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Chapterr 1 

Introduction n 

1.11 Low-mass X-ray binaries 

Thee studies presented in this thesis concern low-mass X-ray binaries (LMXBs). 
LMXB ss are binary systems in which a low-mass companion star (<̂  1M0) trans-
ferss matter to a compact object, either a neutron star or a black hole. The compact 
objectt is formed in a supernova explosion (although a neutron star might also be 
formedd by accretion induced collapse of a white dwarf, Whelan & Iben 1973). 
Thee companion star loses mass to the compact object either via a stellar wind or 
viaa Roche lobe overflow. The presented work focuses on Roche lobe overflow 
systemss with a neutron star compact object. The transferred matter nearly always 
formss an accretion disk where matter spirals in along (nearly) circular orbits. Such 
aa disk is formed since particle orbits which are initiallyy elliptical wil l precess due 
too the presence of the companion star, causing them to intersect. Particle collisions 
convertt orbital energy into heat, circularizing the orbit as a circular orbit has the 
leastt energy for a given angular momentum. After the accretion disk has formed 
transferredd matter joins the disk flow after impacting on the accretion disk rim. 

Thee matter accretes onto the neutron star when nearly all of the angular mo-
mentumm is transported away, e.g. to the outer parts of the disk by internal viscous 
torquess (Shakura & Sunyaev 1973). There, it can for instance be fed back to the 
binaryy system by tidal torques. The remaining angular momentum will add to 
thatt of the neutron star, spinning it up. Neutron stars with a strong magnetic field 
(~1011-122 G) can be spun-up to millisecond periods by a combination of accre-
tionn and magnetic field decay (Bhattacharya 1995). Recently, it has become clear 
thatt in analogy with active galactic nuclei a jet-like outflow is present in most 
LMXB ss (Mirabel & Rodriguez 1998). 
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FigureFigure 1.1: An artist's impression of an LMXB (left image) and of the center of the 
accretionaccretion disk around a neutron star (right panel;credit NASA). The system in the left 
imageimage is rotating clockwise. 

1.22 Why study low-mass X-ray binaries? 

Theree are several reasons to study neutron star LMXBs. Probably the most im-
portantt one is that the neutron stars in LMXBs provide a laboratory to test the 
behaviorr of matter under physical conditions that are unattainable on earth. The 
descriptionn of the relations between the pressure, temperature, and density of mat-
terr comprised by the neutron star (the equation of state; EoS) and the description 
off  motion of matter close to the neutron star (where the Newtonian description of 
physicss is no longer valid) are the ultimate goals of studies of LMXBs. Stellar 
structuree theory predicts the neutron star mass-radius relation and provides a firm 
upperr limit on the mass of a neutron star for each EoS. Neutron star mass and ra-
diuss measurements are therefore important in distinguishing between the various 
theoreticall  models (see the discussion by van Paradijs & McClintock 1995). Al-
thoughh Einstein's theory of General Relativity is widely accepted, its predictions 
havee not yet been tested in the strong field regime. Direct detection of a strong 
fieldfield effect such as the existence of a marginally stable inner circular orbit would 
providee an excellent test of the theory. Another key prediction relevant for the 
studyy of accretion onto a neutron star is the dragging of inertial frames causing 
thee accretion disk to precess if the orbits of motion of matter in the disk are in-
clinedd with respect to the equatorial plane of the spinning neutron star. This effect, 
althoughh not restricted to the strong field regime was first described by Thirring & 
Lensee (1918) and is commonly referred to as Lense-Thirring precession. While 
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Lense-Thirringg precession near neutron stars has frequencies of several tens of 
Hz,, near the earth such an effect wil l only be ~ 1 x 10~15 Hz. 

Rapidlyy rotating neutron stars may emit gravitational radiation; the neutron 
starss in LMXBs may in fact be the strongest persistent sources of gravitational 
radiationn in the sky (Bildsten 1998). This gravitational radiation of LMXBs might 
bee detectable with instruments such as LIGO(2), providing an important test of 
predictionss of General Relativity. Knowledge of the spin period of the neutron 
starr derived from X-ray timing studies facilitates the searches for this gravita-
tionall  radiation. 

Thee neutron stars in LMXBs can acquire a short rotational period during the 
masss transfer phase. After the accretion stops the spin period may manifest itself 
inn the form of millisecond pulsations at radio wavelengths, making LMXBs the 
predecessorss of millisecond radio pulsars (Alpar et al. 1982; Radhakrishnan & 
Srinivasann 1982). The discovery of Wijnands & van der Kli s (1998) of the first 
millisecondd accreting X-ray pulsar provided strong support for this evolutionary 
scenario.. However, to date no other accretion powered X-ray pulsars have been 
found.. In fact X-ray pulsations have only been found in 6 LMXBs (see Chap-
terr 11). 

1.33 Observing low-mass X-ray binaries 

Too date more than 150 LMXBs have been found in our galaxy and in the Small and 
Largee Magelanic Clouds (see the catalogue of van Paradijs 1995 and its update by 
Liuu et al. 2001). The number of detected LMXBs outside our Galaxy is grow-
ingg rapidly due to their detection in other galaxies using the Chandra satellite, 
althoughh the definite classification of these sources awaits further observations 
(seee Fabbiano 1995 for an overview of the X-ray sources in other galaxies de-
tectedd primarily with the Einstein and Rosat satellites). LMXBs can in principle 
bebe observed at all wavelengths although most of the accretion energy is emitted in 
X-rays. . 

Opticall and ultraviolet 

Inn the optical and ultraviolet measurements are often hampered by the strong ex-
tinction,, especially towards the galactic center where many of the LMXBs are lo-
cated.. An overview of the optical and ultraviolet properties of the galactic LMXBs 
hass been given by van Paradijs & McClintock (1995). The optical flux generated 
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inn the accretion disk due to reprocessing of the impinging X-rays dominates over 
thee optical flux generated internally in the accretion disk. In some LMXBs a peri-
odicc modulation of the optical flux is seen. This modulation is often caused by the 
changingg aspect of the heated side of the companion star. Absorption lines in the 
spectrumm are formed in the companion star, allowing for the study of its motion 
aroundd the center of mass. Together with knowledge of the motion of the neutron 
starr (e.g. from Doppler shifts of X-ray pulses) this leads to mass estimates for 
bothh binary components given the inclination. 

Radioo and infrared 

Thee ratio of flux emitted by the disk to that emitted by the companion is nearly 
alwayss larger in the optical than in the infrared (e.g. for K-dwarf or giant compan-
ions),, furthermore, the extinction is less at infrared than at optical wavelengths, 
increasingg the detectability of LMXBs. Recently, evidence has been presented 
thatt besides the thermal emission from the star and accretion disk, synchrotron 
emissionn from highly relativistic electrons contributes to the emission at infrared 
wavelengthss (Fender et al. 1997; Brocksopp et al. 2001). This synchrotron emis-
sionn is also responsible for the radio emission of the LMXBs. Several LMXBs 
showw highly relativistic jet-like outflows (Mirabel & Rodriguez 1994; Fender & 
Hendryy 2000). The mechanical energy in the jet may in fact be a substantial frac-
tionn of the accretion luminosity. 

X-rays:: spectra 

Thee research presented in this thesis primarily makes use of data obtained with the 
RossiRossi X-ray Timing Explorer satellite (throughout the thesis referred to as RXTE 
satellite;; Bradt et al. 1993, see Chapter 2). The X-rays are thought to arise from 
closee to the neutron star. In case of neutron star LMXBs a thermal component is 
producedd by release of gravitational potential energy near the surface. The energy 
iss released in an equatorial boundary layer (Popham & Sunyaev 2001; Sibgatullin 
&&  Sunyaev 2000) or, if the neutron star magnetic field is dynamically important, 
onn the poles of the neutron star (Miller et al. 1998). Steady hydrogen burning on 
thee surface of the neutron star also contributes to the X-ray flux, although this is 
onlyy a small fraction of the total since the accretion efficiency is j£20 times that 
off  fusion. A disk blackbody from the inner parts of an optically thick accretion 
diskk contributes to the LMX B soft X-ray spectrum. A hard (>20 keV) power law 
contributionn is detected in the spectra preferentially (but not exclusively) during 
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FigureFigure 1.2: Hardness-intensity diagram for the Z source GX 5-1. 

phasess of relatively low 2-10 keV X-ray fluxes. This component could arise from 
inverse-Comptonn scattering of soft seed photons by relativistic electrons (Shapiro 
ett al. 1976; Sunyaev & Titarchuk 1980; see Poutanen 1998 for a review). The hot 
electronss causing the infrared/radio emission may be the same as those producing 
(somee of) the hard X-rays observed of LMXBs (Markoff et al. 2001). 

X-rayy spectral changes can be studied by fitting spectral models to the data, 
however,, given the relatively low spectral resolution of the RXTE satellite and the 
subtlee spectral changes, most of the spectral information presented and used in this 
thesiss comes from color-color or hardness-intensity diagrams (CDs and HIDs, re-
spectively).. Count rate ratios in different energy bands are plotted vs. each other. 
Usingg this technique provides insight in the differences and similarities between 
thee various types of LMXBs and in the source spectral changes with time (but see 
Chapterr 7 for a cautioning note). Hasinger & van der Kli s (1989) divided the neu-
tronn star LMXBs into two categories named Z and atoll sources after the patterns 
theyy trace out in a CD or HID with time (see Figures 1.2, 1.3, and Chapter 2). The 
ZZ branches are called from top to bottom, Horizontal Branch, Normal Branch, and 
Flaringg Branch. In three of the six Z sources an extra branch trailing the Flaring 
Branchh called 'Dipping Flaring Branch' is also observed (Kuulkers et al. 1994). 

Thee nomenclature for the atoll sources is just as colorful; one distinguishes 
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FigureFigure 1.3: Color-color diagram for the atoll source 4U 1608-52. 

thee Island state and the Banana branch. The latter is sub-divided into a lower and 
ann upper Banana (see Figure 1.3). The typical timescale for the source to move 
fromm one part of the diagram to another is hours to days for the Banana branch, 
althoughh a source can stay in the Island state for weeks. The Z sources are among 
thee brightest persistent X-ray sources in the sky. The less luminous but more 
numerouss atoll sources are thought to accrete at lower rates (0.01-0.5 Lndd)-

Besidess the X-ray spectrum, variations in the X-ray flux in a certain energy 
rangee as a function of time are studied. This is called timing analysis; it is the main 
tooll  I employed and the results thereof constitute the major part of this thesis. 

1.44 X-ray timing of low-mass X-ray binaries 

1.4.11 Variability types 

X-rayy variability involves a wide range of timescales, varying from as long as 
severall  years to milliseconds. In addition to timescale variability is characterized 
byy its coherence. It can be highly coherent (periodic), moderately coherent (quasi-
periodic),, or incoherent (white or red noise) like. Processes are called quasi-
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periodicc as the centroid frequency divided by the full-width at half maximum is 
moree than 2. In LMXBs variability processes of all these types have been detected. 
AA brief overview of the timescales and the probable causes of observed variability 
iss given below. The processes are discussed in order of decreasing variability 
timescale.. After this phenomenological overview the implications of the findings 
presentedd in the subsequent chapters of this thesis will be addressed. 

Variationss in X-ray flux can be associated with changes in the mass transfer 
ratee onto the neutron star, some of which are caused by accretion disk instabilities. 
Accretionn disk instabilities leading to periods of alternatingly very low and high 
masss accretion rate are a likely explanation for the transient systems, which are 
characterizedd by episodic periods of outbursts in X-rays, optical, and radio. The 
recurrencee timescale of transient outburst events, attributed to the periods of a 
highh mass accretion rate is typically of the order of years. 

Eclipsess and dips 

Variabilityy taking place on timescales of less than an hour to more than a day with 
aa periodic nature can be identified with the orbital motion of the compact object 
aroundd the binary center of mass. Variability due to the orbital period manifests 
itselff  especially in systems viewed under a high inclination; the most obvious 
typess of orbital modulation are X-ray eclipses and/or X-ray dips (Figure 1.4, 
seee Chapters 3, 4 and, 11). X-ray dips are thought to be caused by a periodic 
obscurationn of the central source by a structure formed in an interaction between 
thee accretion stream emerging from the companion and the accretion disk (White 
&&  Swank 1982; White et al. 1995). 

T^pee I X-ray bursts 

Furtherr variability is associated with thermo-nuclear runaway reactions taking 
placee on the surface of a neutron star, the so-called type I X-ray bursts (see Fig-
uree 1.4, Chapters 3, 4, and 9). These type I bursts are a distinctive sign of the 
presencee of a neutron star in the LMXB , since black holes have no solid sur-
face.. Stable burning of hydrogen via the CNO cycle takes place on the surface 
off  a neutron star if the local mass accretion rate is high (for solar abundances 
~ M > 2 xx 1O~1 OM0>T_ 1) . For lower mass accretion rates the burning is ther-
mallyy unstable and thermo-nuclear runaways occur occasionally (see Lewin et al. 
1995;; Bildsten 2000). Some of these bursts, called radius expansion bursts, are 
thoughtt to provide a standard candle since their peak luminosities are close to 
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FigureFigure 1.4: Lightcurve of the eclipsing and dipping LMXB EXO 0748-676. Besides the 
dipdip and the eclipses also a type I X-ray burst is present. 

thee Eddington luminosity. This means that the distance to the source can be esti-
matedd (van Paradijs 1978). Using observations obtained with the RXTE satellite, 
Strohmayerr et al. (1996) discovered slightly drifting oscillations with a timescale 
off  milliseconds during some of these type I bursts. The period of these oscilla-
tionss probably approximately reflects the spin period of the neutron star. In this 
scenarioo they arise due to the changing aspect of a transient slightly drifting hot 
spott in the surface layers of the neutron star (Strohmayer et al. 1996). 

Pulsations s 

Onlyy six LMXB s show X-ray pulsations. These provide a direct measurement 
off  the spin of the neutron star (see Chapter 11). From the spin-up rate and the 
luminosityy of the source the magnetic field can be estimated (Ghosh & Lamb 
1979;; Psaltis & Chakrabarty 1999). In four of the LMXB pulsars, pulse arrival 
timee measurements have allowed for a measurement of the orbital velocity of the 
neutronn star. 
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FigureFigure 1.5: Detail of the power spectrum of the source 2A 1822-371 showing the weak 
signalsignal caused by the X-ray pulsations. 

Somee of the variability can be directly observed in the lightcurve or is detected 
usingg a folding technique. For the detection of weak (quasi-) periodic oscillations 
(QPOs)) an analysis in the frequency domain has proven to be very successful (van 
derr Kli s 1989; see Chapter 2; Figure 1.5). QPOs provide a direct diagnostic of 
accretionn flows in a region of a strong gravitational field and they are ubiquitous 
inn all bright persistent and transient LMXBs. QPO phenomena of neutron star 
LMXB ss relevant for the subsequent chapters are discussed below. 

1.4.22 Quasi-periodic oscillations 

Overvieww of the phenomenology 

Sincee the early days of X-ray astronomy, variability and intrinsic noise in the X -
rayy intensity variations of the brightest LMXBs has been studied (e.g. in Sco X—1, 
Lewinn et al. 1968). The work on QPOs was boosted by the discovery in 1985 of 
aa 20-36 Hz QPO in the Z source GX 5-1 by van der Kli s et al. (1985) (called the 
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FigureFigure 1.6: Power density spectra of the Z sources GX 340+0, GX 5-1, and Sco X-1. 
ForFor clarity the power spectra ofGX 5-1 and Sco X-1 were shifted upwards. The power 
spectrumspectrum of GX 340+0 shows the HBO and its weak second harmonic, that of GX 5-1 
thethe NBO, and that of Sco X-1 the FBO. 

Horizontall  Branch Oscillation, HBO, after the branch of the Z on which they were 
found;; Figure 1.6). It turned out that the frequency of the HBO increased as the 
sourcee moved towards the Normal Branch. On the Normal Branch a QPO with a 
frequencyy of 5-6 Hz was found (the NBO, Figure 1.6; Priedhorsky et al. 1986). 
Inn Sco X-1 and GX 17+2 the frequency of this QPO changes to 16-20 Hz on the 
Flaringg Branch (the FBO, Figure 1.6). 

Twoo QPOs with frequencies of nearly 1000 Hz, the kHz QPOs, were dis-
coveredd with data obtained by the RXTE satellite (see Figure 1.7; van der Kli s 
ett al. 1996; Strohmayer et al. 1996). These QPOs provided the first direct evi-
dencee of variations on the dynamical timescale close to the neutron star surface; 
predictedd general relativistic effects such as the existence of an innermost stable 
circularr orbit and the previously mentioned Lense-Thirring precession might be 
detected.. Subsequent observations led to the discovery of kHz QPO peaks other 
thann the kHz QPO pair only after combining nearly five years of observations: the 
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FigureFigure 1.7: Power density spectrum normalized after Leahy et a\. (1983) showing a close-
upup of the lower and upper kHz QPO peak (v/ow andvup, respectively). 

sidebandss to the lower kHz QPO (see Chapters 10, and 1.5). Besides the high fre-
quencyy QPOs, new QPOs with frequencies less than 100 Hz were found. One of 
thee newly discovered phenomena is the ~1 Hz 'dipper' QPO (Chapter 3, Homan 
ett al. 1999, and Chapter 4). In atoll sources QPOs with similar frequencies as the 
ZZ source HBO were found (Homan et al. 1998; Ford & van der Kli s 1998; referred 
too as low-frequency QPOs). In Z sources it was found that the HBO frequency is 
nott the fundamental frequency; a sub-harmonic (Chapters 1.5, 6, and 7, Homan 
ett al. 2001) and a QPO at 1.5 times the HBO frequency were found (Chapter 7). 

Exceptt on a few occasions, all the QPO properties such as frequency, full -
widthh at half-maximum (FWHM), and strength change with time. The QPO prop-
ertiess correlate well with X-ray flux (on timescales of hours) and X-ray colors. 
Thiss led to the idea that most of the variations in QPO properties are related to 
changess in mass accretion rate. 
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1.4.33 Models 

Thee nature of many of the quasi-periodic oscillations is not yet fully understood, 
althoughh over the years a large variety of models have been proposed (references 
forr some of these are provided here; Alpar & Shaham 1985; Lamb et al. 1985; 
Fortnerr et ah 1989; Klein et al. 1996; Titarchuk et al. 1998; Stella & Vietri 1998; 
Perezz et al. 1997; Miller et al. 1998; Stella & Vietri 1999; Psaltis & Norman 2001). 
Ann important issue dividing the models is whether in neutron star LMXBs forces 
exertedd by a magnetic field prevail over the strong gravitational forces at radii 
wheree the X-rays and the variations therein are generated. 

Thee two leading classes of models providing an explanation for the HBO in 
ZZ sources or the low-frequency QPOs in atoll sources, and for the kHz QPOs are 
discussedd below. 

Beatt frequency models 

Inn the magnetospheric beat-frequency model the modulations at the HBO fre-
quencyy arise due to a beat between inhomogeneities orbiting at the Keplerian fre-
quencyy and the magnetosphere rotating at the frequency of the neutron star (Alpar 
&&  Shaham 1985; Lamb et al. 1985). Matter is channelled from the disk to the 
neutronn star poles via the magnetic field lines. Most of the energy is released near 
thee neutron star poles in the form of X-rays. The mass flow and therefore the 
emergingg X-ray flux is modulated at the beat period. 

Thee later discovery of the kHz QPOs pair led to the re-use of this basic beat 
frequencyy idea (Strohmayer et al. 1996). The sonic point beat frequency model is 
thee most elaborate of such models (Miller et al. 1998). In the framework of their 
modell  the upper peak of the two kHz QPO peaks reflects (Keplerian) motion near 
thee inner edge of the disk (see Figure 1.8). A sharp inner edge of the disk is formed 
att the radius where the radial velocity of the accreting gas changes from sub-sonic 
too super-sonic, the sonic point radius. The frequency of the lower kHz QPO is 
determinedd by the beat period between the prograde rotating disk and a pulsar 
beamm emerging from the magnetic poles of the neutron star. Due to radiation drag 
off  the pulsar beam on inhomogeneities orbiting near the inner edge of the disk the 
masss flow towards the neutron star is enhanced once each beat period. The pulsar 
beamm itself is not detected since it is attenuated by scattering and light deflection 
(Mille rr 2000). In case the beat frequency model is to explain both the HBO and the 
twoo kHz QPOs, the accretion flow should partially penetrate the magnetosphere to 
closee to the neutron star (Miller et al. 1998). The presence of the slightly drifting 
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FigureFigure 1.8: Schematic view of the generation of the upper kHz QPO in the sonic point 
beatbeat frequency model. Due to angular momentum losses caused by radiation drag matter 
spiralsspirals towards the neutron star surface and generates the X-rays on impact (grey ring 
aroundaround the neutron star a: left panel). Inhomogeneities forming near the transition radius 
willwill  give rise to an enhanced mass flow. A bright footpoint will  form near the surface of 
thethe neutron star orbiting at the Keplerian frequency of the sonic radius (b: right panel). 
TheThe black spiral in the left panel indicates the streamline of matter falling towards the 
neutronneutron star, whereas the thick grey spiral in the right panel indicates the pattern traced 
outout by particles subsequently released from the inhomogeneity at the inner edge. Figure 
fromfrom Miller etal. (1998). 

oscillationss during some of the type I X-ray bursts at frequencies nearly equal 
too the kHz QPO peak separation frequency is a strong argument favoring a beat 
frequencyy model. 

Ass a function of changes in the mass accretion rate the sonic point radius and 
thee radius of the magnetosphere change. Figure 1.9 provides a schematic overview 
off  the radii and their changes as the mass accretion rate changes such that the 
HBOO frequency changes from ~10-50 Hz (dashed and drawn circles, respec-
tively).. Similarly the frequency of the upper kHz QPO changes from ~500-1000 
Hz.. According to general relativity there is a radius within which no stable cir-
cularr Keplerian orbits exist (the ISCO). The frequency associated with the ISCO 
(~15700 Hz for a 1.4 M 0 neutron star) provides an upper limi t to the frequency of 
thee upper kHz QPO both in the sonic point beat frequency model as well as in the 
rivallingg relativistic precession model, which is discussed next. 
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FigureFigure 1.9: Schematic view of the radii at which, according to the (magnetic and sonic 
point)point) beat frequency models, modulations of the mass flow towards the neutron star 
occur.occur. ISCO stands for inner-most stable circular orbit. The frequency of the HBO (a beat 
frequency)frequency) increases from ~10 Hz to ~50 Hz in Z sources under influence of changes in 
thethe mass accretion rate (dashed and drawn circles, respectively). Similarly, the Keplerian 
frequencyfrequency of the upper kHz QPO increases from ~500 Hzto~l 000 Hz. All numbers in 
thethe plot are approximate and for a 1.4 M0 neutron star spinning at 300 Hz. 

Thee relativistic precession model 

Inn the relativistic precession model the fundamental frequencies of three QPOs 
(thee HBO in Z sources or the low-frequency QPO in the atoll sources, and the 
twoo kHz QPOs) are a direct measure for the three (relativistic) frequencies of 
geodesicc motion of a test particle in orbit around a compact object; the azimutal, 
thee vertical, and the radial frequencies of motion. The HBO or the low-frequency 
QPOO reflects the prograde nodal precession frequency of an orbit with a plane 
inclinedd with respect to the equational plane of the neutron star (the difference 
betweenn the azimutal and the vertical frequency of motion; the Lense-Thirring 
precession;; Stella & Vietri 1998). For various neutron star EoS, Morsink & Stella 
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(1999)) showed that the frequency of the low-frequency QPOs in atoll sources 
iss consistent with twice the Lense-Thirring precession frequency. That of the 
HBOO in Z sources is approximately four times the Lense-Thirring precession fre-
quency.. A two-fold symmetry, naturally present as the orbit crosses the equato-
riall  plane twice, could cause a doubling of the observed frequency. The situation 
iss definitely more complex since viscous torques on the accretion disk tend to 
drivee and keep the inner parts of the accretion disk in the equatorial plane (the 
Bardeen-Pettersonn effect, after Bardeen & Petterson 1975; see also Markovic & 
Lambb 1998 and Shirakawa & Lai 2001 for the inclusion of magnetic and radiation 
torques).. The spin frequency of the neutron star, which enters the calculations 
describingg the Lense-Thirring precession frequency and the (retrograde) classical 
precessionn due to the quadrupole moment of the neutron star, is determined from 
thee burst oscillations present during some of the type I X-ray bursts. The up-
perr kHz QPO is the frequency of motion in the azimutal direction, and the lower 
kHzz QPO frequency is the frequency associated with the difference between the 
frequencyy of motion in the radial and azimutal direction (the periastron preces-
sionn frequency; Stella & Vietri 1999). If this model is validated the kHz QPOs in 
LMXB ss provide an accurate test for strong field general relativity. 

Thee relativistic precession model predicts relations between the three frequen-
ciess which agree qualitatively with the observed trends, both in neutron stars and 
blackk hole candidates (Psaltis et al. 1999; Stella et al. 1999). However, the eccen-
tricityy of the test particle orbits which is needed in order to describe the data, is 
soo large that the particle orbits would intersect and circularize within a few revo-
lutionss (Markovic & Lamb 2001). Psaltis & Norman (2001) present a model, the 
so-calledd transition layer model, in which the QPO frequencies, similar to the rel-
ativisticc precession model, are largely set by the properties of the metric without 
thee need for elliptical orbits. They show that when a broad frequency spectrum 
off  pertubations is imposed on the accretion disk inside a (postulated) transition 
radius,, the emergent frequency spectrum of the modulations shows strong reso-
nancess close to the Lense-Thirring precession frequency, the periastron preces-
sionn frequency, and the Keplerian frequency. 
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1.55 This thesis 

Thee work presented in this thesis is the result of a careful and critical examination 
off  data produced by the RXTE satellite. Most of this data were obtained by us 
too study specific aspects of the inner accretion flows around neutron star LMXBs, 
butt we also made use of the RXTE public archive. Directed searches led to the 
discoveryy of signals such as the sidebands to the lower kHz QPO (Chapter 10) and 
thee pulsations in 2A 1822-371 (Chapter 11). 

Inn Chapter 3, and 4 we describe the discovery of a new type of QPO; the 
11 Hz 'dipper' QPO. The 1 Hz QPO properties are remarkable and quite distinct 
fromm properties of previously known QPOs; the strength of the QPO is nearly in-
dependentt of photon energy and does not change during a 10-50-fold increase in 
X-rayy flux during a type I X-ray burst. Most likely the variations are caused by 
aa structure in or on the accretion disk quasi-periodically covering and uncovering 
thee central X-ray source. In 4U 1746-37 (Chapter 4) we found that the accretion 
diskk structure or the central source shape changed when the source state changed 
fromm island state to banana branch. 

AA major part of the work described in this thesis consists of work on two Z 
sources;; GX 340+0 and GX 5-1 (Chapters 5, 6, 7, and 8). The most important 
findingfinding of the timing studies of these two sources is that the HBO is most likely 
nott the fundamental frequency. In both sources a peak at half the frequency of 
thee HBO, a sub-HBO, was found. Prior to this detection the HBO frequency in 
ZZ sources was hard to reconcile with the Lense-Thirring precession frequency, as 
proposedd by Stella & Vietri (1998). However, the frequency of the sub-HBO is 
aa factor ~2 higher than the prediced Lense-Thirring precession frequency, sim-
ilarlyy to the low-frequency QPOs in atoll sources. This gap can be bridged by 
exploitingg the presence of a two-fold symmetry in the accretion flow. 

Withh our study of GX 5-1 we showed that the 'two-oscillator' model (Os-
herovichh & Titarchuk 1999) proposed as an explanation for the kHz QPOs and 
thee HBO can, in its current form, not explain the data (Chapter 7). Our finding 
off  a set of four harmonically related QPO peaks, whose coherences alternate be-
tweenn ~ 1 for the odd harmonics and ~5 for the even harmonics seem to favor disk 
modelss such as the relativistic precession model over the magnetic beat frequency 
modell  for the HBO. Such a harmonic structure of alternatingly less- and more 
coherentt QPO peaks has also been found in the black hole candidate XTE J1550-
564,, and may be explained by the different timescales involved in changes in the 
two-foldd symmetry (see Chapter 7). We identified the infrared counterpart to 
GXX 5-1 by comparing the magnitude of stars near the radio error-circle in the 
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narrow-bandd Bry filter with that in the broad-band K filter (Chapter 8). The pro-
posedd counterpart is brighter in the narrow-band Bry filter compared to the other 
starss indicating the presence of a Bry emission line, such as commonly found in 
accretionaccretion disk sources. 

Thee findings presented in Chapter 9 show that the amplitude of the upper kHz 
QPOO observed in each source is anti-correlated both with the X-ray luminos-
ityy changes within a source and with the X-ray luminosity differences between 
sources.. This is an important element for QPO formation models to explain. Dis-
tancess to the sources were in many cases derived using the peak luminosities of 
typee I X-ray bursts. 

Thee presence of QPO peaks in the kHz range additional to the two discribed 
abovee (Section 1.4.2) was predicted in nearly all the kHz QPO models. However, 
directedd searches were unsuccessful (Méndez & van der Kli s 2000). Why this 
wass the case became clear as the sidebands to the lower kHz QPO we discovered 
inn three atoll sources turned out to be at frequencies different from those pre-
dictedd by the models (Chapter 10). Magnetospheric modulation of the lower kHz 
QPOO as well as a beat phenomenon taking place inside the marginally stable orbit 
aree conceivable explanations for these sidebands (Miller private communication; 
Chapterr 10). The initial explanation suggested by several theoretical groups for 
thee new phenomenon was Lense-Thirring precession. However, several theoreti-
cianss changed their mind since the frequency separation between the lower kHz 
QPOO and the sideband seems uncomfortably large. In retrospect, Psaltis (2001) 
realisedd that the sideband peaks are at a frequency predicted by his transition layer 
model.. Extensive work on the frequency variations of these sidebands can in prin-
ciplee distinguish between the explanations now proposed for them; however, as 
thesee oscillations are weak this will take some time to accomplish. 

Thee discovery of an X-ray pulsar in the accretion disk corona source 2A 1822-
3711 is the sixth accreting X-ray pulsar in a LMXB (Chapter 11). If the orbital mo-
tionn of the relatively bright companion star to this neutron star can be determined 
fromm its spectrum, the known high inclination (£ 80°) of this partially eclipsing 
systemm wil l provide an accurate (better than 10%) neutron star mass determina-
tion.. Preliminary analysis of data obtained with the 6.5 m Magellan telescope 
indicatess that the neutron star mass may be less than 1 M 0. 
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