the detectidppaf | X-ray bursts.
Apart from the surface, the second relevalfitadence is the presence of magnetic
fields with up to 183G in neutron stars. These strong magnetic fields make the
accretion process far more complex than accretion ontdihales.

Inside the magnetosphere of neutron stars the matter isdoodollow the mag-
netic field lines and is accreted onto the poles of the nestan{reaching free-fall
velocities of~ 0.4c) on an area of only 1kn? (Lamb et al. 1973). Above these
polar caps an accretion column forms. The exact shape ofcttretson column
depends on the mass accretion rate: above the critical agityn(Basko & Sun-

yaev 1976) |

Lerit = ZF(;EG?M (6.1)
the radiation pressure can decelerate the accretion saedm shock front forms
inside the accretion column. Helgeis the diameter of the accretion funnethe
opacity andr the radius of the neutron star. For typical neutron starrpatars
this critical luminosity is around £8ergs™. In the shock front the kinetic energy
is converted into thermal energy. Below the shock front —sehieeight above the
neutron star surface depends lgh— the plasma (which is now very hot) sinks
down to the surface of the neutron star, thereby coolingudfindhe emission of
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Figure 6.1: Geometries of the accretion column (Kretscri886). Left: Case of a source
with high M and the therefrom resulting fan-beam geomeRight: pencil-beam geometry
for the case of low accretion rates.

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

If the luminosity is below the critical valukgi; the radiation pressure cannot
decelerate the infalling material. In this case the deaéitam most probably oc-
curs through Coulomb interactions or through Bremsstralprocesses. The
matter sinks to the neutron star surface where a thin radigtlar cap forms at
the bottom of the accretion column. As the optical depth effitasma is low, the
radiation is emitted parallel to the magnetic field axis ineaywnarrow emission
pattern. Therefore this geometry is called “pencil beanig(B.1, right).

The detailed structure of the inside of the accretion colisrmmot known yet.
The classical picture of a filled cylinder is shown in Fig. 6r2the right. However,
the material couples to the field lines at a certain radiubénatccretion disk, the
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Magnetic Pole of/
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Figure 6.2: Inside of the accretion column (Figure from kus003, after Basko & Sun-
yaev 1976).Left: Classical picture of a filled whole cylindeRight: The infalling matter
is constrained to the walls of a hollow cylinder.

magnetospheric (or Alfvén) radius

87'1'2 % RlZB4 %
Pcas=Pmag = rm=(€) (W)

(6.2)
whichisx 3.5-108 cm for typical neutron star parameters. That radius cooesp
to one certain magnetic field strength. Those field lines efdiime strength all
emerge at the same radius around the magnetic pole. Therdferaccretion
funnel should take the form of a hollow cylinder (Fig. 6.23hi). This model
has been proposed already by Basko & Sunyaev (1975) wholatseesl that the
walls of the cylinder are small compared to its radius.

Inside the accretion column, the seed photons producedebgebeleration of
the infalling matter are most probably upscattered by bulkn@tonization in the
accretion shock. Therefore the emerging continuum specisibest described
by a power law with exponential high energy cfiitdA more detailed description
of the ongoing processes and their modeling is beyond theesafthis thesis but
can be foundin, e.g. (Becker & W6P005a,b, 2007).
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6.2 Variability of Neutron Star XRBs

As the overall emission pattern is very narrow in both casebthe magnetic
axis will usually not coincide with the rotational axis, aeting NS XRBs show
a modulation in their X-ray flux that is due to their rotatioarjpd (as already
mentioned in section 1.1.1). This pulse period of accretimgries, however, is
not constant but varies with time. If the dominant accretiwechanism is wind
accretion, it often shows a kind of random walk behavior ada¢tt®e observed
for example in sources like Vela X-1 (de Kool & Anzer 1993).dther sources
the period evolution might show a more smooth behavior watingl phases of
constant spin-down followed by a phase of spin-up (as fonrgta observed in
4U 190709).

But what is the reason of this change in the period? The drpeig@meter
for the evolution of the pulse period is the transfer of aagmhomentum from
the accreted material onto the neutron star. Accordingaanbdel of Ghosh &
Lamb (1978, 1979a,b) the algebraic sign and absolute vdlirsgparameter are
defined by the magnetosphere of the neutron star. Close tstdhe- in the so
called transition region — the magnetic field lines can patethe accretion disk
material and interact with the plasma. The inner boundatigisfregion is defined
by the magnetospheric radius, the outer boundary by theisicrg radiuss. The
transition region itself is further divided into a thin balary layer in which the
plasma leaves the disk perpendicular to its surface and tar transition zone
in which viscous forces dominate over the magnetic onesKgpé.3). Outside
the transition zone the disk is screened completely agdiashagnetic field lines
due to a slow radial drift of the plasma transverse to the.fietese drift leads to
a weak current that causes the screening outgide

Anotherimportant parameter of this geometry is the coimtatadius where the
angular velocity of the material in the disk (which rotatagwKeplerian velocity
Qk = 4/GM/r3) equals the angular velocify,s of the neutron star and therefore
the angular velocity of the magnetosphere

GM)\3
foo = (—) . (6.3)
co Q%S
To understand changes in the pulse period the “fastnesspted needs to be
defined also (Elsner & Lamb 1977):

- Qi (rm) -

The neutron star is accelerated for the case9# 1 (which means, < r¢o)
leading to an observed spin-up. Wang (1995) found that foriteca fastness

(6.4)

Ws

Qns (rm )%

lco
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Figure 6.3: Accretion geometry around a neutron star adegrd the model of Ghosh &
Lamb (1978, 1979a,b, Figure from Kuster, 2003).

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

_PpulseOC r6/7
IDpulse M3/7]

‘N(ws) ',UZ/? : Ppulse‘ LS/ (6.5)

with n(ws) being a dimensionless function of the fastness parametbe mag-
netic moment, and the dfective moment of inertia. Thus the main parame-
ters which determine the evolution of the pulse period aeddminosity of the
system, its actual pulse period and its magnetic moment. &#shows this
—Ppuisee Ppuisd->'7 proportionality for diferent values of the magnetic moment.
In the plot there are also measurements of nine accretirgyXinaries included,
showing that it is in principle possible to estimate the metgrmoment of a neu-
tron star by measuring its luminosity, its pulse period, palde period derivative.
However, it is very dficult to get firm statements about the magnetic field of
neutron stars just from pulse period measurements as thessunements them-
selves are subjected to errors and furthermore the value® &md| as well as
for the the mass of most objects are still questionable. Aemeliable method of
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Figure 6.4: Correlation betweerPpyiseandPpyisel 7 for different values of the magnetic
momenty (Ghosh & Lamb 1979b).

obtaining the strength of the magnetic field is the measunéwfeso called “cy-
clotron resonant scattering features” whose energy ictijreslated 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 éndider of 182G)
the kinetic energy of electrons perpendicular to the fieldds continuous but

guantized in so called Landau levels (see, e.g., Harding &gbarty 1991; Lai
2001; Schoénherr 2007)

2
En = mC? \/1+(%) +2n B . (6.6)
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In this equatiomn is the quantum number ang, the moment of the electrons
parallel to the magnetic field. Above a critical magneticdistrengthByi; =
(mec?)/(eh) ~ 4.4- 103G the cyclotron energy is of the same order as the electron
rest mass. In this case the Landau levels are not equalledpaty more and
relativistic corrections must be applied.

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

eh
Eoye= o oB~ 116keV( (6.7)

7o)
which is the famous 1B-12-rule. Electrons can only change between these Lan-
dau levels if they absorb or emit a photon wigh= n- E¢yc. The life time of the
excited Landau levels is very short (typical values-af®°(B/10'°G) s, Latal
1986), therefore an excited electron de-excites pradticgatantaneous by emit-
ting a resonant photon. However, as the photon is immegliageémitted after
being absorbed, the whole process is more scatteringHim absorption-like.

In first works by Trimper et al. (1977) (the first detection afy&lotron res-
onant scattering feature at all') or Yahel (1979) it waséyadd that the process
described above would lead to an emission line in the spacttderold (1979)
and Nagel (1981) showed, however, that the line has to besaor@ton line as the
mean free path of the photons is so small that they almostritigtexcite another
electron after being emitted and therefore cannot leavethigting plasma. In
the spectrum these “absorption” lines are found at muliplEcy (see Fig. 6.5
for an example) and allow therefore the calculation of thgmegic field strength
via the 12B-12-rule (Eq. 6.7). As the emitting region is expected to loseto
the surface of the neutron star, the derived field strengshttnéde corrected for
gravitational redshift ects via

=(1+2

Eye _( _2GMNS)‘”2 Eye 6.8)

B
102G 116keV Rc& 11.6keV
Assuming an emission region directly at the neutron staiasar(and therefore
R = 10km) and a typical neutron star masshs = 1.4 M, this equation leads
to a correction of the magnetic field strength of the order20%.

Observations have shown, however, that the cyclotron laresnot found at
strictly the same energies forftérent pulse phases (and therefor@edent view-
ing angles on the line emitting region) of the neutron stee(®.g., Santangelo
et al. 1999; Heindl & Chakrabarty 1999; Burderi et al. 2008eykenbohm et al.
2004; Pottschmidt et al. 2005). The observed variation dbup30% with phase,
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Figure 6.5: Example of cyclotron lines in the source 4U 0445 (Kreykenbohm 2004).

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

_ mec?
S

with 6 being the angle between the magnetic field vector and thepliitectiort.
Instead, the widely accepted scenario to explain the phagendiency of the line
energy is that dferent regions of the accretion column have féedent magnetic
field strength and hence the observed variations are dueetolibervation of
regions with diferent magnetic fields.

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

En (\/1+2n(B/Bcrit)sin20—1 , (6.9)

11t should be noted that the exact definitiongdt quite dificult as light bending féects lead to a
deflection of the photons of 9@&nd more.
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Figure 6.6: Example for the complex line shape in the sour@d32+53 (adapted from
Pottschmidt et al. 2005).

Such a varying field was proposed by Gil et al. (2002) throlnghsuperposition
of a dipole field centered in the core of the neutron star anigalelanomaly in
the crust.

One point that is not addressed by analytical examinatietise question for
the shape of the line. Observations have revealed the fuamtaiine to show
a complex structure that cannot be modeled with a simple $ka@us Fig. 6.6
(Pottschmidt et al. 2005) shows the example of VO832 where the fundamen-
tal line requires a combination of a narrow and a shallow Giansat slightly
different energies. Monte Carlo simulations (e.g., Schontg€¥R2show that the
main parameter defining the shape of the line is the plasmpdsature, as the
hotter the plasma the more asymmetric and wider the lines.cohtinuum shape
also influences the structure of the fundamental, which eaexplained as pho-
ton redistribution &ects mainly due to photon spawning (i.e., Compton scatierin
with multiple photon emission where a photon with energy 1 results in two
photons with energ¥cyc 1, Alexander & Mészaros 1989) in hard continua. This
effect of making the fundamental line shallower than the firstriwaic due to
photon spawning was also observed in, e.g., 4U 0115-63¢8gelo et al. 1999)
and 4U 190409 (which will be the subject of the following chapter).



CHAPTER 7

A torque reversal of 4U 190409

In this chapter the analysis of the neutron star High MasayBinary system
4U 190709 is described. The analysis is basedINTEGRAL observations
performed between 2003 and 2005. In Sect. 7.2MEEGRAL data reduction
is described, followed by a discussion of the broadbandyXsgectrum of the
source (Sect. 7.3). Afterwards the results of the long ternaytiming analysis
(Sect. 7.4.1) are presented, showing that the source uedéamorque reversal
towards a spin up (Sect. 7.4.2). Finally the results are samzed and discussed
in Sect. 7.5.

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

7.1 The 4U 19009 system

The wind-accreting High Mass X-ray Binary system 4U 1909 (Giacconi et al.
1971) consists of a neutron star in an eccentie 0.28) 8.3753d orbit (in 't
Zand et al. 1998) around its companion, which has been fteshtptically with

a highly reddenedy, = 16.37 mag star (Schwartz et al. 1980). Using interstellar
atomic lines of Nal and Kl, Cox et al. (2005) set a lower limitakpc for the
distance. According to this value a lower limit of the X-raynlinosity above
1keV is given by 218 ergs? (in 't Zand et al. 1997). Cox et al. (2005) also
confirm earlier suggestions (Schwartz et al. 1980; Marsh&lIcketts 1980; van
Kerkwijk et al. 1989) that the stellar companion is a 08—08uUpergiant with an
effective temperature of 30500 K, a radius of 26 B luminosity of 510L, and

a mass loss rate of 71®Myyr-1. Note that the presence of X-ray flaring seen
twice per neutron star orbit (Marshall & Ricketts 1980, ske &ig. 7.1) had led
some authors (e.g., Makishima et al. 1984; lye 1986; Cook §eP987) to the
suggestion of a Be star companion, however, this classditatould require a
distance ok1.5kpc, which is in contradiction to the significant intetktr extinc-
tion measured in optical observations (van Kerkwijk et 889).
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Similar to other accreting neutron stars, the X-ray contmuwf 4U 190409
can be described by a power-law spectrum with an exponéntiedver at approx-
imately 13 keV (Mihara 1995; in 't Zand et al. 1997; Cusumahale1998). The
spectrum is modified by strong photoelectric absorptiohwaitolumnNy = 1.5—

5.7 10%2cm2 (Schwartz et al. 1980; Marshall & Ricketts 1980; Makishinale
1984; Cook & Page 1987; Chitnis et al. 1993; Cusumano et &8)L9As the
absorbing material is situated in the dense stellar witigljs strongly variable
over the orbit. The column is maximal between the end of tivagmy X-ray flare
and the start of the secondary flare (Fig. 7.1) of the orbigditicurve (Roberts

et al. 2001). Fluorescence in the absorbing material gigesto an Fe & line

at 6.4 keV with an equivalent width ef60 eV (Cusumano et al. 1998). At higher
energies, the spectrum exhibits cyclotron resonant sgajtéeatures (CRSF) at
~19keV and~40keV (Makishima et al. 1992; Mihara 1995; Cusumano et al.
1998).

With a pulse period of 440s, 4U 190709 is a slowly rotating neutron star.
Since the discovery of the pulsations by Makishima et al8@)3he neutron star
has exhibited a steady linear spin down with an averag'%bmgez +0.225syr?!
from Ppuise=437.5s in 1983 t0 440.76 s in 1998 (in 't Zand et al. 1998). Recently
Baykal et al. (2006) reported a decreasBjaise Which in 2002 was-0.115syr?
and therefore-0.5 times the long term value.

7.2 Observation and data reduction

For our analysis we took into account all publNTEGRAL data up to orbit
(revolution) 250 as well as data from th8TEGRAL Galactic Plane Scans and
the Galactic Central Radian Deep Exposure. In addition s@ @$ed private data
from a monitoring campaign on the galactic micro-quasar GRE5+105 (PI
J. Rodriguez). To avoid systematifects that start to become important for larger
off-axis angles, we constrained the maximuifraxis angle between the satellite’s
optical axis and 4U 190#09 to £5 for IBIS and 24 for JEM-X according to the
respective FCFOVs of the instruments. In total, the analyiada are spread over
almost three years with a total on source time-8280 ksec for IBIS. The log of
the observations is given in Table 7.2. We used tffieli®e Scientific Analysis
Software 0SA5.1, in our analysis. In the analysis of the coded mask datalseoe
took into account the presence of GRS 18185, 4U 190%03, 4U 1909-07, and
IGR J1914@-0951, by forcing thedSA to consider 4U 190¥09 and these four
sources.

Background subtracted light curves were obtained using ight, a tool dis-
tributed with theOSA to generate high resolution light curves. While the staddar
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Figure 7.1: Upper Panel: Rossi X-ray Timing Explorer All SWpnitor (ASM) 2-12 keV
light curve of 4U 190#09 folded on the orbital period of 8.3753 days. Lower Panaim&
for the IBIS 20—40 keV light curve.

0SA tools build light curves by deconvolving shadowgrams focheeequested
energy band and time bin to obtain the light curves, whichrily @ossible if
the signal to noise ratio in the shadowgram is high,1ight uses the Pixel II-
luminated Fraction (PIF) to create light curves. For 4U 1009, this approach
allows us to extract light curves with a resolution of 1s. Toent rates found
by ii_light show no systematic flerence between the single pointings. Tests
based on observations of the Crab nebula and pulsar (Krbpken et al. 2008)
and the fact that the count rates of 4U 1909 are not fiected by the very vari-
able flux of the nearby source GRS 191®5 (Fig. 7.2) confirm the stability of
our extraction method. The light curves were barycentenedcarrected for the
orbital motion of the neutron star using the ephemeris of #and et al. (1998),
as given in Table 7.1. Orbital phase 0 isTap.
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Table 7.1: Ephemeris used for the binary correction (in ‘h@&t al. 1998).Pyy, is the
orbital period, Tgg the time of mean longitude 90 All other symbols have their usual
meanings.

Parameter Value

Too MJD 50134.76
Porb 8.3753d

asini 83lt-s
Eccentricity 0.28

w 330

7.3 Spectral Analysis

For the spectral analysis we applied systematic errors cdi@b% for IBIS and
JEM-X2, respectively, and used data taken in the energyesat§—90keV and
5-20keV. Because of the switch over from JEM-X2 to JEM-X®afevolution
171, we only used data taken before that revolution to avaidsscalibration un-
certainties between the two JEM-X detectors. This resuitteal total exposure
time of 200 ksec for JEM-X2. For ISGRI we used all public dgtaairevolution
250 resulting in an exposure time of 1258ksec. We modeledpleetrum us-
ing an absorbed power-law, which is modified by the Fermabrutdt (Tanaka
1986): .

C(E)=E™ [exp(M) + 1] (7.1)

Efold

This continuum model alone could not describe the data aaietyl()(rzed = 3.10,

see Tab. 7.3), as strong absorption line like featureslatkeV and~40keV re-
main (Fig. 7.3). These features have been identified asttgoloesonant scatter-
ing features (CRSFs) by Makishima et al. (1992) and havelssn reported by
Mihara (1995) and Cusumano et al. (1998). The addition ofeadt 36.0 keV with
awidth of 3.7 keV (Table 7.3) with a Gaussian optical deptfife (for definition,
see Coburn et al. 2002) to the baseline continuum modeltsasuh improved fit
(/Vrzed = 2.49 for 47 degrees of freedom). Thetest probability that this improve-
mentis achieved just by chance i88 102 (see, however, Protassov et al. 2002).
Modeling both features with Gaussians at 39.8 keV and 18/9lkether improves

x? significantly tOszed =1.00. TheF-Test probability for this case as opposed to
the case without lines is®x 10719, confirming the unambiguous detection of the
cyclotron lines. For this model we also added the Fe-linectviias been seen,
e.g., in theBeppoSAXdata (Cusumano et al. 1998). The best fit value for the line
energy is 7LkeV. The width of the line could not be constrained by ouadab
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Table 7.2: Log of observations.

Observation  Revolution Date On Source Time (IBIS)  ®qrp Mean Count Rate
MJD ksec cps in 2040 keV
1 48 52704.1-52705.4 100.61 0.78-0.93 1280
2 57 52731.1-52732.3 72.12 0.00-0.14 2843
3 59 52738.3-52739.6 107.13 0.86-0.02 16461
4 62 52746.7-52747.9 72.78 0.86-0.01 2043
5 67 52762.9-52763.4 33.48 0.80-0.86 2029
6 68 52764.6-52766.5 61.66 0.00-0.22 1024
7 69 52767.8-52769.5 107.41 0.38-0.59 16461
8 70 52771.2-52771.7 32.71 0.79-0.85 @29
9 135 52965.7-52966.9 104.37 0.01-0.16 1®02
10 172 53075.9-53076.2 23.03 0.17-0.21 1(R23
11 174 53082.6-53083.0 23.09 0.97-0.01 2284
12 176 53089.1-53089.6 30.83 0.74-0.81 1M20
13 177 53091.0-53092.0 51.80 0.97-0.09 1@Ra5
14 186 53117.0-53117.7 37.18 0.07-0.16 2(B18
15 187 53120.7-53122.0 65.47 0.52-0.67 2004
16 188 53123.2-53125.4 75.72 0.82-0.08 2633
17 189 53126.3-53128.5 62.89 0.19-0.45 12164
18 193 53138.1-53140.5 185.49 0.60-0.88 2009
19 231 53253.4-53254.0 33.69 0.36-0.43 1(R29
20 242 53285.4-53285.6 19.16 0.18-0.21 2M26
21 243 53288.9-53289.2 21.24 0.60-0.64 2224
22 246 53296.4-53297.6 100.89 0.49-0.64 20091
23 248 53303.9-53305.0 144.48 0.27-0.52 1789
24 249 53305.7-53308.0 141.95 0.61-0.87 1(®09
25 250 53309.1-53311.0 100.83 0.02-0.23 @712
26 255 53324.3-53325.5 98.74 0.82-0.97 1®BO1
27 295 53443.0-53444.1 99.40 0.99-0.14 1@R711
28 305 53472.9-53474.1 106.13 0.57-0.72 2011
29 315 53503.6-53504.8 72.15 0.24-0.37 1@®R_7
30 361 53640.4-53641.6 91.67 0.57-0.71 2061
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Figure 7.2: ISGRI image of the 4U 19889 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 @86

To exclude the possibility that the CRSFs are due to incomexieling of the
continuum, we also used other continuum motésluding the NPEX model,
which consists of negative and positive power-laws with memn exponential
cutof factor (Mihara 1995):

C(E) = Ay (E™ + Ay - ET2) exp(— E ) (7.2)

Efold

Using an absorbed NPEX model, we obgafgh = 4.54 and also observe line like
features at 19 and 40keV. Again we first fitted only one featiré4.4keV, re-
sulting in aszed = 2.56. Fitting these features with two Gaussians at 42.0keV

1We did not use thaighecut model due to the artificial features introduced in the fitdeals by
the abrupt onset of the cdfdKretschmar et al. 1997; Kreykenbohm et al. 1999).
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Figure 7.3: Fit to the data using the Fermi-Dirac ¢titnodel including 2 cyclotron lines.
The bottom panels show the residuals, from top to bottom éise avithout lines, with 1
line, and with 2 cyclotron lines.

and 18.7 keV improves the fit significantly resulting)(iféd =1.16 (F-Test: 87 x
10713). See Table 7.4 for the complete set of model parameters thét NPEX
model it was not possible to constrain the Fe-line, howekerupper limit for

a line with the same energy and sigma as in the Fermi-Diraoffcatodel is
9.710*photonscm?s1, consistent with the results obtained for the continuum
with a Fermi-Dirac cut@f. The continuum and line parameters measured with
INTEGRAL are consistent with thBeppoSAXresults (Cusumano et al. 1998).
Our measurements also confirm tBeppoSAXresult that in this source the
second line is deeper than the fundamental line, a fact #iatbe explained
by “photon spawning”. From our spectral fitting we obtain aerage flux of
2.610%rgent2s1 in the 20-40keV band.
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Table 7.3: Best fit parameters for the Fermi-Dirac dutoodel. Shown are the best-fit
absorbing columnNy, the photon index, the flux at 1 keVA, the cut-df energy,Ecut,

the folding energyErqiq, and the cyclotron line parameters (enefigy;c, depthDeyc, and
width, ocyc), and the reduce,\;l2 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

Ny [10%2cm™2]  3*] 1078 0*{

r 2017317 221791 167703
A 0.21+983 0.34%02% 0117533
Ecut [keV] 31+ 375 303
Efold [keV] 51 47 73
Ecyc,1 [keV] - - 189+08
Deye - - 035359
TocalkeV] - - 30757
Ecyc,2[keV] - 360735 398739
Deyc,2 - O.7J_“8:g O.9J_r8:‘21
oeyc.2 [KeV] - 3731 9.0°27
Ere [keV] - - 7153
ore[€V] - - 2 (fixed)
Are[1074] - - 6f§
x?/dof 15491/50  11682/47 4190/42
X 3.10 249 100

7.4 Timing Analysis
7.4.1 The X-ray light curve of 4U 19609

The X-ray light curve of 4U 190¥09 shows a clearly pulsed signal with a period
of ~441s. The mean count rates in the 20—40keV band for our cdsemg are
shown in Table 7.2. The variations in count rate largely o¢flee orbital phase
dependent variability (Fig. 7.1).
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Table 7.4: Best fit parameters for th@ex model, i.e., the photon index of the lower
energy power-lawg (the positive power-law indexy,, was fixed at 2.0), the power-law
normalizationsA; and A, as defined in Eq. 7.2, and the folding enefffyyg. All other
symbols have the same meaning as in Table 7.3.

npex
without line  with 1 line with 2 lines

Ny [10%2cm™2]  1*9 4*3 3]

a1 088157 098Gl 08755
A1 [1072] 9+ 93 83

Az [107%] 73 2t 673

Etold [keV] 485502 621709  516'018
Ecyc,1[keV] - - 187408
Deye - - 0327568
ocycalkeV] - - 28'%1
Ecyc2 [keV] - 44.4%35 42032
Deye.2 - 13255 07753
cocalkeV] - 70 18
x?/dof 22705/50  12046/47 5088/44
X 454 256 116

4U 190409 is also known to exhibit flares on a timescale of hours (Iglaikia
et al. 1984; in 't Zand et al. 1998; Mukerjee et al. 2001). Wseayhed four such
flares with count rate increases of at leasidver its normal level (Fig. 7.4). Three
of them, in revolutions 187, 193, and 305, are associatddthé main peak in the
orbital light curve (Fig. 7.1) while the flare observed inokution 188 is linked to
the secondary peak. Table 7.5 shows an overview of the piepef these flares.

During flares, in 't Zand et al. (1998) and Mukerjee et al. (P08Iso reported
the detection of transient 18.2 s and 14.4 s quasi-pericitlations (QPOs). We
therefore considered to calculate dynamical power spémtthe flare light curves
to search for similar oscillations, however, simulatetifigurves showed that our
INTEGRAL data are not sensitive enough to detect a QPO at the repevigd.|
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Table 7.5: Flares in the X-ray light curve of 4U 19a10. The peak rates are quoted for a
441 s binned light curve in the 20-40 keV band.

Revolution Center of Flare Duration®q, Peak Rates

MJD sec IBIS cts3
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 BO7+09 for more
than 20 years. Since the first measurements, the source dhoowieady spin
down rate oﬂbpmse: +0.225syr! (in 't Zand et al. 1998). A recent analysis of
RXTE data, however, taken during MJD 51980-52340 showed a spin date
which is 0.5 times lower than the previous value (Baykal e2806). Using our
INTEGRAL data, we can extend the pulse period evolution to the yed38-20
2005 (MJD 52739-53504).

To measure the pulse period of 4U 19@B we first performed epoch folding
(Leahy et al. 1983) on each revolution separately. Usingglperiods we derived
pulse profiles for each revolution using the respectivequeriThe pulse profiles
were then fitted by a sum of sine functions to determine th&ipoof the trail-
ing edge (see for example Fig 7.7 at phase 1.0) of the pulsbtiinoabsolute
pulse arrival times and theftierences between the arrival times of adjacent rev-
olutions. From these time fierences the approximate number of pulse cycles
between those absolute times was determined. Hacigntly well sampled ob-
servations, those values are close to an integer numbeseTheger numbers are
then taken to count the cycles throughout those well sansulbdets, and a model
can be constructed to calculate expected pulse arrivatt{tnailing edges). The
observed times can then be compared with the calculated time a polynomial
fit to the observed times yields values for the period andetévdtive. Care was
taken that within subsets no miscounting was possible. 8etvsubsets the time
gaps are too large such that they cannot be bridged uniquelyna statement
about the period development during the gaps can be madeg tss procedure
we were able to derive 12 periods withfBcient accuracy (see Table 7.6).

Fig. 7.5 shows the long-time history of the period evoluti@sed on all avail-
able data. The overplotted line indicates the historic gpinn trend withPpyise=
+0.225syr! fromin 't Zand et al. (1997). The recent periods obtained bylgl
etal. (2006) show a clear deviation from the historic spiwddrend. The periods
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Figure 7.4: IBIS (ISGRI) 20-40keV light curve of revolutid®3. The bin time is 200s.
The inset shows a close up of the flare, the bin time in this isa#@s. X-axis numbers are
hours.

obtained fromMNTEGRAL (shown as diamonds), not only confirm this change of
the trend but show a complete trend reversal from the heskomig term spin down
trend to a spin up trend from MJD 53131 onwards (see Figs.riY ).

We tried several models to fit this overall period evolufiohe description
of the data by three distinct episodes with a linear spin divam MJD 45576 to
MJD 50290 Ppu|se +0.235+0.001 syrl) a parabolic turnover from MJD 50290
to MJID 53022 of the fornP(T) = Py + Ppuise,d T — To) + Ppuise dT — To)?/2 with
To = MID51321 Pyyise,0= +0.121+ 0.001 syr* and Ppyise,0= —(7.743+ 0.002)
103syr?,anda Imear spin upuise= —0.147+0.006 syrt) from MJD 53022
onwards resulted usg(re = 8.74 for 34 degrees of freedom. Modeling the period
evolution of 4U 190#09 with four distinct episodes of filerent, but constant,
P results in a slightly bettex/red red = 7.2 for 34 dof, see Figs. 7.5 and 7.6).

2For this analysis we excluded the two period measurementXAg (Mukerjee et al. 2001) as
outliers. Including them resulted jrfed values increased by a factor of 5.
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Figure 7.5: Evolution of the 4U 19@'09 pulse period over the last 20 years. Diamonds
indicate the results obtained in this work, other symbotiidate data from Makishima
et al. (1984, plus-signs), Cook & Page (1987, asterixeshakéi (1995, triangles), in 't
Zand et al. (1998, squares), and Baykal et al. (2001, 20@&ses). From MJD 51980
onwards 4U 190¥09 shows a clear deviation from the long term spin down treitd &
complete reversal to a spin up after MJD 53131. The soliddiravs the fit of four distinct
episodes of dferent, but constank.

The four episodes are the historic spin down V\FPmJ|39— +0.230+0.001syr?
(MJD 45576 to MJD 50610), the turnover Wllﬂ;gmse_ +0.114+0.001syr! from
MJD 50610 to MJD 52643 anlpmse_ +0.026+0.003syr* from MJD 52643 to
MJD 53131, and finally the spin up wﬂPbmse_ -0.158+0.007 syr?.

Using the derived periods, pulse profiles for all revolusiavere determined
(Fig. 7.7) by folding the light curves with the best respestperiods. No change
in the shape of the pulse profile is detectable, andMY&EGRAL pulse profiles
before and after the reversal Bfare consistent with each other. In addition, we
also obtained energy resolved pulse profiles (see Fig. ¥ &fexample). Again,
the evolution of the pulse profile from below 30 keV to high &yies is identical
for all revolutions: the profile exhibits a single peak atexlergies with only a
small secondary hump, indicating the potential preseneesefcond peak at ener-
gies<s20keV, where a clear double peaked pulse profile was obseresusly
(Makishima et al. 1984; Cook & Page 1987; in 't Zand et al. 998 energies
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Table 7.6: Period measurements of 4U 1.809.

Date Instrument Pulse Period Reference

MJD S

45576.5 Tenma 437.438+0.004 Makishima et al. (1984)
45850.7 EXOSAT 437649+ 0.019 Cook & Page (1987)
48156.6 Ginga 43919+0.02 Mihara (1995)
50134.8 RXTE 440341+ 0.014 in’'t Zand et al. (1998)
50302.0 IXAE 44053+0.01 Mukerjee et al. (2001)
50424.3 RXTE 4404854+ 0.0109 Baykal et al. (2006)
50440.4 RXTE 4404877+0.0085 Baykal et al. (2001)
50460.9 RXTE 4405116+ 0.0075 Baykal et al. (2006)
50502.1 RXTE 4405518+ 0.0053  Baykal et al. (2006)
50547.1 RXTE 4405681+ 0.0064  Baykal et al. (2006)
50581.1 RXTE 4405794+ 0.0097 Baykal et al. (2006)
50606.0 RXTE 4406003+ 0.0115 Baykal et al. (2006)
50631.9 RXTE 4406189+ 0.0089 Baykal et al. (2006)
50665 IXAE 44095+0.01 Mukerjee et al. (2001)
50665.5 RXTE 4406323+ 0.0069 Baykal et al. (2006)
50699.4 RXTE 4406460+ 0.0087 Baykal et al. (2006)
50726.8 RXTE 4406595+ 0.0105 Baykal et al. (2006)
50754.1 RXTE 4406785+ 0.0088 Baykal et al. (2006)
50782.5 RXTE 4406910+ 0.0097 Baykal et al. (2006)
51021.9 RXTE 4407045+ 0.0032 Baykal et al. (2001)
51080.9 RXTE 4407598+ 0.0010 Baykal et al. (2001)
51993.8 RXTE 4410484+ 0.0072 Baykal et al. (2006)
52016.8 RXTE 4410583+0.0071  Baykal et al. (2006)
52061.5 RXTE 4410595+ 0.0063 Baykal et al. (2006)
52088.0 RXTE 4410650+ 0.0063 Baykal et al. (2006)
52117.4 RXTE 4410821+ 0.0062 Baykal et al. (2006)
52141.2 RXTE 4410853+0.0082 Baykal et al. (2006)
52191.4 RXTE 4411067+0.0046  Baykal et al. (2006)
52217.2 RXTE 4411072+ 0.0077 Baykal et al. (2006)
52254.3 RXTE 4411259+ 0.0074 Baykal et al. (2006)
52292.0 RXTE 4411468+ 0.0065 Baykal et al. (2006)
52328.8 RXTE 4411353+ 0.0090 Baykal et al. (2006)
52739.3 INTEGRAL 441253+0.005 this work

52767.1 INTEGRAL 441253+0.005 this work

53083.9 INTEGRAL  441283+0.005 this work

53121.1 INTEGRAL 441274+0.005 this work

53133.4 INTEGRAL  441297+0.005 this work

53253.6 INTEGRAL 441224+0.010 this work

53291.3 INTEGRAL 441201+0.005 this work

53314.0 INTEGRAL 441188+0.005 this work

53324.7 INTEGRAL 441183+0.005 this work

53443.4 INTEGRAL  441154+0.005 this work

53473.3 INTEGRAL 441139+0.005 this work

53503.8 INTEGRAL 441124+0.005 this work
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Figure 7.6: Close up of the periods found in this work. BetwigkID 52643 to MJD 53131
the derived pulse periods show a spin down of the source I'Mgtgez +O.0265y_r'1. Af-
ter MJD 53131 the accretion torque changes sign and 4U4@D%pins up WithPpyise=
-0.158syr. The line indicates the linear fit to the periods as describeke text.

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

7.5 Summary and Discussion

Since 2003, 4U 190i{09 was observed frequently witNTEGRAL. In this chap-
ter the results of the timing analysis- 02280 ksec of IBIS data and of the spectral
analysis of 1258 ksec of IBIS and 200 ksec of JEM-X2 data assgated. Two cy-
clotron lines at~19keV and~40keV are detected, consistent with earli@nga
andBeppoSAXresults (Mihara 1995; Cusumano et al. 1998). Assuming ai-grav
tational redshift oz = (1 - (2GM/rc?))"Y/2-1=0.31 (assumindM = 1.4M, and

r = 10°cm), from these CRSF observationB4ield strength of 215x 102G can
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Figure 7.8: Energy resolved pulse profiles for revolutioB (B, se= 441224 ).

be inferred. Four flares in the X-ray light curves with durat betweer-2500s
and~7000s were observed, three of which are associated withritmagy flare
in the orbital light curve of 4U 190+#09.

In addition to these confirmations of earlier results, NFEGRAL data show,
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for the first time, a clear spin up phase in 4U 1809 (Table 7.6 and in Figs. 7.5
and 7.6). After almost 20 years of constant spin down at a Gatpyise =
+0.225syr?, with the available data being consistent witk: 0s1, in 2002 and
2003 first indications for a decrease in the magnitude of dpwn were detected
(Baykal et al. 2006). As shown in Sect. 7.4.2, the NAIWEGRAL data show

a torque reversal fromMJD 53131 onwards, with the source now exhibiting a
spin up with a rate oPpyse= —0.158 syrl. So far, thelNTEGRAL results ap-
pear to be consistent wifd= 0s! (the 1 upper limit for P during the spin up is
—4105styr2).

The traditional interpretation of spin up in X-ray binariegh a strongly mag-
netized, disk-accreting neutron star is that the accratisk is truncated at the
inner edge of the disk by the magnetic field of the neutron (stae the descrip-
tion in section 6.2 and for a more detailed description,, &5fposh et al. 1977;
Ghosh & Lamb 1979a,b, and references therein). For progiatts, the mag-
netic coupling between the accretion disk and the neutranasid the transfer
of angular momentum from the accreted matter onto the nestar will lead to
a torque onto the neutron star resulting in spin up. The gémapectation of
these models is that the accretion disk is close to equilibri.e., the Alfvén or
magnetospheric radiusy,, where the accretion flow couples to the magnetic field,
is assumed to be close to the corotation radigs, where the disk’s Kepler fre-
guency equals the rotational frequency of the neutron Btaraccretion to occur,
rm < feco, @S Otherwise the onset of the centrifugal barrier (the gpher dfect”)
prevents the material from falling onto the neutron stdafibnov & Sunyaev
1975).

Most accreting neutron star systems, such as Her X-1 or Villaskow a secu-
lar spin up or spin down trend onto which short, large magl@tepisodes of spin
down or spin up are superimposed (Bildsten et al. 1997). & bberter episodes
are often interpreted to be due to short term variationisljrwhich give rise to
short-term torque fluctuations. In contrast to these syst&% 1+4, 4U 1626-67,
and 4U 190#09 showed decade-long phases wherdid not change its sign.
GX 1+4 was seen to spin up with a very short characteristic times€P ~
40 years, from the early 1970s until the source flux droppéabdetectability in
the EXOSAT era of the early 1980s. From 1985 onwards the source reetherge
with a strong spin down (Makishima et al. 1988; Mony et al. I.99hakrabarty
et al. 1997). RecenNTEGRAL observations show that this spin down has con-
tinued until at least 2004 (Ferrigno et al. 2007). A seconada®with a long phase
of unchanged sign d? is the ultracompact low mass X-ray binary 4U 1656,
which was spinning up between 1977 and 1989, followed by gu®reversal
and an extended spin down phase starting in 1991 (Chakyadtaat. 1997). In
contrast to GX %4, no luminosity drop was seen during the torque reversal and
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with |P/P| ~ 5000 years the characteristic spin up and spin down timeseak
significantly larger. Provided that the torque reversalldfl®07+09 described in
this chapter does not change back in the next years, in italbperiod behavior,
4U 190709 resembles 4U 16267: both sources haye/P| ~ several thousands
of years and no change in luminosity was observed duringottygie reversal. On
the other hand, however, 4U 19609 is a high mass X-ray binary with a much
longer orbital period, and thus shares similarities with Idw mass X-ray binary
GX 1+4, and furthermore 4U 19609 switched from spin down to spin up, while
GX 1+4 and 4U 162667 switched from spin up to spin down. Common for the
three sources is that the magnitudeRyP| is similar for the spin up and the spin
down.

With the simple magnetic torquing model outlined above, ltheg distinct
episodes of roughly constaRtand the magnitude and sign Bfare dificult to
explain: As discussed above, for systems close to equilibit is expected that
rm~ reo. Inreality, however, this is not the case. In the case of 407199, it was
first pointed out by in 't Zand et al. (1998) that the magneb&sjr radius inferred
from the cyclotron line measurementsrig ~ 2400km, whilerco ~ 12000 km.
Moving rm out to re, would require a magnetic field of101*G, which is two
orders of magnitude larger than the magnetic field dedueed the observed cy-
clotron lines. AlternativelyM could be significantly lower than the value inferred
from the X-ray luminosity of the system. Assuming th@a@ency of accretion
is comparable to other systems, however, a Mwvould imply a significantly
smaller distance to 4U 196109 than allowed by its optical reddening, which
seems equally unlikely. in 't Zand et al. (1998) argued thatgresence of quasi-
periodic oscillations (QPOs) and the long term systemagicd in the spin down
are strong indicators for the presence of a accretion digleisystem with a small
inner disk radius. In analogy to GX+# (Chakrabarty et al. 1997, and references
therein), these authors show that a transient retrogradtendth a duty cycle of
1-5% could provide a sficiently strong torque to explain the observed spin down.
This torquing would coincide with a short term increase afrse luminosity. in
't Zand et al. (1998) speculate that the X-ray flares inditatepresence of the
retrograde disk, since a switch to a retrograde disk wouldlyran increase in
X-ray luminosity. They point out, however, that tk@000 s duration of the flares
seen in theiRXTE data is too small with respect to the required duty cycle for
a retrograde disk. We note that the TEGRAL results show flare durations of
several ksec duration (Tab. 7.5), which is more in line whth ¢xpected duty cy-
cle. Furthermore, the folded light curve of 4U 19@P indicates a brightening of
the source around phase 0.6 (Fig. 7.1). WithRy,, duration, this flare is long
enough to easily accommodate the required duty cycle ofettiegrade disk and
to explain the observeld. 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 removingetileses from the
data still results in a clear peak at phase 0.6 in the foldgd kurve. Part of the
brightening could therefore be also due to an enhaieédring this phase of the
elliptical orbit of the neutron star, although we cannot firexclude the presence
of smaller flares which would not be picked up due to our coraere definition
of a flare. _

While the model of a retrograde disk can explain the mageitfdP/P, it is
more dificult to reconcile the torque reversal found witiTEGRAL with this
model. First of all, as discussed above, the four intervaldifberentP repre-
sent distinct episodes of féierent torques on the neutron star. In the retrograde
disk model, it is dificult to understand why the characteristic spin up and spin
down timescales appear so similar. Furthermore, these fifrases would then
correspond to dierent duty cycles of the retrograde disk, resulting in a gean
in observed flux. Such a behavior has been observed, e.gXit+&, where
torque and luminosity are correlated during the spin dowasph(Chakrabarty
et al. 1997). No such correlations are observable in 4U 907where the flux
has not appreciably changed during INFEGRAL and the pointe@RXTE obser-
vations (see also Baykal et al. 2006). In addition, an afabfshe orbit-averaged
2-12keVRXTE ASM light curves also does not reveal a change in the softyX-ra
behavior of the source, and neither is a change in the X-gay tiurve 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 GxX41 In this model,
the accretion disk is assumed to consist of several rings @pposite rotation.
Between these rings a gap is created such that a torqueakskasild be accom-
panied by a minimum in the accretion luminosity. The modeldicts a change
in pulse profile from “leading-edge bright” during the spioweh to “trailing-edge
bright” during the spin up. Both, a minimum in luminosity aacchange in the
shape of the pulse profile are observed in GX4 Greenhill et al. 1999), but
neither défect is present in 4U 196-09 (see discussion above and Fig. 7.7).

Recently, Perna et al. (2006) presented a Aesatzo explain torque changes
in accreting neutron stars, which does not require the poesef retrograde disks.
This model makes use of the fact that X-ray pulsars are obliqtators, i.e., the
neutron star’s magnetic field is tilted by an anglevith respect to the axis of
rotation of the neutron star. Assuming the accretion disiktisated in the neutron
star's equatorial plane, for a ring of matter in the accretisk, the magnetic field
strength then depends on the azimuthal angle and thus threlaguof the mag-
netosphere is asymmetric. As shown by Perna et al. (200&),agonfiguration
can lead to regions in the disk where the propeltézet is locally at work, while
accretion from other regions is not inhibited (i.e., on arém the disk, there are
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some regions withm < reo and other regions withy, > reo). This results in a non-
linear dependence of the accretion luminosity fromkhénrough the outer parts
of the disk. A nontrivial consequence of this more realisticretion geometry
is that for values o} greater than a critical valuggi, limit cycles are present,
where cyclic torque reversal episodes are possible withatttange invVl. For
typical parametersycit is between~25° and~45°. We stress that the existence
of the limit cycles depends only gn and on the pulsar’'s polar magnetic field,
B, and no variation of external parameters is required t@éidorque reversals.
This fact is a big advantage of this model over the modelsidised above.

Perna et al. (2006) show that their model can explain thecydth observed
properties of GX %4, including the luminosity drop during torque reversal, ex
cept for the observed correlation between torque and lusitynduring the spin
down phase. For 4U 16267, assuming® = 2.5x 102G andy = 68°, all ob-
served properties of the spin history of 4U 1684 including the large and values
of |P/P| before and after the torque reversal and the virtually ungkel luminos-
ity of the source can be explained (in the model, the requihashge in luminosity
is only ~5%). For these model parameters, the limit cycle of 4U 16&6is pre-
dicted to have a long period.

The similarity between the pulse histories of 4U 1909 and 4U 162667 sug-
gests that a similar model would also work for the former seukVe stress, how-
ever, that further quantitative work, which is outside tleepe of this work, is
clearly required. Specifically, from a theoretical pointvidw we note that the
model of Perna et al. (2006) does not yet take changds olue to the orbital
eccentricity into account and that the current version efrtodel assumes the
disk to be flat and in the equatorial plane of the neutron atiaite more realistic
disks onto magnetized objects can be expected to be warplgoracessing (e.g.,
Pfeiffer & Lai 2004, and therein). From an observational point efwithe donor
stars in both systems are venffdrent, with 4U 162667 being a low mass and
4U 190409 being a high mass system. Finally, we also emphasizethabtque
reversal in 4U 162667 was from a spin up to a spin down, while for 4U 1908
it was from a spin down to a spin up. Since the torque revepsabdes are cyclic,
however, we do not expect this lattefidrence to be of major importance.

In conclusion, the torque reversal of 4U 19@P with no associated drop in
luminosity and no change in the shape of the pulse profile sedoa dificult to
reconcile with models explaining the larg#P through the presence of a retro-
grade disk. On the other hand, the proposal of Perna et &6§20 explain torque
reversals through accretion onto an oblique rotator seefns aible to explain the
long term constancy d? trends in 4U 190709 and 4U 162667, the large mag-
nitude of|P/P|, and the constancy of X-ray flux over the torque reversdipalgh
further and more detailed theoretical studies are requiteda prediction of the
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model for systems such as 4U 19@R and 4U 162667 is that torque reversal
episodes are rare events, further monitoring of the puldegef 4U 190709 is
required to determine whether this change is a sign of a lemmg torque reversal
or whether we are just observing a short deviation from a kengn spin down
trend.
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CHAPTER 8

Summary and Outlook

8.1 Cygnus X-1

The galactic black hole Cyg X-1 has been observed simultassigdy INTE-
GRAL, RXTE, andXMM-Newton four times in Novembé¢becember 2004. The
total energy range covered by those three instruments sdnga 2.8 keV to sev-
eral MeV, i.e., our observations provided one of the bestivesl broadband spec-
tra ever obtained for this source. The analysis of the dataspht in two main
parts:

1. Analysis of the broadband continuunm this part we wanted to constrain
models for the Comptonizing plasma. One special aim waseahgch for
effects of non-thermal Comptonization in the spectra. Thedivaad con-
tinuum is also needed to constrain the amount of photonggt@dmpton
reflected @ the accretion disk, which is crucial for the second part ef th
analysis. This study of the broadband continuum was donmegyuRKTE
andINTEGRAL.

2. Analysis of Fe K region of the spectrumthe main goal of this part was
to study the structure of the line which is skewed and broadetue to
relativistic dfects. Along with the line, the shape and the strength of the Fe
K edge was analyzed. This was done us¥igM-Newton.

To observe Cyg X-1 withK\MM-Newton it was necessary to develop a new
observing mode for the EPIC-pn camera, called the “Modifieaifig mode”. By
switching df the EPIC-MOS cameras and increasing the lower energy thicsh
it is possible to observe sources with luminosities up 1dCrab using this mode.
Within this thesis, an appropriate response matrix wasutatied for the Modi-
fied Timing mode, which has been made public through the E8M-Newton
website. However, there are still some improvements to beéenra the future,
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as the matrix still lacks the correct treatment of the CTEe Modified Timing
mode could fficially be requested iXMM-Newton AO7 and four out of eight
proposals were accepted by the OTAC.

8.1.1 Broadband

The RXTE andINTEGRAL data have been modeled using the Comptonization
codescompTT and egpair as well as a simple phenomenological power-law
model. All three approaches resulted in a similar good digsen of the data

in terms Oerzed- The main results of this analysis are:

e The same spectral parameters found to describe the 3—12RX&¥ range
are valid for the extended energy range up to 1 MeV.

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

e The four observations show indications for the presenceéhafd tail above
~300keV. This hard tail is confirmed in the time averaged spett

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

Another scenario to explain the non-thermal Comptoniratiould be radia-
tion from a jet in Cyg X-1, which is expected to be present mittard Intermedi-
ate State. The hard tail may therefore be due to synchro&i&:€emptonization
in the jet (Markdf et al. 2003, and references therein). To test this scerthgo,
jet models of Markd 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, XiléVI-Newton data
were modeled combined with continuum parameters derivetyuRXTE. The
spectral model was composed of an absorbed disk black batiyawver-law with
reflection plus a narrow Gaussian and a relativisticallyadened line (using the
XSPECmodelsdiskline, laor, andkdblur) as well as a smeared edge. The
main results of this analysis are:

e Theline is clearly composed of a relativistically broad#nemponent and
a narrow core.

e An edge componentis seen in all observations.
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e Interms Oerzed Schwarzschild and the Kerr models are similar. However,
Kerr models provide inclinations which are physically moneaningful
and are therefore slightly favored.

e The line parameters vary with time as well as with luminosityCyg X-1
but no clear trend is evident.

The result that Kerr models are slightly favored over thev&staschild model
is in contradiction with the conclusion derived from Chamdbservations that
Cygnus X-1 harbors a black hole of no or only modest spin @vlidt al. 2002;
Miller 2006). As in the last years more sophisticated modigige been devel-
oped which also allow to fit the black hole spin paramatéDovciak et al. 2004;
Brenneman & Reynolds 2006) a logical next step would be tdyapem to the
XMM-Newton data (first tries with the Dddiak et al. model have not resulted in
meaningful parameters so far). Also the combination of threently used disk
models with a new reflection model by Ross & Fabian (2005, 20@xld be
very interesting as the reflection hump may extend down toggein the F&Ka
regime.

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

As soon as the calibration of the CTHexts is finished one could also think
of combining at leasKMM-Newton andRXTE (or even alsAONTEGRAL) to a
joint fit of the broadband continuum and the relativistielin

8.2 4U 190409

The neutron star binary 4U 19019 has been observed blYTEGRAL regularly
during its so called “Galactic Plane Scans” and “Galactiot@e# Radian Deep
Exposures”. These data, taken between 2003 and 2005, évgdgth private data
from a monitoring campaign on the galactic micro-quasar GR$5+105 (PI
J. Rodriguez) as well as all public available data inRKREEGRAL archive, have
been studied in the second part of this thesis. The maintsasithis analysis are:

e While 4U 190409 showed a continuous spin-down behavior over the last
20 years (in fact since the first period measurement in 1388)source
underwent a complete torque reversal in 2004 and is spiruirgince then.

e Four flares in the X-ray light curves with durations betweeh5ks and
~7 ks were observed.
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Figure 8.1: Period evolution of 4U 1989 including the new Suzaku measurements (Fig-
ure from Roth 2008).

e The presence of two cyclotron lines-at9 keV and~40keV, as reported
from earlierGingaand BeppoSAXobservations, could be confirmed.

The observed torque reversal cannot be explained in theicésnodel by
Ghosh and Lamb (Ghosh et al. 1977; Ghosh & Lamb 1979a,b) aketheed mag-
netospheric radius is too small compared to the corotatidius but the model
expectsm ~ reo. Instead the oblique rotator scenario by Perna et al. (20@8)
presented as possible explanation for the change in spewvthThe core state-
ment of this model is the assumption that the boundary of thgmatosphere is
asymmetric and therefore there are regions on the disk mjth reo while in
other regionsm, < rge. This leads to the existence of limit cycles which can ex-
plain cyclic torque reversal episodes. Applying this mddetU 190709 allows
the prediction that the limit cycle will have a long perioddamo further torque
reversal is expected in the near future.

In 2006 and 2007 4U 196-09 has been observed by the Japanese X-ray satel-
lite Suzaku. While the source showed its typical dippingawétr during the first
observation (2006, May 2-3), the second observation (2807| 19-21) was
characterized by flaring. Roth (2008) derived periods fahlmibservations using
epoch folding: for the first observation a period of 44%Q205s was found and
for the second one a slightly lower value of 441:0905s. While these two val-
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ues show an intrinsic spin-up, the trend compared to the-terng evolution is not
so obvious as shown in Fig. 8.1. From these two data poingitat unambigu-
ously be decided if 4U 196709 is continuing its spin-up trend and therefore the
Perna et al. model still holds as explanation. A further rtwrivig of the source

is strongly required.
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Table A.2: Log of observations. — Part Il

X

Obsid Source Filter Type Count Rate (s)s selected
0092820201 PSR 1259-63 Medium  Pulsar 4 X
0092820301 PSR 1259-63 Medium  Pulsar 1
0092820801 PSR J0034-0534 Medium Pulsar 2
0092821201 PSR 1259-63 Medium  Pulsar 0
0094520201 Circinius X-1 Thinl LMXB 92 X
0094520301 Circinius X-1 Thinl LMXB 158
0099280101 Mkn 421 Thick BL Lac type object 319
0109090101 LMC X-3 Medium HMXB 541
0109463801 V834 Cen Thinl Cataclysmic var. AM Her type 1
0111030101 \Vela X-1 Thick HMXB 50
0111040101 4U061409 Thick LMXB 258
0111060101 Her X-1 Medium XRB 23 X
0111061201 Her X-1 Medium XRB 51 X
0111061301 Her X-1 Medium XRB 12 X
0111061401 Her X-1 Medium XRB 17 X
0111061501 Her X-1 Medium XRB 48 X
0111061601 Her X-1 Medium XRB 13 X
0111061701 Her X-1 Medium XRB 15 X
0111061801 Her X-1 Medium XRB 31 X
0111062101 Her X-1 Medium XRB 19 X
0111062301 Her X-1 Medium XRB 36 X
0111062501 Her X-1 Medium XRB 90 X
0111062601 Her X-1 Medium XRB 29 X
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Table A.4: Log of observations. — Part IV

Obsid Source Filter Type Count Rate (s}s selected
0112781001 4U 01583 Medium HMXB 2

0112900101 LMC X-1 Thick HMXB 130 X
0112900201 GX 339-4 Thick LMXB 0
0113020201 PSR J0537-6909 Medium Pulsar 4 X
0113050101 PSR 1055-52 Medium Pulsar 1
0113050201 PSR 1055-52 Medium Pulsar 1
0113050701 1E 1613-505%0 Medium X-ray source 27 X
0122340101 GX181 Medium LMXB 651

0122340901 GX181 Medium LMXB 757

0122341001 GX181 Medium LMXB 669

0124710401 Coma4 CalClosed 5

0124930301 PKS2155-304 Medium BL Lac type object 175 X
0124930601 PKS2155-304 Thick BL Lac type object 46 X
0125100101 N132D Medium SNR 51
0125100301 N132D Medium SNR 100
0125120201 PSRO0540o0naxis Medium Pulsar 33 X
0126130201 AB Dor CalClosed Rotationally variable star 5
0127720501 V4743 Sgr Thinl Nova 1089
0128120401 PSR 1509 Medium Pulsar 8 X
0133120101 AB Dor Thick Rotationally variable star 18 X
0134120101 Her X-1 Medium XRB 401
0134721501 Capella Thick Variable of RS CVn type 63
0136541001 Mkn 421 Medium BL Lac type object 246
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In the following the comparison plots between the standardnig mode RMF
and the Modified Timing mode RMF for the "thinl" and “mediumltdi are
shown. Both plots show that the newly calculated respondeixtia perfectly
able to account for thefiects 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 resporeeix and the newly calcu-
lated response matrix for the Modified Timing mode for thér1ti filter. The red spectrum
is a simulated modified Timing mode observation of Cir X-1 velzs the blue one shows
the normal Timing mode observation. The upper panel displag residuals for a fit to the
data just using the standard rmf and arf files for both obsens resulting in dierences
in the data. The bottom panel shows the same but now usingthect response matrix
for the Modified Timing mode.
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Figure A.2: Same comparison as in Fig A.1. The source chaddari X-1, the observation
was executed with the medium filter.
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